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Flow in UMass Cardiac Rooms:

Welcome to cardiac anesthesia rotation! Cardiac surgeries are usually performed in
room 3 and 4. Currently we have 3 cardiac surgeons: Dr. Walker, and Dr
Mandapati and Dr Kourlis. We also have couple of surgeons from B&W
temporarily with us, DR Leacche and DR Gosev. Our patients are on the OR table
at 7am! They usually arrive to PACU around 5:30 for checking in (unless it is an
ICU pickup). For this rotation, any patient in ICU is an anesthesia pickup case,
regardless of intubation status! You usually get access to the patient around 6:15 to
start IV and A-line. Well-preparation is a key to success!

Both arms are usually tucked. Many of our patients have their cardiac
catheterization through radial artery, keep this in mind and if cath was done
recently, try to place your Aline on the other side unless contraindicated.
Occasionally a pressure monitor line will be handed to you from surgical side for
retrograde catheter pressure during CPB, and we usually connect this to PA
transducer and re-zero the transducer!

Preoperative evaluation:
Usual preoperative evaluation with especial attention to following:

-Almost all our cases have Cardiac Catheterization result, Echo result and Carotid
Duplex evaluation before coming to the operating room for cardiac surgery.
Patients with respiratory problems will also have PFTs. Gather all available
information!

-If patient has been on heparin drip or in-house patient with several trips to Cardiac
Cath lab and previous exposure to heparin (vascular patient and...) look for
possible HIT (e.g. Drop in platelet count or previous HIT positive antibodies).
You should have an alternative plan for anticoagulation if HIT positive.

-Almost all our patients will have an intraoperative TEE; ask about any swallowing
problem or previous GI surgery or esophageal disease.

-Redo surgeries increase the risk of bleeding and complicates the surgery. Patient
may be in OR longer and chance of transfusion is higher. We usually have two
large bore I'Vs with one on each side for redo cases.

-Inform your attending if there are positive antibodies! May be difficult to get
blood products when in need!



-Also JW patients should be well informed of possibility of dying from bleeding

and should communicate clearly with them what is exactly that they will accept to

receive. Some will accept cell-saver and some may not even accept Albumin! They

might want to contact their religious advisor to find out.

- History of Plavix use should be checked; recent use will increase risk of bleeding
and may need platelet. Look for P2Y12 level if patient recently received plavix.

-Any active symptoms (chest pain, SOB...)? Talk to your attending, patient may
need IABP before coming to the OR.

-For patients with Pacemaker or ICD contact EP lab the day before surgery to turn
off ICD or change pacer setting in the morning of surgery. Consult your attending
about the change.

-Patients on IABP will be transferred by anesthesia team from ICU directly to OR.
You may go to ICU and place IV and A-line before transfer. A perfusionist will
also accompany patient to OR. You will also need an anesthesia tech to help with
transfer.

-Keep IV medication infusions (Heparin, NTG) running. If in doubt talk to your
attending about drips, some of them may need to be stopped.

- Patients should take their beta-blocker, ASA (for CABG) and statins on the day
of surgery. About use of other medications on the day of surgery talk to your
attending,

Usual steps and monitoring

Basic anesthesia set up and routine airway stuff plus following:

-Norepinephrine and nitroglycerin drip ready for almost all cardiac cases to be
used on plum pump. Have Phenylephrine drip on dial-a-flow and Amicar for all
cases on CPB.

-Our friendly anesthesia technicians set up I'Vs and transducers for A-line and PA

catheter in cardiac rooms and they help with patient transfer and attaching
monitors in the morning and the floating of the PA catheter.



- Pacing box in the room and Defibrillator in the room and turned on and synch
appropriately

- R2 pads for redo cases
-Fluid warmer ready for use from start for redo and off pump cases
-Warming pad on bed

-BIS and Somanetics for all cases

-Somanetics: The Cerebral Oximeter (Somanetics) is a trend monitor of brain
hemodynamic. It is a device that uses near-infrared spectroscopy to measure
changes in the balance between oxygen supply and demand in the brain. A low-
intensity, near-infrared light is passed through the cortex of the forehead. Returned
light from two different distances (3 and 4 cm) the absorption of light can be
managed. Two wavelengths are measured, 730 nm and 805 nm. The Somanetics
measures blood oxygen saturation of hemoglobin in a region of the brain. The
rSO7 is displays and is an index of oxygen saturation of mixed arterial and venous

blood in the brain cortex. This is an index only and only reflects the area monitored
and not tissue distant from the sensor. Both side of cortex are monitored because
unequal perfusion patterns may be exhibited and the Somanetics may help
distinguish unilateral imbalance. An absolute drop in rSO9 of 12-20 points, a

relative change in saturation of 20-30% from baseline or an absolute rSO- of less
than 50% has correlated with poorer neurologic outcomes.

-BIS monitor is encouraged, especially considering that you are relying on
perfusionist for anesthetics during CPB time. Just remember, you are responsible
for anesthesia!

-We use a special screen over patient head area which goes up after intubation
(Gerato!) .it is a metal bar with a clear plate on top which is aligned over the
patient's head to protect head and neck and also gives us enough room to
manipulate TEE probe without interfering with surgical field.

-After setting up your room in the morning you will see the patient. Before starting
any invasive procedure ask if patient has chest pain or feeling SOB. Notify your
attending if that is the case.



-Place a large bore IV in AC (14-16 preferred) and confirm its position by drawing
back blood and free flow and then slow down IV fluid especially in patients with
low cardiac output! For redo cases consider at least one IV in right side. Make
sure that there is no radial artery harvest scheduled for that side before placing an
A-line or IV! If patient had his/her cardiac catheterization through radial artery
consider opposite side for A-line.

Standard Anesthesia Medications and common medications to be prepared
for each case

Sedative agent (midazolam)

Narcotic agent (fentanyl or sufentanil)

Induction agent (usually propofol, sometimes Etomidate or Ketamine)

Muscle relaxant (Rocuronium, Vecuronium or Pancuronium, Succinylcholine)
Talk to your attending about choice of induction agents, narcotic and muscle
relaxant!

Heparin should be drawn up and ready for each case!

Amicar for on pump cases

Norepinephrine drip and phenylephrine drip

Nitroglycerin available for CABG cases

Protamine

Antibiotics

-Cefazolin 1-3 gram based on weight for all cases unless there is allergy (60-120
Kg=2 gm, <60 kg=1 gm, and >120 kg=3gm) and repeat every 4 hours
-Vancomycin 1-2 gram infused over 1 hour for all cardiac cases based on weight
(<70 kg= 1gm, 70-90 kg=1.25 gm, 920-110kg= 1.5 gm, 110-120 kg=1.75 gm and
>120 kg= 2gm) and repeat every 12 hours

-Levofloxacin 750 milligrams (when Cefazolin can not be used) and repeat every 8
hours

-Gentamicin 2mg/kg for cases allergic to both Cefazolin and Levofloxacin

Intraoperative considerations



Before going on CPB:

-Order of events: Monitors (ECG, PSO2, BIS), Catheters (IV, A line, Neck line),
induction and Intubation, OGT and Probes (Temp probe, TEE probe), Sternotomy,
Pericardiotomy, Heparin administration, Cannulation (Aorta, Venous, retrograde,
Vent)

-Some of us will prefer to put central line and PA catheter before induction and
some will do after induction. Some of us also use US for neck line. Check with
your attending. Induction is important part of anesthesia, the goal is to keep patient
where they live! Try to minimize IV fluid especially if patient has low cardiac
output.

-Consider external defibrillator (“R2”) pad placement for re-do cases! We perform
baseline ABG and ACT and TEG after induction (before Amicar bolus). Make sure
blood is in the room before start of surgery.

- Surgeon available before induction!

-After prep and drape, surgeons will pass you the cord for the internal defibrillator

paddles that you will connect to the defibrillator (turn on, make sure it "syncs" — if
needed, defibrillate at 10 J (5-20 J)). You also will receive pacing wires. Make sure
that there is an A/V pacemaker in the room for post bypass.

-For Sternotomy: give extra fentanyl if needed and hold the breath

Some patient may have resistance to Heparin. If the ACT does not increase
appropriately, normally another 1 mg/kg of heparin is given. If the ACT is stiil
low, either recombinant Antithrombin III is given or FFP which contains
Antithrombin.

For Cannulation, BP should be approximately 100 systolic to prevent aortic
dissection.

On CPB:
-Order of events: Pump, Cross clamp, cardioplegia, fibrillation, cardiac arrest.

-Systemic anticoagulation is required prior to insertion of cannulas and initiation of
CPB. ACT should be over 450 before cunnulating and going on bypass.



-Once on full flow on CPB, stop ventilation and vaporizer and turn down O2 to
few hundred cc. Check with perfusionist to make sure they are giving Isoflurane on
CPB machine.

-Turn off vasopressors and peripheral IV fluids. Keep Amicar and KVO saline for
central line running. If you are running anything through paceport, switch it to
introducer.

-We usually pull PA line back a few centimeters to prevent permanent wedging or
possible pulmonary artery rupture as the catheter can migrate during bypass.
(Check with your attending)

-Perfusionist will usually check an ABG and an ACT few minutes after start of
CPB. Check the resuits!

-Check BIS, CVP, U/O, SvO2 and Blood sugar on CPB. Also it is important to
check for electrical activity on CPB and inform the surgeon.

Check SvO2. Normal venous oxygen saturation is approximately 75% meaning
that the body extracts approximately 25% of the oxygen that is delivered to it.
General anesthesia, muscle relaxants, and hypothermia will decrease the
extraction; this explains why we commonly see SvO2 of 90% or perhaps more on
bypass. Hyperthermia and inadequate oxygen delivery or inadequate anesthesia
may force the body to extract more oxygen and a lower SvO2 results.

-Note times: on/off for bypass & aortic cross-clamp.

-Prepare all necessary drips for coming off while on CPB.

Coming off CPB:

Coming off bypass is one of the most demanding parts of cardiac surgery.

-Order of events: Warming, De-airing maneuvers (head down before remove of x-
clamp and tilt to right and left), Hemodynamic stability (-Heart rate: defibrillation
and pacing; -Contractility: calcium, -Preload: Volume; -Afterload: Levophed),
Respiration, Monitors switched on, Protamine and Decannulation.

-Do Not administer PROTAMINE until the entire team feels it is safe to
administer. Inadvertent administration of protamine while a patient is on bypass
may be the biggest iatrogenic disaster that could occur in cardiac anesthesia.




We check ACT after giving protamine. Excessive doses of protamine may actually
lead to more bleeding. Protamine can cause hypotension from a release of
histamine but can also cause catastrophic anaphylaxis and malignant pulmonary
HTN and acute RV failure and need for emergent return to bypass. Watch the
administration and slow it down or stop if blood pressure drops. Although it can be
administered into the central line, peripheral administration may result in less
hypotension.

-For long procedures and redo cases consider need for blood products and contact
blood bank while still on bypass and have blood products in room before end of
CPB. Your attending will help you to decide what to order.

We usually avoid ordering platelets way in advance, they tend to clamp together
and remember do not put them in the cooler!

-If Aline tracing is dampened when coming off bypass, usually cardiac surgeon
will hand you a pressure tubing to be connected to arterial transducer and check
pressure directly from aortic cannula. If dampening problem does not solve before
decannulation femoral A-line will be placed by surgical team.

-For cases that you expect difficulty weaning CPB (low EF, RV failure, long
procedure...) prepare vasopressor and inotropic agent of choice by consulting your
attending before coming off!

_Use TEG to guide you for treating bleeding problem

Transport to ICU and Sign-out

After chest closure, you should start getting ready for transport. We have friendly
anesthesia technicians who help with switching monitors to transport monitor and
transferring patient. After separating your IV from fluid warmer try to keep fluid
warmer part clean (in case of a disaster!). Have a transport bucket with emergency
drugs and a laryngoscope and an extra endotracheal tube and face mask. Remove
TEE probe and place an OG tube. Make sure TEE probe wheels are neutral and
unlocked before removing to prevent esophageal injury! Detach BIS and cerebral
oximetry monitor. Detach CVP cable and CO bag.



Make sure O2 tank is full and have a peep valve if needed. Log out of Pyxis and
turn off vapor before leaving the room.

Make sure to check all drips and have enough amounts for transport. Have some
5% albumin for transport in case you need to give volume. Occasionally you may
need to carry some blood products with you during transport if it was a prolonged
case with significant bleeding!

After arrival to 3-lakeside ICU, let nurses to settle down and then give them a full
report following the format of cardiac anesthesia sign out sheet that we use in our
department. Document vital signs including CVP, PA pressure and CO/CI in your
anesthesia report. Also document pacing mode and amount of blood in chest tubes!

You have successfully finished your case!



Pacemaker and defibrillators: UMASS Policy

PURPOSE: Patients with implanted pacemakers or defibrillators are

at increased risk during surgical procedures. Pacemakers and
defibrillators may be damaged by the current generated by
electrocautery, and the wires leading from the devices to the
heart may be dislodged by patient movement. Defibrillators
may apply inappropriate tachyarrhythmia therapy in response
to the use of electrocautery.

POLICIES:

Patients with an implanted pacemaker or defibrillator
undergoing elective surgery should have sensing functions
disabled preoperatively via interrogation and reprogramming
of the device. Once the sensing function is disabled, the
patients should remain in a monitored location.

Patients with an implanted defibrillator undergoing urgent
surgery where there is insufficient time to interrogate the
device preoperatively may not have unipolar electrocautery
used during their surgical procedures. In such cases, no
electrocautery or bipolar cautery should be used.

Patients with an implanted pacemaker undergoing urgent
surgery where there is insufficient time to interrogate the
device preoperatively should have a magnet placed on it
during surgery. Caregivers need to understand that this
maneuver may not disable sensing, especially in rate-sensitive
devices.

Patients with an implanted pacemaker or defibrillator
undergoing any surgical procedure should have the device
interrogated postoperatively to confirm its proper functioning
postoperatively. Until such interrogation occurs, the patients
should remain in a monitored location.

If a patient with an implanted pacemaker or defibrillator is to
undergo a surgical procedure that requires the use of



monopolar electrocautery, the return electrode should be
positioned between the surgical site and the pacemaker or
defibrillator. If such positioning cannot be achieved, then
bipolar electrocautery should be used.



Current UMASS policy for HIT patients:
USE OF BIVALIRUDIN IN PERSONS WITH HIT

The P&T Committee and the Anticoagulation Task Force have approved the use
of bivalirudin as a substitute for heparin for intraoperative anticoagulation in
patients with a history of HIT having peripheral vascular surgery. (There is also
an ongoing effort to improve the accuracy of the diagnosis of HIT).

Bivalirudin has the shortest duration of any heparin substitute as long as the
patient has enough renal function not to require dialysis. In a dialysis-dependent
patient, argatroban has a shorter duration than bivalirudin.

The dose listed in the package insert is designed to achieve an ACT value of 34
times control. While appropriate for cardiopulmonary bypass or intracoronary
stent placement, this dose is too high for peripheral vascular surgery. I suggest
the following recipe for a patient with a history of HIT who will have a

peripheral vascular procedure requiring intraoperative anticoagulation:

¢ Bivalirudin is supplied as a 250 mg vial. Dissolve the contents in 5 mL
sterile water.

® Dilute to 50 mL with D5 or NS to yield a 5 mg/mL solution and draw
up in a 60-mL syringe.

Use an Alaris pump for administration using the “drug calc” function.
Draw a baseline ACT.

Give a loading dose of 0.4 mg/kg over 1 min.

Begin an infusion of 1 mg/kg/hr.

Five minutes after the loading dose, draw an ACT.

If the ACT is twice control, inform the surgeons that they may
proceed to clamp the artery.

® If the ACT is less than twice control, administer a bolus dose of 0.2
mg/ kg over 30 sec and repeat the ACT in 5 min.

® Check the ACT every hour during the infusion. The goal is to
maintain the ACT approximately 2 - 2.5 times control.
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Familiarize yourself with basic TEE images:

a, ME four chamber b. ME two chamber

f. TG basal SAX g. ME mitral commissural h. ME AV SAX

W

k. deep TG LAX . ME bicaval

</

\J

m. ME RV inflow-outflow n. TG RV inflow o. ME asc aortic SAX  p. ME asc aortic LAX
g. desc aortic SAX 1. desc aortic LAX s. UE aortic arch LAX  t. UE aortic arch SAX

Figure adopted from ASE/SCA Guidelines for Performing a Comprehensive Intraoperative
Multiplane Transesophageal Echocardiography Examination

-20 cross-sectional views composing the recommended comprehensive transesophageal echocardiographic
examination. Approximate multiplane angle is indicated by the icon adjacent to each view. ME, Mid
esophageal; LAX, long axis; 7'G, transgastric; SAY, short axis; 4V, aortic valve; RV, right ventricle; asc,
ascending; dese, descending; UE, upper esophageal.

Please read attached articles; they were seemed most important and useful articles to read! They have been
selected by group of attending in this service. Best of luck with this rotation!



Preoperative
Evaluation and
Preparation of the
Patient for Cardiac

Surgery

Alec D. Weisberg, Mo™®, Emily L. Weisberg, mo°,
James M. Wilson, mo®®, Charles D. Collard, MpSd*

Coronary artery bypass graft (CABG) and valve surgery are among the most common
operations performed worldwida. The incidence of cardiac complications after CABG
is at least 10% and costs $2 billion annually.’ These figures are anticipated to increase
as older patients with more comorblditles are referred for cardiac surgery. Objective
risk stratification provides the physician and patient with valuable information for as-
sessing the risk/benefit ratio before proceeding with cardiac surgery. Careful patient
selaction eand preparation during preoperative evaluation may minimize morbidity

and mortality.

MORTALITY RISK STRATIFICATION

The mortality rate associated with cardiac surgery varles widely and is influenced by
multiple preoperative risk factors. Jones and colleagues? defined 7 “core” variables
that were unequivocally assoclated with operative mortality, and 13 “evel 1" variables

This article originally appeared In Medical Clinics of North America, Volume 93, issue 5.

2 gaction of Cardiology, Department of Medicine, Baylor College of Medicine, One Baylor
Plaza, Hauston, TX 77030, USA

b Texas Heart Institute, 5t. Luke's Episcopal Hospital, Houston, TX, USA

¢ Department of Anesthesiology, Baylor College of Medicine, 1709 Dryden Road, Sulte 1700,
Houston, TX 77030, USA

d pivision of Cardiovascular Anesthesiology, Texas Heart Institute, 5t. Luke's Episcopal Hospltal,
§720 Bertner Avenue, Room 0520, Houston, TX 77030, USA

+ Corresponding author. Division of Anestheslology, Texas Heart institute, 5t. Luke's Episcopal
Hospital, 6720 Bertner Avenue, Room 0520, Houston, TX 77030,

E-mail address: ccollard@bem.tme.edu (CD. Collard).

Anesthesiology Clin 27 (2009) 633-648
dol:10.1016/.anclin.2009.09.002 anesthesiology.theclinics.com
1932-2275/09/% - see front matter © 2009 Elsavier Inc. All rights reserved.
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that were likely to be relatad to mortality (Table 1). The core variables contained 45%
to 83% of the predictive information, whereas the level 1 variables had only modest
predictive power.? Risk scoring systems that incorporate the Influence of multiple
risk factors have been developed to estimate perioperative mortality. Alihough the
American College of Cardiclogy (ACC) and the American Heart Association (AHA)
believe that the use of statistical risk models to obtaln objective estimates of CABG
operative mortality Is reasonable, thelr use must be complementary to clinical judg-
ment, as their performance is fimited by their application to different procedures and
poputations than their original design and velidation.

SYSTEM-BASED PREOPERATIVE EVALUATION

If the mortality risk associated with cardiac surgery isnot prohibitive, the next phase of
preoperative evaluation estimates the risk of other complications and Identifies condi-
tions that will delay surgery or need to be addressed before of concomitant with oper-
ative Intervention. A thorough system-based approach is the preferred strategy for
preoperative evaluation.

Cardiovascular

Preoperative evaluation should include a careful physical examination with particular
attention to the cardiac and vascular systems. Severe aoric regurgitation (AR) and
peripheral vascular disease (PVD} involving the access site fermoral or iliac vessels
or aneurysmal disease of the aorta are contraindications to perioperative intraaortic
balloon pump (IABP) placement. Furthermore, in patients with AR, the regurgitant

Jabls 4 ST E i
*Core” Varlables

Age Height

Sex Weight

Urgency of operation PC) during current admission
Prior heart surgery Date of most recent M1
LVEF History of angina

Percent stanosis of LM coronary artery Ventricular arrhythmia
Number of major coronary arteries with >70% stenosis CHF

— Mitral regurgitation

— DM

— cvD

—_ PVD

— COPD

o Creatinine leve!

Abbreviations: CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; Core,
variables unequivocally refated to operative mortality; CVD, cerebrovascular disease; DM, diabetes
mellitus; Level 1, variables with a likely relation to short-term mortality; LM, left main; LVEF, left
ventricular ejection fraction; Mi, myocardial infarction; £Cl, percutaneous coronary intervention;
PVD, peripheral vascular disease.

Data from Jones RH, Hannan EL, Hammermelster KE, et al. Identification of preoperative vari-
ables needed for risk adjustment of short-term mortality after coranary artery bypass graftsurgery.
The Working Group Panel on the Cooperative CABG Database Project. § Am Coll Cardiol
1996;28:1480.

| i
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volume may increase during cardiopulmonary bypass (CPB) resulting in acute left
ventricular (LV) distension. Varicose velns or a history of vein stripping of ligation in
the lower extramities may preciuds use of saphenous vein grafts as bypass conduits
and prompt evaluation for alternative condults. A carotid bruit or significant PVD may
signify the presence of cerebrovascular diseass {GVD) and requires further evaluation
by carotid Doppler to assess the need and timing for carotld ravascularizatlon.‘

Atrial fibrillation

The incldence of atrial fibrillation (AF) after CABG, valve surgery, and combined CABG
and valve surgery is approximataly 30%, 40%, and 50%, rse-.[;)et:tively.5 Postoperative
AF is associated with Increased In-hospital and lang-term mortality, renal faflure (RF),
stroke, congestive heart fallure (CHF), hospital length of stay {HLOS), intensive care
unit {ICU) readmission, and cost of hospitallzatlon.‘"’ Age is one of the most refiable
preoperative predictors of postoperative AF with a reported 75% increase In the
odds of developing AF for every 10-yearincreasein age.? Other astablished predictors
for the development of postoperative AF include history of AF, male gendsr,
decreased LV ejection fraction (LVEF), left atrial enlargement, valvular heart surgery,
chronic obstructive pulmonary diseass (COPD), diabetes mellitus (DM), chronic renal
fallure (RF), rheumatic heart disease, LV hypertrophy, and withdrawal from p-blocker
and anglotensin 1 converting enzyme inhibitor (AGEI) therapy.5® Preoperative B-
blocker, sotalol, and amiodarone therapy may be used to lower the incidence of post-
operative AF. Although digoxin and calcium channel antagonists may be useful for
ventricular rate control, they have not been demonstrated to reduce the postoperative
incidence of AF.%®

Left ventricular dysfunction

Surgical revascularization in patients with advanced myocardial dysfunction and coro-
nary artery disease {CAD) is superior to medical therapy.'® LV dysfunction and CHF
are associated with higher mortality during CABG."* Topkara and colleagues'*
analyzed more than 55,000 patients undergoing CABG from the New York State
(NYS) database and found that patients with advanced LV dysfunction had more co-
morbid conditions, including previous myocardial Infarction (M1), RF, and CHF.
Patisnts with LVEF less than 20% undsrgoing CABG had nearly four times the in-
hospital mortality rate, lower rate of discharge to home, and higher incidence of post-
operative respiratory failure, RF, and sepsis than patients with an LVEF greater than
40%. Independent predictors of In-hospital mortality in the low LVEF group were
hepatic fallure, RF, previous M, reoperation, emergent procedures, fernale gender,
CHF, and age. In high-risk patients, preoperative placement of an IABP reduces the
use of inotropic and vasopressor madications, CPB time, in-hospital mortality, and
shortens ICU stay.'?

Although LV dysfunction is often due to Mi with associated necrosis and scar forma-
tion, it may also be due to hibernating or stunned myocardium, potentially reversible
processas with revascularization.’® A perioperative reduction in the contractile effi-
clency of previously functioning myocardial segments may be sesn in the immediate
postoperative petiod. Preoperative cardiac svalugtion in patients with severely
reduced LV function should focus on identifying patients with dysfunctional but viable
myacardium by either [EemTeIMIBI, 20MTH [*®Flfluorodeoxyglucose (FDG) positron
amission tomography {PET), dobutamine echocardiography, dobutamine magnstic
resonance imaging (MRI), or delayed-enhancement cardiac MRI. The sensitivity of
these various Imaging modalities ranges from 80% to 90% with specificity of 54%
to 92%.145 |n a patient with marginal preoperative hemodynamic function who can

635
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expect little or no improvement in the immediate postoperative period, tha likelihood
of complication or death Is high and possibly prohibitive for cardiac surgery.

Recent myocardial Infarction

The timing and location of a recent Ml should be Included In the preoperative evalua-
tion. Mortality assoctated with CABG is increased for the first 3 to 7 days following MI,
and If clinically appropriate, a delay In surgery beyond this time perlod should be
considered.?'8 Following anterior MI, the detection of an LV thrombus by preoperative
transthoracic echocardiogram may alter the timing and approach of CABG.2 Inferior
M that significantly impairs right ventricular (RV) function Is associated with hemody-
namic consequences that can be exacerbated during CPB, and it is reasonable to
delay CABG for 4 weeks to allow RV recovery.2

Hematologic

Preoperative anemia Is associated with increased morbidity and mortality during
cardiac surgery.’? Kulier and colleagues'? found that preoperative anemia was an
independent predictor of noncardiac complications. In patients with preoperative
anemta and a European System for Cardiac Operative Risk Evaluation (EuroSCORE)
of 4 or more, there were increased cardiac complications but these wera likely attribut-
able to other concomitant risk factors. Independent predictors of preoperative anemia
are a history of anemia, AF, female gender, advanced ags, DM, unstable angina, and
history of CABG. As blood transfusions in patients undergoing cardiac surgery have
been assoclated with increased morbidity and mortality,'® perioperative transfusion
strategies that incorporate the degres of anemia and other comorbidities need to be
developed for individual patients.

Heparin-induced thrombocytopenia

Heparin-induced thromhocytopenia (HIT) is an immune-mediated complication
of heparin therapy assoclated with arterial and venous thrombuosis. There is typically
a 50% or greater decrease in platelet count from baseline in association with throm-
botic events.' In most cases, immunoassays can detect antibodies agalnst
complexes of platelst factor 4 {PF4) and heparin. Everett and colleagues® found
that in patients undergoing cardiac surgery, the preoperative and postoperative inci-
dence of antibodies to PF4/heparin was 4.3% and 22.4%, respectively, but throm-
botic evants occurred only in 6.3% of patients with a positive antibody. Diagnostic
specificity for HIT can be increased by use of platelet activation assays such as the
serotonin release assay.'® Post-CABG, patients with HIT have a higher incidence of
saphenous vein graft occlusion than patients without HIT, but no significant difierence
In left internal mammary artery graft occlusion.?!

Management of patients undergoing cardiac surgery with antibodies to PF4/heparin
and HIT is evolving. During CPB, unfractionated heparin (UFH) is the preferred agent
due to familiarity with its use, reversibility with protamine, and ease of intraoperative
monitoring. In this syndrome, a typical anamnestic immune response is often not
formed, and rechallenge with heparin is a reasonable strategy for patients with HIT
who need to undergo CPB.'® Warkentin and colleagues’® outline management guide-
lines for HIT patients undergoing cardiac surgery. An immunoassay for PF4/heparin
antibodies should be performed and if positive, a platelet activation assay should
be completed {if available). Patients who are PF4/heparin antibody negative or anti-
body positive by immunoassay, but antibody negative by platelet activation assay,
may proceed with cardiac surgery using UFH during CPB. Preoperative and postop-
erative anticoagulation should be performed with a nonheparin anticoagulant.
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in patients with a history of HIT whosa platelet counts have racoverad but are heparin/
PF4 antibody positive, surgary should be delayed if possible until a platelet activation
assay s negative, and then surgery can be performed using UEH during CPB. if delay-
ing surgery is not an option, use of & nonhaparin anticoagulant is recommendad over
UFH during CPB. in patients with HIT who remain thrombocytopenic and are heparin/
PF4 antibody positive, the preferrad strategy is to delay surgery until the platelets have
normalized and the heparin/PF4 antibodies are negative or weakly positive, However,
if delaying surgery is rot feasible, alternative anticoagulation regimes during CPB
should be considered.

Hypercoagulable disorders

Balancing the risk of thrombosis with excessive perioperative bleeding is difficult in
patients with a hypercoagulable disorder. In hospitalized patients with a hypercoagu-
lable disorder who are not on chronic anticoagulation, preoperative administration of
subcutaneous UFH and low molecular welght heparin (LMWH) are important to lower
the risk of developing a deep venous thrombosls white mobllity is fimited.22 For chron-
ically anticoagulated patlents, warfarin therapy should be held at least 5 days before
cardiac surgery,?® and tharapeutic anticoagulation may be bridged with UFH or
LMWH. In patients with antiphospholipid antibody syndrome, perioperativa anticoa-
gulation monitoring can be difficult due to abnormal prolongation In clotting times
and consuitation with a hematologist and clinical pathologist is often required to
design the best management strategy.*2*

Renal

Preoperative rengl dysfunction is common in patients undergoing cardiac surgery and
s an important risk factor for increased morbidity and mortality.2?’ Cooper and
colleagues®s found that in patients undergoing CABG, the preaperative incidence of
mild, moderate, and severe renal dysfunction and dialysis dependence was 51%,
24%, 2%, and 1.5%, respectively, and operative mortality incraased with deciining
renal function. Preoperative estimated creatinine clearance is a better predictor of
postoperative adverse svents than plasma creatinine leve!.2” Although rena! dysfunc-
tion after cardiac surgery is an independent risk factor for mortality, improved preop-
erative renal function reduces this effect on mortality.2

In a large multicenter study of patients undergoing cardiac surgery, Mangano and
colleagues found that the incidence of postoperative renal dysfunction not requiring
dialysis was 7.7% and requiring dialysis, 1.4%. Mortality in patients without renal
dysfunction was 0.9% but increased to 19% in patients with renal dysfunction and
3% In patients requiring dialysis. Postoperative RF Is associated with increased
ICU and HLOS, higher mortality, and greater likelihood for discharge to an extendad
care facllity. Although miultiple factors are associated with increased risk of postoper-
ative renal dysfunction following cardiac surgery, advanced age, CHF, prior CABG,
DM, and preexisting renal disease ars factors that identify a high-risk population for
renal dysfunction after CABG.?8 Cardiac catheterization performed on the day of
cardlac surgery and higher doses of contrast medium are independentty associated
with higher risk for postoperative RF.2® Preoperative serum creatinine, age, race,
type of surgery, DM, shock, NYHA class, lung disease, recent M, and prior cardiovas-
cular surgery are assoclated with increased risk for postoperative dialysis and have
bean incorporated into a bedside risk algarithm for estimating a patlent’s probability
for dialysis after cardiac surgery.®®

Perloperative management in patients at high risk for RF and dialysis focuses on
minimizing exposure to nephrotoxic drugs and contrast media and maintaining renal
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perfusion. If possible, cardiac surgery immediately after cardiac catheterization should
be avoided. Although N-acetylcysteine has been shown to attenuate contrast-induced
declines in renal function, there Is no convincing evidence that perioperative adminis-
tration of N-acetylcystelne is protective In cardiac surgery.” Future studies will help
clarify whether off-pump CABG, which eliminates the need for CPB, Is associated
with lower risk for pastoperative renal dysfunction.

Endocrine

DM Is present in approximately 25% of patients presenting for GABG or percutaneous
coronary Intervention and is associated with worse outcomes after cardiac
surgery.232832 Patignts with DM without RF or PVD who undergo CABG have similar
long-term survival to patients without DM.3? Preoperative screening for DM is an
important aspect of preparing a patient for cardlac surgery. Lauruschkat and
colleaguss® found the incidence of undiagnosed DM in patients undergoing CABG
to be 5.2%, and noted that these patients had higher perioperative mortality, required
relntubation more fraquently, and remalned intubated longer than patients without DM
and with known DM.

in patients undergoing cardiac surgery, strict perioperalive glucose contral using
perioperative insulin infusions can significantly lower operative mortality and the incl-
dence of mediastinitis. 2528 There is growing evidence that insulin exerts antiinfiamma-
tory effects, beyond its metabolic activities, which may partially explain its
cardioprotective properties.¥” Future studies will clarify the role of preoperative
glucose control and the optimal perioperative management scheme.

Pulmonary

COPD is the most common cause of preoperative pulmonary dysfunction. Cohen and
colleagues® noted that patients with clinically significant COPD undergoing CABG
had higher rates of pre- and postoperative atrial and vantricular arrhythmias, reintuba-
tion, and longer ICU stay and HLOS than matched controls. Although Fuster and
colleagues®® showed that a preoperative FEV1 of 60% of predicted or higher is 8sso-
clated with increased montality during CABG, Spivack and calleagues*® did not find
a clear role for pulmonary function testing In preoperative evaluation for cardiac
surgery. Home oxygen therapy or hypercapnia are clinical parameters that [dentify
a population at higher risk for postoperative respiratory failure.®?® Clinical assassment
of lung function and severity of COPD Is a critical component of preoperative
assessment.

The Incidence of respiratory failure in patients undergoing cardiac surgery varies
widely depanding on the definition. Filsoufi and colleagues*' defined respiratory failure
as Intubation time of 72 hours or longer and found that the incidence of respiratory
failure in the NYS database was 9.1%, with the highest incidence in combined
CABG and valve procedures (14.8%). Independent predictors of postoperative respl-
ratory failure were age more than 70 years, female gender, LVEF 30% or less,
combined CABG/valve surgary, CHF, DM, PVD, COPD, RF, active endocarditis, reop-
eration, hemodynamic instability, and IABP insertion. Postoperative respiratory failure
was associated with significantly increased morbidity, mortality, and HLOS. To opti-
mize respiratory function before surgery, existing pulmonary conditions or exacerba-
tions should be treated, including smoking cessation, antibiotic therapy for existing
pneumonia or bronchitis, diuresis for pulmonary edema, and bronchodilator and
sterold treatment of COPD exacarbation.? In high-risk patients undergoing CABG,
inspiratory muscle training is assoclated with a reduction in postoperative pulmonary
complications.*?
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Neurologic

The incidence of neurologic complications following cardiac surgery, including global
encephalopathy, foce! neurologic syndromes, and decline in intellectual function and
memory, ranges widely from 1% to 80%.43:44 Thess complications have largely besn
attributed to the adverse effacts of CPB, which can lead to embalism, hemarrhage,
hypoxia, cerebral edemna, and metabollc derangements. Advanced age, prior neuro-
logic diseass, type of surgery, aortic atheroma, and duration of GPB are predictors
of neurologic complications following cardiac surgery.4345 Stroke is a devastating
complication of cardiac surgery with a reported incidence ranging from 0.8% fto
7948 Prediction models can be used to estimate the perioperative risk of stroka.®?

In patients undergoing CABG, the incidence of coexisting carotid artery disease
more than 50% is 17% to 22% and more than 80% disease, 6% lo 12%.47% Approx-
imately 30% of postoperative strokes are dus to significant carotid artery stenosis.*®
Stroke risk increases with the severity of stenosis, and the stroke risk in patients with
carotid stenoses of less than 50%, 50% to 80%, and more than 80% (s approximately
24, 10%, and 11% to 18.8%, respectively.®5%5! Even in the asymptomatic patient,
carotid stenosis of 75% Is an independent predictor of stroke risk after CABG.%
ACC/AHA guidelings state that selective carotid scraening should be considerad in
the following high-risk patient groups: older than 65 years, left main coronary artery
stenosis, carotid bruit on examination, PVD, history of smoaking, and history of tran-
slent Ischemic attack or stroke.?

The goal of carotid ravascularization before CABG is the prevention of cerebrovas-
cular events. Carotid endarterectomy (CEA) and CABG can be performed as either
a staged or combined procedure, and the combined Incidence of stroke, M, and
death for either procedureis 10% to 129 5% n 1 review of 97 studies, thera wasa trend
toward higher mortality, stroke, and Ml In patients undergoing combined CEA-CABG
relative to staged CEA-CABG. According to the ACC/AHA guidelines, CEA should
be consldered before CABG or concomitant with CABG in patients with a symptomatic
carotid stenosis or in asymptomatic patients with unliateral or bilateral internal carotid
stenosis of 80% or more.? Carotid artery stenting (CAS) is a less invasive altarnative
than GEA for carotid revascularization. In a recent review by Guzman and colleagues®
of 6 studies including 277 patients undergolng staged CAS and CABG, only 2.2% of
patients suffered 8 stroke following CABG. However, the overall 30-day event rate
after CABG (including events during CAS} for minor stroke, major stroke, death, and
death or any stroke was 2.9%, 3.6%, 7.6%, and 12.3%, respectively. Although itls
accepted that cerebral ravascularization should take place befora coronaty revascii-
larization uniess it Is a trus emergency, future studies are necessary 1o clarify which
carotid revascularization strategy is superior.

Nutrition

Preoperative assessment of nutritiona! status and body mass index (BMI) can identify
patients at higher risk for cardiac surgery. Low BMI (<20 kg/m?)and hypoalbuminemia
(<2.5 g/dL) are predictors of increased mortality, postoperative BF, HLOS, and pro-
longed ventiiatory support foowing CABG.58 In malnourished patients undergoing
elective cardiac surgsry, nutritional status should be optimized before operation, if
possible,

Obesa patients undergolng cardiac surgery have increased incldence of infection of
the sternal wound and saphenous veln graft harvest site, RF, prolonged ventilation,
and HLOS.5857 Obesity and obstructive sleep apnea are indepandent risk factors
for developing AF.58 Obasity and the metabolic syndrome are assoclated with a higher
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risk of developing AF after CABG in patients older than 50 years and 50 years and
under, respectively.5® If clinically appropriate, cardiac surgery may be delayed while
efforts at weight loss are atternpted.

MEDICATIONS

After risk stratification is completed, the final phase of preoperative evaluation focuses
on patient preparation to minimize complications. Perioperative medical therapy
improves outcomes In patients undergoing noncardiac and cardiac surgery.2.60-73
However, despite the potential benefit, these medications are likely underutilized in
clinical practice. In patients undergoing CABG, Filion and colleagues™ noted preop-
arative aspirin, B-blocker, ACEl, and statin use was 414%, 52.4%, 33.4%, and
30%, respectively. On the day of surgery, aspirin use remained stable at 43%, but
B-blocker, ACEI, and statin use declined to 42.9%, 8.9%, and 8.9%, respectively.
Cardiac surgical patlents are also frequently exposed to a variety of antiplatelet agents
and anticoagulants, which can potentiate surgical bleeding. Current medical therapy
should be reviewed for all patients, keeping in mind which medications should be initi-
ated, continued, and stopped before surgery.

Antiplatelet Therapy

Aspirin, plavix, and glycoprotein (GP) IBAIIA inhibitors are beneficial in the manage-
ment of acute coronary syndrome and during percutaneous coronary intervention
(PC1).78 Early (<6 hours) postoperative administration of aspirin Is assoclated with
a reduced risk of saphenous vein graft thrombosis, mortality, M, stroke, RF, and
bowel Infarction.5458 Preoperative use of aspirin is associated with an increased
risk for postoperative bleeding and need for transfusion.”® Concomitant use of other
antiplatelet agents and anticoagulants and certain disease states {eg, aspirin hyper-
responders, thrombocytopenia, and renal disease) may potentiate the bleeding risk
of aspirin. The preoperative use of clopidogrel in the presence or absence of aspirin
in patients undergoing CABG Is assaciated with increased postoperative bleeding,
transfusions, and reoperations.”” In urgent or amergent CABG, aspirin administration
should be continued or initiated in the preoperative period as the benefits outweigh the
risk of bleeding. In elective GABG, the Society of Thoracic Surgeons (STS) and ACC/
AMA recommend that it is reasonable to consider withholding aspirin before surgery
for 3 to 5 days or 7 to 10 days, respectively. Aspirin should be resumed within 6 hours
of a surgical revascularization procedure if there are no contraindications.?-7® Clopi-
dogrel should be stopped 5 to 7 days before CABG. 37578

Eptifibatide and tirofiban are short-acting GP 1IBANIA inhibltors, and should be dis-
continued 4 to 6 hours before cardiac surgery. Abciximab is a longer-acting agent,
and should be discontinued 12 to 24 hours before surgery.”>7® After administration,
thers is little free abciximab circulating in the plasma but large quantities of eptifibatide
and tirofiban. Platelet transfusion Is an effective strategy to increase the circulating
platelet poputation with avafiable GP IIB/IIA inhibitors for abciximab but not for epti-
flbatide and tirofiban.

Anticoagulant Therapy

UFH, LMWH, fondaparinux, and direct thrombin inhibitors are beneficial in the
management of acute coronary syndromes and during PCI, and are used for prophy-
lactic and therapeutic anticoagulation.” UFH has not been shown to increase postop-
arative blood loss after cardiac surgery when discontinued shortly before operation.
Praoperative LMWH and fondaparinux administration are associated with increased
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bleading, and based on expert opinion, LMWH and fondaparinux should be discontin-
ued 24 hours before surgery and replaced with UFH (f anticoagulation is indi-
cated).”®7® There are limited data regarding the safety of preoperative
administration of direct thrombin inhibitors before CABG. Bivalirudin, 2 short-acting
direct thrombin inhibitor, should be discontinued 3 hours before surgery. Hirudin
and argatroban, longer-acting agents, should be stopped earlier than bivalirudin
and replaced with UFH before cardiac surgery.”>™® Warfarin should be stopped at
least 5 days before cardiac surgery to allow normalization of the INR.22 If continued
therapeutic anticoagulation is necessary, UFH or LMWH may be Initiated
precperatively.

f#-Blacker Therapy

B-Blocker therapy improves acute and long-term outcomes for patients with ischemic
heart disease.”>® In addition, in high-risk patients undergolng major noncardiac and
vascular therapy, B-blocker therapy reduces the rate of cardiovascular events, 5082
There has been cautious extansion of thelr application to cardiac surgical patients
due lo concermns regarding their negative Inotropic effects and possible exacerbation
of underlying reactive airway disease. Nearly 40% of patients undergoing CABG do
not recelve preoperative p-blocker therapy, and patients with higher-risk features
{eg, DM, CHF, underlying lung disease, and older age) are less Hkely to be treated
with B-blocker therapy. Praoperative B-blocker therapy is associated with a statistically
significant lower rate of 30-day mortality. Although a similar effact is seen in women,
the elderly, and patients with chronic lung disease, DM, or moderately depressed LV
function during subgroup analysls, a trend toward higher mortality 1s prasent in
patients with a LVEF less than 30%.59

p-Blocker therapy has glso been shown to raduce the incidence of postoperative AF
when administerad pre-%¢ and postoperatlve!y.’ Perioperative intarruption of long-
term p-blocker therapy increases susceptibility to postoperative arrhythmias.® In addi-
tion to lowering the incidence of AF, p-blocker therapy is associated with reduced risk
of postoperative neurolagic complications.®” The ACC/AHA recommends the use of
preoperative or early postoperative B-blocker therapy in patients undergaing cardiac
surgery without contraindications to its usa.?

Sotalol has p-blocker and class Il antiarrhythmic drug effects. Sotalol has been
found to be more effactive In reducing the incidence of postoperative AF than B-
blocker therapy®® but its use is associated with more postoperative bradyarrhythmias
and hypotension.®® The ACC/AHA recommends that low-dose sotalol can be consid-
ered in patients who are not candidates for traditional B-blocker therapy to lower the
incidence of postoperative AF.?

ACEl or Anglotensin-ll Receptor Blocker Therapy

ACEI or anglotensin-ll receptor blocker (ARB) therapy reduces the risk of devaloping
AF, particularly In patients with systolic dysfunction or LV hypertrophy.®! In patients
undergoing CABG, postoperative withdrawal of ACEI therapy is assoclated with an
increased Incidence of new onset and recurrent AF, and perioperative treatment
with ACEI Is associated with a raduced risk of AF.% In an underpowered study of
cardiac surgical patisnis, preoperative AGEIl or ARB therapy was associated with
a nearly 3096 lower risk of developing AF, but this raduction was not statistically signif-
icant.8 In addition, treatment with quinapril for 4 weeks preoperatively and 1 year
postoperatively in patients undergoing CABG reduced clinlcal ischemic events.”®
The antlinflammatory properties of ACE! or ARB therapy likely contribute to these car-
dloprotective effects.®? Howaver, preoperative administration of ACEI or ARB therapy
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may Increase the perioperative requirement for vasopressor drug administration.?
Although there are no specific guidelines, it is probably reasonable to continue preop-
erative ACEl or ARB therapy in patients with underlying hypertension given thelr
potential benefits but consider withholding therapy In patients with marginal blood
pressure.

Statins

Preoperative administration of 3-hydroxy-3-methylglutaryl coenzyme A reductase
Inhlbitor (statin) therapy in vascular and cardiac surgery is assoclated with 58% and
38% reductions in mortality, respectively.8" Liakopoulos and colleagues’™ found
that preoperative statin therapy In patients undergoing cardiac surgery was associ-
ated with a reduction in early all-cause mortality, AF, and stroke. Statin therapy may
be protective through lipid-independent or pleiotropic effects including antiinflamma-
tory, antithrombotic, and vasodilatory effects.?#®5 All patients undergoing cardiac
surgery should receive statin therapy unless specifically contraindicated.®

Amiodarone

Praoperative administration of amiodarone Is an effective, well-tolsrated therapy for
prevention of postoperative AF.7? In the PAPABEAR trial, a 13-day perioperative
course of oral amiodarone In patients undergoing cardiac surgery significantly
reduced the overall incidence of atrial tachyarrhythmias regardless of concomitant
preoperative B-blocker therapy and postoperative sustained ventricular tachyarrhyth-
mias.” A single-day, preoperative loading dose of oral amiodarone did not reduce the
incldence of postoperative AF in patients undergoing cardiac surgery.®® Given that
effective amiodarone prophylaxis requires a pracperative treatment period, loading
protocols ssem limited to elective cardlac surgery. Intravenous amiodarone given
immediately after cardiac surgery is also effective in reducing the incidence of AF.%7
ACC/AHA guidelines recommend that preoperative administration of amiodarone
should be considerad for patients at high risk for developing AF with contraindications
to p-blocker therapy 3

SUMMARY

Morbidity and mortality associated with cardiac surgery Is significant to the patient
and costly to the health care system. During preoperative evaluation, statistical risk
models should be used to obtain objective estimates of operative mortality and
morbidity. In patients with severe LV dysfunction, a cardiac imaging modality should
be considered to help identify dysfunctional but viable myocardium. A recent Mi,
particutarly if associated with LV thrombus formation or severe RV dysfunction, may
prompt a delay in cardiac surgery. Patients at high risk for renal dysfunction need
management strategies aimed at minimizing renal insults, Existing pulmonary condi-
tions should be treated as best possible before initiation of mechanical ventilation.
Carotid Doppler should be performed in patients at increased risk for coexistent
carotid artery disease, and if significant carotid artery disease Is presant, CEA should
be consldered either before or concomitant with cardiac surgery. With regard to
medical therapy, B-blocker, ACEI, and statin therapy should be used in the absence
of contraindications, and amiodarone therapy Instituted in patients at high risk for
AF. Clopidogre! should be withheld 5 to 7 days before surgsry, and the risk/benafit
ratio of preoperative aspirin therapy assessed.
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The Intraaortic Balloon Pump in Cardiac Surgery
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Gregory M. Hirsch, MD
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The intraaortic balloon pump (IABP) has been used in
cardiac operations since the late 1960s. Over the years,
with refinements in technology, its use has expanded; the
IABP is now the most commonly used mechanical assist
device in cardiac operative procedutes. This teview pro-
vides an evaluation of evidence for the efficacy of IABP
use in different clinical scenarios, using the American
College of Cardiology/American Heart Association clas-
sification of evidence where appropriate. We evaluated
complications and outcomes associated with TABP use,

———

Results of cardiac operative procedures continue to
improve despite éver-increasing numbers of older
and sicker patients [1]. Of those who die, many do so of
complications relating to low cardiac output during the
perioperative period. The intraaortic balloon pump
(IABP) has been widely used during the perioperative
period to suim:_mrt patients with low cardiac output. The
IABP was first used clinically in 1968 for supporting
patients with cardiogenic shock after acute myocardial
infarction [2]. Soon its use was expanded to postoperative
support and as an aid in weaning patients from cardio-
pulmonary bypass {3, 4], Use of the IABP has continued
to increase, particularly over the past decade with the
expansion of interventional cardiology, and the increas-
ing age and acuity of cardiac surgical patients (Table 1)

[5-8].
Previous reviews of IABP use have focused on physi-
olo ical issues loon u timin

10). No thorough review of clinical cutcomes associated
with IABP use has been published despite more than 30
years of clinical use (6, 8]. Qur objective was to review the
use of the [ABP in cardiac operations. In particular we
focused on evidence for the indications, utilization, and
efficacy relating to fiming GF TABE use, We also examined
complications of the IABP, discussed current and future
trends in use and suggest future directions for research.

Method of Review
A search of the MEDLINE database from 1966 to 2000

was undertaken using the keyword intraaortic balloon

Address reprint requests to Dr Baskelt, Maritime Heart Centre, Room
2269, 2nd Floor, 1796 Summer Street, Halifax, NS, BIH 3A7, Canada;
e-mail: rogerbaskatt@hotmail.com.

© 2002 by The Society of Thoracic Surgeons
u ed by Elsevier Science Ine

and attempted to draw conclusions regarding the use of
the IABP in different clinical situations. We examined
the trends and varation in utilization over time and
across centers. We discussed the IABP in light of new
cardiac assist devices' and the changing patient popula-
tion and management strategies. Lastly, we identified
areas of future research.

(Ann Thorac Surg 2002;74:1276-87)
® 2002 by The Society of Thoracic Surgeons

pumping, limited to human studies published in English.
We excluded articles that were abstracts only, involved
nonsurgical patients only, did not satisfactorily distin-
guish between surgical and nonsurgical patients, or in-
cluded fewer than 30 patients. Additional references

were obtained by direct communication with experts in
the field. Manuscripts cited in the references retrieved

were also reviewed. Studies’ designs were documented
as an indicator of the sirength of evidence they repre-
sented. Where appropriate, evidence was classified and
graded using the American College of Cardiology/
American Heart Association guidelines [11]:

@Coudiﬁom for which there is evidence for or
eral agreement that the procedure or treafment is
and effective;
lass I Conditions for which there is conflictin
evidence or a divergence of opinion about the use-
fulness/efficacy of a procedure or treatment;

Class IIa: Weight of evidence/opinion is in favor of
usefulness/efficacy; . -

Class ITb: Usefulness/efficacy is less well established by
evidence/opinion; .

Class MI:)Conditions for which there is evidence or
general agreement that the procedure/treatment is
not_useful/effective, and in some cases may be
harmful.

Levels of evidence were graded as follows:.Level A
derived from multiple randomized clinical trials;
“level BY= data derived Fom single_fandomize E% ?IEW:ed trial or
nonrandomized studies; and (level C ¥ case senés or

consensus opinion of experts. nArv

NN,
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Indications

The IABP exerts its effect by volume displacement. It has
two principal effects; the first is to augment coronary
blood flow, and thus myocardial oxygen supply, by
increasing diastolic perfusion pressure. The blood dis-
placed during balloon inflation reduces ventricular work
by reducing afterload with rapid balloon deflation in
systole, thus decreasing myocardial oxygen consumption
[9]. This action enhances stroke volume and in conjunc-
tion with the favorable diastolic effects can_increase
cardiac output by 20% [10].

The currently accepted indications for IABP use have
expanded to include [12]:

1. Ongoing unstable angina refractory to medical
therapy

. Acute myocardial ischemiafinfarction associated
with percutaneous transiuminal angioplasty (PTCA)

. Perioperative low cardiac output syndrome

. Cardiogenic shoc cardial infarction

. Congestive heart failure

. Bridge to heart transplant

. Ischemic ventricular septal defect &

. Acute mitral valve insufficiency

. Poorly confrolled perioperative ventricular arrhyth-

mias.

N

A OO O LN R W

Although most surgeons accept many of these indica-
tions, the decision to use an IABP and the timing of its
use are often not clear. No direct multicentered compar-
isons of use or outcomes with the IABP have been
published, thus direct comparison is difficult due to the
heterogeneity of patient populations and changes in
practice patterns over time [13]. Intraaortic balloon pump
use has shifted more toward ischemia rather than hemo-
dynamic decompensation (6, 14, 15]. This change & likely
t}ie Tesult of steady improvements in surgical and anes-
thetic techniques over this period, which have reduced
the need for [ABPs for early postoperative low cardiac
cutput {8].

Evidence for Efficacy of Preoperative Intraaortic
Balloon Pump Use

Case Series

A number of case series found that preoperative inser-
tion of an IABP was associated with better outcomes than
intra- or postoperanive insertion [6, 15, 16]. In the mid-
1970s, preoperative balloon pump use was found to be
beneficial in high-risk surgical patients [17-20]. However
its use remains highly variable and there is a lack of
consensus for preoperative use, when the decision is
mast discretionary [13, 21-23].

Nearly ali published studies have demonstrated that
patients receiving IABPs preoperatively have better out-
comes than those receiving IABPs intraoperatively or
postoperatively (Table 1). This finding is a reflection of
the fact that the IABPs are being inserted for different

Ann Thorac Surg
2002;74:1276-87

indications. Even in series repotted in the 1970s and early
198Qs, preoperative IABP use was associated with a 74%
to80% survival [24, 25). The few series that reported poor
survival with preoperative [ABP use only rarely used the
device preoperatively, and used it principally for shock
(26, 271.

Observational Studies With Controls

We identified a total of six_controlied observational
studies of preoperative IABP use (Table 2). Fecla and
associates (28] reported in a small series of patients with
low ejection fractions undergoing isolated. coronary ar-
tery bypass grafting (CABG), that those receiving preap-
erative IABP support had significantly lower myocardial
infarction rates and mortality compared with matched
historical controls {Table 2). More recent reviews have
also suggested the potential beneficial effects of preop-
erative IABP use, but have failed to consistently show a
statistically significant difference in comparison with
similar untreated patients [29, 30]. In_a cohort of post-
myocardial infarction patients undergoing CABG,
Creswell and associates [30] demonstrated encouraging
trends toward decreased mortality and morbidity in
patients with tive IABP use operated on less
than 14 days after acute myocardial infarction (Table 2). A
cohort study by-Dietl and associates (7] suggested a
survival benefit with preoperative use of the IABP in
patients with an ejection fraction of less than 0.25 (Table
2). In addition, they identified several predictors of the
ne%@%ort in these
patients: reoperation, uns gina, use of intravenous
nitroglycerin, Teft main stenosis, acute myocardial infarc-
tion within 7 days, nonelective operation, and New York
Heart Association class M-IV symptoms. These findings
suggest that CABG patients with ejection fractions of less
than 0.25 and one or more of these factors represent the
subset of CABG patients who should be selected for
preoperative [ABP use.

The only published multicenter experience with the
preoperative [ABF is from Alabama (Table 2) [31). Hol-
man and associates [31] examined the use of what they
termed prophylactic IABPs by excluding patients receiving
preoperative IABP for hemodynamic instability, myocar-
dial infarction within 3 days, or those undergoing emer-
gency operation (not defined). They used propensity
scores to match 550 patients with and 550 without pre-
operative IABP. No difference was noted for in-hospital
mortality. Nonfatal events were not reported, presum-
ably because of the reliance on administrative data that
did not provide sufficiently detailed information.

Gutfinger and associates [32] examined a series of
patients older than 70 years of age undergoing isolated
CABG and having one of the following: left main steno-
sis = 70%, medically refractory unstable angina, ejection

__f_r_gc_tion = 0.40, failed PTCA, or reoperation (Table 2).
Compared with a concurrent group of similarly aged
patients, those receiving the preoperative IABP had sig-
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nificantly higher Parsonnet scores, lower ejection frac-
tions, and twice the incidence of congestive heart failure LS
and acute myocardial infarction. The 30-day crude mor- .
tality was not statistically significantly different (Table 2).

Randomized Controlled Trials

Recently, a series of reports by Christenson and associ-
ates [34-37] from Geneva described results of what
appear to be subgroups of two prospective randomized
controlled trials {conducted in a single institution). These
reports concluded that preoperative IABP insertion in
high-risk CABG patients decreased mortality and post-
operative length of stay (Table 3} [5, 3¢-36]. High risk was
defined as any two of the following: medically refractory
unstable angina, ejection fraction = 0.40, left main steno-
sis = 70%, or redo surgery. Overall, 11 of 50 control
patients died compared with 3 deaths among 62 receiving
the IABP preoperatively (p = 0.007) [37].

The work by Christenson and associates represents an
important contribution to the field. However, some major
weaknesses with their reporting include the confusing
presentation in several papers of what appears to be a
single trial and a high mortality rate (20%} in the control
patients.

<0.05
<005

0.049
0.05

left ventricular

LVH =

Outcomes
(hospital mortality),
IABP vs No IABP
2132 vs 5120
0/19 vs 3/14
0/24 vs 4/24
1/30 vs 6/30

Univariate
Univariate
Univariate

Analysis
Univariate
LM = left main coronary artery;

IABP < 2 h {19)

Intervention
IABP 24 h (13)
IABP2 h
IABP2 h
1ABP 2 h {10)
IABP 12 h (10)
IABP 24 h (10)

Summary of Evidence for Preoperative Intragortic
Balloon Pump Use

The optimal use of the IABP in cardiac operations re-
mains controversial, and poorly defined {25, 31]. Some of
the controversy concerns the definition of a_high-risk

-Ea_.li_ent [38]. In some centers, fear over cost and compli-
cations of the IABP constrains use [39]. Others claim that
preoperative IABP use in most patients is not necessary
and that a femoral line could be insetted in the operating
room to facilitate balloon introduction only if difficulties
arise in weaning the patient from bypass [40]. However,
much of the benefit derived from preoperative insertion
and use of the IABP may be the result of improved
myocardial perfusion and stability in the induction of
anesthesia and the early operative petiod before com-
mencing bypass {5, 32]. The difficulty lies in being able to
identify those patients who are at risk of perioperative
decompensation and thus would benefit most from a
prophylactic [ABP {31, 32].

In conclusion, there is class I level B evidence that
preoperative IABP use in ischemic CABG patients is
beneficial. There is class [ level B evidence for preoper-
ative FABP use in CABG patients with ejection fraction
less than 0.25 who are undergoing nonelective operation
or reoperation, or who have New York Heart Association
class HI-TV symptoms [7]. The evidence is less clear for
those patients without ongoing ischemia, but who (in
isolation) are undergoing reoperation, have low ejection
fraction, have left main disease in isolation, or are under-
going procedures other than isolated CABG. There is
class a level B evidence for preoperative IABP use in
these patients,

LABP = intraaortic balloon pump;

32120
19114
24/24
30130

Number in IABP
Group/*Control”

HTN = hypertension;

Selection Criteria
2 of: EF = 0.40, LM = 70%,

redo, UA
EF = 0.40 + LVH + HTN
redo, UA

= 70%
2 of: EF = 0.40, LM = 70%,

Redo & 2 of: EF = 0.40, UA, LM

EF = ejection fraction;

Years of Study
1997
1997
1997
1999
unstable angina.

Ua =

Table 3. Preoperative IABP Use in Isolated CABG: Randomized Controlled Trinls

CABG = coronary artery bypass grafting:

Christenson [34)
Christenson [35]
Christenson [5]
Christenson [36)
3 Fisher exact or y.

Reference
hypertension;
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/ Evidence for Efficacy of Intraoperative and
Postoperative Intraaortic Balloon Pump Use .

Overall mortality in patients receiving [ABPs intra- armd
postoperatively ranges from 21% te 73% (Table 1) [30, 41].
Patients receiving IABPs inira- and postoperatively differ
from those receiving the device preoperatively. They may
have been considered lower risk or were more stable
preoperatively IABP than those receiving a preoperative
IABP. The outcome of these patients may have been have
been worse without the support of the IABP. Both intra-
and postoperative [ABP insertion and cardiogenic shock
have béen idenfified as indepenﬁt'f'p?e_ﬂ'lm
(6, 29, 42].

Intraaortic balloon pump use for weaning from cardio-
pulmonary bypass is well established, although the spe-
cific indications and the threshold for use are hard to
analyze. Survival of patients requiring intraoperative
IABP support is usually reported to be more than 50%
(Table 1) {22, 43]. These patients likely would not have
been separated from bypass without IABP assistance and
would have died. However in a large series, 40% of the

patients receiving an _IABP intraoperatively ultimately
required a ventricular assist device i44].

Initraoperative and postoperative IABP insertion is an
indication of serious complications, which are often not
correctable. As such, these patients face a high mortality.
An EABP inserted for low cardiac output rather than
ischemia is clearly associated with a poorer prognaosis [6,
22, 43]. Not surprisingly, patients requiring intraopera-
tive or postoperative IABP insertion have mortalities
similar to those patients receiving an IABP for medical
treatment of postmyocardial infarction shock [43, 45], In
addition the effect of the [ABP on flow in bypass grafts is
unclear and seems to be related at least in part to the
graft used and its proximal origin [46, 47]. Thus in some
cases [IABP use may be of uncertain benefit [48].

Only one study [13] has reported outcomes of patients
receiving intra- or postoperative IABP compared with
any similar risk group. In a series of 319 patients, 280
received an JABP and 39 “controls” had failed attempts at
balloon insertion [13]. Only 17 of the balloons were used
preoperatively. In these similar risk groups a trend was
noted toward decreased overall operative death, along
with a significant benefit in those undergoing isolated
CABG (33% vs 64% p = 0.03).

In conclusion, IABP use for weaning from bypass is
well established although the evidence is hard to pro-
duce. There is class I level C evidence for the use of the
TABP for weaning from bypass in CABG patients. There
is class TIa Tevel C evidence for EostoEeraé"E TABP use in
CABQ patients. An important related issue that needs to
be addressed is the appropriate use of a ventricular assist
device in this setting.

Evidence for Efficacy of Intraaortic Balloon Pump
Use in Cardiac Operations Other Than Isolated
Coronary Artery Bypass Grafting

The type of operation and the timing of balloon pump
use is a major determinant of survival [49]. The superior
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Evidence for Efficacy of Intraaortic Balloon Pump
Use in Cardiac Operations Other Than Isolated
Coronary Artery Bypass Grafting

The type of operation and the timing of balloon pump
use is a major determinant of survival [49]. The superior
in-hospital and long-term survival of isolated CABG
patients receiving [ABPs, compared with patients under-
going other types of cardiac operative procedures, has
been confirmed by many studies [15, 16, 27, 43, 50). In a
large series of IABP cases reported from Boston, Torchi-
ana and coworkers [6] demonstrated that a procedure
other than CABG was associated with a_twofold in-
creased risk of death. They also identified cardiogenic
shock, heart failu: lure, and _mitral valve replacement as
being independently associated with mortality. It is clear
that patients.with.gngoing_ischemiz associated with
shock do much better than those with shock and no
ischemia [45]. In fact the superior survival in isolated
CABG compared with valvular and other combined pro-
cedures persists regardless of timing of insertion [15]. No
studies were identified in which non-CABG patients with
and without an IABP were compared.

The higher mortality of patients with valvular disease
and cardiogenic shock who receive an IABP is a reflection

of the fact that the problem of ventricular dysfunction i
either nat mverﬁmm%I’Aﬁ:
immmm/fvt?m%, and thus is
inadequate 1 cases requiring large doses of inotropic
agents [10, 29]. Patients with profound hemodynamic
compromise persisting after IABP insertion will likely
survive only with a ventricular assist device [6, 51].
There is insufficient evidence to grade the use of the

IABP in patients undergoing procedures other than iso-
lated CABG.

Other Considerations

Long-Term Outcomes
It is recognized that the presence of an IABP defines a
very high-risk group of patients [52]. Depending on the
proportion of IABPs used preoperatively, 5-year survival
is reported to be between 22% and 47% [15, 29, 53, 54].
Downing and associates [13} reported that 2-year actuar-
ial survival was superior in those who received an IABP
(45%) compared with those who did not (23%, p = 0.006)-
The best results appeared to be in transplant recipients
(81%)_and those undergoing isolated CABG (51%),
whereas CABG with aortic valve replacement had the
fowest actuarial survival of 34% at 5 years [15, 45].

A recent long-term study of 163 IABP patients who
survived to hospital discharge demonstrated that those
surviving to discharge have good long-term survival,
comparable to that of patients with similar risk [16]. In a
study of prophylactic IABP use in isolated CABG pa-
tients, no difference was found in hospital and early
mortality [31]. At 3 years, however, a trend was noted
toward better survival in the group receiving prophylac-
tic IABPs [31].

e ————
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In conclusion, IABP patients who survive to discharge  limb ischemia, cardiogenic shock, and smoking. This
appear to have good survival, which is determined by high rate of chronic ischemia has resulted in reluctance,
their disease and comorbidities, T| ere is class ITb [eve] B

on the part of some Surgeons, to use the IABP [5, 39, 62,
i that IABP use in CABG patients improves 63].

l'on -term survival.
""-'—-—g.__

’ A number of investigators have examined risk factors
- for IABP-related vascular complications. Female sex, his-
Cost of Intraaortic Balloon Pump Use ’ tory of peripheral lar di diabat.
peglphera] vascular disease, and diabetes have
In addition to a significant decrease in mortality and bel;yn consistently identified as independent risk factors
postoperative length of stay, Christenson and associates for vascular complications [35, 56, 58, 59, 65-67]. Others
[37] reparted that preoperative IABP use was associated have implicated duration of IABP use, smoking, and
with lower costs of in-hospifal & nd a shorter length hypertension as risk factors [14, 68-71].
of stay. They reported similar results in reoperative Aortic or iliac dissection or perforation are rare but
pagiee'::saf'lsc} assaciates [7] also reported a reduced length }lsual:ly fatla'}lf Cﬂ;ﬂpﬁﬂﬁ?;sbt;f [:;BI;finsetrﬁom cases s
! j In about 1% of cases (Table 2). If au Opsy cases are
of stay with preoperative IABP use (10 vs 12 days). Mean included, the incidence of this complication can be has
I'!ospltal costs were alsa fefl““d by USD$4,000 per Pa*  highas 5% to 9% [55]. Death as a direct result of [ABP use
tient [71. Using administrative data, Holman and associ- po g to quantify, except in the cases of dissection and
ates [31] reported a decreased length of stay of 1 day in perforation, but is reported to occur in 0 5% to 4% of
patients receiving Prophylactic preoperative IABP com
. cases [65, 72].
Pared with matched patients,
In conclusion, patients requiring IABPs by their nature Other Complications
a'il L hlgt:l risk and thus'mllhha\.re longer hospital SYS  Other complications include bleeding, infection (55, 73],
:n E:g e:;natr:::eo fha?el.;;?tiseu “l‘itl:;mt _ctri ::I: s{,t stroke, and other embolic complications including para-
PP 5 T o =2 ncrease gog plegia [74, 75]; neuropathy and chronic pain occur less
and there is class 1 grade B evidence that preoperative fr tly (Table 4). Entra t of the IABP has b
insertion in selected CABG pafients will decrease overall canen.y able 4). Entrapment of the —2= Deen
::I;:s B reported only rarely and appears to be associated with

balloon rupture and subsequent clot formation within
the balloon [75, 76]. Some surgeons think that the bene-
Complications of Intraaortic Balloon Pump Use fits of prophylactic IABP use do not outweigh the risk of
The use of IABPs is not without complications, which cm:np l;caho;s, ;nd tha.t use of .t!'e IABP should be re-
occurin 11% to 33% of cases (Table 4) [14, 55], This range stricted to life-t reatening conditions only {64].
is largely a reflection of varied definitions of complica- Insertion Technique
tions. The overall and ischemic complication rates de not L . ] :
appear o have changed substantially over time (Table 4}, n 1380, percutaneous IABP_ insertion came into common
In a recent prospective study of 1,119 consecutive pa-  US3Ee. A number of studies h.ave suggestc_:d Fhat the
tients receiving IABPs, Cohen and associates [56] re- percutaneous method has a higher complication rate
ported an overall complication rate of 15% with 46 than _tradlh.onal surglcal.expom..u? of the femoral vessels
patients requiring operation for their complications and  and Insertion unden: direct vision [€5' 39, 77, 78_]' A
only 5 deaths directly attributable to the yse of an [ABP.  Prospective, randomized controlled trial of 101 patients
— - found that although percutaneous insertion was faster
Limb Ischemia and Vascular Injury anglmiasier, it was associated with a_signifi-
Limb ischemia is the most common complication of [ABP  cantly higher vascular complication rate (11/51 vs 250
WWMMS P < 0.05(79]. Despite the related complications, percuta-
variation is largely dependent on the definition of isch- e instartion has become the standard first method of
emia and the intensity of patient observation, In addition, iasertion in most centers. This is partly because of the
a substantial proportion of injuries related to [ABP use  changing nature of use (now used more frequently by
(perhaps as many as 80%) are not recognized clinically  cardiologists than surgeons) [6] and the recognition that
before death [57], In all series, a substantial proportion of  the differences in complications are partly due to physi-
patients (usually more than 30%) who develop ischemia  cian experience with the technique [79]. In addition,
require surgical intervention (Table 4). A recent review  percutaneous insertion avoids the mandatory need for
from Germany found that those with ischemic complica-  reoperation to remove the IABP,
tions had a si ificantly higher mortali rate {60% vs . .
30%, p = 0.001)gn[58]. Sim}i’lar iesults have g;en confirmed  Alternative Routes of Intragortic Balloon Pump
by other series [59, 60]. Insertion

Long-term follow-up of patients with lower limb isch-  Alternate routes of IABP insertion can be used when
€mia as a result of IABP yse revealed that 18% of patients ceiusive aortoiliac disease or prior abdominal aortic or
had sj (3

Bns and symptoms of chronic limb j chemia [61].  fernoral artery operation prevents femoral artery inser-
Multivariate predictors of chronic ischemia include acute tion [80]. Insertion of the [ABP through the ascending
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aorta, iliac, subclavian, and axillary arteries have all been

reporteT' [81-54].

Of these methods, transthoracic arch insertion: is the

most frequently used and has been reported in 1.9% ¢ v
6.2% of all LAgP procedures |6, 29]. Transthoracic arch

insertion of IABPs occurs intra- or postoperatively in
patients in whom femoral insertion had failed; the mor-
tality is similar to that reported overall for intra- and
postoperative use in larger series (25% to 73%) [15, 22, 80,
85] (Table 1), Pinkard and associates [86] found in ana-
lyzing a series of 123 IABPs inserted for weaning from
bypass in CABG patients (42 transthoracic and 81 femo-
ral) that the increased mortality in the arch insertion
group was a result of the greater comorbidities rather
than the route of insertion. Additionally, no increase in
complications was noted in the aorttic insertion group,
whereas the patients with femoral insertion had a higher
incidence of leg complications. The largest reported se-
ries of transthoracic IABP insertion (n = 100) also dem-
onstrated no increased mortality and complication rates
similar to those of femoral insertion [85].

There is Class I level C evidence and general agree-

ment that arch_insertion is a good second choice if
femoral insertion is not possible i&ﬂ, 85, 86]. '
Intraaortic Balloon Pump Use

Overall use of the TABP in cardiac surgical patients varies
from L5% to 17% of all cases (Table 1} [6, 26]. This

marked variation in use remains high even after risk
adjustment (7.8% to 20.8% of cases), indicating that in
many centers the IABP is being either over- or underused
[41]. Optimal use of the IABP in cardiac operation has not
been clearly defined.

Over time, from the early 1970s through to the 1990s,
the trend has been toward increaged use (Table 1). in the
largest published single-center experience with the IABP
(The Massachusetts General Hospital), increasing usage
has been associated with increasing risk of i
population, and the introduction of the percutaneous
thethod of insertion, which has broadened the availabil-
ity and feasibility of balioon pump use [6, 79]. In addition,
increased use of the IABP for ischemia rather than

hemodynamic _instability_has contributed to the in-
creased use [6, 15].

Use of the IABP in the preoperative perlod has also
increased In_many centers. This change is partly in
response to recognition of the superior results of the
IABP in ischemic patients [6, 8 15, 29]. However, the
variation between centers within the same time periods
is substantial (Table 1). The proportion of IABPs used
preoperatively ranges from 0% to 74% (Table 1) [19, 87].
Even recent series report the use of preoperative IABPs
in only a minority of cases, as low as 4% to 12% of all

IABPs [50, 60). This wide variation reflects a lack of

consensus over specific indications and a lack of widel
accepted guidelines; in many respects the vanation also
sents differing philosophies of management [15, 88).

In summary, use of the IABP in cardiac operations

Ann Thorac Surg
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appears to be center specific and inconsistent across
centers.

Intraaortic Balloon Pump Use in Children

Use of the IABP in children has been limited, partly
because of technical difficulties, although appropriate
equipment has been developed [89-93]. Physiologic dif-
ferences including greater compliance of the pediatric
aorta, the large bronchial vessel in cyanotic diseases, and
ﬂﬁT‘ﬁgher heart rates in children, make augmentation
difficult to achieve [91, 93). Most importantly, children
with congenital heart disease are more likely to have
isolated right ventricular failure, biventricular failure, or
pulmonary hypertension, which would require the use of
extracorporeal membrane_oxygenation or a ventricular
assist device [B9, 93].

Reported survival with IABP use in children ranges
from 25% to 66%, but the largest series reported is only 29
patients [90, 94, 95}, These results are similar to those in
adults receiving intra- or postoperative IABP support
(Table 1). Results of extracorporeal membrane oxygen- N

ation suppori in children (61% to 71% survival) are better
_tF___JLiWWI. Intraaortic balloon pumps appear to

2 most effective in older children, in whom augmenta-
tion is more relia 91], and speifically in
those with'isolated left ventricular failure, such as those
with anomalous coronary artery repairs, myocarditis, or
Kawasaki’s disease, or as a bridge to transplantation [92,
93, 95, 98]. There is class Ila grade C evidence for IABP
use in hemodynamically unstable children.

Trends
Evidence suggests that the IABP can also be used to

support primarily_right ventricular failure, parficular in
the transplant pogﬁfgt__’m_n[gﬂ.'ml’ has also been
found to be an effective adjuvant to off-pump CABG [100,
101]. Longer-term IABP use has been effectively used as
a bridge to transplant, although its role in the era of
long-term safe ventricular assist devices may be more
limited [70]. Use of the balloon pump has been extended
with good results to the increasing population of elderly
[32, 102, 103].

Over the past 5 years, use of preoperative IABPs has
increased in some centers [5, 6]. This increase has been
associated with a decrease in mortality. It remains diffi-
cult to identify those patients who will benefit most from
the IABP, while minimizing the device-related complica-
tions. The trend has been toward prophylactic use to

avoid rather than treat ischemia [5, 31). Use of preoper--
ative TABPs will ly continue to_increase as the
criteria for use are better defined, and the population of
patients presenting for cardiac operations becomes older
and higher risk. Use of the LABP in high-risk angioplasty
and primaty angioplasty for acute myocardial infarction
will also likely increase, as will_its use for off-pump

operations, Smaller catheter sizes will likely further re-
s
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duce, although not eliminate, the incidence of vascular
complications.

Future Research

Despite more than 30 years of clinical use and the large
body of literature on IABPs, several critical questions
remain to be answered. Appropriate and optimal use of

the IABP, particularly preoperatively, remains to be clar-
ified. The provocative resulls of a small but limited

randomized controlled trial showing a survival benefit

with the use of preoperative balloon support in high-risk

cases needs to be validated, perhaps with a large series of
observational data, and multi-institution comparisons.
The role of the LIABP for intraoperative and postoperative
support relative to the use of ventricular assist devices
needs to be defined, probably in the setting of a multi-
centered trial.
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REVIEW OF RECENT BOOKS

Mechanical Support for Cardiac and Respiratory Failure in
Pediatric Patients

Edited by Brian W. Duncan, MD

2001, New York, New York, Marcel Dekker, Inc

363 pp, illustrated, $165.00

ISBN: 0-8247-0275-1

Reviewed by Joseph B. Zwischenberger, MD

This book attempts to “fll a void” in the current literature by
concisely summarizing the state of the art of mechanical circu-
latory support in children. The textbook covers all areas from
axtracorporeal membrane oxygenation {ECMO) to a wide range
of support devices including ventricular assist devices and
intraaortic balloon pumps. The editor does a credible job bring-
ing together older technology and experiences to the currently
available technology. ECMO dominates the discussion and is a
natural extension of the expertise gained from neonatal popu-
lations. The editor’s forte is the application of ECMO for
postoperative cardiac support, and the book reflacts that exper-
tise, The ECMO management section is detailed with a thorough
explanation of the various components of an ECMO circuit. The
book also provides insight into organizing a rapid deployment

© 2002 by The Society of Thoracic Surgeons
Published by Elsevier Science Inc

team for implementation of ECMO. Mechanical circulatory
support is addressed separately and is contrasted to the tech-
nique of ECMO. Expertise is added to explain unique problems
inherent to the pediatric population and discussing the differ-
ences between neonatal and adult populations.

Some aspects of the book were tedious. The first four chapters
were very repetitive. Some of the figures and graphs in the book
were not clear. Much of the data presented within the book did
not reflect the experience of multiple centers collectively or the
Extracorpeal Life Support Organization, Very little of the book
was dedicated to respiratory failure, as the title might suggest,
therefore the book would be of little benefit to a center that has
a patient base of primary respiratory failure, Dr Duncan has
obviously made an effort to retain a consistent philosophy
throughout the book. He has gained experience as a pediatric
cardiac surgeon utililizing ECMO for postoperative cardiac
support, in this respect, his expertise is apparent. [ should also
comment that the book is relatively expensive in comparison to
a literature search, which could yield much of the material
contained within this book, or available materials from the
Extracorpeal Life Support Crganization.

Galueston, Texas

Ann Thorac Surg 2002,74:1287 '« 0003-4975/02/522.00
PII S0003-4975(02)03631-7




Fast-Track Anesthesia and Cardiac Surgery:
A Retrospective Cohort Study of 7989 Patients
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George J. Brandon Bravo Bruinsma,
MD, PhD§
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Diederik van Dijk, MD, PhD*|

BACKGROUND: Fast-track cardiac anesthesia (FTCA) has been widely implemented
but its safety has not been evaluated in sufficiently powered studies.

METHODS: We comparaed outcomes of patients undergoing FTCA with a historical
control group undergoing conventional high-dose opiocid cardiac anesthesia
(CCA). The primary outcome measure was the incidence of in-hospital mortality.
Secondary outcome measures were the incidence of in-hospital acute myocardial
infarction, renal failure, and stroke. We also compared duration of mechanical
ventilation and length of hospitalization in the intensive care unit and postopera-
tive ward.

RESULTS: The CCA group comprised 4020 patients and the FTCA Group 3969
patients. The patients in the FTCA group were slightly older, had more comor-
bidities, and were more likely to undergo valve surgery than the CCA group. The
incidence of in-hospital mortality was 1.9% in the CCA group and 2.3% in the
FTCA group. Compared with the CCA group, the crude odds ratio for mortality in
the FTCA group was 1.20 (95% confidence interval 0.88-1.64, P = 0.25) and the
adjusted odds ratic was 092 (95% confidence interval, 0.65-1.32, P = 0.66). The
incidence of myocardial infarction and stroke in the CCA and FTCA groups were 5.2%
and 5.5% (P = 0.61), and 0.9% and 1.3%, (P = 0.06), respectively, whereas the incidence
of acute renal failure was similar in both groups (0.8%, P = 0.84). The duration of
mechanical ventilation was shorter in the FTCA patients compared with the CCA
group (6 vs 12 h, P =< 0.001), but their median intensive care stay was 1 h longer (23
vs 22 h, P = 0.001). Although the median duration of hospitalization was 6.0 days
in both groups, the 90th percentile of the hospitalization time was 13 days in the
CCA group and 18 days in the FTCA group (P = 0.001).

CONCLUSIONS: These data from 7989 cardiac surgical patients showed no evidence of

an increased risk of adverse outcomes in patients undergoing FTCA.
[Anesth Analg 2009:108:727-33)

H igh-dose opioid anesthesia (e.g., on fentanyl 25-100
ug/kg or sufentanil 2.5-10 ug/kg) was introduced into
cardiac surgery almost 40 yr ago in an attempt to
provide hemodynamic stability without myocardial de-
pression in patients with compromised cardiac func-
tion.! It was also assumed that the prolonged intensive
analgesia resulting from conventional cardiac anesthesia
(CCA) would reduce postoperative myocardial isch-
emia.2 Over the past decade, fast-track cardiac anesthesia
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(FTCA) has gained popularity because it facilitates early
tracheal extubation that may lead to a decreased length
of hospitalization in the intensive care unit (ICU) and
postoperative ward.*® FTCA is based on the administra-
tion of relatively small amounts of short-acting opioids,
supplemented with either propofol or volatile anesthet-
ics.>® It has been reported that the risk of cardiovascular
complications after FTCA is comparable with CCA.”
Nonetheless, the safety of FTCA has not been thor-
oughly evaluated, because the studies performed to date
enrolled too few patients to adequately assess the rela-
tive risk for low-frequency complications, such as mor-
tality. The two largest studies comparing FTCA with
CCA, in fact, comprised only 1012 and 404 patients'®*!
yielding results with limited statistical power. Meta-
analyses evaluating FTCA included randomized trials
with predominantly low-risk patients and may have
been subijected to publication bias and other limitations
inherent with this analytic approach.>*?

Thus, the aim of this study was to compare the
incidence of mortality, myocardial infarction, stroke,
and renal failure between cardiac surgical patients
undergoing FTCA and historical controls undergoing
CCA.
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METHODS
Design and Patients

The study was designed as a retrospective observa-
tional study. Because of the retrospective nature of the
study, formal evaluation by the institution’s ethical
committee and informed consent were waived. Eli-
gible patients were consecutive patients who under-
went elective cardiac surgery at a single institution
(Tsala Clinics, Zwolle, The Netherlands). During the
first period (January 2000 until May 2003) patients
received CCA. In June and July 2003 our institution
gradually introduced FTCA. Patients having surgery
in these 2 mo were not analyzed. Patients undergoing
surgery from August 2003 to December 2006 com-
prised the second group of patients receiving FTCA.
Only patients operated on in June and July 2003, and
patients undergoing emergency Surgery, were ex-
cluded from the analyses.

Anesthesia Techniques

During the first period of study (CCA), patients
were premedicated with midazolam 15 mg orally.
Induction of anesthesia was with the combination of the
opioid sufentanil 2-4 pg/kg and midazolam 0.05-0.1
mg/kg with pancuronium 0.1 mg/kg. Anesthesia was
maintained with sufentanil 05-2.0 pg-kg™'-h™" and
midazolam 0.1 mg-kg ™' +h™%

After the introduction of FTCA, patients were pre-
medicated with midazolam 7.5 mg orally. Induction of
anesthesia was with remifentanil 1-3 pg/kg and
propofol 1-2 mg/kg vith the muecle selarant panais-
ronium 0.1 mg/kg. Some patients also received a low
dose of midazolam (up to 5 mg) at induction. Anesthesia
was maintained with remifentanil 5-10 pg kg *-h™"
and propofol 1-4 mg-kg™'+h™" or sevoflurane (end-
tidal concentration 0.5-1.5 volume percent). Upon
completion of the operation, morphine 0.1-0.2 mg/kg
was administered.

In the ICU after surgery, the CCA patients were
sedated with midazolam 2-4 mg/h, and the FTCA
patients with propofol 1-2 mg - kg ™' - h™". In both the
FTCA and CCA groups, sedation was stopped when the
patient was hemodynamically stable (no or minor ino-
tropic support and urinary output >05mL-kg ™} +h™"),
peripheral temperature >35°C, and arterial oxygen
saturation =293% with an fractional inspired oxygen
concentration of =40%. If a patient could not be
weaned from the ventilator and the Ramsey score was
>3, additional IV injections of midazolam or loraz-
epam were administered.

Senior anesthesiologists were responsible for the
anesthetic management of the patients during their
operations and their postoperative care in the ICU.
There were no changes in the staff of senior anesthe-
siologists during the study period. Tracheal extubation
criteria and ICU discharge criteria remained similar
throughout the study period.
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Surgical Procedures

All patients underwent surgery through a median
sternotomy. In patients undergoing cardiac surgery
using cardiopulmonary bypass (CPB), myocardial
protection was achieved with antegrade blood or
crystalloid cardioplegia. One surgeon used the com-
bination of retrograde and antegrade crystalloid car-
dioplegia for aortic valve surgery. CPB was managed
using nonpulsatile flow applied by centrifugal pump
and with the a-stat principle. A 40-uM filter was
placed in the arterial line. Heparin was given to
maintain the activated clotting time >480 s through-
out CPB. Nasopharyngeal temperature was monitored
and body temperature reduced to 28°C-34°C during
CPB, followed by rewarming to a rectal temperature
of 36°C before separation from CPB. After weaning
from CPB, protamine 300 U/kg was administered.
At the conclusion of surgery, all patients were
transported to the ICU.

Qutcomes

The primary outcome measure was the incidence of
mortality during hospitalization. Secondary outcome
measures were the incidence of acute myocardial
infarction, stroke, and renal failure, as well as duration
of mechanical ventilation, length of hospitalization in
the ICU, and total hospitalization.

In coronary artery bypass graft surgery patients,
acute myocardial infarction was defined as myocar-
dial specific creatine kinase (CKMB) >120 U/L (five
times upper reference limit) plus a peak CKMB/CK
ratio >10%, or pathological new Q waves on a post-
operative electrocardiogram .(ECG)."* To avoid false-
positive diagnoses after valve surgery, CKMB value
=180 U/L (7.5 times upper reference limit) plus a
peak CKMB/creatine kinase ratio >10% was used as
the criteria to diagnose myocardial infarction. Preop-
erative CKMB was not measured, but CK and CKMB
were measured in all patients shortly after arrival in
the ICU and 4 h later. Measurements were repeated at
4 h intervals when a CKMB level was >50 U/L, the
percentage was >10% of total CK, and when CKMB
was increasing between the first and second measure-
ment. These measurements were continued until the
CKMB level was decreasing. In the ICU, all patients
were continuously monitored with 12-lead ECG.
Shortly after arrival, a 12-lead ECG was printed and
examined by the attending physician. This was re-
peated before ICU discharge. Additional 12-lead ECGs
were printed and examined if myocardial injury was
suspected.

According to the second international consensus
conference of the acute dialysis quality initiative
group, acute renal failure was defined as an increase
in postoperative serum creatinine of at least three
times the preoperative value, or a serum creatinine >4
mg/dL associated with an acute increase of serum
creatinine of at least 0.5 mg/dL."® Creatinine was
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measured in all patients before surgery and at least
once daily as long as they were in the ICU.

Stroke was defined as a new motor or sensory
deficit of central origin or unexplained coma. The
diagnosis of stroke was made after physical examina-
tion by a neurologist and usually confirmed by head
computed tomography scan.

Data Collection

Clinical data for the patients were prospectively
registered in a dedicated electronic research database
from admission until hospital discharge. In the operating
room, the attending anesthesiologist documented the
patients’ demographic data and intraoperative data on a
dedicated form and also entered these variables in an
electronic database (Microsoft Access). Although the
patients were admitted to the ICU, relevant data
(duration of ventilation, length of ICU stay, medica-
tion, complications, and routine laboratory measure-
ments) were collected by the ICU medical staff on
another dedicated data form. After transfer to the
step-down ward, additional data (length of hospital
stay, medication, and complications in the ward) were
recorded by nurses from the research team. These
research nurses subsequently entered the data from
the dedicated forms into the electronic research data-
base. Because the demographic and intraoperative
data were already entered into the database by the
attending anesthesiologist, the nurses did not reenter
these data but only compared these electronic and
written variables. After the patient’s discharge from
the hospital, all data collection forms were rechecked
by another member of the research team to confirm
accuracy of the data entry. The final data were trans-
ferred into an SPSS database, from which further
analyses could be performed.

Statistical Analysis

The rates of mortality, myocardial infarction,
stroke, and acute renal failure in the FTCA and CCA
group were compared using the x* test and are
presented as odds ratio with 95% confidence interval
(CI). Continuous outcome measures were compared
using the two-sample i-test or the Mann-Whitney test,
where appropriate, and are expressed as medians
with 10th and 90th percentile. For binary outcome
measures, multivariable logistic regression analysis
was used to correct for baseline and intraoperative
differences (confounders) between the two treat-
ment groups. Based on the literature'® and clinical
expertise, we considered the following pre- and peri-
operative characteristics as potentially related to our
study outcomes and thus as potential confounders of
the association between FTCA and the study out-
comes: age, gender, hypertension, diabetes mellitus,
chronic obstructive pulmonary disease, peripheral vas-
cular disease, preoperative renal failure, preoperative
newrological deficit, left ventricular ejection fraction
(LVEF), use of cardiovascular drugs, type of surgery,
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number of anastomoses, duration of CPB, cross-clamp
time, off-pump surgery, and additive (ie., standard)
Euroscore.'® This approach was also used for studying
the association with the secondary dichotomous out-
comes. For the continuous secondary outcome variables
(i.e., duration of mechanical ventilation and duration of
hospitalization in the ICU, and total duration in hospital)
we used linear regression. As these three duration
outcomes were all nonnormally distributed, we first
applied a natural log-transformation and compared
the mean log(duration) between the FTCA and CCA
group using univariable linear regression. Subse-
quently, for each of these outcomes, multivariable
linear regression on the log(duration) was used to
adjust this difference in mean log(duration) for the
potential confounders.

Statistical analysis was performed with SPSS soft-
ware version 13, Although very limited, some patients
did have missing values for one or more covariates
(confounders) ranging from 0.1% for age to 2.6% for
LVEF (Table 1). Missing data seldom occur completely
at random. Deleting subjects with a missing value
does not only lead to loss of statistical power but also
commonly leads to biased results. Therefore, imputing
missing values is generally preferred to complete case
analysis.’”"? Missing covariate or confounder data
were thus (single) imputed using a regression model
(logistic regression for dichotomous covariates, linear
regression for continuous covariates, and polytomous
regression for categorical covariates) approach with
addition of a random error component before con-
ducting the analyses (S-PLUS, professional edition,
version 6.2). The imputation mode}, i.e., the model to
impute missing covariate data, included all other
covariates including the outcome variables, as it has
extensively been reported that imputation of missing
covariate data should always be done with all avail-
able data including the outcome.”™?° Missing out-
come variables were not imputed.

RESULTS

The CCA group comprised 4020 patients and the
FTCA Group 3969 patients. Baseline characteristics of
the two groups are presented in Table 1. Although the
median Euroscore was 5 in both groups, the 90th
percentile of the Euroscore was 9 in the CCA group
and 10 in the FTCA group, reflecting a higher risk
profile in the FTCA group (P < 0.001). The FTCA
group included more patients with hypertension, dia-
betes, renal failure, poor LVEF, and fewer patients
using cardiovascular drugs preoperatively. Further-
more, the FTCA group had a median duration of CPB
of 99 min vs 90 min in the CCA group (P < 0.001).
There were no substantial differences between the two
groups in age, gender, chronic obstructive pulmonary
disease, peripheral vascular disease, or neurological
disease. In the CCA group, 2655 (66.0%) patients
underwent elective coronary artery bypass graft sur-
gery versus 2360 (59.3%) in the FTCA group (P < 0.001).
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Table 1. Baseline Characteristics and intraoperative Data

CCA group FTCA group Missing data
n=4020 n=3969 P (%)
Age, Median (10th; 90th) (yr) 67 (51-77) 68 (52-78) =0.001 0.1
Gender male (%) 70.5 70.5 0.98 0.2
Euroscore, median (10th; 90th) 5(1-9) 5{2-10) =(.001 0
COPD (%) 14.0 14.1 0.92 0
Hypertension (%) 42.3 49.6 =0.001 0
Diabetes mellitus (%) 17.6 221 =(.001 0
Peripheral vascular disease (%) 101 10.8 0.29 0
Renal failure (%) 12 18 0.04 0.3
Neurological disease (%) 8.1 8.8 0.23 0
LVEF <20 (%) 3.9 5.0 0.02 26
Preoperative medication use (%)
Aspirin 63.1 59.6 =0.001 0
Diuretics 23.2 27 0.56 0
Beta blockers 744 66.8 =0.001 0
Calcium antagonists 333 215 =0.001 0
Statins 29.3 343 =0.001 0
ACE inhibitors 322 341 0.07 0
CABG (%) 66.0 59.3 =0.001 0
CABG off pump (%) 9.0 B.1 0.18 0
Number of anastomoses, median (10th; 90th} 3(0-5) 3(0-5) 0.03 0
Aortic valve replacement (%) 228 27.5 =0.001 0
Mitral valve replacement (%) 13.7 19.3 =0.001 0
Other surgical procedure (%) 12 16 0.04 0
CPB time, median (10th; 90th) (min) 90 (45-196) 99 (49-215) =0.001 0
Aortic cross-clamp time, median (10th; 90th) 61 (36-127) 68 (40-138) =0.001 0

(min)

Neurological disease Is defined as history of stroka or other neurological dysfunction severely affecting ambutatlon o day-to-day functioning.
CCA = conventiona! cardlac anesthesia; FTCA = fast-track cardlac anesthesia; COPD = chroric obstuctive pulmonary disease; LYEF = |efi ventriculas ejection fraction; CABG = comomary artery

bypass graft; CPB = cardiopulmonary bypass: ACE = angiotensin converting enzyme.

Table 2. Crude and Adjusted Odds Ratio for Mortafity, FTCA
Versus CCA Group

Odds ratio  95% ClI

Crude 1.20 0.88-.64
Adjusted for: age and female 1.14 0.83-1.56

gender (1)

1 + diabetes mellitus (2) 1.13 0.82-1.54
2 + hypertension (3) 114 0.83-1.56
3 + LVEF (4) 111 0.80-1.54
4 + betablokkers (5) 1.05 0.76-1.46
5 + duration of CPB (6) 0.90 0.64-1.26
All confounders’ 0.92 0.65-1.32

An odds ratio of >1.00 indicates an increased risk of merality in the FICA group.

CCA = conventional cardiac anesthesla; FICA = fast-track cardiac anesthesta; CPB =
cardiopulmonary bypass: Cl = confidence interval.

* adjusted for age, gender, hypenension, diabetes mellitus, pulmanary disease, peripheral
vascular disease, preoperative renal falure, neurclogical disease, left ventricle ejection
traction {LVEF), use of cardiovascular drugs, type of surgery. number of anastomoses, duration
of cardiopulmonary bypass, and off-pump surgery.

Qutcomes

Crude and adjusted mortality for the CCA and
FTCA groups are listed in Table 2. There was no
difference in the incidence of in-hospital mortality
between the CCA and FTCA groups (CCA group,
1.9% vs FTCA group, 2.3%, crude odds ratio, 1.20, 95%
CI 0.88-1.64, P = 0.25). This lack of difference in
mortality rate persisted after adjusting for confound-
ing variables (odds ratio, 0.92; 95% CI, 0.65-1.32, P =
0.66). We also performed a stratified analysis based on
preoperative risk. After stratifying the patients into
three different risk groups (Euroscore 1-4, 5-9, and
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>10), the actual and predicted mortality were com-
pared. Across the three strata, the predicted mortality
was higher than the actual mortality in both the CCA
and FTCA group, but there were no differences be-
tween the two groups (Fig. 1).

The frequency of myocardial infarction, stroke, and
renal dysfunction for the CCA and FTCA groups are
listed in Table 3. There was no difference between the
two groups in the rates of these complications.

The duration of mechanical lung ventilation, hospi-
talization in the ICU and total hospitalization are
listed in Table 4. The FTCA group had a significantly
shorter duration of mechanical ventilation (P = 0.001)
compared with the CCA group, as expressed by a ratio
of geometric means significantly smaller than 1. For
example, the ratio between the mean log (duration of
mechanical ventilation) after adjustment for con-
founding was 0.53, implying that the mean log (me-
chanical ventilation) was 053 times shorter in the
FTCA group. In contrast, the duration of hospitaliza-
fion in the ICU (P = 0.001) and tofal duration of
hospitalization was longer (P = 0.001) in the FICA
group compared with the CCA group, after adjust-
ment for confounding.

DISCUSSION

In this study, we compared the hospital outcomes
of 3969 patients undergoing FTCA with 4020 historical
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Figure 1. Predicted mortality (%) and
actual mortality (%) in CCA and FTCA
group, in three different risk strata.
CCA = conventional cardiac anesthesia;
FTCA = fast-track cardiac anesthesia.
Because of the stratification according to
risk, the predicted risks of mortality are
similar in the CCA and FTCA group.

Mortality

Euroscore

Table 3. The Frequency and Odds Ratios of Myocardial Infarction, Stroke, and Renal Fallure Between the CCA and FTCA Groups

CCA group FICA group Crude Adjusted
n=4020 n=3969 odds ratio 95% CI odds ratio® 95% CI
Myocardial infarction 5.2% 5.5% 1.07 0.84-1.35 0.92 0.71-1.18
Stroke 0.9% 1.3% 152 0.98-2.35 1.38 0.86-2.20
Renal failure 0.8% 0.8% 0.95 0.59-1.54 0.64 0.37-1.12

An odds ratio of >1.00 indlcates an increased risk in the FICA group.
CCA = conventional candlac anesthesia; FTCA = fast-track cardiag anesthesia; C| = confidence Interval.

® Adjusted for ags, gender, hypertansion, diabetes mellitus, pulmonary disease, peripheral vascular disease, preoperativa renal failure,
of cardlovascutar drugs. type of surgery, number of anastomoses, duration of cardioputmonary bypass, and off-pump surgery.

neurclogical disease, left ventricular ejection fraction, use

Table 4. The Duration of Mechanical Lung Ventilation, and Hospitalization in the Intensive Care Unit and Total Hospitalization for the
CCA and FICA Groups

CCA group FTCA group Ratio of geomelric means
n=4020 n=3969 (95% CI)

Median Geometric Median Geometric
{10th; 90th) mean® (10th; 90th) mean” Unadjusted" Adjusted®

Duration of mechanical 12 (7-19) 12.2 6 (3-16) 6.7 0.55 (0.53,0.56)  0.53 (0.51, 0.54)
ventilation (h)

Duration of ICU 22 (18-71) 29.1 23 (18-95) 31 1.07(1.03,1.11)  1.15(1.09, 1.21}
hospitalizaton (h)

Duration of 6 (4-13) 6.6 6 (4-18) 7.3 1.10(1.07,1.14)  1.09(1.07,1.14)

hospitalization (days)
The data are listed as median and geometric mean with estmated ratios of continuous outcames.
CCA = conventional cardlac anesthesla; FTCA = fast-rack cardlac anesthesia; IV = intensive care unit; €I = confidence Interval.
* Geomeatslc mean = Exp {mean log duraton Ume}.
® \ynadjusted {crude) ratio of geometric mean of FICA and CCA using univartable Nnear regression analysis; P < 0.001 for all ratios {l.e.. 1 was not included in any of the 95% Cls).

© Adjusted ratio of geometric mean of FTCA and CCA, adjusted for Euroscore, diabetes mallitus, use of cardiovascular drugs, number of anastomaoses, duration of cardieputmenary bypass and
off-pump surgery, using multivariable lingar regression analysis. P < 0.001 tar ail ratios. Additional adjustment for complications (martality, myocardial infarction, stroke, and acute renal falluse)

ylelded comparsble resuits (deta nat presented).
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control patients undergoing CCA. We found no dif-
ferences in the frequency of hospital mortality or other
major complications between patients receiving FTCA
and patients receiving CCA.

Many cardiac surgical centers have embraced
FTCA protocols to reduce ICU bed use and to reduce
hospital costs associated with postoperative care.?!%!
It has been argued, however, that FTCA should not be
adopted until further evidence of its safety is avail-
able, in particular because the prolonged intensive
analgesia resulting from CCA is thought to reduce
postoperative myocardial ischemia.? A number of
randomized frials have indicated that FTCA is not
associated with a higher risk for myocardial ischemia
or other perioperative complications compared with
conventional anesthetic methods.>®!° However, the
largest study to date included only 1012 patients, and
thus did not contain enough statistical power to
exclude a higher risk for mortality."* The authors of
this article calculated that a sample size of 7844
patients would be needed to detect a possible differ-
ence in myocardial infarctions."’ A meta-analysis of
randomized trials evaluating FTCA included 10 trials
with 1800 patients.’? No differences were observed in
30-day mortality, myocardial infarction, or renal fail-
ure, but the authors recognized that even this meta-
analysis was underpowered.'? A later meta-analysis
included 27 studies with 2821 patients.!* Both meta-
analyses predominantly included low-risk patients
and were not designed to evaluate the safety of FTCA.

To our knowledge, the present cohort study is the
first to evaluate the safety of FTCA in a large number
of patients including all types of {elective) cardiac
surgery. The results are in accordance with previous
studies and meta-analyses,'*' insofar as we found no
effect of FTCA on perioperative mortality or other
major complications. The present analysis of almost
8000 patients has resulted in comparatively narrow
95% Cls, reflecting more precise estimates of the risks
of FTCA. Because of its retrospective design, however,
this study is liable to many more sources of bias than
the smaller randomized studies.

As expected, the duration of mechanical ventilation
was shorter in the patients receiving FTCA. Surpris-
ingly, this did not result in a shorter ICU stay. An
explanation could be that most FTCA patients had
their tracheas extubated in the afternoon and early
evening after surgery, meeting the ICU discharge
criteria at a time when hospital procedures prevented
transfer to the postoperative ward. Even so, patients in
the FTCA group were discharged from the hospital
later than CCA patients. We have no explanation for
this finding, other than that the higher rates of comor-
bidity in the former group required more postopera-
tive care, or that there was a higher rate of other
complications not collected in this study in the FTCA
group (e.g., postoperative atrial fibrillation).

The present study has several limitations, particu-
larly its retrospective design. Moreover, the control

732 Safety of Fast-Track Cardiac Anesthesia

subjects were operated on earlier than the FICA
subjects. This means that time effects and many other
sources of bias could have influenced the results. The
limited number of complications and processes of care
collected for this study do not preclude that factors
other than anesthetic technique might have con-
founded the results. More risk factors were present in
the FTCA group, which reflects the gradual increase
over time in age and comorbidity of cardiac surgery
patients. We have corrected for a large number of
possible confounders, but it is likely that other, un-
known, confounders are still present. Because it is not
possible to correct for differences in unknown risk
factors, it is conceivable that the present analysis
underestimates or overestimates the safety of FTCA.

In conclusion, the present retrospective study of
7989 cardiac surgical patients showed no evidence of
an increased risk of adverse outcomes in patients
undergoing FTCA.
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Intrahospital transport of critically ill patients

| Christian Waydhas

Background: This raview an the current literature of the intrahospital transport
of critically ill patients addresses type and incidence of adversa effacts, risk
factors and risk assessmant, and the available information on efficiency and cost-
effectivaness of transferring such patients for diagnostic or therapeutic
intervantions within hospital. Methods and guidelines to pravent or reduce

potential hazards and complications are provided.

Methods: A Medline search was performed using the terms ‘critical illness',
‘transport of patients', ‘patient transfer, ‘critical care’, ‘monitoring' and
‘intrahospital transport’, and all information concerning the intrahospital transport

of patients was considerad.
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Results: Adverse effacts may occur in up to 70% of transports. They include a
change in heart rate, arterial hypotension and hypertansion, increased intracranial  Received: 28 January 1999

pressure, arrhythmias, cardiac arrest and a changa in respiratory rate,
hypocapnia and hypercapnia, and significant hypoxaemia. No transport-related
deaths have been reported. In up to one-third of cases mishaps during transport
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were squipment related. A long-term deterioration of respiratory function was

observed in 12% of cases. Patient-related risk indicators were found to be a high
Therapeutic Intarvention Saverity Score, mechanical ventilation, ventilation with
positive end-expiratory pressure and high injury severity score. Patients' ags,
duration of transport, destination of transport, Acute Phygiology and Chronic
Health Evaluation Il score, parsonnal accompanying the patient and other factors
were not found to correlate with an increased rate of complications. Transports
for diagnostic procedures resulted in a change in palient management in

40-50% of cases, indicating a good risk:benefil ratio.

Crit Cars 1908, 3:R83-R89

The original version of this paper is the electronic
vafsion which can be seen on tha Intemnet
(htip:/icciorum.com). The electronic version may
contain additional information to that appearing in
the paper version,

© Currant Science Ltd
Print ISSN 1364-8536  Online ISSN 1486-609X

Conclusions: To prevent adverse effects of intrahospital transports, guidelines
concerning the organization of transports, the personnel, equipment and
monitoring should be followed. In particular, the presence of a critical care
phyaician during transport, proper equipment to monitor vital functions and to
treat such disturbances immediately, and close control of the patient's ventilation
appear to be of major impertance. It appears useful to use spacifically
constructed carts including standard intensive care unit ventilators in a salected
group of patients. To further reduce the rate of inadvertent mishaps resulting
from transports, alternative diagnostic modalities or techniques and performing

surgical procedures in the intensive care unit should be considered.

Introduction

The safest place for the critically ill patient is stationary in
the intensive care unit (ICU), connected to a sophisticated
ventilator with all infusion pumgs running smoothly, com-
plete monitoring installed, and with a nurse present to care
for the patient. Uniess there are nursing, diagnostic or ther-
apeutic procedures going on, the patient is in a more or
less calm and controlled environment. In the case of an
emergency, a team of well-trained nusses and physicians is
available with all the necessary equipment at hand.

There may be situations when the patient has to leave
these securc surroundings to be transported to the

radiology department, the operating room or 0 some
other department within the hospital, however. This
transporc may create an increased risk for mishaps and
adverse events by disconnecting such critically ill individ-
uals from the equipment in the ICU to some kind of
transport gear, shifting them to another stretcher, and
reducing the personal and the equipment around.

This article gives a review on the current literature of the
intcahospital transport of critically ill patients. Its objec-
tive is to provide the reader with information about type
and incidence of adverse effects, risk factors and assess-
ment, and cthe cfficiency and cost-effectivencss  of

1CU = intansive care unit; pCO,, = partial carbon dioxide tension; APACHE == Agute Physiology and Chronic Health Evaluation.
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transferring such patients for diagnostic or therapeutic
interventions within hospital. Furthermore, methods and
guidelines to perform such transports safely are addressed,
covering the personnel accompanying the patient, the
equipment for monitoring the patient and treating compli-
cations, and the ventilator to be used.

A Mecdline search including the terms ‘critical illness’,
‘cransport of patients', ‘patient transfer, ‘critical care’,
‘monitoring’ and ‘intrahospital transport’ was performed,
and all information concerning the intrzhospital transpore
of paticnts was considered, excluding review articles. Only
studies published in the English or German language
were used, however.

Adverse effects

Adverse effects may affect a variety of organ systems, may
be rclated to the movement of the patient (dislocation of
installations, drips, ctc) or may be caused by equipment
malfunctions. Furthermore, the reduced availability of
personal, equipment and monitoring away from the ICU
may be detrimental. These adverse effects may be of
short-term or long-term duration, or require interventions.

The first indications that transpore within hospital is a
potentially dangerous undertaking were provided in the
carly 19705, when arrhythmias were encountered in up to
84% of tansports of patients with high-risk cardiac
discase, which required emergency therapy in 44% of
cases [1]. Significant complications such as bleeding and
hypotension were observed in seven out of 33 transports
of patients from the operating room to the ICU [2). An
early report compared the transport of postoperative
paticnts from the operating room to the ICU with that of
patients transferred from the ICU for diagnostic tests [3).
No complications or haemodynamic deteriorations were
noted in the latter group, whereas the postoperative
patients were subject to hypotension, hypertcnsion or
arthythmias in 44% of the cases,

In more recent repores [4-9] the overall incidence of
adverse cffects during intrahospital teansport was found to
range from 6 to 71.19% (Table 1) [3-13). An exact descrip-
tion of the severity of these complications is lacking in
many studies and definitions differ in the others,
However, major adverse effects with life-threatening dis-
turbances that require interventions such as administra-
tion of vasoactive drugs, fluid boluses or even
cardiopulmonary resuscitation, as well as chose related to
the disconnection of ventilatory, intravenous or intra-arter-
ial lines, may be as high as 8% [4,6,9,10].

The majority of the studies were done with trauma and
surgical patients, but medical patients and children were
included in some. Although the highest rate of adverse
cvents was noted in the one study with children [4], no

clear sglation of frequency and type of complication with
the case-mix can be deduced. Neither the indication
leading to the diagnostic evaluation nor the type of diag-
nostic procedure performed have been found to correlate
with the type, number or severity of complications during
transpore [7,9). In most of the studies the patient was
accompanied by at least one nurse and one physician, who
were sometimes supplemented with a respiratory thera-
pist. The number of personnel involved in the transport
was not found to influence the rate of complications [4].
Smith e a/ [6] observed a trend towards a reduced inci-
dence of adverse effects if a physician was present during
transport. In a recent study [11] a low rate of complications
in 15.5% of patients was observed if a specially trained
transport t¢am accompanied the patient.

Cardiocirculatory adverse effects were noted in 0-47% of
paticnts [7,9,12,13]. In paricular, hyporension (a mean fali
in systolic blood pressure of 40mmHg or morc) and
archythmias were predominant in mechanically ventitated
patients of a combined medical and surgical ICU ([13].
Those events were closely related to periods of inadvertant
hypoventilation or hyperventilation, with changes of the
partial carbon dioxide tension (pCO,) of up to 27 mmHg.
In trauma patients transported for diagnostic studies, a
change in blood pressure (of more than 20mmHg) and in
pulsc rate (of more than 20beats/min) was observed in 40
and 21% of the transporrs, respectively [7], which is quite
similar to the findings of other investigators (Table 1) [8).
Alchough the overall incidence of complications was rather
low in the study of Szem er 2/ (9), they reported three cases
of cardiac arrest and onc case of pneumothorax that
required chest wbe placement. In medical patients clec-
trocardiogram changes may occur that cannot be seen with
standard electrocardiogram monicoring [14].

Respiratory complications were reported to oceur in up to
29% of the transports, including a change in respiratory
ratc in 20% of the patients and a fall in arterial oxygen sat-
uration in 2-17% of cases [7,8]. In one study [8] no change
of pCO, and pH was found during transport.

In 125 wansposts of ventilated and nonventilated
patients reported in another study [6], mishaps occurred
in 34% of cases. Most of those problems were related to
the cquipment or the process of monitoring itself. Elec-
trocardiogram lead disconnection {23%), monitor power
failure (14%), a combinartion of those {10%), intravenous
line or vasoactive drug infusion disconnection {9 and 5%,
respectively), and disconnection from the ventilator (3%)
were among the most frequent problems. Most mishaps
were noted at the destination site cither before or during
the procedure, but not during the actual transport.
Equipment-related mishaps occurred in 10% of teans-
ports in the study of Wallen & a/ [4). These included
malfunction of equipment, or loss of nasogastric or chest
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tube, or were related to the endotracheal tube or the
intravenous lines.

In a group of 27 patients with head injury (35 transpores
for diagnostic procedures or o the operating room)
adverse effects wére observed in 51% [5]. These included
hypotension (systolic blood pressure below 9 mmHg in
8.6%), hypoxia (oxygen saturation below 90% in 5.7%) and
inceeased ineracranial pressure (42.9%, including 17% of
cases with a pressure increase of more than 30 mmHpg).
Similar insults could be recorded in 60% of patients during
the 4 h before transport and in 66% during the period afier
transpore, however. [t is important to note that, after trans-
port, abnormal values that had not been present before
were cbrained in 17 patients.

Although much data has accumulated with respect 1o
mishaps during the absence from the ICU, less is known
about adverse long-term cffects. In one prospective obser-
vation study [15] prolonged effects on respiratory function
after intrahospital transports of critically ill patients were
addressed. In 49 transports gas exchange had significantly
decreased from a partial arterial oxygen tension : fractional
inspired oxygen ratio of 267 at baseline to 220 h after
transport. Even 24 h later a slight deterioration was still
present. A fzll in the partial oxygen tension : fractional
inspired oxygen ratio of more than 20% from baseline was
noted 1 and 24h after transporc in 42.8 and 12.2% of
patients, respectively. Smith ef af (6] reported that 24% of
the pacients of a study with 127 transports were consid-
ercd, after having returned to the ICU, o be in worse con-
ditjon than before the procedure. In a series of 273
mechanically ventilated patients who were transporced
from the ICU {16] the incidence of pncumonia was 24.4%,
as comparcd to 4.4% in patients of similar severity of
illness that had not been transported. This increased rate
of complications could be attributed to the selection of
patients that required transports to pecform diagnostic {or
therapeutic) interventions, however.

Whether the adverse effects observed are actually related
to the transport itself or might be typical for critically ill
paticnts irrespective of their location was assessed in only
a few studies, and their findings are controversial. Wallen
¢t al [4) compared paticnts over a pesiod of 1-2h before
transport and during the consecutive transpore to a diag-
nostic study. Although hypothermia (11.2%); change in
heart rate (15.7%), blood pressure (21.3%) or in the respi-
ratory rate of more than 20% (23.6%); or a change in
oxygen saturation of more than 5% (5.6%) was observed in
a significant number of transports, no such disturbances
were noted during the observation period before transport.
In contrast to these findings, Hurst ef a/ (8] observed a
similar rate of adverse events in a cohort of patients who
were stationary in the ICU and matched for severity of
illness [Acute Physiology and Chronic Health Evaluation

(APAGHE) II score] and age with the transport group (60
versys 66%). No difference was found with respect to
number or type of physiologic changes.

Fatalities attributed to the transport were not reported in
any of the communications reviewed.

Risk assessment and patient-related risk
factors

To aliow for a risk-benefit assessment, it would be helpful
to identify patients with a high risk for the development of
complications during or after transport.

In a study of 180 cransports of critically ill children [4] it
was shown that major corcective procedures during trans-
porc were necessary in 34.4% of mechanically ventilated
patients, as opposcd to 9.5% in nonventilated patients.
Furthermore, the Therapeutic Intervention Severity Score
and the duration of transport were significantly associated
with the requirement for a major intervention or with any
physiological deterioration (predominantly equipment
related). The latter finding, however, could not be sub-
stantiated in several studies of adult patients [5-7,15]. For
paticnts with severe head injuries the ovenall injury sever-
ity score was found to be the only predictor for the devel-
opment of adverse effects during transport [5].

Not assaciated with the frequency of mishaps in a number
of studies were the following: patients’ age, diagnosis of
the underlying disease, number of personnel accompany-
ing the transporr, duration of absence from the ICU,
severity of illness (APACHE II), Glasgow Coma Score,
number of lines in place, life-support modalities, destina-
tion of the transport (to the operation room versus to the
radiology suite) and type of diagnostic procedure [6,7,9).

With regard to longer lasting decrimental effects on respira-
tory function, the only risk indicator was ventilatory
supporc with positive end-expiratory pressure, whereas
age, APACHE Il score, duration of transport, destination of
transport, precranspore gas exchange or peak airway pres-
sure were not predictive of a respiratory deterioration [15),

Efficiency and cost-effectiveness

In a cohort of 103 consecutive transports for diagnostic
cvaluation in trauma patients, the results from these
studies led to a change of therapy in 24% of the cases
within 48h after cransport (7). Changes in patient manage-
ment resulting from a transpore for a diagnostic procedure
amounted to 39% in the experience of Hurse ef 4/, [8), who
studied surgical patients with trauma, and after major
abdominal or vascular surgery. The main reasons for doing
the diagnostic procedure were follow up (37%), identifica-
tion of a septic focus (34%) and identification of the site of
bleeding (14%). The examinations with the highest effi-
ciency included angiography and abdominal computed




tomography, which resulted in therapeutic consequences
in morc than 50% of patients, whereas computed tomogra-
phy of the head and the chest siill resulted in a change of
therapeutic management in 25%. In a study of 88 abdomi-
nal computed romography examinations of critically ill sur-
gical patients for reasons such as suspected abdominal
focus (74%), acute nccrotizing pancreatitis (12%) or sus-
pected delayed intra-abdominal organ lesion after trauma
(14%) [17]) the resules of the examination resulted in a
change of therapy (operation or other invasive therapeutic
intervention) in 43% of the patients. Similar studics of tho-
racic computed tomography in critically ill paticnts (pre-
dominantly . crauma patients) to evaluate a potential
pulmonary septic focus or a cause for 2 deterioration in gas
exchange resulted in therapeutic consequences or a change
in patient management in up to 70% of patients [18-20].

Thus, the overall yield of diagnostic procedures that
require a transport of critically ill patients in terms of a
direct and consecutive change of therapy is at least 25%
and may be as high as 70%, provided that the decision to
perform a specific procedure is based on criteria similar to
the ones used in those studies. Unfortunately, little infor-
mation was provided by investigators regarding why a spe-
cific procedure had been done and whether alternative
methods would have been available. In summary, the effi-
ciency of transports in crauma and surgical patients, and in
search of a septic focus, a source of bleeding, or the identi-
fication and follow up of injuries appears to be moderate
to fairly high, indicating a goad risk:bencfit ratio, as long
as restrictive criteria are used to order those procedures.
No such information is available for medical and pediatric
patients. [t can be assumed, however, that similar yields
can be anticipated while leoking for a focus of sepsis,

The cost of a transport was estimated to be $US465 in
1988 [7] and $US452 in 1992 (8). No calculation of cost-
effectiveness was reported in the literature reviewed.

Prevention of complications

Although partient-related risk factors are difficult to iden-
tify, equipment-related complications (which occur in up
10 one-third of transports) might be controlled more easily.

In 1993, guidelines for the transfer of critically ill patients
were reported by a consensus committee that was formed
by represcntatives from several major critical care societics
[21]. They proposed requirements for the pretransport
coordination and communication, for the personnel who
accompany the partient, for the equipment needed and for
the monitoring during transport.

It has been suggested [21] that 2 minimum of ewo people,
onc of them a critical care nurse, should accompany . the
patent. A physician is required for patients with unstable

i physiology who might need acute interventions. It is not
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clearly staced whether these latter conditions are met by
rrg:éhanically ventilated partients. It appears justificd that
iftubated pacients are to be escorted by a medical doctor,
however, on the basis of the large number of significant
evenss that result in the necessity for an acute interven-
tibn in this group of patients. In those studies chac
reported on the personnel involved ([4,6], at least two
persons went with the patient but a physician was substi-
tuted by a respiratory therapist in 17.8-58% of transports.
It should also be emphasized that personnel attending
transports of critically ill patients may benefic from spe-
cific training [22),

Standard equipment includes the following [21]: a cardiac
monitor with defibrillator; airway management equipment
and a resuscitation bag (to allow for emergéncy intubacion,
coniotomy and manual ventilation via mask and tube}; suf-
ficient gas supplies; standard resuscitation drugs and intra-
venous fluids, as well as specific essential medications
required by the patient transported {regulated by battery
operated infusion pumps); and a portable ventilator for
patients receiving mechanical ventilation.

The type of ventilation and the respirator to be used
requires some discussion. One reason for the observed
adverse effects on gas exchange could be the change from
the ICU ventilator to a eransport device, or even to manual
ventilation. Although manual ventilation by a respiratory
therapist has been said to result in a deterioration in blood
gascs in only 10% of transpores [12], chis positive experi-
ence was not shared by other investigitors. Gervais & /.
[23] compared blaod gas variables during transporc of 30
veatilator-dependent patients who were ventilated using
cither a manually operated ventilation bag with or without
a volume meter at the exhalation valve of the bag, or a
time-cycled, volume-constant, portable ventilator. Inter-
estingly, patients with manual ventilation alone or the
transport ventilator were significantly hyperventilated, as
opposed to those in whom a volume meter was used to
control manual ventilation. This finding was also reflected
by an increase in pH in the former two groups. Arterial
oxygen tension was not affected in a clinically significant
way. [n a follow-up study [24], the same group demon-
strated chat four out of five portable vencilators from
different manufacturers produced either severe hyper-
ventilation (particularly at low minute ventilation), or con-
siderable hypoventilation under conditions of reduced
compliance, es may be encountered in patients with acute
respiratory failure or acute respiratory distress syndrome
[24]. In 20 manually ventilated patients (not using a
volume meter) mean changes in pCO, and pH of 9mmHg
and 0.08, respectively, were observed. Using a portable
ventilator these blood gas changes could be significantly
reduced to 4mmHg and 0.05, respectively. Nevertheless,
the complication rate in the mechanically ventilated
patients was still 4% [13}.
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One possibility to reduce inadvertent ventilation problems
might be the use of improved monitoring cquipment, par-
ticularly of tidal or minute ventilation (see below). Bearing
in mind the limitations of many portable ventilators, the
use of sophisticated transport carts equipped with a stan-
dard ICU ventilator and the necessary gas supply should
be considered [25-28]. Such cars could be hooked to the
patient bed and moved fairly easily. Monitoring devices
and infusion pumps can be implemented into the cart
with its battery. Such equipment is widely used for inter-
hospital transport of critically ill paticnts between institu-
tions, and is being increasingly applicd to intrahospital
transport. Controlled studics showing a reduction in
adverse events during and complications from transport
using such cquipment are still lacking, however, atthough
one group did report zero unanticipated problems with
such cquipment [28]. Although it appears sensible to
assumc improved patient safety, the cosi-cffectivencss
remains to be shown. Furthermore, suction devices should
accompany the patiens, as illustraced by a case report of 2
patient with acute airway obstruction from a mucus plug
[29]. A pump-driven suction device appears to be prefer-
able, however.

Minimum requirements for monitoring patients during
transport should be continuous electrocardiography, pulse
oxymetry and the intesmittent measurement of blood
pressure, tespiratory rate and pulse rate [21]. In specific
patients, capnometry, continuous blood pressure reading
and further monitoring (such as of intracranial pressure,
cardiac output and filling pressures) may be bencficial.
- Many of the complications reported during transpost were
caused by equipment not functioning correctly, however.
The usc of more equipment could result in a higher prob-
ability of equipment-related problems that might divert
the attention of the personnel from the patient to the
device. In one study of capnometry {30] more than 50% of
the complications (four out of seven) were due to malfunc-
tion of the monitoring and not caused by actual physio-
logic disturbances.

Of particular importance appears the possibility of measur-
ing the major ventilation parameters such as tidal volume
or minute vencilation [23,31]. Unforcunately, this is not
possible with most portable ventilators.

In some cases the hazards of transporting a patient could
be prevented by performing diagnostic or therapeutic pro-
cedures within the ICU or choosing altcrnative (albeit
equivalently effective) procedures that may render a trans-
port of the paticnt unnecessary. Such interventions may
comprise the following: use of chest ultrasound in detect-
ing intrathoracic pathologies [32-34]; the introduction of
new mobile computed tomography scanners that can be
used in the ICU [35}); the application of conventional or
dilatational percutaneous tracheostomy in the ICU,

instead of transferring the patient to the operating room
(36-38]; the placement of percutancous cndoscopic gas-

-

trostomy and of inferior vena cava filters [39]; fiberoptic
intraparenchymal pressure monitoring instead of operative
ventriculostomy [40-42]; scheduled reoperations for peri-
tonitis with open abdomen in the ICU [43); and many
others [44].

Conclusion

Adverse effects during and after transport of critically ill
patients arc frequent. On the other hand, a change in
patient management results from about half of the proce-
dures that necessitate transport, indicating a good effi-
ciency. Although a few paticnt-related risk factors can be
identified, the rate of equipment-related adverse events
may be as high as one-third of all transports. Thus, partic-
ular attention has to be focussed on the personnel, cquip-
ment and monitoring in use. Standard guidelines have
been published. A potential weakness remains the mode
of ventilation and the type of ventilator used during trans-
port, as well as the extent of respiratory monitoring. In
paticnts who require ventilation, it appears useful to use
either portable ventilators that are equipped with a
volume meter, or specifically constructed carts including
standard [CU ventilators. To furcher reduce the rate of
inadvertent mishaps from transports, alternative diagnostic
modalities or techniques, and performing surgical proce-
dures in the ICU should be considered.
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Abstract—One of the most hotly debated and polarizing issues in cardiac surgery has been whether coronary artery bypass

grafting (CABG) without the use of cardiopulmonary bypass or cardiopiegia (off-pump CABG, or OPCAB) is superior to that

performed with the heart-lung machine and the heart's being chemically arrested (standard CABG). Various clinical trials are
reviewed comparing the 2 surgical strategies, including several large retrospective analyses, meta-analyses, and the
randomized trials that address different aspects of standard CABG and OPCAB. Although definitive conclusions about the
relative merits of standard CABG and OPCAB are difficult to reach from these varied randomized and nonrandomized
studies, several generalizations may be possible. Patients may achieve an excellent outcome with either type of procedure, and
individuals' outcomes likely depend more on factors other than whether they underwent standard CABG or OPCAB.
Nevertheless, there appear to be trends in most studies. These trends include léss blood loss and need for transfusion after
OPCAB, less myocardial enzyme release after OPCAB up to 24 hours, less early neurocognitive dysfunction after OPCAB,
and less renal insufficiency after OPCAB. Fewer grafts tend to be performed with OPCAB than with standard CABG. Length
of hospital stay, mortality rate, and long-term neurological function and cardiac outcome appear o be similar in the 2 groups.
To definitively answer the remaining questions of whether either strategy is superior and in which patients, a large-scale
prospective randomized trial is required. (Circulation. 2005;111:2858-2864.)

-
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One of the most hotly debated and polarizing issues in rigorously controlled clinical studies. Since these early re-
cardiac surgery has been whether coronary artery bypass ports, several randomized trials have been completed. Nev-
grafting (CABG) without the use of cardiopuimonary bypass ertheless, it remains uncertain whether OPCAB is associated
(CPB) or cardioplegia (off-pump CABG, or OPCAB) is with a distinct advantage of whether the outcome with
superior to that performed with the heart-lung machine and OPCAB is similar or identical to that achieved by CABG
the heart's being chemically arrested (standard CABG). with CPB, which has been the “gold standard.” Various

Initial descriptive studies reported excellent to outstanding clinical trials are reviewed comparing the 2 surgical strate-
outcomes with OPCAB, with the suggestion in many studies gies, including several large retrospective analyses, meta-
of less use of resources, less blood loss, less morbidity, anda analyses, and the randomized trials that address different
shortened length of hospital stay; however, these early studies aspects of standard CABG and OPCAB. Finally, we examine
tended to be nonrandomized clinical reports rather than the various subtopics involving specific discussion criteria for
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these studies. Because of space constraints, this article cannot
be an exhaustive review of studies that have compared the 2
strategies on clinical or physiological grounds. It is the
purpose of this consensus article to briefly review selected
clinical data comparing OPCAB with standard CABG and to
summarize the relative merits of and indications for the 2
strategies for myocardial revascularization.

Retrospective Studies

Because techniques of OPCAB have markedly improved
during the past several years and many surgeons have reached
a plateau on the “leaming curve,” older studies may not be as
useful for comparison. A retrospective study by Racz et al'
analyzed 68 000 patients treated in New Yark state between
1997 and 2000. OF these patients, >9000 revascularizations
were performed off pump. OF those patients undergoing
OPCAB, there were higher proportions of older patients;
women; and patients with low ejection fraction, previous
CABG, stroke, peripheral vascular disease, left ventricular
hypertrophy, congestive heart failure, calcified aortic disease,
and rena! failure. In the standard CABG group, a high number
of patients had acute myccardial infarction (MI), shock,
cardiopulmonary resuscitation, and left main disease, as weli
as more dis=ased arteries than in the OPCAB group, Thus, a
comparison is difficult to make; however, risk-adjusted mor-
tality was not different between the groups. In this study, no
significant difference was found in the incidence of death,
perioperative MI, wound infection, renal failure requiring
dialysis, or respiratory failure. There were, however, signif-
icantly higher rates of stroke (2.0% versus 1.6%, P=0.003)
and bleeding requiring reoperation (2.2% versus 1.6%,
P<0.001) in the standard CABG group. A significantly
higher risk of gastrointestinal complications (1.2% versus
0.9%, P=0.003} was observed in the OPCAB group. Hospital
length of stay was longer in the standard CABG group by |
day. At 3-year follow-up, patients in the standard CABG
group had a higher survival rate (89.6% versus 88.8%,
P=0.022) and need for repeat revascularization (percutane-
ous coronary intervention or CABG, 84.7% versus 82.1%,
P<0.0001). In data from the last 2 years of the study (ie,
excluding the first year), the survival benefit disappeared but
the freedom from death and revascularization remained. The
authors concluded that patients undergoing standard CABG
with CPB have better rates of long-term survival and freedom
from repeat revascularization.

In another retrospective nonrandomized study, Mack et
al? reviewed 17 401 patients (7283 OPCAB) who under-
went surgery between 1999 and 2001. The percentage of
patients with congestive heart failure, chronic obstructive
pulmonary disease, renal failure, stroke, peripheral vascu-
lar disease, and previous CABG was higher in the OPCAB
group. The unadjusted mortality rate was 1.9% in the
OPCAB group, versus 3.5% in the standard CABG group
(P<.0.001). Propensity matching was done in all patients
with multivessel disease to minimize selection bias and to
provide for similar predicted risks for multiple variables.
In the propensity-matched groups, the mostality rate was
2.29% in the OPCAB group, versus 3.7% in the CPB group
(P<0.001). The rate of complications was significantiy

lower in the OPCAB group, including overall number of
complications, use of blood products, wound infection,
reoperation for. bleeding, atrial fibrillation, permanent
stroke, gastrointestinal and respiratory complications, re-
nal faiture, MI, and multiorgan failure. Only transient
stroke, reoperation for graft occlusion, and pulmonary
embolut were not significantly different between the
groups. These authors concluded that OPCARB is associated
with less morbidity and mortality and that patients at high
risk tend to yield the most benefit (ie, women, older adults,
and patients undergoing reoperation).

The Cleveland Clinic reviewed a retrospective series of
812 propensity-matched patients (out of a total of 3712
patients undergoing isolated CABG during a 4-year period),
with 406 patients in both the standard CABG and OPCAB
groups.® Patients in both groups were well-matched with
regard to multiple preoperative variables, except that periph-
eral vascular disease and previous stroke were more common
in the OPCAB group and NYHA classification was higher in
the standard CABG group. Standard CABG patients received
a greater number of bypass grafts (3.5+1.1 versus 2.8%1.0,
P<0.001) and had less incomplete revascularization (18%
versus 31%, P<0.001) than did OPCAB patients as judged
by the operating surgeon. Death, stroke, and MI were similar
in both groups. OPCAB patients had less frequent renal
failure requiring dialysis (1.5% versus 0%, P=0.03), red
blood cell use (53% versus 42%, P=0.002), and sternal
wound infections (2.0% versus 0.2%, P=0.04). The median
follow-up period was 3.8 years for the standard CABG
patients and 2.6 yeats for OPCAB patients. Rates of survival
and freedom from MI and coronary reintervention were not
significantly different, either alope or in combination, be-
tween groups. These authors concluded that mid-term out-
comes with OPCAB and standard on-pump CABG were
equivalent.

Meta-Analyses

This section bricfly examines the results of the 2 strategies
described in meta-analysis studies published between 1997
and 2003, in which large groups of patients from several
institutions were reviewed. Reston et al* reviewed 53 studies,
of which 10 were randomized control trials, 5 were prospec-
tive controlied trials, and 38 were retrospective controlled
studies. The total review involved 46621 patients. These
authors found significantly less MI, stroke, reoperation for
bleeding, renal failure, atrial fibrillation, and wound infection
in the OPCAB group in the short term. In terms of mid-term
outcome, the recumence of angina was no different (odds
ratio [OR]=1.28, P=0.309, confidence interval [CI}=0.79 to
2.05), but the risk of repeat intervention by percutaneous or
open strategy (OR=3.63, P=0.0001, Ci=191 to 6.78) or
death was lower in the standard CABG group (OR=0.49,
P=0.008, CI=0.29 to 0.82).

Parolari et al® reviewed 9 randomized trials reported in
the literature from 1990 to 2002. Six of these studies were
included in Reston and associates' article. The analysis
involved 558 patients who had undergone standard CABG
and 532 patients who had undergone OPCAB. The only
studies reviewed were those in which the average number
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of grafts was >2. The conclusions were that the composite
end points of death, stroke, and MI within 30 days favored
the OPCAB group but were not significantly different
between the 2 groups (OR=0.48, P=0.08, CI=0.21 to
£.09).

Prospective Randomized Trials

The best of the large clinical trials remain those that are
pmspcctive. randomized, blinded studies. In this setting,
however, such studies would be difficult to design because
the surgeon performing the operation, anesthesiologist,
nurses, and other personnel clearly know which patient
received what type of operation, and thus there may be bias in
the treatment of the patients during and after surgery.

A multicenter prospective randomized study was per-
formed by Gerola and colleagues® in Brazil and involved
160 selected low-risk patients with !- or 2-vessel coronary
artery disease. The exclusion criteria included left ventric-
ular dysfunction (cjection fraction <35%), renal failure,
left circumflex territory lesions, urgent or emergent pro-
cedures, hemodynamic instability, concomitant significant
carotid disease, age >70 years, and other comorbidities
such as hepatitis, AIDS, and morbid obesity. No signifi-
cant difference was seen in time to extubation, pulmonary
complications (anything causing hypoxia), MI, postopera-
tive blood loss, need for blood transfusions, wound infec-
tions, neurclogical dysfunction, or atrial fibrillation.
Length of stay in the intensive care unit (ICU) was similar.
Postoperative length of stay was not significantly different
(8.0x3.1 days in the standard CABG group versus
7.6x3.4 days in the OPCAB group [P=0.75]). On the
other hand, creatine kinase-MB levels were significantly
higher in the standard CABG group at 0 (P=0.0001), B
(P=0.0014), and 16 (P=0.0071) hours postoperatively, as
compared with the respective levels in patients in the
OPCAB group. Enzyme releasc was not different at 24
hours. The number of patients requiring vasoactive drugs
in the postoperative period was higher in the standard
CABG group (23.8% versus 8.8% patiegts, P=0.004).
Mortality rate was not significantly different between
groups (3.7% versus 1.2%, P=0.62). The authors con-
cluded that in these groups of patients neither procedure
was superior to the other.

A single institutional trial was undertaken by Straka and
colleagues? in the Czech Republic. This study involved
400 consecutive, unselected patients randomized to stan-
dard CABG or OPCAB. The only exclusion criterion was
the need for an emergency operation. There were no
significant differences between groups in postoperative
mortality, MI, stroke, atrial fibrillation, wound infections,
or renal Failure requiring dialysis. The number of distal
anastomoses for patients was higher in the standard CABG
group (2.7 versus 2.3, P<0.001). The total blood loss was
higher in the standard CABG group (680 versus 560 mL,
P<0.001), but the number of transfused patients and
reoperations for bleeding was not significantly different.
Creatine kinase-MB levels were higher at 6, 18, and 36
hours after surgery in the standard CABG group, as
compared with the respective levels in the QPCAB group

(P<0.001). The time to extubation, length of ICU stay, and
total hospital length of stay were not significantly different
}Jetween groups. The authors concluded that the OPCAB
strategy can be applied widely to unselected patients and is

* as safe and effective 8s conventicnal standard CABG.

The results of a single institutional trial were reported
from Emory University by Puskas and colleagues.? Two
hundred patients were randomized to standard CABG or
OPCAB. Candidate targets for revascularization were
determined before randomization. The only exclusion
criteria were the presence of cardiogenic shock or preop-
erative intra-gortic balloon pump. There were no signifi-
cant differences between groups in terms of mortality,
reoperation for bleeding, MI, arrhythmias, stroke, new
renal failure and/or dialysis, wound infections, or operative
time. The number of grafts for patients was 3.4+1.0in the
OPCAB group versus 3411 in the standard CABG
group (P=NS), Thus, in this study, the completeness of
revascularization was not different between groups. Fewer
patients required red cell transfusions postoperatively
(26% versus 44%, P=0.007) in the OPCAB group than in
the standard CABG group. Hematocrit on postoperative
day 3 (29.3%4.16 versus 98.2+3.23, P=0.05) and at
discharge (30.6%3.74 versus 29.5+3.30, P<0.05) was
marginally higher in the OPCAB group than in the
standard CABG group. Creatine kinase-MB and troponin I
jevels were Significantly higher at 8, 16, and 24 hours
postoperatively in the standard CABG group (P<0.001).
The ICU length of stay was not significantly different
(23.9x14.5 versus 26.8+24.9 hours, P=O.§2). The post-
operative hospital length of stay was 1 day shorter in the
OPCAB group (5.1%6.5 versus 6.1+8.1 days, P=0.005).
The authors’ conclusions were that the OPCAB strategy
provides compleic revascularization with reduced myocar-
dial injury, transfusion requirements, and length of stay.

Recently, Puskas and colleagues reported additional
results from the above study in a separate article.? They
reported graft patency, clinical and quality-of-life out-
comes, and cost among patieats while in the hospital and at
1-year follow-up in the OPCAB and CABG groups. They
found that graft patency was similar for the OPCAB versus
the standard CABG group at 30 days (absolute difference,
1.3%; —0.66% to 3.31%; P=0.19} and at 1 year (absolute
difference, —2.2%; —6.1% to 1.7%; P=0.27). There were
no differences in the rates of death, stroke, MI, angina, or
reintervention up to 1 year. The true generalizability of this
study may be questionable because the pattern of referrals
to this surgeon may favor patients who are suitable for
OPCAB.

Another recent trial by Khan et al'® was carried out at
the Royal Brompton Hospital in London and involved 103
patients who required at least 3 grafts (as determined by
preoperative angiography) and were randomized to stan-
dard CABG or OPCAB. Exclusion criteria included recent
stroke or MI (6 months/3 months}, age <30 or >80 years,
carotid stenosis >70%, and a left ventricular ejection
fraction <20%. The groups were similar with regard to
preoperative variables, except that the number of planned
grafts was higher in the standard CABG group than in the
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GOPCAB group. The authors emphasized that the patients
were randomized afier their angiograms had been reviewed
and the need for >3 grafts per patient determined. The
groups were similar with regard to completeness of revas-
cularization, territories grafted, and subjective native ves-
sel quality. There were no deaths in either group. The time
to extubation and lengths of ICU stay and hospital stay
were not significantly different. There were 2 reoperations
for bleeding in the standard CABG group versus 0 in the
OPCAB group (P=0.13). Whereas blood loss was not
significantly different (898434 mL in the standard
CABG group versus 1031552 mL in the OPCAB group;
P=NS), more patients required transfusion of both packed
red blood cells (32 versus 20 patients) and clotting factors
(14 versus 2 patients) in the standard CABG group than in
the OPCAB group. Troponin levels were higher in the
standard CABG group at 6 (P<0.001) and 12 hours
(P<0.001) but were not different at 24 hours. Of the 103
patients, 82 were reevaluated and underwent angiography
at 3 months. There were no deaths, strokes, or MIs, and
Canadian Cardiovascular Society/NYHA classes were sim-
“ilar at 3 months. The striking finding in this study was that
graft patency was 98% in the standard CABG group and
88% in the OPCAB group (P=0.002). Graft patency of the
left anterior descending graft was 100% in the standard
CABG group and 92% in the OPCAB group (P=0.07).
Circumflex graft patency was 95% in the CPB group and
87% in the OPCAB group (P=0.25). Right coronary artery
graft patency was 100% in the standard CABG group and
84% in the OPCAB group (P=0.01). The left internal
thoracic artery graft patency was 100% in the standard
CABG group and 92% in the OFCAB group (F=0.05).
The patency of the radial arteries operated on in this study
was 100% in the standard CABG group and 76% in the
OPCAB group (P=0.01). Saphenous vein graft patency
was 95% in the standard CABG group and 91% in the
OPCAB group (P=0.42). The authors concluded that
OPCAB may not be widely applicable but. may have a role
in selected patients with good targets or serious comor-
bidities. The reduced graft patency at 3 months in the
OPCAB group has been questioned by other investigators,
and this study has been criticized because of the perceived
inexperience of the surgeons and other issues.

Finally, Nathoe et al'! performed a multicenter study
involving 281 patients, 142 of whom underwent OPCAB,
Patients in this study had predominantly 1- or 2-vessel
coronary artery disease. Patients were excluded from this
study if they required emergency surgery, had a recent MI,
or had poor left ventricular function. The mean number of
grafts was similar in both groups, with 2.6 in the standard
CABG group and 2.4 in the OPCAB group. No significant
difference was observed between groups in the primary
composite end points of freedom from death, MI, stroke,
and revascularization. No significant difference was ob-
served between groups with regard to the secondary end
points of freedom from angina and myocardial ischemia
{as demonstrated by exercise stress test), Seventy patients
(63.6%) underwent angiography at ! year (42 on pump and
28 off pump). Unfortunately, 36.4% of patients declined to
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undergo angiography because of a lack of symptoms. In
contrast to the prior study, no significant difference in graft
patency was seen between the groups. Overall patency
~rates were 93% and 91%, respectively, in the CABG and
"OPCAB groups (absolute difference, 2.0%; CI=—6.5 to
10.4). Nathoe et al concluded that there was no significant
difference in cardiac outcome between on-pump CABG
and OPCAB.

The following sections discuss prospective randotmnized
trials of patients at high risk of neurological morbidity,
patients with poor left ventricular function, patients who
are at high risk by virtue of multiple comorbidities, older
adult patients, patients with an atheromatous aorta, and
patients who have had a recent acute MI.

Patients With Neurological Morbidity

Multiple studies with transcranial Doppler have suggested
higher rates of cerebral embolization in CPB patients than in
OPCAB patients. Most studies that examine neurocognitive
function show slightly more decline among standard CABG
patients relative to OPCAB patients in the short term (<2 to
3 months) but fail to show significant differences at | year,'2
Quality-of-life assessments have not been shown to be
significantly different at { year.t?-15

Patients With Left Ventricular Dysfunction

Three recent studies have reviewed, in a retrospective
nonrandomized fashion, the outcomes of patients with left
ventricular ejection fractions <35% undergoing surgical
revascularization. The OPCAB patients tended to have
higher NYHA class scores, fewer recent Mls, and more
type 1 diabetes mellitus but otherwise-were well matched
for other variables. In 2 of the 3 studies, standard CABG
patients had significantly more grafts, with the third study
showing a trend toward more grafts. There were no
significant differences in MI, renal failure, reoperation for
bleeding, wound infections, or stroke. Thirty-day mortality
rates tended to be higher in the standard CABG patienis
than in the OPCAB group (14.1% versus 6.6%, P=0.05).1¢
In one study, mid-term survival was slightly higher at |
{92% versus 85%), 2 (90% versus 82%), and 3 (87%
versus 73%) years, respectively, in the standard CABG
group than in the OPCAB group, but the differences were
not statistically significant.ts-19

Patients With Multiple Comorbidities
Four recent studies reviewed, in a retrospective nonrandomized
fashion, patients who were considered high risk because of the
presence of multiple preoperative comorbid factors. These risk
factors included tecent MI, lefi main disease, left ventricular
dysfunction, renal failure, previous stroke, unstable angina, heart
failure, shock, chronic obstructive pulmonary disease, age >70
years, and urgent or emergent surgery. %22

The mean age at the time of operation was significantly
higher in the OPCAB group in one study?! and tended to be
higher in another.22 More patients in the standard CABG
group had unslable angina, severe heart failure symptoms,
and 3-vessel disease. The OPCAB patients tended to have
higher numbers of risk factors. There were no significant
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differences for the majority of preoperative risk factors. In 2
studies, the number of grafts placed was greater in the standard
CABG group than in the OPCAB group, but the numbers were
similar in the other studies. Mortality was significantly higher in
the standard CABG group in one study and not different in the
other 3 studies. ICU and hospital length of stay were lower in the
OPCAB group. In these reports, postoperative blood loss, need

-

for transfusion, amhythmias, and ventilation time were higher in ’

the standard CABG group than in the OPCAB group. Perioper-
ative MI was lower in the OPCAB group in one study but was
not significantly different in the other 3 studies. Neurological,
renal, and infectious complications were similar in all studies.
Onty one study looked at mid-term outcomes {mean follow-up,
16+9 months) and found that cardiac death (P=0.001), recur-
rent ischemia (P<0.0001), and graft dysfunction (P=0.05) all
were significantly higher in the OPCAB group.

Older Adult Patients

Two retrospective and nonrandomized studies reviewed the
specific subgroup of older adult patients. In one study,
patients >>75 years old were examined, and in the other study,
patients were >80 years old. Preoperative characteristics
were similar in both studies, The number of grafts placed was
higher in the standard CABG groups in both studies.?>?* The
incidence of stroke, prolonged respimatory failure, bleeding,
transfusions, and ICU and hospital length of stay all were
higher in the standard CABG groups than in the OPCAB
group. Reoperation for bleeding, MI, renal failure, wound
infections, and operative mortality were not significantly
different. One study had mid-term follow-up data, and no
significant difference between groups for overall survival and
event-free survival was observed.

Patients With Atheromatous Aorta

Two retrospective and nonrandomized studies addressed the
question of whether coronary revascularizations in patients
with a severely atheromatous aorta should be performed off
pump.2*2¢ Both studies used propensity matching to identify
an equal number of patients in the OPCAB and standard
CABG groups with similar preoperative charactesistics and
intraoperative transesophageal echocardiography findings of
severe ascending aortic atheromatous disease. Mortality and
stroke were higher in the standard CABG groups in both
studies. The first study by Sharony et al® reported an
in-hospital mortality rate of 11.4% for standard CABG,
versus 3.8% for OPCAB (P=0.003), and a stroke rate of
4.7% for standard CABG, versus 2.4% for the OPCAB group
(P=0.08). In their second study 1 year later, they reported &0
in-hospital mortality rate of 11.4% for the standard group and
6.5% for OPCAB (P=0.058) and a stroke rate of 5.7% versus
1.6% (P=0.03).% Freedom from any complication was
higher in the OPCAB group in both studies. Three-year
follow-up was done in both studies, with one study showing
increased survival in the OPCAB group and the other
showing no significant difference.242¢ It is thought that the
decreased rate of complications in the OPCAB group is the
result of the decreased clamping of the difficult aorta for that
technique.

4

Findings Favoring On-Pump CABG ot DPCAB

Findings favoring GPCAB
Probably tess bleeding
Probably less renal dysfunction

Probably less short-term neurocognitive dysfunclion, aespecially If
aorta Is caicified

Passibly shorter overall leagth of hospital stay
Findings favering on-pump CABG

Less technicelly demanding

Shortsr “learnlng curve”

Possibly better long-tarm graft patency

Easlar to graft posterior {clrcumfiex) bypass targsts

Probably more bypass grafts constructed

Patients With Acute MI

A retrospective study from Isracl reviewed 225 patients under-
going CABG soon after acute Ml (106 CABGs were performed
off pump),” and ali patients had similar preoperative character-
istics. All operations were performed on patients within 1 week
of experiencing an acute ML The OPCAB group had signifi-
cantly more patients with 1 or 2 grafis, and standard CABG
patients had significantly more patients with =3 grafts. The
standard CABG patients had more bilateral internal thoracic
artery grafis (58% versus 1.9%, P<0,001) and more circumflex
grafts (90% versus 11.5%, P<0.001). The morality rate was
higher in the standard CABG group (12% versus 31.8%,
P=0.027), but the majority of deaths occurred in patients
undergoing standard CABG within 48 hours of Mi. The mor-
tality rate of patients operated on >48 hours after MI was not
significantly different (5.8% versus 3.4%, P=044). Late mof-
tality was lower and freedont” from angina and reintervention
was higher in the standard CABG group, with a follow-up of 2
to 9 years¥

Summary
Although definitive conclusions about the relative merits of
standard CABG and OPCAB are difficult to reach from these
varied randomized and nonrandomized studies, several general-
izations may be warranied (Table). Patients may achieve an
excellent outcome with either type of procedure, and individu-
al’ outcomes likely depend more on factors other than whether

they underwent standard CABG or OPCAB. Montality rates vary

it

between <1% to >6% in most databases, and thus the skill of

__the surgeon, quality of the institution, and systems approach play
a much greater role in determining the autcome after surgical
__coronary fevascularization.

There appear to be trends in most studies, however.
These trends include less blood loss and need for transfu-
sion after OPCAB, less myocardial enzyme release after
OPCAB up o 24 hours, less early neurocognitive dysfunc-
tion after OPCAB, and less renal insufficiency after
OPCAB. Of note, patients who require urgent or emergent
conversion from off-pump to on-pump revascularization
have & much greater risk of mortality, postoperative
cardiac arest, and multisystem organ failure than do
patieats initially undergoing on-pump CABG.282° In addi-
tion, fewer grafts tend to be performed with OPCAB than
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with standard CABG in many studies, and no study in the
literature reports more grafis being placed with OPCAB.
Length of hospital stay, mortality, and long-term neuro-
logical function and cardiac outcome appear to be similar
in the 2 groups. A recent report from a prospective study
suggested that graft patency may be significantly lower
with OPCAB than with standard CABG, !° but this needs to
be verified or dismissed by additional prospective random-
ized studies. The greatest utility for OPCAB is probably
the severely calcified or diseased aorta in which manipu-
lation or clamping of the aorta can be associated with dire
neurological consequences. To definitively answer
whether either strategy is superior and in which patients, a
large-scale prospective randomized trial will be required in
which the surgeons and other physicians caring for the
patient do not have prior knowledge of the operation the
patient is to undergo. Also, optimally, the surgeon should
not know the revascularization strategy until just before
entering the operating room, and subsequent caregivess in
the ICU should remain blinded after surgery. Finally, the

Off-Pump Versus On-Pump CABG 2863

surgeons should be equally skilled with either type of
pracedure. Surgeons who perform either OPCAB or stan-
dard CABG almost exclusively should not be part of such
a study, Criticism has been aimed at Khan et al with regard
to the relative inexperience of the surgeons in their study
in performing off-pump surgery.!® Qn the other side, there
is the question of a randomized study performed by a
single surgeon whose referral pattern may reflect those
cases more easily amenable to OPCAB. Such a trial will ba
difficult to design and execute. The need for such a large
prospective trial was suggested at a recent NIH working
group composed of cardiac surgeons and other clinicians.
The Department of Veterans Affairs currently is enrolling
patients into a large prospective trial. Ultimately, whether
a patient benefits more from standard on-pump CABG or
OPCAB may depend more on the familiarity, comfort, and
skill of the individual surgeon with either procedure than
on an intrinsic benefit. Both the OPCAB and standard
CABG procedures usually result in excellent outcomes,
and neither should be judged to be inferior to the other.
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The use of beating heart technigues for cardiac surgery is not new, and
was first introduced in the 1950s in an attempt to offer hope to patients suf-
fering from cardiac disease at a time when extracorporeal circulation was in
its infancy. Coronary artery disease (CAD) had not yet exploded into the
epidemic it would later become in the 1970s, and 50 most surgery focused
on the more significant issue of valvular lesions, at that time still a common
result of rheumatic heart disease. A sweeping change took place in cardiac
surgery in the 1950s and 1960s, and it emerged in the 1970s in a form similar
to today's: extracorporeal circulation (ECC)-assisted arrested heart surgery,
focusing primarily on coronary artery bypass surgery, in response to the
explosion in CAD. Although refinements have been made to cardiac surgi-
cal techniques, such as the use of membrane oxygenators instead of bubble
oxygenators and the use of arterial grafts in place of venous grafts, the pro-
cedure itself has remained essentially unchanged.

So why did off-pump beating heart surgery and minimally invasive direct
coronary artery bypass (MIDCAB) techniques develop? The search for
a better way to perform coronary artery bypass graft (CABG) surgery
was driven by two forces: (1) the realization that conventional heart surgery
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carried a burden of significant morbidity and mortality, and (2) by compet-
ing pressure from interventional cardiologists whose own specialty had itself
undergone a radical transformation over the last 20 years. ECC is associated
with many adverse outcomes, including stroke, atrial fibrillation, and blood
product transfusions. The circuit itself is known to cause systemic inflamma-
tion and systemic coagulation factor and platelet activation. As the evidence
mounted demonstrating that ECC was not without risk despite ongoing im-
provements in circuit design, new developments in the field of interventional
cardiology were giving patients and physicians a choice for treatment of
CAD. Although to this day no study has demonstrated 2 superior outcome
in patients undergoing percutaneous coronary intervention (PCI) over car-
diac surgery, and in many cases the results have been shown to be inferior,
the rates of PCI have exploded, whereas those of CABG surgery are in slow
decline. One cause may be that the ““gatekeepers,” cardiologists who can
choose to refer patients to either another cardiologist (ot themselves) or a car-
diac surgeon, often choose to refer to themselves or within the specialty.
Another large reason behind the increase in PCI is the patients’ desire to
have the procedure with the teast amount of risk, even if the long-term results
are less favorable. This phenomenon, known as immediacy, is commonly en-
countered when people make choices between two potentially risky proce-
dures, with distant risk not being weighted as heavily as more immediate risk.
In an attempt, therefore, to reduce the risk associated with conventional
ECC-assisted CABG, many cardiac surgeons began to explore the feasibility
of performing CABG surgery without ECC, off-pump coronary artery
bypass surgery (OPCAB), and some looked at the use of OPCAB with
only a small thoracotomy or hemisternotomy for isolated left internal mam-
mary artery (LIMA) to left anterior descending artery surgery (LAD), the
MIDCAB technique. This line of investigation has also led to the develop-
ment of robotic bypass techniques using port access, 85 well as the develop-
ment of minimally invasive mitral valve and aortic valve replacement
techniques. Both of these are beyond the scope of this article, which focuses
on the surgical and anesthetic consideration for OPCAB and MIDCAB
surgery. The final section reviews outcomes of these surgical procedures.

Surgical considerations for off-pump coronary artery bypass surgery/
minimally invasive direct coronary artery bypass surgery techniques

The MIDCAB technique was developed to specifically address the patient
who has an isolated high grade lesion of the LAD (Fig. 1). It essentiaily in-
volves a right mini-thoracotomy through which both the harvesting of the
LIMA and anastomosis of the LIMA to LAD is performed. The patient
thus avoids both a sternotomy and cardiopulmonary bypass.

OPCAB can be thought of as a more generalized approach to patients
who have CAD. Unlike MIDCAB, it is not limited to patients who have iso-
tated LAD disease, and four and five vessel bypasses can be performed with
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Fig. l. MIDCAB techniqus showing the small (5-7 cm) incision, along with the stabilizer.

this technique. OPCAB surgery is performed through a midline sternotomy.
The harvesting of the conduits proceeds in a similar fashion to conventional
surgery. To permit anastomosis, the heart is positioned in the desired loca-
tion. This is usually facilitated through the use of pericardial sutures behind
the heart to lift the heart out of the chest, followed by the application of a po-
sitioning device that exposes the diseased coronary artery in a manner that
permits anastomosis of the conduit. Two sutures are then placed through
the myocardium in & fashion that allows control of the proximal and distal
aspects of the vessel to be bypassed. After this a stabilizer is placed to reduce
motion around the vessel of interest (Fig. 2). Before opening the vessel the
sutures are tightened, thus preventing both antegrade and retrograde bleed-
ing of the vessels. Following incision into the coronary artery, & shunt is of-
ten placed to allow distal perfusion during anastomosis. The anastomosis is
then performed, the shunt removed before completing the anastomosis, and

Fig. 2. OPCAB technique showing the Octopus (Medtronic, Minneapolis, Minnesota) suction
stabilizer system.
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finally the sutures and stabilizer are removed upon completion. Some sur-
geons complete all distal anastomosises before starting the proximals,
whereas some prefer to attach each distally grafted vessel to the aorta before
continuing with the next vessel, Although this latter approach ensures an in-
crease in blood flow to the myocardium with each successive graft, it requires
multiple aortic cross clamps, which may not be ideal in patients who have

diseased aortas. Likewise some Surgeons perform the LIMA-LAD graft first
to improve coronary flow to the myocardium.

Patient selection

There remains much debate and controversy over the ideal candidate for
OPCAB or MIDCAB surgery. Theoretically, the ideal candidate is one who
has good cardiac function (ejection fraction [EF] >40%), with isolated
disease of the ascending/farch of the aorta, and who is thus at risk for post-
operative neurologic complications. Anyone who has a small body habitus
may also be a good candidate for OPCAB surgery, because it avoids hemo-
dilution from the pump prime. Unfortunately, these patient populations
typically have poor distal anastomotic targets, which is a relative contrain-
dication to bypass. For the same reason, intramyocardial targets often are
difficult to bypass with the OPCAB or MIDCAB techniques, and often force
a surgeon to convert to conventional cardiac surgery.

Some surgeons feel that poor teft ventricular (LV) function is a good in-
dication for OPCAB surgery because it avoids cardioplegic arrest and the
possibility of a difficult wean from bypass [1]. Others feel that the risk of
eventual adverse outcomes associated with conversions is too high, and
that therefore poor LV function is a relative contraindication. Overall, the
evidence supporting the benefit of beating heart surgery in subpopulations
of cardiac surgical patients is poor. Generally there appear to be two groups
of surgeons: those who will perform OPCAB only in poor surgical candi-
dates (age and associated comorbidites) who have good distal targets, and
those who will try OPCAB on most patients they are referred unless it is
not indicated (poor distal sites).

Demographics of off-pump coronary artery bypass surgery[minimally
invasive direct coranary artery bypass surgery

In the era of drug-eluting stents (DES), the use of MIDCAB techniques
appears to be in decline, with many cardiologists preferring to stent the
LIMA to LAD. OPCAB is still commonly used at some institutions; how-
ever, at some it is rarely used. There is little published information on cut-
rent trends in OPCAB surgery as a percentage of overall CABG procedures.
In the province of Ontario, Canada during the year 2000/2001, outof a total
CABG population of 15,172, only 1660 OPCAB procedures were performed
(11%) 2). A study from Duke university for the period 1998 to 2003 also
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had a rate of 11% (641 OPCAB procedures, 5667 total CABG surgery} (3}
Rates in Japan for 2005, however, have been reported at 60% [4]. The rea-
sons for these discrepancies, and for the relative low implementation of OP-
CAB techniques, aré unclear, It may be the belief by some surgeons that it
offers no advantage OVer ECC-assisted CABG. It also must be said that it is
a technique that is difficult to master, and that many surgeens have simply
stopped performing OPCAB surgery as a result.

Anesthesia for minimally invasive direct coronary artery bypass surgery
and off-pump coronary artery bypass surgery

The overall goals for OPCAB and MIDCAB surgery aré gimilar to
those of conventional CABG. These include the placement of monitoring
lines, an arterial line and central venous line, the induction of general an-
esthesia, endotracheal intubation, and the maintenance, throughout the
surgery, of hemodynamic stability. Monitoring for ischemia is done in
a similar mannef, using both & five-lead ECG and transesophageal echo-
cardiography (T EE). There are, however, some key differences at various
points in the surgical procedure. These differences include: (1) the use of
regional techniques, before induction, for postoperative pain control; @)
the use of double lumen tubes for one lung anesthesia during MIDCAB
IMA harvesting; (3) the use of vassopressor support during positioning
and stabilization of the myocardium; and finally (4) monitoring of patients
during coronary occlusion.

Regional techniques are often employed in patients undergoing MID-
CAB procedures, and may be employed in patients for OPCAB surgery
also. The use of regional techniques remains controversial in conventional
CABG surgery, mainly out of a concern for an increased risk of epidural
hematoma [5,6}) It is more widely used, however, in both OPCAB and
MIDCAB surgery, because the risk is theoretically lower owing to the
avoidance of ECC. In addition, MIDCAB techniques can be managed
with unilateral nerve blocks such as paravertebra‘l blockade, which reduces
the risk of epidural hematoma. Possible techniques for peripheral or central
neuraxial block include intercostal block (local anesthesia, cryotherapy m.
wound infiltration, interpleural block, thoracic epidural analgesia, continu-
ous paravertebral blocks, or intrathecal morphine. Although the smaller in-
cision of a thoracotomy is often thought less painful than full sternotomy,
Diegeler and colleagues [8] reported that a lateral thoracotomy is actually
more painful than conventional sternotomy during the first 48 hours after
surgery. Management of pain during minimally invasive cardiac surgery
(MICS) is usually the first step in the anesthetic technique, and so early con-
sideration should be given to the potential benefits and risks with these
procedures.

L
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Hemodynamic changes during off-pump coronary artery bypass surgery
and minimally invasive direct coronary artery bypass surgery

Positioning

OPCAB and to a lesser extent MIDCAB surgery are associated with he-
modynamic changes as a result of positioning and stabilization of the heart
during distal anastomosis. In addition, the vessel occlusion associated with
distal anastomosis may cause ischemia, which may add to the hemodynamic
changes.

Devices that immobilize the heart can be divided into two groups: {1
those that use suction and suspend the heart (Octopus, Medtronic, Minne-
apolis, Minnesota), and (2) those that use compression (CoroNeo retractors,
CoroNeo, Montrea}, Canada). The hemodynamic changes vary according
to the type of stabilizer used, surgical technique, use of intracardiac shunt,
location of target vessel (LAD, circumflex or right coronary artery), use of
Trendelenberg position, and the inotropes employed to treat hemodynamic
changes. The degree and cause of hemodynamic changes during heart posi-
tioning have been well-documented in animal models. Elevation of the heart
resulted in a drop in mean arterial pressure by 26%, a reduction in cardiac
output by 37%, and & decrease in stroke volume by 44% [9,10}. This was
associated with a decrease in coronary flow of 25% to 50% [11]. Trendelen-
berg position restored hemodynamic and coronary blood flow. On echocar-
diography, LV filling normalized with Trendelenberg, but the right ventricle
(RV) remained underfilled, a result of compression of the RV [12). Isolated
RV bypass restored hemodynamic parameters, whereas isolated LV bypass
did not [12]. An overview of human studies on hemodynamic changes occur-
ring during OPCAB is presented in Table 1 [13-20]. These are all observa-
tional studies employing only one surgical technique, usually looking at
a homogeneous population.

OPCAB is consistently associated with falls in systemic pressures and in-
crease in pulmonary artery pressures,. Pulmonary capillary wedge pressures
and central venous/right atrial pressures also increase. This likely reflects
a change in compliance of the ventricles and not an increase in preload, be-
cause echocardiography has demonstrated smaller ventricular volumes, es-
pecially on the right side. Finally, positioning of the heart is associated
with a decrease in cardiac output. Most studies employed the Trendelenberg
position, and some inotrope or vassopressor, accounting for the consistent
decrease in MAP of only 1% to 15%. Again, studies in humans have sup-
ported the benefit of right heart assist devices in relieving hemodynamic
compromise, suggesting that the RV is the cause of the drop in systemic ar-
terial pressure and fall in cardiac output. The most likely cause for thisis RV
compression, facilitated in part by the low intraventricular pressures and
thin free wall. One randomized trial {21] did compare deep pericardial suture
to apical stabilizer and found that the use of apical stabilizer was superior;
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however, both methods resulted in reductions in CO and systemic pressure.
In another study [22], the hemodynamic effects of OPCAB in patients who
had ejection fractions of 30% were compared with those having EF of 50%,
and no significant difference in hemodynamic changes were scen except for
an increase in LV volume during positioning in the hearts of patients who
had a poor EF, compared with a decrease in volume in those who had nor-
mal EF. An excellent review of the mechanisms of hemodynamic changes
and causation has been previously published {23}.

Ischemia, mitral regurgitation, and bradycardia

The hemodynamic changes that occur with displacement and stabiliza-
tion of the heart often occur within seconds and stabilize within 5 minutes,
so that late hemodynamic changes as a result of positioning tend not to
occur [17]; however, progressive decreases in systemic pressurc may occul
from ischemia during distal anastomosis. Typically some degree of new-
onset ST segment clevation or depression OCCUIS. Not surprisingly, ECG
axes and voltages change during cardiac manipulation, and so may make
ST segment interpretation difficult. TEE may be helpful, and usually dem-
onstrates new-onset wall motion abnormalities in the ischemic patient; how-
ever, this must be interpreted cautiously because the stabilizer itself may
induce a regional defect. Ischemia, positioning, or both may lead to mitral
regurgitation, most often an increase in an already leaky valve, which
may additionally contribute to hemodynamic compromise. This is usually
readily apparent on TEE [24,25]).

Bradycardia often occurs during right coronary artery (RCA) grafting,
a result of ischemia to the SA or AV nodes. It seems to occur most
frequently during anastomosis of a low grade lesion (70% occlusion), likely
because low-grade lesions rarely have collateral circulation. Bradycardia is
readily apparent on ECG, is easy t0 anticipate based on lesion anatomy
and site of grafting, and is easily treatable with ventricular pacing. Many
surgeons place pacemaker leads before distal RCA grafting to minimize he-
modynamic compromise if heart block should occur.

Treatment of hemodynamic changes

There are several possible methods of treating hemodynamic changes
during OPCAB surgery. Volume loading to increase the preload is common,
with target central venous pressure (CVP) of 10 to 12 in the supine patient.
Trendelenberg positioning to 20° to 30° head down is also helpful both in
increasing preload and in assisting cardiac displacement, especially during
posterior descending artery (PDA) grafting. The use of inotropes/vassopres-
sors during grafting is common; Levophed (norepinephrine bitartrate) is
widely used, although some institutions prefer phenylephrine or epineph-

rine. If hemodynamic deterioration persists despite the use of inotropes,
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volume loading, and positioning, then a cause must be sought. Ischemia
should be ruled out by observing for ST segment changes on the ECG.
The appearance of new ischemic wall motion changes is als0 suggestive of
ischemia. Neither ECG nor TEE monitoring is 100% specific during OP-
CAB surgery, and positioning or stabilization can themselves lead to false
positives [26). As well, positioning may result in areas of myocardium that
go undetected because of poor visualization on TEE. Tschemia, if suspected,
may be treated with nitroglycerin. Surgical use of coronary shunts may also
improve ischemia. If surgical anastomosis has not yet begun, then releasing
of the ligatures around the coromary artery may also restore coronary
perfusion.

If mitral regurgitation (MR) is the cause of hemodynamic changes, then
an increase in the degree of MR should be readily apparent on TEE.
Although MR may be secondary to ischemia, it is usually caused by myocar-
dial positioning, and so repositioning of the heart is the usual treatment if
worsening MR is suspected.

If hemodynamic deterioration persists, then a final surgical maneuver is
to incise the right pericardium/pleura to allow the right heart to “herniate”
slightly into the right chest cavity. As mentioned previously, right heart
compression is felt to be the cause of hemodynamic deterioration during
OPCAB surgery. Releasing the pleura reduces right heart compression
and improves hemodynamic parameters.

Assist devices for hemodynamic support during off-pump coronary artery
bypass surgery

Although the main goal of OPCAB surgery is to avoid conventional
ECC, the use of right heart assist devices has been explored as a “bridge"
or hybrid technique between conventional cardiac surgery and pure OPCAB
techniques. Right heart hypass does not require an oxygenator, avoids can-
nulation of the aorta (and therefore cerebral emboli), and should support
the right heart, which is the main ventricle affected by positioning during
OPCAB. Several studies have examined the use of right heart support de-
vices during OPCAB and have shown minimal effects on hemodynamic
changes during positioning with these devices 2731}

Intra-aortic balloon pumps (IABP) have also been inserted in patients un-
dergoing OPCAB surgery to either reduce hemodynamic changes or, more
commonly, to reduce ischemia during OPCAB surgery [32-34). TABP de-
vices tend to be inserted into patients who have left main discase asa method
of reducing ischemia during grafting. Some investigators have also placed
the devices in patients who have poor EF or in the elderly. Usually these
devices are placed before positioning for OPCAB surgery, in anticipation
of hemodynamic changes of jschemic changes, and are not used as a salvage
for the prevention of conversion to conventional ECC-assisted cardiac

surgery.
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Conversions to conventional bypass grafting

Patients who require emergency conversion to conventional ECC do
worse than patients treated with successful OPCAB or those operated on
with conventional bypass. Several studies have shown that compared
with OPCAB surgery, the mortality rate is increased two to six times
(absolute rates of 59%,-12%) [35,36). It is unclear whether this is a result
of patient factors (sicker patients are more likely to convert) or surgical
factors in patients who are converted being exposed to the hemodynamic
changes of OPCAB and to the bypass pump. It may also be that surgeons
and anesthesiologists wait until the last possible moment to convert, result-
ing in prolonged hypotension for the patient along with a hurried conver-
sion to conventional bypass. Common sense suggests that the patient is
much better served by abandoning the procedure when the patient is still
relatively stable, allowing the heart to recover and the surgical team to pre-
pare for ECC in an unhurried atmosphere, However the surgical team de-
cides to proceed, conversion to conventional bypass should be anticipated,
and all the necessary equipment must be immediately available in the event
of emergency conversion.

Early extubation and fast-track management

OPCAB and MIDCAB surgical patients are often ideal candidates for
fast-track programs, and can be rapidly extubated following surgery. Some
centers have even proposed an “yltra” fast-track program, in which OPCAB
and MIDCAB patients are extubated within the operating room {OR)
[37-39). This is especially appealing in MIDCAB surgery, because some
form of lung isolation is often used, usually a double lumen tube, and extu-
bation within the OR avoids the need to reintubate the patients with a single
lumen tube. As with conventional bypass surgery, the maintenance of both
hematological and hemodynamic homeostasis is necessary before extubating
patients. Hematological homeostasis is usually easy to achieve because the
bypass pump is avoided. Lower total doses of heparin are also administered,
often via a continuous infusion to avoid dramatic swings in activated clotting
times (ACT). The ideal ACT is still unclear, with many reporting ACTs over
380 as being acceptable. As with conventional bypass, most centers com-
pletely reverse the effects of heparin with the administration of protamine
and then administer acetylsalicylic acid (ASA) in the early postoperative pe-
riod to avoid graft thrombosis. In addition to coagulopathy, careful consid-
eration must be given to patient temperature. If active warming is not
performed during surgery, with forced air warmer for example, the patient’s
temperature often drifts to 35°C or lower. This may contribute to bleed loss,
prolong the duration of narcotics and muscle relaxants, and make early
extubation more difficult. Often warming blankets, fluid warmers, or an
increase in ambient room temperature are used to avoid hypothermia.
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Outcomes and off-pump coronary artery bypass snrgery]minimally invasive
direct coronary artery bypass surgery

The hope of any change in practice is that it will result in an improvement in
careof patients, witha resultant improvement in outcomes. Itisimportant with
any new advance to demonstrate, with randomized trials, that these improve-
ments do indeed occur, and that patients will benefit from the widespread adop-
tion of this technology. OPCAB is often compared with conventional bypass
grafting, a logical comparison. MIDCAB with grafting of 8 single vessel has
been compared with conventional bypass, but is probably best compared
with PCI as a suitable alternative. The remainder of this article therefore exam-
ines outcomes of OPCAB versus conventional bypass and MIDCAB versus
PCL

Off-pump coronary artery bypass surgery versus
conventional bypass surgery

Many surgeons heralded the reinvention of OPCAB surgery as & way to
prevent stroke and neurologic dysfunction by avoiding aortic cannulation
and conventional ECC. Unfortunately, few randomized trials were con-
ducted, and most relied on evidence from observational studies, often using
historical controls. Fortunately, over the last 5 to 8 years a number of ran-
domized trials were conducted examining the efficacy of OPCAB versus
conventional bypass. Most of these trials included relatively healthy patients
who were suitable for either conventional cardiac surgery or OPCAB
surgery. Most trials were Jimited because they were not designed to specify,
before randomization, which targets were to be grafted. As 2 result, most
patients randomized to OPCAB treatment arms received fewer grafts in
total than the conventional groups. Many trials also did not follow inten-
tion-to-treat analysis. This is especially important considering the increased
risk in patients converted from OPCAB surgery io conventional bypass. In
most trials these conversions were excluded from analysis.

A meta-analysis of randomized trials conducted by the authors’ group
has aided in elucidating the benefits of OPCAB surgery compared with con-
ventional bypass grafting. Although it was widely believed that the rates of
stroke and neurocognitive dysfunction would be lower in the QPCAB group,
the review found no difference between OPCAB patients and conventional
coronary artery bypass (CCAB) patients. Although the neurocognitive dys-
function was statistically significantly improved at 2 to 6 months, there was
no difference at 30 days or at | to 2 years. A more recent meta-analysis of
gi1 patients drew gsimilar conclusions [40]. Anather recent meta-analysis
of stroke in OPCAB versus CCARB trials concluded that stroke rates were re-
duced in QPCAB surgery [41]. The rates of death, myocardial infarction,
and renal failure were not statisticaily different in either study. Patients
who undergo OPCAB surgery do benefit from a reduction in the incidence

g e



448 BAINBRIDGE & CHENG

of atrial fibrillation, blood transfusion, respiratory infections, and inotrope
use. Resource use is also reduced in OPCAB surgery (Box 1).

The issue of graft patency has been raised as a concern by some surgeons
following an article by Khan and colleagues [42] in the New England Journal
of Medicine that suggested that graft patency may be compromised In
OPCARB patients. There was no difference in the rates of angina recurrence
or reintervention (at 30 days or at 1-2 years) from the authors' review, sug-
gesting, at least clinically, that graft patency was similar. Three additional
papers reporting on graft patency found no difference in OCAB versus
CCAB groups [43-45].

Overall outcomes are improved in patients undergoing OPCAB surgery;
however, most randomized trials were performed on low-risk groups, and so
generalizing to higher-risk subgroups is difficult. Specific subgroups that still
require more study include elderly patients and those who have poor LV
function [46].

Minimally invasive direct coronary artery bypass versus percutaneous
coronary intervention

There have been a number of studies comparing MIDCAB surgery with
conventional percutaneous intervention. A recently published meta-analysis
reviewed these trials [47]. Most of the trials employed a MIDCAB surgical
approach for revascularization; however, some trials did perform sternot-
omy. Most trials were single LIMA to LAD grafting or stent to LAD,
depending on the trial arm. The results demonstrated no significant differ-
ences in the rates of death, acute myocardial infarction, or stroke between
the two groups. Angina recurrence in hospital, reintervention rates atlto
5 years, major adverse coronary events (MACE) at 6 months and 1 to
5 years, and event-free survival at 6months and 1 to 5 years were all higher
in the PCI-randomized patients. This suggests that for treatment of LAD
disease OPCAB surgery remains superior (Box 2). Many of the trials used

=

Box 1. Benefits of off-pump coronary artery bypass surgery over
conventional coronary artery bypass surgery

Decreased rates of stroke

Decreased rates of atrial fibrillation
Decreased rates of blood transfusion
Decreased rates of respiratory infections
Decreased use of inotropes

Decreased hospital length of stay
Decreased ICU length of stay

Decreased ventilation time
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Box 2. Benefits of minimally invasive direct coronary artery
bypass surgery

Angina recurrence in hospital

Reintervention rates at 1 to 5 years

MAGCE at 6 months and 1 to b years

Event free survival at 6 months and 1 to § years

bare metal stents (BMS), which may not be refiective of current practice.
The one trial that employed DES placed patients on clopidogrel for only
6 months [48]. These may all result in lower long-term morbidity if patients
receive DES; however, studies of real-world experience of stenting versus sur-
gery support the inferiority of stenting and PCI for the management of CAD.
In addition, there has been much concern expressed about the need to take
clopidogrel for at least 1 year following DES implantation to avoid acute
stent thrombosis, which carries a high mortality [49). The assumption there-
fore that the newer DES stents are inherently superior to the BMS needs to
questioned until adequately powered long-term studies are completed.

In patients who have isolated LAD disease therefore, OPCAB/MIDCAB
techniques are superior to PCI for treatment. The choice, however, is ulti-
mately affected by patient preference and choice based on fully informed
consent,

Summary

Many new technologies are being developed, refined, and ultimately im-
plemented for the treatment of patients, with the overall aim at improving
outcomes. One common feature of many new technologies is that they offer
a safer approach to previous techniques. Indeed, perhaps one of the greatest
driving forces for change over the last 30 years is risk reduction. From the
removal of lead in paint to the addition of seatbelts, then airbags, in cars,
the concept of mitigating risk has become immensely important today.
Although cardiac surgery has evolved to reduce risks incrementally, risks
have been effectively undercut by percutaneous based procedures that
have offered dramatic reductions in risk—at least in the short term. Beating
heart techniques, whether OPCAB, MDCAB, or in other forms such as per-
cutaneous valve replacement, are likely to dramatically increase over the
next decade. What role OPCAB and MIDCAB techniques will play in
this new era is anyone's guess.
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Heparin-Induced Thrombocytopenia and

Cardiac Surgery

Theodore E. Warkentin, MD, and Andreas Greinacher, MD

Departments of Pathology and Molecular Medicine, and Medicine,
Department of Immunology and Transfusion Medicine, Emst-Mori

Unfractionated heparin given during cardiopulmonary
bypass is remarkably immunogenic, as 25% to 50% of
postcardiac surgery patients develop heparin-dependent
antibodies during the next 5 to 10 days. Sometimes, these
antibodies strongly activate platelets and coagulation,
thereby causing the prothrombotic disorder, heparin-
induced thrombacytopenia. The risk of heparin-induced
thrombocytopenia is 1% to 3% if unfractionated heparin
is continued beyond the first postoperative week. When
cardiac surgery is urgently needed for a patient with

Physicians caring for cardiac surgery patients require
an understanding of heparin-induced thrombocyto-
penia (HIT), as this patient population is at relatively
high risk for this anh'body-mediated, prothrombutic ad-
verse effect of heparin. Indeed, monitoring of the platelet
count for HIT is a standard feature of postcardiac surgical
care [1}. Nevertheless, only a small minority of thrombo-
cytopenic postcardiac surgery patients actually have HIT,
illustrating the need to view HIT as a clinicopathologic
syndrome, ie, the diagnosis should be based on both
clinical and serologic grounds [1]. The occasional need to
perform urgent cardiac surgery in a patient with acute
HIT presents the challenge of choosing an appropriate
anticoagulant approach among several available options
[2]. Our aim is to review HIT in the context of the cardiac
surgical patient, and to combine our North American and
European perspectives in providing treatment
recommendations.

Currently, three anticoagulants are approved for treat-
ment of HIT (United States: lepirudin [3) and argatroban
[4); European Union: danaparoid [5] and lepirudin; Can-
ada: all three agents). However, neither these nor other
available nonheparin anticoagulants (bivalirudin [6]) are
approved for use during cardiopulmonary bypass (CPB),
necessitating off-label use under exceptional circum-
stances. The appendix summarizes our review.
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© 2003 by The Society of Thoracic Surgeons
Published by Elsevier Inc

McMaster University, Hamilton, Ontario, Canada, and
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acute or subacute heparin-induced thrombocytopenia,
options include an alternative anticoagulant (bivalirudin,
lepirudin, or danaparoid) or combining unfractionated
heparin with a platelet antagonist {epoprosteno] or tiro-
fiban). As heparin-induced thrombocytopenia antibodies
are transient, unfractionated heparin alone is appropriate
in a patient with previous heparin-induced thrombocy-
topenia whose antibodies have disappeared.
(Ann Thorac Surg 2003;76:2121-31)
© 2003 by The Society of Thoracic Surgeons

Pathogenesis

Heparin-induced thrombocytopenia is an immune-
mediated disorder resulting when immunoglobulin G
antibodies are produced that recognize a self protein,
platelet factor 4, when platelet factor 4 has formed
complexes with heparin 7, 8]. Multimolecular complexes
of heparin, platelet factor 4, and immunoglobulin G form
on platelet surfaces, and occupancy of the platelet Fec
receptors by HIT-immunoglobulin G produces platelet
activation. Heparin chains bind in relation to their chain
length to platelet factor 4, perhaps explaining why un-
fractionated heparin (UFH) is more likely to cause HIT
than low-molecular-weight heparin (LMWH) 19-12].
Platelet activation in HIT leads also to activation of
coagulation. Once these procoagulant events are trig-
gered, the prothrombolic risk remains for days to weeks,
even after heparin has been stopped [13).

Clinical Picture

Timing of Thrombocytopenia

Most often, HIT presents asan unexpected platelet count
fall beginning 5 to 10 days after heart surgery (Fig 1A) [14,
15]. Sometimes, HIT presents as an abrupt fall in the
platelet count when heparin is administered (Fig 1B).
Invariably, such patients have received heparin within
the past 100 days (usually within the past 3 weeks). The
reason for this temporal association is that the heparin
antibodies triggered by the recent heparin exposure are
remarkably transient {14]. Rarely, HIT presents several
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days or even a few weeks after discharge from the
hospital (delayed-onset HIT; Fig 1C) (16, 17}. This syn-
drome is associated with high-titer HIT antibodies that
activate platelets even in the absence of pharmacologic
heparin.

Severity of Thrombocytopenia

Thrombacytopenia in HIT is usually of moderate sever-
ity: 80% of patients have platelet count nadirs between 20
and 150 X 10°/L (median, 60 X 10°/L) [8]. Only 10% have
platelet counts below 20 X 10%/L, but even these patients
do not have signs of thromboeytopenic bleeding (pete-
chiae). The remaining 10% of patients whose platelet
count never falls below 150 X 10°/L are recognized either
because of substantial platelet count falls {>50%) [18] or
because of clinical events {thrombosis or skin lesions)
suggesting HIT [17]. Using a proportional fall in platelet
count such as more than 50% is appropriate because HIT
usually occurs in the background of a rising postopera-
tive platelet count (Fig 1) [11, 18, 19].

Thrombosis and Other Sequelae of Heparin-Induced
Thrombocytopenia
Heparin-induced thrombocytopenia is strongly associ-
ated with thrombosis (odds ratio, 17 to 37) [9, 18, 20].
Approximately 40% to 75% of patients develop thrombo-
sis, with predominance of venous over arterial thrombo-
sis (ratio, 2:1 to 4:1) [13, 17]. Although postcardiac surgery
patients with HIT develop similar rates of thrombosis
(38% to 81%), arterial thrombi predominate [21-24], likely
reflecting additional risk factors {arteriosclerosis, intra-
vascular catheter use) in this patient population. Hepa-
rin-induced thrombocytopenia-associated mortality was
28% in the largest study of cardiac susgery patients [21].

Arterial thrombosis most often affects large lower-limb
arteries, with thrombotic strokes and myacardial infarc-
tion less often seen (ie, the converse of usual localization
of atherothrombosis) [17). Rarely, arterial thrombi affect
mesenteric, brachial, renal, or spinal arteries. HIT after
coronary bypass grafting is associated with saphenous
vein graft occlusion(s) [25]. Venous thromboembolism
{deep-vein thrombosis [DVT], pulmonary embolism) is
also common. Upper-limb DVT in HIT is strongly asso-
ciated with use of a central venous catheter [20). Some-
times, intraatrial or intraventricular thrombosis occurs.
Rarely, thrombosis of adrenal veins leads to bilateral
adrenal hemorrhagic necrosis and acute adrenal
insufficiency.

About 10% ta 20% of patients who develop HIT during

Days after Cardiac Surgery

subcutaneous heparin therapy develop skin lesions at the
injection sites ranging from painful erythematous
plagques to skin necrosis [17]. Some patients who develop
rapid-onset HIT after intravenous bolus heparin evince
an acute systemic reaction that can be inflammatory
(fever or chills, flushing), cardiorespiratory (dyspnea,
hypertension, cardiorespiratory arrest), gastrointestinal
(vomiting, diarrhea), or neurologic {transient global am-
nesia) [17].

Although increased thrombin generation is universal
in HIT, overt (decompensated} disseminated intravascu-
lar coagulation leading to hypofibrinogenemia or in-
creased prothrombin time is seen in only 5% to 10% of
patients with HIT {7].

Differential Diagnosis

Thrombocytopenia secondary to hemodilution and plate-
let consumption occurs during cardiac surgery, with the
lowest platelet counts {(40% to 60% decline) usually seen
on postoperative days 2 to 3, followed by thrombocytosis
(peaking at two to three times baseline at about day 14),
with subsequent return to preoperative baseline by 1
month after surgery. Thrombocytopenia during the first
four postoperative days is only rarely attributable to HIT
(26]. This is because heparin administered during CPB
does not lead to clinically significant levels of HIT anti-
bodies until postoperative day 5 or later, and because
dlinically significant levels of HIT antibodies are not
commonly produced by preoperative heparin given dur-
ing heart catheterization or for treating acute coronary
syndromes.

However, a platelet count fall that begins 5 to 10 days
after cardiac surgery (Fig 14, 1C) or that occurs abruptly
after starting heparin in a patient previously exposed to
heparin within the past 100 days (Fig 1B), is very sugges-
tive of HIT. However, other complications can produce
thrombocytopenia during this time period, both common
(septicemia, multiorgan system failure) and rare (post-
transfusion purpura {27}).

Laboratory Testing for Heparin-Induced
Thrombacytopenia Antibodies

Two commercial enzyme immunoassays (EIAs) are avail-
able that are very sensitive for detecting platelet factor
4-reactive HIT antibodies. Platelet activation assays that
use washed platelets (eg, platelet serotonin release assay,
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heparin-induced platelet activation assay) have similar
sensitivity as the ElAs for detecting clinically significant
HIT antibodies, but with greater diagnostic specificity
[28]. As reference Jaboratories usually perform these
assays, delays in obtaining test results are common.
Conventional platelet aggregation assays have limited
sensitivity and specificity for detecting HIT antibodies [1,

The high sensitivity of EIAs and washed platelet acti-
vation assays means that a negative result usually rules
out HIT (high negative predictive value) [29]. However,
the high frequency of subclinical HIT antibody serocon-
version after cardiac surgery (discussed subsequently}
means that a positive assay result does not necessarily
prove HIT to be the diagnosis (moderate positive predic-
tive value), particularly if the pretest probability for HIT
is low, or the test result is only weakly positive [29].

Frequency of Heparin-Induced Thrombocytopenia
After Cardiac Surgery

Several prospective studies have evaluated the frequency
of HIT in postoperative cardiac surgical patients who also
received postoperative antithrombotic prophylaxis with
UFH [11, 28, 30]. Pooling the data, the frequency of HIT
was 2.4% (10 of 414 patients). This frequency is consistent
with retrospective studies [21-24] that observed an over-
all frequency of about 2%.

Prospective studies [11, 28, 30-33] have found that 27%
to 50% of posteardiac surgical patients form HIT antibod-
jes detectable by ELA; however, only 7% to 40% [11, 28,
31] of these seroconversion events include high-titer
immunoglobulin G antibodies that activate platelets in
vitro. The observed frequency of HIT after cardiac sur-
gery (1% to 3%) despite much higher seroconversion
rates (27% to 50%) indicate that only a small minority
(<10%) of antibody-positive patients actually develop
thrombocytopenia even when heparin is continued
through the postoperative period. In general, patients
with the strongest antibody test results are most likely to
develop HIT (eg, >90% serotonin release corresponds to
a likelihood ratio for HIT of 20} [29].

Francis and colleagues [33] found a higher frequency of
HIT antibody formation when UFH of beef lung origin
was used for cardiac surgery, rather than UFH derived
from porcine gut {49.5% versus 35.2%; p = 0.037). This
study is consistent with previous comparisons of these
two UFH preparations for treatment of DVT, in which
beef lung heparin was more likely to cause HIT [12, M)

Heparin Anticoagulation After Cardiac Surgery

Despite the common practice of giving UFH for anti-
thrombotic prophylaxis after cardiac surgery, we are
unaware of studies establishing its efficacy in this situa-
tion, particularly vis-a-vis its potential to cause HIT-
associated thrombosis. A nonrandomized comparison of
LMWH and UFH administered after cardiac surgery
found a lower risk of HIT with LMWH: 1 of 370 patients
(0.3%) versus 9 of 263 patients (3.4%) (11}, consistent with
studies in postorthopedic surgery patients [9, 12]. How-
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ever, LMWH has not been well studied in cardiac surgi-
cal patients, and lacks regulatory approval for this indi-
cation. We recommend that if UFH or LMWH is given
after cardiac surgery (either in therapeutic, prophylactic,
or flush doses), appropriate platelet count monitoring for
HIT be performed .

Management of Heparin-Induced
Thrombocytopenia After Cardiac Surgery

The probabitity of HIT is high if a more than 50% fall in
the platelet count begins between postoperative days 5
and 10 and occurs in the absence of alternative explana-
tions, eg, infection. In such patients with high clinical
suspicion for HIT, there is emerging consensus that
hepatin should be stopped, and an alternative, nonhepa-
rin anticoagulant substituted. This recommendation is
based on the unfavorable natural history of HIT managed
by heparin cessation alone (with or without warfarin):
25% to 50% thrombosis at 30- to 37-day follow-up (5%
fatal thrombosis) [8, 13}. Further, lower limbs should be
routinely screened for venous thrombosis, as clinically
gilent DVT is common in HIT patients [8). Heparin-
induced thrombocytopenia should also be suspected
whenever a patient develops thrombosis while receiving
heparin, or if the patient returns to the hospital with
thrombocytopenia and thrombosis within the first 2
weeks afier cardiac surgery (delayed-onset HIT). The
next section summarizes briefly the treatment of HIT,
which is discussed in detail elsewhere 7, 8, 35].

Treatment of Thrombosis Complicating Heparin-
Induced Thrombocytopenia

The principles of treating thrombosis complicating HIT
are (1) stop all heparin, including small doses of UFH
used to flush invasive catheters, as well as LMWH; (2)
give a rapidly acting, nonheparin anticoagulant, eg, 3
direct thrombin inhibitor such as argatroban, lepirudin,
or bivalirudin, or danaparoid (factor Xa-inhibiting hepa-
rinoid); (3) aveid prophylactic platelet transfusions; (1)
avoid warfarin until substantial resolution of thrombocy-
topenia has occurred; and (5) consider adjunctive thera-
pies in specific situations, eg, surgical thromboembolec-
tomy for limb-threatening arterial thrombosis.

The choice of alternative anticoagulant (Table 1) de-
pends on patient-specific factors. Argatroban and lepiru-
din are excreted through hepatobiliary and renal routes,
respectively; thus, argatroban is more suited for patients
with renal insufficiency, whereas lepirudin is preferred if
the patient has hepatic dysfunction. Bivalirudin predom-
inantly undergoes enzymic degradation in the plasma
{80%), with minor renal excretion (20%). Lepirudin is
immunogenic, and during repeat courses a bolus should
be avoided, as the risk of anaphylaxis is estimated at
0.16% [36]. The direct thrombin inhibitors have short
half-lives (lepirudin, B0 minutes; argatroban, 40 to 50
minutes; bivalirudin, 25 minutes), which is useful when
dose interruptions are anticipated, eg, for an impending
invasive procedure.

Warfarin and other oral anticoagulants should be
avoided during acute HIT because they can lead to limb




2124 CORRECTION WARKENTIN AND GREINACHER

Ann Thorac Surg

HEPARIN-INDUCED THROMBOCYTOPENIA 2003;76:2121-31
Table 1. Three Direct Thrombin Inhibitors for Treatment of Heparin-induced Thrombocyltopenia
Dosing Protocol for HIT- Anticoagulant

Anticoagulant  Associated Thrombosis® Monitorin Metabolism  Half-life Comment

Lepirudin (= Bolus, 0.4 mg/kg); 15-25 X baseline  Renal 80 min Relatively contraindicated in renal
initial infusion rate, aPTT failure:* risk of anaphylaxis,
015mg-kg*-h7*" especially on reexposure; minor

prolongation of INR

Bivalirudin No bolus; initial infusion 15-2.5 X baseline  Enzymic (80%); 25 min Small experience in treating HIT;
rate, 0.15-0.20 aPTT Renal {20%} minor prolongation of INR
mg - kg-'t A h—1

Argatroban Hepatobiliary ~ 40-50 min Initial dose 0.5 pg-kg™* - min~" in

No bolus: initial infusion 1.5-3.0 X baseline
rate, 2 pg - kg™* aPTT
-min~"

hepatic insufficiency; moderate to
marked prolongation of INR
{complicates warfarin overlap)

* Identical ptotocols are generally used for 1sclated HIT, except for lepirudin {no initial bolus; {nitial infusion rate, 010 mg - kg ' k=1 adjusted to aFTT

15-25 X baseline aPTT). However, in contrast to the package ingert, and in
renal dysfunction), we recommend omitting the lepirudin bolus unless there

arder to avoid overdosing (especially in elderly patients with unrecognized

is life threatening thrombaosis. ¥ Generally, the patient’s baseline aPTT

should be used (when applicable) for calculating target range, when appropriate; otherwise, the mean of the laboratory normal range can be

used.  ©Substantial dose-reduction in renal insufficiency is req

aPTT = activated partial thromboplastin time;

necrosis resulting from microvascular thrombosis caused
by depletion of the vitamin K-dependent natural antico-
agulant, protein C [37, 38]. This complication, which may
occur in 5% to 10% of patients with HIT-associated DVT
receiving oral anticoagulants, is usually seen when the
international normalized ratio rises above 35, as this
represenis a surrogate marker for protein C depletion.
After platelet count recovery, if longer-term anticoagula-
tion is needed, then warfarin anticoagulation is com-
menced that should overlap at least 5 days with the
heparin alternative being used. For unknown reasons,
argatroban prolongs the international normalized ratio
much more than does lepirudin or bivalirudin, compli-
cating monitoring of warfarin during overlapping antico-
agulation. In contrast, the long half-life of danaparoid (25
hours) and lack of interference with the international
normalized ratio makes it well-suited for treating venous
thromboembolism when subsequent overlap with oral
anticoagulants is required.

Treatment of Isolated Heparin-Induced
Thrombocytopenia

Isolated HIT indicates when HIT is suspected because of
a fall in platelet count alone without a HIT-associated
thrombosis having occurred (yet) {12]. Previously, it was
assumed that stopping heparin avoided subsequent
thrombaosis in isolated HIT. However, studies indicate
that 25% to 50% of patients managed with heparin
cessation develop thrombosis [8, 13). Thus, in most situ-
ations, patients strongly suspected as having isolated HIT
should receive a rapidly acting, nonheparin anticoagu-
lant [35].

Anticoagulation During, Cardiac Surgery in
Patients With Previous or {Sub)Acute Heparin-
Induced Thrombocytopenia

Activation of coagulation by contact of blaod with the
artificial surfaces of the CPB apparatus, as well as the
reinfusion of tissue factor-enriched blood from the op-
erative field, mandates high-dose anticoagulation. Well-

HIT = heparln-induced thrombocytopenia; [NR = international normalized ratio,

known advantages of UFH during CPB include (1) its
high efficacy for preventing thrombosis of the CPB cir-
cuit; (2) rapid and simple intraoperative monitoring by
activated clotting time; and (3} neutralization of heparin
by protamine sulfate. No other agent meets these re-
quirements; further, minimal experience with nonhepa-
rin anticoagulation during CPB exists. Thus, situations in
which UFH is truly contraindicated must be well defined,
so as to avoid potentially greater risks of nonheparin

Table 2. Options for Anticoagulation During Cardiac
Surgery
A. Acute HIT
1 Pc))stpone cardiac surgery for several weeks (then go to
C
2. Bivalirudin (preferably, if ecarin clotting time monitoring
available)}
3. Lepirudin {if ecarin clolting time monitoring available
and normal renal function)
4. Epoprostenol plus heparin
5. Tirofiban plus heparin
6. Danaparoid (if drug and anti-factor Xa monitoring
available)
B. Subacute HIT*
1 léc)pslpone cardiac surgery for several weeks (then go to
2. Off-pump technique® using bivalirudin, lepirudin, or
danapareid
3. Heparin (if washed platelet activation assay for HIT
antibodies is negative or enzyme immunoassay negative
or weakly positive)
4. See options listed under A
C. Previous HIT*
1. Heparin

Each of the numbered items above indicates a separate option for
consideration, with options we favor listed first.

s Gubacute heparin-induced tirombocytopenia (HIT} indicates 2 patient
with recent HIT who has detectable HIT antibodies despite resolution of
thrombocytopenia. Y Ofi-pump surgery requires only about one haif
1o one third the level of anticoagulation cotpared with cardiopulmonary

ass.  © Previous HIT indicates that HIT antibodies no longer are
detectable.
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agents in this setling. Table 2 summarizes various ap-
proaches for managing CPB in patients with previous or
(sub)acute HIT.

Cardiac Surgery in Patients With Previous
Heparin-Induced Thrombocytopenia

Heparin-induced thrombocytopenia antibodies are tran-
sient and usually decline to nondetectable levels by 100
days (median, 50 days) using washed platelet activation
assays; by EIA, the time to antibody disappearance is
somewhat longer (median, 80 days) [14). If heparin is
administered to a patient with previous HIT whose
antibodies are no longer detectable, several days are
required for B lymphocytes to regenerate antibodies, if
they are made at all. Indeed, recent studies [14, 15, 39]
indicate that HIT antibody formation does nof recur more
quickly or more oftenina patient with previous HIT who
is reexposed to heparin, ie, there is no anamnestic (im-
mune memory) response against HIT antigens.

Therefore, UFH is the drug of choice for anticoagula-
tion during CPB in patients with a history of HIT who no
longer have circulating HIT antibodies using one or more
sensitive assays. We [14, 40] and others {39, 41, 42] have
performed this strategy without producing HIT-related
complications, When planninga reexposure, it is prudent
to avoid preoperative heparin completely, so as to avoid
restimulating antibodies, eg, by performing heart cathe-
terization using either argatroban [43}, bivalirudin {44},
lepirudin [3], or danaparoid [45). After surgery, nonhe-
parin anticoagulants should be given if antithrombotic
prophylaxs is needed, eg, warfarin, danaparoid 750 U
twice or thrice daily subcutaneously, or hirudin 15 mg
subcutaneously twice daily (see Table 1 if therapeutic-
dose anticoagulation is required).

In our opinion, it is also reasonable to use UFH for CPB
in a patient with recent HIT who tests weakly positive by
EIA if a sensitive washed platelet activation assay is
negative. This is because HIT antibodies detectable by
activation assays correlate more closely with clinical HIT
[28). One of us (A.G.) has used UFH for CPB in this
gituation in 2 patients, with no adverse HIT-associated
events.

For patients with previous HIT who require urgent
heart surgery, there may be no opportunity to perform
repeat testing for HIT antibodies. In this situation, we
recommend using UFH if HIT occurred more than 100
days earlier. Both of us have used this approach with
success when faced with this situation [40]. For patients
whose episode of HIT occurred more recently, the deci-
sion to use standard UFH depends on the likelihood that
significant antibody levels persist and the center’s capac-
ity to organize quickly an alternative anticoagulant
approach.

Cardiac Surgery in Patients With Acute or
Subacute Heparin-Induced Thrombocytopenia

Subacute (or latent) HIT refers to a patient with a recent
episode of HIT who continues to have detectable HIT
antibodies [8]. Such a patient can develop rapid-onset
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HIT if heparin is administered again [14, 15}, The precise
risk of giving high-dose UFH for CPB in this situation is
not well defined, and anecdotal success using UFH has
been reported [46]. Sometimes, cardiac surgery can be
avoided, eg, low-dose thrombolysis (tissue-type plasmin-
ogen activator, 2 mg/h) plus lepirudin to treat HIT-
associated intracardiac thrembosis [47].

For patients with acute or subacute HIT in whom heart
surgery cannot be posiponed, and for whom standard
UFH anticoagulation is considered contraindicated, sev-
eral ofi-label approaches exist (Table 2). No single
method is approptiate in all circumstances, given pa-
tient-dependent factors (eg, renal failure), differences in
jurisdictional availability of the nonheparin anticoagu-
lants, accessibility and turnaround time of specialized
laboratory monitoring, and prior physician experiences
and preferences. Moreover, a team approach involving
cooperation among surgeon, cardiologist, cardiac anes-
thesiologist, critical care physician, hematologist, and
laboratory personnel is necessary. When a heparin-free
approach is chosen, it is important not to administer
heparin accidentally, eg by heparin-coated intrapulmo-
nary catheters, heparin-coated arterial filters or tubing
within the CPB apparatus, or intravascular heparin
flushes.

Particularly for patients with subacute HIT, use of an
off-pump technique should be considered, as only one
third to one half of the usual dose of danaparoid or
lepirudin, respectively, than required for CPB is needed,
potentially reducing bleeding [48, 49]. Bivalirudin has
also been used successfully for off-pump cardiac surgery
in HIT patients [50), with similar dosing as that under
investigation for non-HIT patients undergoing off-pump
surgery (bolus, 0.75 mg/kg, then 175 mg-kg™ -h™"
infusion to maintain activated clotting time > 300 sec-
onds) [51). (This is the same bivalirudin dosing used in
percutaneous coronary interventions [52}.)

Recombinant Hirudin

Hirudin is an anticoagulant naturally produced by the
salivary gland of the medicinal leech [3]. Two prepara-
tions are available by recombinant technology: lepirudin
(Refludan, Berlex Laboratories, Montville, NJ) has been
studied more extensively for HIT than desirudin (Revasc)
13, 38]. Hirudin is a single-chain 65-amino acid polypep-
tide (7,000 Da) that forms an irreversible 1:1 complex with
thrombin. Hirudin interacts with both the fibrinogen-
binding and catalytic sites of thrombin, completely inhib-
iting all procoagulant actions of thrombin, Unlike hepa-
rin, hirudin also inhibits clot-bound thrombin, including
thrombin on fibrin lining the CPB circuit. The half-life of
hirudin greatly depends on renal function, ranging from
80 minutes (normal kidneys) to more than 200 hours
(anephric patient). No antidote exists.

In animal studies, hirudin in fixed doses provided
effective CPB anticoagulation. However, in humans un-
dergoing CPB, individualized dosing adjusted by intra-
operative laboratory monitoring is required (Table 3).
Unfortunately, although the activated partial thrombo-
plastin time is adequate to monitor hirudin when treating
thrombosis, the activated partial thromboplastin time-
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Table 3. Treatment Protocol for Hirudin (Lepirudin) Anticoagulation During Cardiopulmonary Bypass (modified from [42])

Initial lepirudin desing (pre-CPB)
Initial intravenous (iv) lepirudin bolus:
and initiate continuous iv infusion:*
Lepirudin added to pump circuit volume:
Target lepirudin plasma level:®

Lepirudin dosing and monitoring while on CPB
Continue iv infusion (adjusted as below):
Frequency of lepirudin level monitoring:
Intraoperative dose adjustments, based on ecarin clotting time
Lepirudin plasma level®
=45 pglmL
3.5-45 pg/mL
<35 pg/mL
Special steps toward end of CPB
Stop lepirudin infusion 15 min before anticipated end of CPB

0.25 mglkg body weight

30 mL/h (0.5 mg/min)

0.2 mg/kg body weight

>25 ug/mL before start of CPB

i <2.5 pug/ml, give additional bolus (10 mg)

30 mL/h (0.5 mg/min}
Every 15 min using ecarin clotting time

Dosing modification
Reduce infusion rate by 10 mL/h
No change in infusion rate
Increase infusion rate by 10 mLth

After separation from CPB, administer 5 mg lepirudin to the pump circuit to prevent clot formation

2 50 mg of lepirudin is dissolved in 50 mL of 0.9% sodium chloride.

during CPB (3.5-45 pg/ml) because of the addition of lepirudin fo the pum|

CPB = cardiopulmonary bypass.

hirudin relation flattens at the high concentrations
needed during CPB. Further, the activated clotting time
does not correlate well with hirudin levels, although it
has been used for this purpose [53]. Reliable {(* > 0.90)
results at this time are only obtained using the ecarin
clotting time, which can be measured rapidly using
whole bload [54]. However, as accuracy of the ecarin
clotting time requires normal (at least 70%) prothrombin
levels {55], and because hemodilution during CPB can
cause hypoprothrombinemia, supplementation of nor-
mal human plasma (1 part normal plasma to 1 part
patient whole blood) is recommended for a reliable test
[53, 56).

in the United States and Canada, there is the addi-
tional option to use a commerdial ecarin clotting time
method available from PharmaNetics {Morrisville, NC)
by way of a humanitarian device exemption (H990012) for
the specific situation of CPB when heparin is contraindi-
cated because of HIT [57]. The assay is performed using
a point-of-care methodology (Thrombolytic Assessment
System; manufactured by PharmaNetics; and marketed
as Rapidpoint Coag by Bayer Diagnostics, Toronto, On-
tario, and Tarrytown, NY). Practical issues include the
time required for obtaining the indemnification agree-
ment and institutional review board approval (United
States) or patient-specific regulatory approval (Canada).

Clot formation can occur at hirudin concentrations less
than 2 pg/mL {58, 59], and the goal is to achieve stable
intraoperative hirudin levels at approximately 4 pg/mL
{42, 54]. With normal renal function, hirudin levels de-
cline quickly after stopping the infusion. In renal impair-
ment, drug accumulation can cause severe bleeding [40],
and ultrafiltration during (or modified ultrafiltration im-
mediately after) CPB or hemofiltration or hemadialysis
after surgery may be required (using filters appropriate
for removing lepirudin) [60]. After discontinuation of

b The target lepirudin level pre-CPB (>25 pgiml) s lower than the level sought
p circuit volume (0.2 mglkg body weight).

CPB, the blood in the reservoir must be anticoagulated
with an additional bolus of lepirudin (Table 3); if this
blood is to be reinfused, a cell saving device should be
used to wash out the drug. In patients who have received
hirudin for several days before CPB, hirudin will have
saturated the extravascular compartment, thus contrib-
uting to greater hirudin levels after CPB as hirudin
redistributes back into the intravascular space (80% of
lepirudin distributes in the extravascular space). From
experience to date, major bleeding is a frequent problem
in HIT patients who receive lepirudin for CPB.

Bivalirudin
Bivalirudin (Angiomax, The Medicines Company, Parsip-
pany, NJ) is a 20-amino acid synthetic peptide modeled
after hirudin, which consisis of two peptide fragmenis
(connected by a tetraglycine spacer) that respectively
recognize the fibrinogen binding site (exosite 1) and
catalytic site of thrombin. Unlike lepirudin, this bivalent
interaction with thrombin is reversible once plasma en-
zymes (including thrombin itself) cleave the argd-pro4
bond on bivalirudin, Its short half-life (25 minutes) and
predominant enzymic elimination are advantageous for
use in CPB. As with lepirudin, the ecarin clotting time is
recommended for intraoperative monitoring during CPB
[61}, although anecdotal success (and some failure) using
activated clotting time monitoring exists. For off-pump
procedures {at lower bivalirudin concentrations) the ac-
tivated clotting time can be used [51). Extracorporeal
hemoconcentration can remove up to 70% of circulating
bivalirudin and can be applied after discontinuation of
the infusion either routinely or specifically in the patient
with renal dysfunction [62].

Bivalirudin has been used successfully off-label for
anticoagulation during both off-pump [50] and on-pump
[61, 63, 64] cardiac surgery in patients with acute or
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Table 4. Treatment Protocol for Bivalirudin Anticoagulation During Cardiopulmonary Bypass (Under Investigation")

Initial bivalirudin dosing (pre-CPB)
Initial intravenous (iv} bivalirudin bolus:
and initiate continuous iv infusion:
Bivalirudin added to pump circuit volume:
Target bivalirudin plasma level:

Bivalirudin dosing and monitoring while on CPB
Continue iv infusion (adjusted as below):
Frequency of bivalirudin level monitoring:

1.5 mg/kg body weight

25mg-kg™ b~ (42 pg kg™ min™")
50 mg

>10 pg/mL before start of CPB

If <10 pgfml, give additional bolus {0.25 mg/
kg) and increase infusion rate by 0.25
mg-kg™'-h7!

25 mg- kg™" - h™? or greater (as above)
Every 30 min using ecarin clotting time

Intracperative dose adjustments, based on ecarin clotting time (ECT)

Bivalirudin plasma level (ECT)®
>15 pgimL (>500 5)
10-15 pg/mL. (400-500 s}
<10 pg/mL (<400 8)

Special steps at end of CPB
Stop bivalirudin infusion at end of CFB, then either:

Dasing modification
Reduce infusion rate by 0.25 mg kg~!-h!
No change in infusion rate

Give additional bolus (0.25 mg/kg) and
increase infusion rate by 0.25
mg-kg™'-h7

{A) Within 10 min of stopping bivalirudin infusion: First, reinfuse appropriate portion of pump volume to patient, and then
give 50-mg bivalirudin bolus to the circuit to prevent clotting; start an infusion of 50 mg - h™* into the circuit only, and
continue to recirculate; any subsequent relnfusion of remaining pump volume to patient should be processed through a

cell saving device (which removes >90% of bivalirudin); or

(B) Promptly empty remaining pump volume into cell saving device (replacing the pump contents with crystalloid), thus
avolding need for postseparation bivalirudin boluses to circuit; process blood for reinfusion with cell saving device to

remove bivalirudin

# Up-to-date information on protocol amendments are available from the manufacturer of bivalirudin.

© The target bivalirudin concentration (1015

pg/mL) corresponds to an ecarin ciotting time (ECT) of 400-500s using the RapidPoint Coag {Bayer); with other ECT methods, the bivafirudin

concentration should be determined using 2 calibration curve.
CPB = cardiopulmonary bypass.

previous HIT. In addition, pivalirudin compared favor-
ably in a randomized trial against heparin in non-HIT
patients undergoing off-pump surgery {51]. Bivalirudin
was therefore evaluated in a 20-patient pilot study (on-
pump, non-HIT), and is currently under investigation in
a phase 3 multicenter pivotal trial comparing bivalirudin
(Table 4) with UFH for on- and off-pump cardiac surgery
in patients with and without HIT.

The enzymic metabolism of bivalirudin presents cer-
tain practical issues, Surgical techniques that allow blood
to lie stagnant should be avoided, as local bivalirudin
Jevels will decrease owing to its metabolism by proteases
{including thrombin) produced in blood exposed to
wound or foreign surfaces, leading to local clot formation.
As a caveat related to this issue, the presence of visible
thrombus in an area of pooled blood, such as in the
pericardial cavity, should not be interpreted by the sur-
geon as indicative of the need for additional anticoagu-
lation, as this may only reflect local bivalirudin metabo-
lism and not correlate with intravascular levels. If blood
cardioplegia is used, the biood should be directly sourced
from the circuit, and (afier mixing with the cardioplegia
solution) immediately reinfused into the coronary Sys-
tem. For the same reason, assessment of graft blood flow
and testing for leakage should preferably be performed
with albumin and saline solutions or, alternatively, using
blood taken directly from the patient and used immedi-

ately for this assessment. Because hypothermia some-
what reduces the proteolysis of bivalirudin, the patient’s
core temperature should be maintained at close to 37°C
following coming off CPB or completion of the final
anastomoses in off-pump procedures, and care should be
taken to maintain body temperature during the early
postoperative period by active measures.

After separation from CPB, the risk that the circuit may
clot rapidly may be even higher than with lepirudin due
to bivalirudin’s shorter half-life and ongoing metabolism
owing to coniinuing bivalirudin proteolysis. Thus, provi-
sion to continue to recirculate pump blood after separa-
tion from bypass is made by adding a cross-limb in the
bypass circuit at the time of setup, which remains
clamped unti} coming off bypass. After clamping of the
venous line, this limb is opened and the contents are
recirculated. Within 10 minutes of separation from by-
pass, should the patient potentially need to return to
bypass support, a 50-mg bolus of bivalirudin should be
added to the circuit to prevent clotting, anda50 mg-h™*
infusion into the bypass circuit should also be started and
continued until such time as it is clear the patient will not
require urgent return to CPB. Once postseparation biva-
lirudin dosing to the circuit has commenced, any remain-
ing pump volume contents intended for reinfusion to the
patient should first be processed using a cell saving
device, thus washing away most of the bivalirudin. An-
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other approach is simply to drain rapidly the contents of
the pump into a cell saving device after separation from
bypass (replacing the pump contents with crystalloid)
and washing the blood, thus avoiding the possibility of
pump clotting without the need to administer additional
bivalirudin into the pump.

Danaparoid

Danaparoid sodium (Orgaran; Organon, Oss, the Neth-
erlands) is a mixture of anticoagulant glycosaminogly-
cans with predominant anti-factor Xa activity and low
risk for in vivo cross-reactivity with HIT antibodies [45].
The absence of an acceptable linear correlation between
the activated clotting time or activated partial thrombo-
plastin time and the high plasma danaparoid levels
required for CPB means that anti-factor Xa levels are
required for monitoring [65]. Danaparoid was recently
withdrawn from the U.S. market (April 2002), but contin-
ues to be available in Canada, continental Europe, Aus-
tralia, New Zealand, and Japan.

The efficacy of danaparoid for CPB anticoagulation was
first shown in dogs before human use for HIT [45, 66].
The largest series [67] describes 53 patients who under-
went CPB using a fixed-dose regimen (most without
laboratory monitoring). Severe postoperative bleeding
(>20 U of blood products required) occurred in 11 (20%)
patients; clots in the operative field occurred in 18 (34%)}
patients. Subsequently, two revised protocols based on
patient weight were developed [42, 67], one also recom-
mending intraoperative dose adjustments using a target
anti-factor Xa level of 15 = 0.3 U/mL {about twice the
usual therapeutic range). However, postoperative bleed-
ing as a result of the long half-life of and lack of antidote
for danaparoid remains a problem.

Heparin Plus Antiplatelet Therapy

During the 19805, CPB in patients with acute or subacute
HIT was sometimes accomplished by giving standard-
dose UFH once platelet inhibition was achieved using the
potent antiplatelet agent, iloprost [68]. An analog of
prostacyclin, iloprost inhibits platelet activation by stim-
ulating adenylate cyclase, thus raising platelet adenosine
monophosphate levels. Recently, this approach has ex-
perienced a revival with epoprostenol sodium (Flolan), a
freeze-dried preparation of prostacyclin itself {69, 70}.
Epoprostenol is approved for use in patients with pri-
mary pulmonary hypertension. its very short half-life (6
minutes) means that continuous intravenous infusion is
necessary.

Complete inhibition of heparin-dependent platelet ag-
gregation by HIT antibodies is generally achieved by
doses ranging from 15 to 30 ng- kg~!-min~". Thus,
one protocol [69] that aims to avoid intraoperative mon-
itoring of platelet aggregation gradually increases
epoprostenol infusion {(in 5 ng - kg™ - min~* increments
made at 5-minute intervals) until the target rate {30
ng-kg *-min~") is reached, whereupon standard-dose
UFH anticoagulation is given. The infusion is continued
until 15 minutes after protamine. The major adverse
effect is vasodilation, leading to severe hypotension that
requires intraoperative vasopressors.

Ann Thorac Surg
2003;76:2121-31

Conventional antiplatelet agents (aspirin, dipyridam-
ole) do not reliably inhibit HIT antibody-induced platelet
aggregation. However, inhibition of the platelet fibrino-
gen receptor using an anti-glycoprotein Ifb/IHa agent,
such as tirofiban (Aggrastat) or abeiximab (ReoPro), can
block platelet aggregation {though not platelet activation}
by HIT antibodies. Using the short-acting agent, tirofi-
ban, Koster and colleagues [71] reported success (44 of 47
patients discharged on schedule from the hospital). Tiro-
fiban is given 10 minutes before standard-dose UFH as a
10-ug/kg botus followed by 0.15 ug - kg™ » min~" contin-
wous infusion, before stopping tirofiban 1 hour before the
end of surgery. Unfractionated heparin is neutralized
with protamine, and postoperative anticoagulation is
achieved using lepirudin. However, in patients with
severe renal impairment, tirofiban persists in the circu-
lation and can cause major bleeding refractory to platelet
transfusions: three such cases led the manufacturer
(MSD Sharp & Dohme, Haar, Germany) to discourage
use of this off-label protocol (letter to German cardiac
Surgeons, 2002). In such patients, extracorporeal elimina-
tion of tirofiban (eg, ultrafiltration at the end of CPB or
modified zero-balanced ultrafiltration after CPB) might
be required.

Miscellaneous

Low-molecular-weight heparin has been used for CPB in
some patients with HIT. However, as proper dose-
finding studies are lacking, only partial neutralization
(60%) is achieved using protamine, and as LMWH can
precipitate acute HIT in patients with circulating anti-
bodies, we do not recommend LMWH for anticoagula-
tion during CPB.

Although the direct thrombin inhibitor argatroban has
been used successfully for CPB anticoagulation in dogs,
experience with its use in humans is limited to cardio-
vascular procedures not requiring CPB [72]. Thus, it
cannot be recommended for use in CPB.
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Appendix

Heparin-Induced Thrombocytopenia and the Cardiac
Surgeon, Cardiologist, and Cardiac Anesthesiologist:
Summary of Key Points

Definition of Immune Heparin-Induced
Thrombocytopenia

1. Heparin-induced thrombocytopenia is defined as
thrombocytopenia (see number 3) or thrombosis plus one
or more positive tests for HIT antibodies (see also num-
ber 5).

Monitoring for Heparin-Induced Thrombocytopenia
After Heart Surgery

2. Platelet count monitoring for HIT (as part of a
complete blood count) is indicated after cardiac surgery
as long as the patient is receiving heparin {either in
therapeutic, prophylactic, or flush doses), at least every
other day until hospital discharge or postoperative day 14
(whichever occurs sooner).

3. A platelet count fall of 50% or greater from baseline
or any thrombosis that occurs 5 to 14 days after cardiac
surgery is suggestive of HIT, even when heparin is not
being given in the postoperative period {(delayed-onset
HIT). (The appropriate baseline platelet count is not the
preoperative platelet count, but rather the highest plate-
let count in the postoperative period.)
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Laboratory Testing for Heparin-Induced
Thrombocytopenia

4, Commercially available EIAs and washed platelet
activation assays (eg, platelet serotonin release assay or
the heparin-induced platelet activation test} are very
sensitive for detecting HIT antibodies; thus, with rare
exception, a negative test with one of these assays rules
out HIT (high negative predictive value).

5. Heparin-induced thrombocytopenia antibody sero-
conversion of no clinical consequence is common after
heart surgery (about 25% to 50% by EIA), and thus the
presence of HIT antibodies in the absence of an other-
wise unexplained platelet count fall or clinical sequelae
such as thrombosis does not indicate HIT.

6. Serum or plasma from patients with acute FIT
usually has strong positive HIT antibody results (eg,
serotonin release > 80%; EIA optical density > 1.0). In
general, the greater the magnitude of a positive HIT
antibody test result, the greater the likelihood the patient
has HIT.

7. Heparin-induced thrombocytopenia antibodies are
transient, and so acute serum or plasma should be tested
to investigate a putative episode of HIT.

Frequency of Heparin-Induced Thrombocytopenia
and Heparin-Induced Thrombocytopenia-
Associated Thrombosis After Heart Surgery

8. In patients receiving unfractionated heparin after
cardiac surgery, the frequency of HIT is 1% to 3% by
postoperative days 7 to 14.

9, Atleast50% of patients with HIT develop arterial or
venous thrombotic complications, often beginning after
heparin has been stopped because of suspicion of HIT.

Management of Heparin-Induced
Thrombocytopenia After Cardiac Surgery

10. Discontinue all heparin if there is a high suspicion
of HIT, including heparin administered by intravascular
catheter flushes, and consider removing heparin-coated
devices.

11. In general, HIT-associated thrombosis should be
treated with one of the following alternative anticoagu-
lants: lepirudin (United States, Canada, European Union,
Australia, New Zealand), argatroban (United States, Can-
ada), danaparoid {Canada, European Union, Ausiralia,
New Zealand), or bivalirudin (United States, Canada,
New Zealand).

12. Warfarin and other oral anticoagulants are contra-
indicated during acute HIT, as acute protein C depletion
can lead to microvascular thrombosis causing venous
limb gangrene. Oral anticoagulants should be delayed
pending substantial recovery of the platelet count (to at
least 100 X 10°%/L), started in low initial doses (maximum,
5 mg) and during concomitant anticoagulation with an
agent such as lepirudin, argatroban, or danaparoid. The
alternative anticoagulant should be stopped {after a min-
imum 5-day overlap) only when platelet count recovery
is complete and therapeutic oral anticoagulation is
achieved.
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13. Low-molecular-weight heparin is contraindicated
for treatment of HIT.

14. Prophylactic platelet transfusions should be
avoided when HIT is strongly suspected, as platelets
theoretically may increase thrombotic risk and spontane-
ous bleeding is uncommon in patients with HIT.

15. For patients strongly suspected of having HIT but
without clinical evidence of thrombosis (isolated HIT), an
alternative anticoagulant in therapeutic doses is recom-
mended because of the high risk of developing throm-
bosis. It is also recommended that noninvasive imaging
for lower-imb thrombosis be performed because of the
high frequency of DVT in patients with HIT.

Cardiac Surgery in a Patient With Previous or
Acute Heparin-Induced Thrombocytopenia

16. Standard anticoagulation with UFH is recom-
mended for cardiac surgery in patients with previous HIT
in whom HIT antibodies are no longer detectable, or only
weakly detectable, by EIA.

Cardiac Surgery in a Patient With Acute or
Subacute Heparin-Induced Thrombocytopenia

17. Two general approaches are available for patients
in whom standard UFH anticoagulation is contraindi-
cated because of acute or subacute HIT: (1) give an
alternative anticoagulant for CPB {eg, bivalirudin, lepiru-
din, danaparoid), being careful to avoid all intraoperative
and postoperative heparin exposure (eg, by means of
heparin-bonded arterial filters in the CPB apparatus,
heparin-coated pulmonary artery catheters, heparin
flushes, and so forth); or (2) give standard heparin anti-
coagulation together with a platelet antagonist (eg,
epuprostenol or tirofiban).

(Subacute HIT indicates that the patient’s platelet
count has recovered from acute HIT, but HIT antibodies
remain detectable, and so there is the potential for
rapid-onset HIT if heparin is administered.)

18. No single option listed in number 17 can be gener-
ally recommended, given the absence of prospective
comparative studies, as well as important differences in
jurisdictiona} approval and availability of the various
agents and in appropriate laboratory monitoring and
prior physician experience, as well as patient-dependent
factors such as renal insufficiency, all of which influence
choice of anticoagulant approach.

Reducing Risk of Heparin-Induced
Thrombocytopenia After Heart Surgery

19, Unfractionated heparin derived from porcine intes-
tinal mucosa is preferred over heparin obtained from
bovine lung, as the risk of HIT antibody formation is less,
and porcine heparin has been associated with a lower
risk of HIT in other patient populations.

20. There is evidence that LMWH may be less likely
than UFH to cause HIT when administered for postop-
erative antithrombotic prophylaxis. However, LMWH is
not weli studied in postcardiac surgery patients.
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Patients with a History of Type 1l Heparin-Induced
Thrombocytopenia with Thrombosis Requiring Cardiac
Surgery with Cardiopulmonary Bypass: A Prospective

Observational Case Series

Gregory A. Nuttall, Mo+, William C. Oliver, Jr, MD*, Paula J. Gantrach, MDt,
Robert D. McBane, Mpt, Daniel B. Erpelding, CCPl, Christina L. Marver, MT (ASAP)|,

and Kenton J. Zehr, MD§

Department of *Anesthesiology and Laboratory Medicine,
Surgery, [Mayo Clinic, Rochester, Minnesota
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Heparin-induced thrombocytopenia with thrombosis
(HITT) typeMlisa life-threatening complication of hep-
arin therapy that most often occurs alter 5-10 days of
exposure to heparin. Anticoagulation is a significant
concern for patients with HITT type 1l being prepared
for cardiac surgery requiring cardiopulmonary bypass
(CPB). We report a case series of 12 patients with a his-
tory HITT type llwho underwent CPB and cardiac sur-
gery. Six patients did not express the antibody that me-
diates HITT type II immediately before surgery.
Heparin was used as the anticoagulant for the duration

of CPB only, and all these patients did well without
thrombotic complications. Six patients expressed the
antibody that mediates HITT type 1 immediately be-
fore surgery. Hirudin was used as the anticoagulant for
CPB in these patients, The ecarin clotting time was used
to guide hirudin therapy during CPB. The patients re-
ceiving hirudin did well, but they had a large amount of
bleeding, required transfusions of multiple allogeneic
blood products, and had 2 frequent rate of reexplora-
Hon of the mediastinum after CPB.

{Anesth Analg 2003,96:344-50)

bosis (HITT) type II is an often overlooked but

life-threatening complication of heparin ther-
apy. This disorder most often occurs after 5-10 days of
heparin exposure (1). HITT is a paradoxical prothrom-
botic syndrome produced by an antibody against
heparin-platelet factor 4 (PF4) complex. Bound to hep-
arin, PF4 partially unfolds exposing a neo-epitope
against which an antibody forms. These antibodies
bind to the heparin-PF4 to form an immune complex
that engages the platelet Fc y RIIA-receptors, inducing
strong platelet activation and aggregation (2). These
antibodies can also bind to PF4 on endothelial cell
proteoglycans, thereby promoting endothelial injury.
These combined events can lead to a precipitous re-
duction in circulating platelet counts, frequently to
<30 X 10°/L, and life-threatening venous and arterial

H eparin-induced thrombocytopenia with throm-
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thrombosis, which can result in limb and organ isch-
emia (3,4). The profound thrombocytopenia usually
resolves once heparin exposure has ceased. Even small
doses of heparin, such as prophylactic doses, flush
solutions, and heparin-bonded catheters can induce
HITT type 11 (4,5).

Anticoagulation is a significant concern for patients
with HITT type II being prepared for cardiac surgery
with or without cardiopulmonary bypass (CPB). We
report our experience with 12 patients clinically diag-
nosed with HITT type I presenting for cardiac sur-
gery requiring CPB.

Methods

After IRB approval and written informed consent, we
prospectively studied 12 cardiac surgical patients un-
dergoing CPB with 2 previous clinical diagnosis of
HITT type I The patients were enrolled in a standard-
ized protocol of care secondary to the humane device
exemption (HDE) (h9900012) status of the Ecarin Clot-
ting Time (ECT) coagulation test device over 3yr.

©2003 by the International Anesthesia Research Society
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All of the patients had been diagnosed with HITT
type II using clinical criteria. Each patient had a de-
crease in platelet count to <100 X 10°/L associated
with heparin administration, which increased after
heparin cessation. Two patients had thrombotic epi-
sodes associated with thrombocytopenia. Because
HITT type I is an antibody-mediated disorder, the
antibody may resolve over time. Therefore, a patient
with a history of HITT type Il may no longer have
measurable amounts of the antiheparin antibody (6).
Each patient had the presence of the HITT type n
antibodies determined by enzyme-linked immunosor-
bent assay (ELISA) for heparin-PF4 complex using
goat anthuman antibody that directly detects the
heparin-induced antibodies before surgery. Six of 12
patients had a positive ELISA for the heparin-PF4
complex antibodies immediately before surgery. The
other six patients had a negative ELISA for the
heparin-PF4 complex antibodies immediately before
surgery.

All patients received a moderate-dose opioid-based
anesthetic, supplemented with benzodiazepines, mus-
cle relaxants, and inhaled anesthetics. A Terumo 5 X
25-membrane oxygenator {Terumo Cardiovascular
Systems, Elkton, MD) was used in a Sarns 9000 CPB
machine (Sams Inc, Ann Arbor, MI) at a flow of 2.4
L - min~!- m2. The CPB circuit was primed with 1.5 L
of plasmalyte, 10 mEq of sodium bicarbonate
(NaHCQ,), and 0.5 g/kg of mannitol. All patients had
arterial and nonheparin-bonded pulmonary artery
catheters placed before CPB, and all flushing solutions
were free of heparin. In all patients, antifibrinolytic
therapy was administered using either full-dose apro-
tinin (2 X 10° kallikrein inhibitory units [KIU]
{280 mg] followed by a maintenance infusion of
500,000 KIU/h (70 mg/h), with a bypass prime of 2 X
106 KIU [280 mg)) or tranexamic acid (10-mg/kg load
followed by 1 mg - kg * - h™?). Our practice for antifi-
brinolytic use is aprotinin for repeat sternotomies and
complex procedures and tranexamic acid for primary
procedures. Allogeneic red blood cells were trans-
fused when the hemoglobin concentration became <8
g/dL after discontinuation of CPB and <7 g/dL dur-
ing CPB. Transfusion of allogeneic fresh frozen
plasma, platelets, or cryoprecipitate was based on clin-
ical evidence of bleeding and supporting laboratory
studies (thromboelastography [TEG®; Haemoscope
Co, Skokie, IL] maximum amplitude <48 mm, platelet
count <102,000 X 10°/L, prothrombin time >16.6 s,
activated partial thromboplastin time [aPTT] >57 s, or
fibrinogen level <144 mg/dL) (7).

Patients who were negative for the HITT type II
antibodies underwent cardiac surgery with CPB, and
heparin was only administered for anticoagulation
during CPB. No heparin or heparin flush was admin-
istered after CPB. Porcine heparin was administered
to patients as an initial bolus of 300 U/kg and 10,000

CARDIOVASCULAR AMESTHESIA NUTTALL ET AL. 345

HEPARIN-INDUCED THROMBOCYTOPENIA WITH THROMBOSIS

U in the priming volume of the oxygenator. Addi-
tional heparin (5000 U} was administered when the
activated clotting time (ACT) was <450 s in patients
not receiving aprotinin. For patients receiving aproti-
nin, additional heparin was administered when the
kaolin ACT was <450 s or the celite ACT was <750 s.
After discontinuation of CPB, the initial protamine
sulfate dose was 0.013 mg/U of heparin administered.
Heparin neutralization was regarded as adequate if
the postprotamine ACT value was within 10% of the
preheparin ACT value. Additional protamine (20-
50 mg) was added at the discretion of the attending
anesthesiologist if the ACT had not returned to this
range. Intraoperative blood salvage and reinfusion of
shed mediastinal blood was used in all cases. Ultrafil-
tration was not used with any of these patients.

If those patients who had HITT type Il antibodies
confirmed by ELISA were unable to have their cardiac
surgery delayed until the antibodies disappeared, re-
combinant hirudin (r-hirudin or Lepirudin} was used
as the anticoagulant during CPB. The r-hirudin con-
centration was monitored by measurement of the ECT
on the Thrombolytic Assessment System (TAS) point-
of-care analyzer (PharmaNetics Inc, Morrisville, NC).
Before surgery, a sample of blood was collected in
3.2% sodium citrate tubes, and an in vitro titration of
r-hirudin was performed to develop an individual
patient calibration curve for the ECT. In those patients
already on r-hirudin before surgery, when possible,
the patient's r-hirudin was discontinued for a 24-h
period to collect the in vitro titration sample without
previous r-hirudin contamination of the sample. To
minimize the effects of hemodilution and depletion of
procoagulant through contact activation of the CPB
circuit, the citrated whole-blood samples were supple-
mented 1:1 with standard human plasma. This en-
sures adequate prothrombin and fibrinogen concen-
trations for precise ECT measurements when the
r-hirudin concentrations are larger than 2 pg/mL. All
measurements were performed in duplicate.

The dose of r-hirudin was a 0.25 mg/kg bolus be-
fore CPB, 0.20 mg/kg in CPB pump prime, and a
continuous infusion of 0.5 mg/min after the bolus and
throughout CPB (8). The bolus and infusion of hirudin
were administered early enough to insure an adequate
hirudin concentration of more than 3.5 pg/mlL per
ECT monitoring (8). Supplemental bolus doses of
hirudin and increases in the hirudin infusion occurred
to maintain hirudin concentrations larger than 3.5
pug/mL per ECT. The ECT was performed every 15-
30 min throughout CPB. There is no Food and Drug
Administration (FDA) approved antagonist to hiru-
din. The r-hirudin infusion was discontinued 15-
30 min before termination of CPB. Because r-hirudin
has a molecular weight (6980 Da) that is small enough
to be effectively hemofiltered with certain large
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flux hemodialyzers, hemofiltration (Hemoconcentra-
tor HCO05, 0.5 m (2), cutoff point 65,000 Da; Terumo
Cardiovascular Systems) and forced diuresis with fu-
rosemide and mannitol were performed on rewarm-
ing or near the termination of CPB to assist in the
rapid removal of circulating r-hirudin (9). Fresh frozen
plasma was also transfused to antagonize hirudins’
anticoagulant effect after CPB if bleeding and labora-
tory tests supported this intervention. Perioperative
blood salvage (cell saver) was not used in these pa-
fients because of the concern of re-transfusing blood
with hirudin.

Results

Demographic information, preoperative anticoagula-
tion, and coexisting diseases for the 12 patients are listed
in Table 1. The patients with a positive ELISA for the
heparin-PF4 complex antibodies immediately before
surgery were considered too unstable from the stand-
point of their cardiovascular disease to delay surgery
until the ELISA became negative. For all 12 patients, the
type of surgery performed, the intraoperative anticoag-
ulant used, duration of CPB, the perioperative hirudin
concentrations or ACT values, and the amount of allo-
geneic blood products administered during surgery are
fisted in Table 2. Postoperative blood use, blood loss, and
need for surgical reoperation of the mediastinum for the
12 patients are listed in Table 3. The patients who re-
ceived hirudin anticoagulation tended to receive much
larger volumes of allogeneic blood products and had
more blood loss than the patients who received antico-
agulation with heparin. All of the patients survived the
surgery, and thrombotic or embolic complications were
not detected.

An in vitro titration of hirudin was performed on the
patient’s blood before the cardiac surgical procedure.
Each individual patient’s titration curve had 7* values
more than 0.98. The titration curves for all six patients
combined are shown in Figure 1. The 7 was 0.94.

Discussion

Patients with HITT and who require CPB present a
significant challenge. Cooperation between hematolo-
gists (to aid in diagnosis of HITT), laboratory medi-
cine specialists (to correctly perform the ECT), cardiac
surgeons, perfusionists, and anesthesiologists (to care
for the patient) is required to provide best results. Our
prospective observational study has demonstrated
that for those patients without heparin-PF4 complex
antibodies by ELISA immediately before surgery, itis
possible to receive heparin for a brief period encom-
passing the duration of CPB without thrombotic or
embolic episodes. Further, patients who continue to
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have heparin-PF4 complex antibodies by ELISA im-
mediately before cardiac surgery can successfully un-
dergo CPB using hirudin as the anticoagulant in con-
junction with ECT monitoring.

HITT type I is a clinical diagnosis that is supported
by laboratory tests (4). HITT type 1l is identified by the
following clinical criteria: a massive decrease in plate-
let count with exposure to heparin, thromboembolism,
resolution of thrombocytopenia after cessation of hep-
arin exposure, and detection of heparin-dependent
antibodies. Various laboratory tests can be used to
verify the diagnosis of HITT type 1 (5,10). The two
most common tests are the heparin-induced platelet
aggregation assay (HIPAA) by platelet-rich plasma
aggregometry and ELISA for heparin-PF4 complex
using goat antihuman antibody that directly detects
the heparin-induced antibodies.

Although the prevalence of antibodies to the
heparin-PF4 complex by ELISA may be as frequent as
61% at five days after cardiac surgery, the incidence of
clinical HITT type II in cardiac surgery patients is
estimated to be 1.3% (11,12). Yet, if HITT develops in
this setting, both the morbidity and mortality can be
frequent. Walls et al. (11) reported a 51% incidence of
thromboembolic complications with an accompanying
mortality of 37% in patients with HITT after CFB.
Therefore, heparin administration in any form should
be avoided if possible in patients with documented
HITT type 1I antibodies. However, heparin is the pre-
ferred anticoagulant for CPB. Therefore, in patients
with circulating heparin-PF4 antibodies, the urgent or
emergent necessity for cardiac surgery remains prob-
lematic. The FDA has approved the use of r-hirudin
for anticoagulation in patients with documented HITT
type 1. Hirudin is a highly selective thrombin inhibi-
tor that does not inhibit other serine proteases. It was
originally derived from the saliva of leaches. Although
hirudin is available as an anticoagulant for CPB, ap-
propriate dosing and anticoagulation monitoring are
not fully standardized. The following dosing regimen
for hirudin administration during CPB has been
shown to be effective {1,8): 0.25-mg/kg hirudin bolus
before CPB, 0.20 mg/kg in CPB pump prime, and
continuous infusion 0.5 mg/min after bolus and
throughout CPB.

With the use of hirudin instead of heparin, which is
the conventional method of anticoagulation monitor-
ing, the ACT is not applicable. Instead, there is an
effective point-of-care test to measure hirudin levels
during CPB based upon the FDA approved coagula-
tion device called the “TAS.” The test cartridge for the
TAS that measures hirudin levels is the ECT (1). The
mechanism by which the ECT measures hirudin con-
centrations is by ecarin, derived from snake venom,
converting prothrombin to meizothrombin. Because
hirudin irthibits meizothrombin’s conversion of fibrin-
ogen to fibrin, the time it takes for clot formation to
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Table 1. Patient Demographics
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Patient Age
number (yr) Sex

Weight Height Preoperative
(kg) {cm)  creatinine

Preoperative

Coexisting diseases

ELISA +
1

14 59 170 0.7

795 180 1.6 Hirudin

914 166 22

67.6 160 07 Hirudin

736

X 145
92.1

163

74 104 173

576 151 13

57.7 15 0.9

| 59 F 177 1.1

5 75 F 873 165 12

6 74 M 1058 1B6.6 19 ASA

Warfarin
Warfarin; hirudin

Warfarin

Warfarin

Twao previous Tetralogy of Follot repairs, right
ventricular outflow obstruction from
endocarditis, and continuing septic pulmonary
emboli

Coronary artery disease; acute pulmonary edema;
severe left ventricular dysfunction (LVEF 15%-
20%), left-cerebral vascular accident;
hyperlipidemia

Coronary artery disease; renal insufficiency; type
1 diabetes mellitus; hypertension;
hyperlipidemia

Aortic stenosis; renal failure on dialysis; hepatic
insufficiency secondary to extreme aortic
stenosis, hyperglycemia; atrial fibrillation;
as

Severe aortic stenosis

Right atrial mass; bilateral pulmonary fibrosis;
zenal failure on dialysis; diabetes mellitus

Coronary artery disease; hypertension;
hyperlipidemia, deep venous thrombosis and
pulmonary embolism with previous HITT
episode, atrial fibrillation

Severe mitral stenosis; systemic lupus
erythematosus; h/o antiphasphelipid
syndrome; h/o severe pulmonary hypertension

Severe aortic stenosis; rheumatic heart valve
disease; type II diabetes mellitus

Severe chronic thromboembolic pulmonary
hypertension with suprasystemic pulmonary
artery pressures; severe RV dysfunction;
polycythemia vera

Coronary artery disease; patent foramen ovale;
noninsulin dependent diabetes mellitus

Coronary artery disease; hypertension; smoking
history

ELISA = enzyme-linked immunosorbent assay; RV

occur is directly related to the hirudin concentration in
the plasma. Previous investigations have maintained
hirudin concentrations more than 3.5 pg/mL through-
out the duration of CPB. The ECT cartridge has re-
cently received a HDE from the FDA (HDE-h9900012),
and a compassionate use IRB approval or a research
protocol is required for its use. Before CPB, an in vitro
titration of hirudin using the patient’s blood is re-
quired to develop a titration curve for the ECT test's
response to various hirudin concentrations.

The previous studies of hirudin use for CPB, from
which we derived our clinical care protocol, have been
retrospective studies performed primarily in Germany
(1,8). These studies have demonstrated good success
with the use of hirudin anticoagulation during CPB
with ECT guidance in larger numbers of patients.
Because hirudin is eliminated primarily through renal

= right ventricular; ASA = aspirin; HITT = heparin-induced thrombacytopenia with thrombosis.

excretion, we also augmented hirudin elimination
through the use of ultrafiltration and forced diuresis,
as reported in the previous studies.

It is now recognized that HITT type ilis a transient
immune response to the conformationally altered
PF4 heparin complex triggered by heparin adminis-
tration that results in thrombocytopenia in addition to
a prothrombotic state and thromboembolic events (6).
The immune response begins to wane after eliminat-
ing further heparin exposure, and the antibodies that
mediate HITT type II often are no longer detectable
after several months (6). Therefore, a patient with a
very significant history of HITT type 11 may no longer
have the PF4 complex antibody after several months.
Six of the 12 patients with clinical histories of HITT
type II did not have detectable anti-PF4 antibodies by
ELISA. Brief exposure to heparin was used for CPB
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Table 2. Intraoperative Information

Hirudin concentration OR blood products
CTB (peg/mL) {(mL or units)
duration 1ston Laston  Last

ELISA+ Procedure (min)  Anticoagulant CPB CPB Post-CPB RBCs IAT FFP Plt Cryo
1 RVOT reconstruction 82 Hirudin 26 2.7 10u 0 10u 16u 10u
2 CABG X3 53 Hirudin 0.96 3.8 24 2u O Ju 6u Ou
3 CABG X3 70 Hirudin 6.5 54 0.6 4u 0 9u 6u Ou
4 AV replacement 71 Hirudin 3.2 30 0.3 16u 0 26u 3u 10u
5 AV replacement 71 Hirudin 44 42 1.7 Su 0 7u Ou Ou
6 Excision right atrial mass 29 Hirudin 6.4 34 09 14u O 2lu 6u Ou

OR blood products
ACT test (s) {mL or units)
1st on Last on,
ELISA- Procedure Anticoagulant CPB  CPB Postprotamine RBCs AT FFP Pit Cryo
1 Redo CABG %3  Off pump Heparin 383 — 124 Ou 225 Qu Ou Ou
2 MV replacement 68 Heparin 1500 711 119 3u 1125 Ou 18w OQOu
3 AV replacement 61 Heparin Bel 1340 132 2u 675 0u Ou Ou
4 Pulmonary 339 Heparin 750 h1| 149 4u 900 Bu 12u 10u
embolectomy

5 CABG %3 PFO 78 Heparin 615 540 150 2u 675 Ou Ou Qu
closure

6 CABG x3 119 Heparin 559 538 149 Qu 500 Ou Ou OQOu

The second ELISA + patient started as an off-pump CARG with ane-half of the standard hirudin dose administered. He emergently needed to be placed an
cardiopulmenary bypass (CPB) secondary to hemodynamic instability, and the standard hirudin dose for CPB was administered befare CFB. His ecarin clotting
time (ECT) was low and more hirudin given. No patients who received heparin, received aprotinin.

RBC = red blood cells; IAT = intraoperative autotransfusion; FFP = fresh frozen plasma; Plt = platelets;Cryo = cryoprecipitate; RVOT = right ventricular
outflow tract; CABG = coronary astery bypass grafting; AV = aortic valve; MYV = mitral valve; PFQ = patent foramen; ACT = celite activated clotting time; OR =
operating room; ELISA = enzyme-linked immunosorbent assay.

and reversed after CPB with protamine because of the  $1/2 = 25 minutes; severe renal impairment, £2 =
absence of antibodies. No further heparin was admin- 57 minutes)! than hirudin. This drug could also be
istered after that time, and heparin was excluded from  used in the same way as hirudin for anticoagulation in
the flush systems for any invasive catheters to prevent  patients with or without renal insufficiency who re-
any heparin from being in the patient, should anti-PF4  quire CPB, although there are no published studies
antibodies redevelop in response to heparinization  ysing this drug in CPB (15,16).
during CPB. None of these patients developed detect- There are limitations to our case series. The diagno-
able thromboembolic phenomenon after surgery. The  gig of HITT type Il is based on both clinical and patho-
blood loss and transfusion requirements in these pa-  |pgic criteria. The most common clinical abnormality
tients were consistent with our general population of ;5 thrombocytopenia, which is often complicated by
cardiac surgical patients. S . . thrombosis. Only one of our ELISA negative patients
s the kidney removes hirudin, patients with  had a previous positive ELISA with the initial diag-
renal failure or insufficiency may benefit from the use . o
of an alternative anticoagulant. Koster et al (13,14) nosis of HITT. Therefore, a possibility is that those
! A patients with a negative ELISA may never have had

recently reported on the use of the combination of the o . . .
h . . A en o HITT, and the clinical diagnosis was incorrect. The
short acting platelet glycoprotein ITb/111a inhibitor t for HITT type Il is

: fus accuracy of the confirmatory tests
::’gh b}::g\_(ilof_}g %g{:‘%:guxyﬂit&ynzglﬁzngggi not perfect. In our protocol, we ch‘ose to use the ]-F:LISA
tionated heparin to accomplish CPB in 10 patients for the heparin-PF4 complex'anhbodies immediately
who had renal impairment. The patients were placed ~ before surgery as the determinant for whether to use
on hirudin infusions upon arrival to the intensive care heparin as the anticoagulant during CPB. The ELISA
unit adjusted to an aPTT of 4060 seconds. There were IS very sensitive but has a frequent false-positive rate
no thrombotic complications, and the patients had (12). There have been reports of false negatives with
very little bleeding and allogeneic blood transfusion this assay also. An alternative assay that is popular in
requirements. A new FDA-approved specific throm-
bin inhibitor, bivali.rudi.n, is less deperldent on renal 1 Package insert: Angiomax° (bivalirudi.n) for injection manufac-
function for drug clearance (normal renal function, tured by Ben Venue Laboratories, Bedford, Ohio.
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Table 3. Postoperative Information
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Patient ICU blood products (ml or units) ICU blood loss
number RBCs IAT FFP Pit Cryo 4h(mL) 32h(ml) 24h(mL)} Reoperate Reason for reop
ELISA+

1 Ou 0 3u 6u Ou 300 560 1040 no —

2 8u 0 Wu 6u 10u 460 2460 3445 yes bleeding

3 4u 0 5u 12u 10w 820 2350 2780 yes bleeding

4 9u 0 12u 12u  Qu 1050 1890 2415 yes bleeding

5 2u 0 Ou Ou OQu 240 340 460 no —

6 3u 0 5u 6u Ou 210 545 740 no _
ELISA-

1 Cu 0 Ou Ou Qu 70 130 260 no —

2» Ou 0 Ou Ou Ou 60 215 450 no -

3 Ou o Ou Ou Ou 90 170 260 no —_

4 Ou 450 8u 1u 20u yes bleeding and

tampanade
5 Ou ¢ Ou Ou Ou 70 329 424 no e
6 Ou 0 Ou Ou Ou 90 430 607 no -

RBC = red blood cells; 1AT = intrapperative autotransfusion; FFF = fresh frozen plasma; Plt = platelets; Cryo = eryoprecipitate; ELISA = enzyme-linked

immunosorbent assay.

» Blood loss data on the 4th ELISA— patient who had a pulmanary thromboembotectomy lost secandary to need for urgent reoperation for cardiac tamponade.

Dose Response Curves of Six Patients
(preop)
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Figute 1. The dose response of the ecarin clotting time {ECT) to in
vitro titration of hirudin in six patients with the patient’s blood
being diluted 1:1 with pooled normal plasma. Each dot sepresents
the results from one patient, and many data points overlap.

Europe is a functional assay based on the platelet
activating properties of the HITT antibody in platelet-
rich plasma aggregometry or HIPAA. The HIPAA is
difficult to perform and user dependent. It also has a
frequent false-positive rate. Another limitation of our
study is that a large number of our patients had im-
paired renal function. As a result, hirudin clearance
was impaired, and these patients had large blood loss
and allogeneic transfusion requirements. Use of the
newer alternative anticoagulants listed above would
be beneficial in this population. We also had a much
larger amount of bleeding and transfusion than pre-
viously reported by Koster et al (13,14). The patients
described in this manuscript were very sick (many
with hepatic and renal insufficiency), and this may
have resulted in the large amount of bleeding and

blood transfusion. Another cause for the large blood
loss and allogeneic transfusion requirements in the
hirudin treated patients may be that intraoperative
auto infusion was not used in these patients. Use of
intraoperative auto infusion has been shown to reduce
allogeneic blood use (17).

In conclusion, patients with HITT type II who re-
quire cardiac surgery and CPB constitute a significant
challenge. Cooperation between multiple specialties is
critical to successfully manage these patients. This is a
case series of patients who, because of FDA require-
ments, were cared for under a defined protocol of
care. With the proper anticoagulation and monitoring,
this population can successfully undergo cardiac sur-
gery and CPB.
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Introduction

Patients with cardiovascular disease have a host of underlying hemostatic derangements that
predispose to thrombotic disorders. Recent literature indicates that many of the risk factors for
thrombosis in cardiovascular disease are inherited and include disorders of major platelet receptors,
dysfunctional fibrinolysis, and defects in anticoagulant feedback mechanisms.

When patients with cardiovascular disease undergo “open-heart” surgery utilizing cardiopulmonary
bypass (CPB), the hemostatic system is impaired leading to bieeding and the frequent need for transfusion
of allogeneic blood products. This occurs as a result of hemodilution of the patient’s platelets and
coagulation factors by the extracorporeal circuit priming solution and the induction of microvascular
coaguiation by contact of blood with the synthetic surfaces. This microvascular coagulation leads to
thrombin formation and to subsequent fibrinolysis, platelet activation, and platelet dysfunction. Because
of the multifactorial etiology of the CPB-induced hemostatic defect, a multimodal approach to blood
conservation and hemostasis must be employed throughout the entire perioperative period.

Preoperative Preparation

The population presenting for cardiac surgery is frequently unable to donate autologous blood
preoperatively due to concomitant illnesses, preoperative anemia, and the need to maintain oxygen
carrying capacity. In addition, the acute nature of cardiac surgery makes the 4-6 week time period for
autologous donation rarely possible.

Recombinant erythropoietin (Epogen®, Amgen, Thousand Qaks, CA) was first used clinically to
treat the anemia of chronic renal failure. Use in the perioperative patient has distinct potential advantages
such as an increase in preoperative hematocrit, an increase in the volume and rate of autologous biood
withdrawal, a reduction in the need for allogeneic blood transfusions, and an improvement in erythrocyte
recovery indices postoperatively. The first studies in cardiac surgical patients documented increases in
the volume of preoperative autologous blood donation, and maintenance of perioperative hemoglobin in

patients receiving intravenous or subcutaneous erythropoietin for up to two preoperative weeks. !
Subcutaneous doses range from 100-600 U/kg weekly for 2-3 weeks.
Platelet Sequestration Prior to CPB

Platelets can be sequestered prior to the insult of cardiopulmonary bypass (CPB) by pre-bypass
harvest of either fresh whole blood or platelet-rich plasmapheresis. Subsequent reinfusion after CPB
ensures that the platelets have not been exposed to the evil humors of the bypass procedure. The former
technique has been associated with improved hemostasis in children and adults but is highly dependent on

preoperative hematocrit allowing for withdrawal of blood prior to surgery.2:3 The harvest of platelet-rich
plasma is a potentially valuable procedure in that the patient’s red blood cell count is preserved and
changes in intravascular volume are minor if a highly effective technique of sequestration is utilized.

Many randomized controlled trials in high risk patients cast doubt on the efficacy and safety 4 of

preoperative platelet phen.asis.sa6 The success of this technique rests on a high platelet yield of
approximately 3.5 X 10" platelets (approximately 30% of circulating platelets) and may be augmented
with concomitant use of other blood conservation techniques.
Heparin and Protamine

Surgical procedures requiring cardiopulmonary bypass (CPB) have been successfully conducted
for decades as a result of systemic anticoagulation vsing heparin. Heparin is ideal in that its activity is
rapid in onset, it is readily reversed with protamine sulfate, and it is conveniently measured using the
activated clotting time (ACT), which increases linearly with heparin dose. Heparins are heterogeneous
carbohydrates that vary in molecular weight and in biological activity. Individual responses to heparin
vary greatly among patients and are dependent on such factors as patient age, sex, body surface area,
heparin source (bovine vs. porcine), and prior heparin exposure.
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Protamine administration has been associated with histamine-related hypotension, mild to severe
anaphylactoid reactions, frank allergy, and catastrophic pulmonary arterial hypertension. Protamine has
anticoagulant and anti-platelet effects when given alone or in excess of heparin; thus its dose should be
carefully calculated. Furthermore, only the higher molecular weight heparins are specifically susceptible
to protamine antagonism.

There is a paucity of research confirming that an ACT > 400sec is safe in inhibiting thrombin
formation during CPB. The optimal amount of heparin for adequate anticoagulation for CPB remains
controversial as is the optimal dose of the protamine required to reverse heparin-induced anticoagulation.
A number of different heparin and protamine management strategies have been reported to result in
reduced perioperative bleeding. Both heparin and protamine have adverse effects on the hemostatic,
immunologic, and cardiovascular systems, thus administration of the minimal effective dose would seem
to be advantageous. Higher heparin concentrations have been associated with increased mediastinal tube

bleeding postoperatively7 possibly due to heparin rebound or to platelet dysfunction.8 Conversely, some
investigators postulate that higher heparin levels blunt the consumptive coagulopathy that occurs with

CPB and lead to reduced bleeding.? Lower protamine doses have been successfully used to neutralize
heparin after CPB and have been associated with reduced bleeding and transfusion requirements. This
combination of higher heparin and lower protamine doses has been recommended as beneficial in

reducing postoperative bleeding.10

Although ACT is the most commonly used test to ensure adequate heparin anti-coagulation,
ACT is criticized for its propensity to overestimate the anticoagulant response under conditions of
hypothermia, hemodilution, or aprotinin therapy. Using ACT alone, patients may be potentially
susceptible to a consumptive coagulopathy. For this reason, point of care assays that strive to maintain a

therapeutic heparin effect based on the individual patient’s sensitivity to heparin have been advocated.10-
12

Patients on preoperative heparin therapy traditionally require larger heparin doses to achieve a
given level of anticoagulation when that anticoagulation is measured by the ACT. Presumably this

“heparin resistance” is due to deficiencies in the level or activity of antithrombin I (ATHI).13 Other
possible etiologies include enhanced factor VIII activity and platelet dysfunction causing a decrease in

ACT response to heparin.14 Montes and Levy have shown that the in vitro addition of ATII enhances

the ACT response to heparin.!> ATHI concentrate is now available and represents a reasonable method of
treating patients with documented ATIIH deficiency.
Platelet Function

The hemostatic defect of CPB is multifactorial in etiology. The most frequently implicated post-
CPB hemostasis abnormality is platelet dysfunction. The temporal course of post-CPB bleeding correlates
most closely with abnormalities of tests of platelet function, not those of platelet number. The
heterogeneity of the platelet function defect of CPB (hypothermia, drugs, fibrinolysis, receptor defect,

contact activation),16:17 partly explains the difficulty investigators have had in diagnosing and

consistently measuring it.18,19 platelet function testing has become an important focus of hemostasis
monitoring in cardiac surgical patients.

Many patients present to the operating room having been recently exposed to drugs that
significantly impair platelet function. These include the GPIIbllIa antagonists abciximab, eptifibatide,
and tirofiban and the thienopyridine ADP receptor antagonists ticlopidine and clopidogrel. These drugs
are certain to become even more prevalent in clinical practice because they have been shown to be
effective in reducing ischemic complications in patients who have vascular disease, have had an
interventional cardiology procedure, or have had cardiac surgery.2%21 Baseline platelet function and the
magnitude of impairment during CPB are important to ascertain. Point-of-care platelet function monitors
that may be advantageous in monitoring the post-CPB patient with a bleeding disorder include
thromboelastography, Hemostatus (Medtronic, MN), PlateletWorks (Helena, TX), and the Ultegra

(Accumetrics, CA). 22-24
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Off-Pump Cardiac Surgery

The ability to perform coronary artery bypass grafting (CABG) without the vse of CPB holds many
potential hemostatic advantages. Lack of exposure to extracorporeal circulation minimizes the
systemic inflammatory response, hemostatic defects, and thromboembolic risks that result from
conventional CABG employing CPB. Additional benefits include the potential for lowered costs
due to decreased perioperative bleeding, reduced need for transfusion, rapid patient recovery, and

early extubation.33,34

Blood Conservation Strategies by Perioperative Time Interval
Preoperative Pre-CPB CPB Postoperative
Erythropoietin/Tron Whole blood harvest HBC + low heparin dose | Transfusion algorithms
Autologous pre-deposit | ANH Leukoreduction Tolerate anemia

[ D/C platelet inhibitors | Anti-fibrinolytics Avoid cardiotomy Anti-fibrinolytics

“Platelet Anesthesia” PRP “High hep/low protamine Reinfusion shed blood
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Cardiopulmonary bypass {CPB) has revolutionized the ability to provide
cardiorespiratory support and has advanced the field of cardiac surgery. This inven-
tion has glven surgeons the abllity to perform many procedures that were not possible
previously. The concept and development of CPB has been ploneered by numerous
legendary surgeons. Alexis Carrel and Charles Lindbergh developed a device that
successfully perfused organs, including hearts, keeping them alive for several
days." John Gibhon® deserves credit for devising the concapt of a heart-lung machine
after caring for a young woman with a massive embolus in 1930, Over the next 20
years, Gibbon developed the heart-lung machine during his time at the Massachusetts
General Hospital, the Unlversity of Pennsylvania, and Thomas Jefferson University. in
the early 1950s, Lilehel and colleagues®* at the University of Minnesota developed
a technique called controlled cross-circulation by using circulatary support from
another person’s native circulation, usually the patient's parent or relative. By 1955,
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Lillehei abandoned cross-circulation and began using CPB; this approach was rapidly
adopted by many surgical groups.

The safe use of CPB requires an understanding of the device by all members of the
cperative team. Specifically, the cardiac surgeon, the anesthesiologist, and the
perfusionist all must be experienced and knowledgeabla in their understanding of
the physlology of CPB, its risks and limitations, and the potential Injuries that may
result from its misuse. Protaocols for the use of CPB are developed collaboratively,
and any deviation from a protocol should be based on the needs of the individual
patient and agread to by all team members, If the surgeon is to realize the full advan-
tage of CPB, he or she must have knowledge of the perfusion circult In use at their
institution. This includes priming solutions, speed and abllity o vary perfusate temper-
ature, maximum and minimum flow rates, and avallable cannula sizes.

Before each procedurs, the surgeon must develop a plan for conducting the
operation, especially the use of CPB. The surgeon should review with the other
team members the planned incisions, methods of cannulating the heart and great
vassels, the systemic and myocardial temperatures desired, the possible need for
low flow or circulatory arrest, and any anticlpated pathologlc or anatomic variations
that may require alterations in the plan.

The surgeon should consider all potantial complications during the planning of the
operation—possible anatomic variants and catastrophic events. Examples of
anatomic variants might Include mitral regurgitation with a heavily calcified posterior
mitral annulus requiring a longer and mare complex cperation with additional steps
to protect the myocardium, a persistent left superior vena cava {SVC) accompanying
an atrial septal defect, or a tetralogy of Fallot with a variant coronary artery crossing
the right ventricular outflow tract, Potential catastrophic events should be reviewed
frequently, since they occur suddenly, and all members of the surgical team must
be preparad to deal with them rapldly and precissly. Catastrophic events during
raoperative surgery Include unexpected right ventriculotomy or aortotomy, or
ventricular fibrillation before the sternum is open.

INDICATIONS FOR CPB

The most common indication to use CPB is to provide cardiac and raspiratory support
during operations on the heart or great vessels. Coronary artery bypass grafting
(CABG) still remains the most frequent use for CPB.® Roughly 20% of CABG proce-
dures in the United States are performed without the use of CPB (off-pump CABG)
and use the patient’s own heart and fungs to maintaln perfusion to the body.S Other
common procedures where CPB Is used in aduit and/or acquired diseases include
valve operations and operations on the ascending acria and aortic arch. In these
cases, it is not uncommon to use CPB to cool the patient and allow the bypass circuit
to be temporarily ceased. This allows for a bloodless fleld to perform critica! parts of
the operation whlle protecting the braln, CPB has revolutionized the approach to
repair of congenital heart defects. Rarsly, CPB is also used to provide hemodynamic
support during major venous reconstruction. An additional benefit of the bypass in this
instance Is in cases of major venous injury or bleeding, shed blood can be collected
and recirculated to maintain intravascular volume and perfusion. QOccasionally, CPB
is used in complex alrway and pulmonary operations and reconstructions. CPB has
also bean used for isolated hyperthermic limb perfusion to deliver chemotherapy at
supranormal temperatures to treat malignancy confined to one limb.5 The primary
goals and purposes of CPB are listed in Box 1,



Cardiopulmonary Bypass/ECMO/Left Heart Bypass

'.:'_1-.-- £l - Taus L =
o i ttires e u TR 7 QS & pecd LT wdl
purROzes: Bt il 3 '@ﬁﬁhmr&&ﬁ.%ﬁﬂ

1) Maintain perfuslon to braln and other vital organs

2} Provide a bloodless field (heart, great vessels, or other) to allow the surgeonto visuallze and
perform the operatlon

3) Maintain thermoregulation for protection of organs (cooling and warming}
4) Provide cardiac assistance/protection
5) Provide pulmonary assistance/protection

COMPONENTS OF CPB CIRCUIT

The components of the CPB circult include venous cannula(e} typically In the right
atrium or vena cavae, a venous resarvolr, a membrane oxygenator, 8 heat exchanger,
a pump, a microfilter in the arterial line, and an arterial cannula(s){Fig. 1). Cannulas can
be placed in the right side of the heart, into the right atrium, orinto the SVC and inferior
vena cava (IVC) and secured In place with 3-0 or 4-0 polypropylene (Prolene)
pursestring sutures. These can be placed directly by opening the pericardium or
percutaneously through the internal jugular vein end femoral vein. These latter
approaches are used during minimally invasive cardiac operations. They remove lines
from the operative fleld and allow for smaller Incisions. Venous dralnage can he
obtainad with gravity, whereby the venous reservalr is placed 40 to 70 cm below
the level of the heart, or with vacuum suctlon, Venous cannula size is determined by
the patient size, size of the right atrium and/or vena cava, and amount of flow desired.

Fig. 1. CPB circuit, Including the venous reservolr, pump, heat exchanger, membrane
oxygenator, and arterial filter.
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Venous reservoirs provide a low pressure chamber that serves as a storage chamber
for venous and shed blood. The reservolr can hold an additional 2 to 3 L of blood
volume to allow for uninterrupted arterial blood flow if venous retumn is occluded. Rigid
canister reservoirs facllitate removal of venous alr and are easier to prime, whereas
soft plastic bags maintain a closed system and lower the risk of embolization.”™®

Blood in the clrcuit then goes through a membrane oxygenator which distributes
a thin layer of bload over a large suriace area with high differentlal gas pressuras
across a thin microporous {0.3-0.8 um pores) hallow-fiber membrane layer to facilitate
oxygenation. Since carbon dioxide is highly diffusible in the plasma, it Is removed
easily through the membrane oxygenator. Partial pressure of oxygen In arterial blood
{(Pa0,) is controlled by the fraction of inspired oxygen delivered to the oxygenator,
whereas partial pressure of carbon dioxide in arterial blood {PaCO5) is controlled by
the sweep speed of gas flow. Traditional bubble oxygenators were cheap, but they
had a high risk for gas embolization and are no longer manufactured.

A heat exchanger is commonly used and allows for active coaling and rewarming of
blood going into the patient. The temperature differential between the patient and
blood is limited to a difference of 10°C to prevent bubble emboli. Moreover, blood
should not be warmed over 42°C to minimize protein denaturation and emboli.™ A
separate heat exchanger is used for cardioplegia and is often kept at temperatures
of 4°C to 15°C.

The most recognized component of the CPB circuit is the pump (Fig. 2). Two
options for pumps include roller pumps and centrifugal pumps. Roller pumps are
Independent of afterload, requiring low prime volumes, and they are cheap; however,
they have a potential for air embollsm, and they can cause significant positive and
negative pressure, resulting in tubing rupture. Centrifugal pumps are afterload
sensitive, adapt to venous return, and are superior for left heart bypass (LHB) and
for long-term bypass, at the expense of large priming volumes, higher cost, and poten-
tial for passive backward flow.

The risk of embolism has been greatly decreased by the Introduction of filters.
Numerous sources of gaseous microemboll smaller than 500 ym are present,
including loose pursestrings around venous cannulas, stopcocks in the circuit used
for injection of medications, priming solutions, oxygenators, and rapid warming of

Fig. 2. Centrifugal pump used in CPB, ECMO, and LHB.
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cold blood. Blood itself is the primary source for particulate emboll, including
thrombin, fibrin, platelst clots, hemolyzed blood cells, and fat particles as well as
shed muscle, bone, and marrow that gets aspirated into the cardiotomy reservoir.

Methods to minimize emboli to the arterial system include the use of membrane
oxygenators, centrifugal pumps, and filters in the cardiotomy yenous reservoir and
in the arterial line. in our practice, we use two sequential arterial filters to decrease
the number of microembollin the arterial systemn. The temperature differential between
the blood In the circult and the body is maintained at less than 10°C to minimize emboli
formation.

TECHNIQUES/CONDUCT OF crB

Although tha surgeon takes primary responsibility for the patient during the hospital
course, a team of experts is required to administer anesthesia, maintain perfusion,
and relay changes in the patlent status during the operation. The surgeon wil
determine the pian of the operation, including methods of cannulation, cardioplegia,
and cooling. The anesthesiologist is responsible for induction of anesthesia, endotra-
cheal Intubation, and the placement or insertion of most monitoring devices. in
patients who are hemodynamically unstable, direct arterial pressuré measurament
should be established and a pulmonary artery catheter inserted before the induction
of anasthesia. Often, the anesthesiologist provides assistance with transesophageal
echocardiography (TEE) during the operation. The perfusionist helps to select the
optimal cannula size, provides circuiatory support and cardiac protection, and main-
tains anticoagulation during the operation. Further, the perfusionist Is responsible far
maintaining a written perfusion record and performing a series of safsty checks. The
surgeon, anesthesiologist, and perfusionist must have free and open communication.

patient Positioning

Onca all monitoring lines have been placed, the patient s positioned and pressure
points are padded to prevent pressure necroslis. All monitoring cables and lines aré
gecured to prevent displacement or disconnection during the operation. The
traditional approach is through a median sternotomy. In this case, & padded roll is
placed beneath the patient's shoulders and arms placed at the sides to avold brachial
plexus injury. Minimally invasive approaches 0 the mitral and tricuspid valve are often
performed through a right mini-thoracotomy. In this setting, a small bump is placed
under the right chest and arms are secured at the patient's sides.

Sterile preparation of the skin and draping 18 performed to ensure access to sll
aspects of the operative field. This typically includes the chest, abdomen, and both
groins, 8s well as both lower extremities if saphenous vein is needed for CABG. In
cases where the saphenous vein may be of poor quality and additional conduit for
GABG is required, the nondominant arm Is prepped In the field to harvest the radial
artery.

The pump and cell-saving equipment are brought Into position and the pump fines
are passed to the field. The pump lines are tocated such that the operative field and
surgeons are unhamperad; with the pump lines in full view of the perfusionist, allowing
immediate access to the lines should an event occur. The lines should be secured In
a standard manner so that even axcessive force cannot displace them. Inexperienced
members of the team are instructed not to touch or compress the lines.

Incisions

The selection of the incision site for exposure and cannulation of the heart Is based on
considerations of safety, exposure, and cosmesis. Analomic and pathologic
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varlations, such as a large ascending aortic aneurysm pressing agalnst the sternum or
severe peclus excavatum in which the entire heart is displaced to the left chest, may
require careful planning to avoid catastrophe. Obviously, variations in the incision to
achieve cosmesis must not compromise safety or adeguate exposure.

The pericardium Is opened in the midilne from its reflection on the aorta down to the
diaphragm. The peticardium Is released from the dlaphragm with a transverse incision,
with cars being taken to avoid entering the pleural space or injuring the phrenic nerve.
At this point, consideration is given to the specific exposure that will be required for the
operation, Heavy silk sutures are placed in the cut edges of the pericardium and tied to
the presternal fascia on the Ipsllateral side of the incision to elevate and stabilize the
appropriate cardiovascular structures.

Cannulation

Once the perlcardium is opened, the aortic cannulation siteis chosen. Commonly the
distal ascending aorta, just proximal to the innominate artery, is used. There are many
mathods to cannulate and secure the arterial cannula. The authors' preference is to
use two opposing diamond pursestring sutures with pledgeted 3-0 polypropylene
approximately 30% larger than the size of the arterial cannula. The sutures are kept
an opposing tourniquets. Venous cannulation sutures are placed using nonpledgsted
3-0 polypropylene pursestring. One or two venous cannulae are used depending on
the operation. In settings where the right atrium or left atrium will be opened, 2 venous
cannulae are placed into the SVC and IVC. Other operations typically can be
performed with 1 large venous cannula placed through the right atrial appendage
directed toward the IVC.

After ensuring systemic heparinization (200-300 units/kg, confirmed by activated
clotting time [ACT} >400 sec), the aorta Is cannulated by creating an aortotomy with
a #15 blade and inserting the cannula. It is important to ensure that the aortotomy Is
large enough to admit the cannula without difficulty to avoid Injuring the aorta. In
addition, cars must be taken to avold cutting the cannulation sutures. After the
cannula Is secured to the aorta with the toumniquets, it is attached to the arterial line
and deaired. The arterial line is tested to ensure that flow into the arterial system Is
unobstructed and line pressure on the arterial cannula is not high.

Venous cannulation is performed by creating an atriotomy with scissors or a #11
blade. The atriotomy must be mads large enough to admit the cannula easily. Deairing
of the venous cannula and line is only necessary if using gravity drainage and an
alrlock needs to be avoided.

Additional cannulae are placed depending on the plan of the operation, including
cannulas for cardioplegia and venting of the heart. Typically, a small cannula for car-
dioplegia is placed into the ascending aorta with 4-0 pledgeted polypropylene and
a retrograde cardioplegia cannula placed through the right atrium into the coronary
sinus secured with 4-0 polypropylene. These will be used to administer cardioplegia
to arrest the heart and protect the myocardium. The left ventricle can be vented by
using a cannula placed into the right superior pulmonary vein and advanced through
the left atrium and mitral valve into the left ventricle. This will allow for a bloodless field
when operating an the left ventricle or aorta.

Venous return can be achieved by a passive or assisted approach, Passive venous
return is more traditional, and is dependent on gravity, the height of the operating table
above the venous reservoir, and large-bore tubing. Assisted venous return is achieved
with the aid of vacuum being applied to the venous lina or reservoir and does not
require gravity drainage. Assisted venous return provides some advantages over
the traditional venous dralnage, such as permitting smaller venous cannula, tubing,
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inclsions, and lowering the priming volume. It can Increase the risk for gaseous
microemboli if the vacuum is too great and the reservoir volume is too low to allow
proper dissociation. Because of these concems, the meaximum amount of vacuum
is limited to less than 80 mm Hg and malntains a venous reservoir volume that permits
at least 10 second reaction time or no less than 1000 mL.

Blood Strategy During CPB

The pump is typically primed with 1.5 10 2 L of crystalloid. itis important to prime the
pump before use in & patient to eliminate microemboli through the filter. The addition
of this volume resulls in significant hemodilution. The usual hematocrit whenon CPBis
20 to 25 mg/dL. The degree of hamodilution may be calculated before bypass is
initiated, and if the expacted priming volume would cause an unacceptable anemia,
packed red blood celis may be added to the extracorporeal circult.

Hemodilution provides an advantageous effect for perfusion by decreasing viscosity
and by augmenting blood flow. Blood flow reflects the interaction of many influences;
hemodilution alds in negating those Inherent effects by diminishing blood’s viscosity
and resistance to flow and promotes increased microcirculatory flow and tissug
perfusion. Howsver, hemodilution can be deleterious by reducing oncotlc pressure,
resulting in tissue edema and decreasing oxygen delivery during bypass. Hypothermia
also Influences blood rheology and vascular geometry. A decrease in temparaturs
provokes direct vasoconstriction and increases viscosity, creating sludging and stasis
at the capillary level, and a reduced blood flow. These effacts are counteracted by
hemodilution.

The acceptable degree of hemodilution is highly contested. it is common o see
hematocrit of 18% to 21% during CPB. Hematocrit less than 159 can also be
tolerated in cases of circulatory arrest and in patients who wiil not accept bicod
transfuslon. The authors use a blood conservation strategy that has established trans-
fusion indicators during CPB, depicted in Box 2, A general rule of thumb s that the
hematocrit in percent should not exceed the desired lsve! of hypothermia in *C.

Initiating CPB

CPBis begun atthe instruction of the surgeon. Visual Inspection of the field, monitors,
and bypass lines 88 the perfusionist initiates CPB will provide an immadiate
assessment of the conversion. The perfusionist initiatas CPB by releasing the arterial
line clamp and slowly transfusing the patient with the volume. The arterial blood flow of
the extracorporeal circuit should be frae-flowing and exhibit a reasonable
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1. During moderate hypothermic CPB, 2 hematocrit less than 18% Is the trigger threshold for
blood transfusion uniess the patient exhibits 2 history of carebrovascular accident and
disease, carotid stenosis, or diabetes melfitus, in which case a hematocrit of 21% becomes
the trigger.

2. The patient’s clinical condition also determines the need for blood transfusian: age, saverity
of ilinass, cardlac function, end-organ ischemla, massive or active blood loss, mixed venous
oxygen saturation (5V02), and so on. In this environment, 3 hematocrit of 21% e 24%

becomes the authors’ trigger.

3. Routine use of the cell saver except for patients with infection and malignancy

4. Low-prime and minl-axtracorporeal bypass circults
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extracorporeal line pressure. A sudden spike in the extracorporeal line pressure may
indicate an occluded arterial line, a maipositioned aortic cannula, or an aortic
dissection. Should this occur, CPB should be terminated immediately and the cause
Identified and corrected.

As scon as i Is obvious that arterial flow s unobstrucled, the venous clamp Is
released, diverting the patient’s venous blood into the CPB circuit. The right heart
should be decompressed, and the central venous pressure should be less than
5 mm Hg. A high central venous pressure and poor venous drainage at the initiation
of CPB may Indicate a malpositioned venous cannula, a kinked venous line, an
“airJock,” venous cannulas that are too large or too small, an inappropriate height
between the operating table and the venous reservolr, an inappropriate amount of
vacuum, or a vacuum leak.

During this transition period of 1 to 2 minutes, the perfusionist gradually increases
the rate of arterial flow, the ventricles receive less blood, and the pulsatile arterial
waveform diminishes and becomes “flat-ined.” Once total bypass is achieved,
a continued pulsatile arterial waveform signifies the left ventricle is recelving unwanted
blood from aortic insufficlency, excessive bronchtal venous return, or incomplete
drainage of the systemic venous raturn,

Because of acute vasoactive substance release on initiating CPB, an acute,
translent state of systemic arterial hypotension is common and can be treated with
vasopressor agents If needed. Acceptable mean arterial pressure when on CPB
ranges from §0 to 90 mm Hg. In the presence of cerebrovascular or renovascular
disease, a perfusion pressure of 70 to 80 mm Hg Is preferred. The adequacy of
a mean arterial pressure in a patient is confirmed by a normal systemic vascular
resistance index and mixed venous blood gas.

In patients with severe aortic regurgitation, the surgeon should be ready to cross-
clamp the ascending aorta if ventricular fibrillation occurs. A distended, fibrillating
left ventricle is subject to additional ischemia and injury to the myocardium. Once
on full CPB support, the patient can be cooled to the desired temperature. The primary
advantage of systemic hypothermia during CPB [s the reduced metabolic rate and
oxygen consumption of approximately 5% to 7% per °C.>? In addition, hypothermia
sustains intracellular reservoirs of high-energy phosphates {essentlal for cellular
integrity) and preserves high intracellular pH and electrochemical neutrality (a constant
OH~/H* ratio). As a result of these associated interactions, hypothermic patients can
survive periods of circulatory arrest of up to 1 hour without suffering from the effects of
anoxia 910

in addition to core cooling with cold blood through the circult, hypothermia may be
augmented by surface cooling using cooling blankets and ice packs applied directly to
the patlent. Because tissues and organs have varying amounts of perfusion, systemic
cooling is not a uniform process. To minimize this, the flows on the circuit are
maintained at high rates (2.2 to 2.5 L/min/m?), and the rate of the cooling is limited
to less than 1°C per minute until the desired temperature Is reached. Bladder and
nasopharyngeal temperatures are monitored to ensure uniform temperatures.

In most cases, the beating heart will be arrested to cease motion and allow
a bloodless field on the heart. This is achieved by administering cardioplagia
antegrade through the coronary arteries or retrograde through the coronary sinus.
Since thers are no valves In the coronary sinus, cardioplegla Is able to run retrograde
into the coronary arteries and out the ostium.

In certain cases, a state of circulatory arrest may be desired where the blood flow to
the patient is drained and the circuit Is stopped to allow for a bloodless fleld. This state
of “no blood flow™ to the patient is achieved with extreme systemic cooling at 16°Cto
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29°¢;, Safe periods of clrculatory arrest can be achisved based on the patient's core
temperature (Table 1). Bayond these times there are risks for cerebral and other end-
organ Injury. The negative effects of circulatory arrest include additional time required
to cool and rewarm the patient and systemic coagulopathy that often requires blood
component replacement.

Systemic rewarming is instituted by gradually increasing the perfusate temperature.
Rewarming Is slower than cooling because of the meximum 10°C permissible
temperature gradient between perfusate and nasopharyngeal temperatures, the
maximum allowable blood temperature of 42°C, and the reduced thermal exchange
as the temperature gradient between the patient and perfusate narrows. During this
part of the procedurs, warming blankets are set to A0°C, the perfusion flow rates
are increased to 2.5 10 3.0 L/mir/m?, and, pressure permitting, pharmacologic vaso-
dilation is used. When the bladder temperature reaches 32°C, the patient begins to
vasodilate spontaneously and the phammacologic vasodilator may be terminated.

Weaning Off of CPB

The heart is deaired before the cross-clamp Is removed. The patient s placed ina aor
head-down (Trendelenberg) position, and the heart is filled with blood by manually
restricting venous return to the pump. The right heart begins to il and the anasthesi-
ologist ventilates the lungs. The heart is gently massaged. Vents inthe left ventricle or
in the aortic root cardioplegia cannula are used to remove air from within the heart.
Once all alr appears to have been svacuated, pump flow is reduced to half flow,
arterial pressure IS reduced to 50 mm Hg, and the aortic cross-clamp Is removed while
suction Is maintained on the antegrade cardioplegic cannula. TEE is often used to
determine if there Is residual alr within the heart. Maneuvers to ramove any residual
air include filling the heart, giving Valsalva breaths, and rocking the table from side
to side when the aortic root vent is on. When echocardiography confirms that the
(aft heart is free of air, the operating table is restored to a level position and the aortic
cardiopleglc/vent cannula and the retrograde cardioplegic cannula are removed.
Temporary pacing wires are sutured to the right atrium and ventricle if needed.
Rewarming is continued until the patient’s temperature reaches 36°C. Termination
of GPB Is performed gradually, with constant communication between surgeon,
perfusionist, and anesthesiologist. The ventilator is turned on. The perfusionist
progressively occludes the venous retum line, translocating blood voluma from the
venous reservoir into the patient’s vascular system. The patient is now on “partial”
CPB, with blood flowing through the heart and pulmonary clrculation. When the blood
volume in the heart reaches an adequate level, the aortic valve begins to open with
sach heart beat, and a measurable cardiac output will be observed. The translocation
of volume Is continuad until the arterial systolic pressure reaches 100 mm Hg. Simul-
taneously, the flow through the circuit is reduced. The surgeon checks for surgical
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Mild 37-32 5-10

Moderate 32-28 10-15

Deep 28-18 15-60

Profound <i 60-90
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bleeding and assesses heart function, as well as checking heart and valve function by
TEE. On the surgeon’s approval, the perfusionist then terminates CPB by complstely
occluding the venous and arterial lines. Thereafter, the perfusionist transfuses volume
to the patient to malntain a systolic blood pressure of 100 mm Hg unless the heart
becomes distended.

If the heart does not function effectively when CPB Is terminated, bypass Is
reinstituted to prevent overdistention or hypoxfa. If heart functions appropriately
with hemodynamic stabliity, decannulation can begin. The venous cannulag are
ramaved but the tourniquets are still present should the need arise for rapid return
to bypass. The heparin is reversed with protamine. When half of the protamine s
administered, the aortic cannula should be removed to prevent arterial embolism
from the cannula. Additional volume should be given to the patient as needed to fill
the heart adequately though the aortic cannula before removing it. The protamine is
then completed and arterial and venous cannulation sites are tied and secured.
Shed blood should not be retumed to the exiracorporeal circuit once protamine Is
introduced Into the patient's circulation. Thereafter, final hemostasis and surgical
closure of the wound are performed.

COMPLICATIONS

Complications associated with CPB can be divided into those related to malfunction
of the circuit, those related to problems with cannulation, and those related to the
physiology of CPB on the body.

Complications Related to Cannulation

Cannulation of the heart must be done carefully because this can result in major catas-
trophes. The risk for ascending aortic dissaction is less than 1% with direct
cannulation; however, when it does occur, it may require circulatory arrest and
complete replacement of the ascending aorta. More common is bleeding from the
aortic cannulation site as a result of misplaced sutures, too smalla pursastring, bites
of the aorta that are full thickness (and too deep), or poor quality tissue. Many of these
errors can be avoided with careful planning of the location of cannutation and
meticulous suture placement. Repalr of a distal aortic injury can often be performed
by covering the site with an autologous pericardial patch. Atthis point of the operation,
the patlent is typically off bypass and the aortic cannula has been removed. The
assistant will need to contro! the bleeding with direct pressure on the acrtic cannula-
tion site. The surgeon can harvest a 2 to 3 cm circular piece of autologous pericar-
dium. Using 5-0 polypropylene the surgeon secures the pericardium to the aorta
around the cannulation site, making certaln to get good bites of the aortic adventitla
and media. The suture s run circumferentially and tied down. This will contro! the
bleeding In most cases. Rarely, femoral cannulation is required to go back on pump
and the patient may need to be cooled and circulation arrested to fix the cannulation
injury as with an aortic dissectlon.

Venous cannulation Injuries can occur as well and are typically related to quality of
the atrlal tissue and location of the pursestring suture. When cannulating the right atrial
appendage and the IVC, the surgeon should ensurs thers is enough atrial tissue to
aliow closure of the atriotomy without tension. A tear in the atrioventricular groove
or down the IVC can be very challenging to repair but can often be repaired primary
or with a large bovine pericardial patch.

Peripheral arterial and venous cannulation can also lead to complications. Femoral
arterial cannulation should only be performed with some knowledge of the femoral,
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fliac, and aortic anatomy to avold retrograde aortic dissection, malperfusion of the
body during bypass, and aortic or Hiac injury. In cases of savere peripheral vascular
disease, calcification of the vessels, or the presence of an aortic or lliac ansurysm,
alternative cannulation sites should be considered with a preoperative CT scan.
femoral venous cannulation can also lead to venous njury in the retroperitoneum of
abdomen leading to hemorrhage and poor flows when on bypass. Cannulation of
the axillary artery should be performed by sewing a Dacron graft in an end to side
fashion. In this setting, the surgeon must ensure there is no obstruction or digease
in the axflary or innominate arterles by CT anglogram.

Complications Related to the Effacts of CPB on the Body

Although CPB has advanced heart surgery to allow us to perform complex
reconstruction on the heart, it is clearly not & physiologlc state with nonpulsatile
flow, manipulation of core temparature, alterations in venous pressure, and increased
Interstitial fiuid. In addition to a host of Inflammatory cytokines that are released during
bypass, CPB also causes dysfunction of clotting factors and platelst activation and
lysis which ultimately lead to coagulopathy and bleeding. Meticulous hemostasis 1s
the first key to minimize bleeding. Longer procedure times are associated with higher
risk for bleeding and mora coagulopathy. Additional toplcal hemostatic agents can be
used to minimize nonsurgical bleeding. Blood component administration is the most
common method of treating coagulopathy following CPB. Antifibrinolytic agents
including aminocaprolc acid are commonly used during and after CPB in long or
complex cases to prevent fibrinolysls.

In addition to effects on coagulation, thers are multiple effects of CPB that can lead
to organ demage. It can be difficult to determine the source of postoperative cardiac
injury and attribute it to CPB orto cardiac arrest/cross-clamping. Ischemic repariusion
causes myocardial edema. Lung injury has been attributed to ischemic reperfuslon
injury as well as changes in pulmonary caplliary permeability. Renal dysfunction is
thought to be because of alterations in blood flow when on CPB as well as tissue
adema, Neurologic dysfunction has been the focus of many studies and Is thought
1o ba a result of nonpulsatile cerebral bload flow, microemboli to the brain, and loss
of cerebral autoregulation. Neurologic sequelae Include frank strokes as well as
mild cognitive dysfunction often termed “pump head.” Caraful planning of arterial
cannulation, maintsnance of adequate perfusion pressure when on CPB, and
avoidance of microemboli with the use of arterial filters can minimize the risk for
neurologic injury.

Complications Related to Pump Malfunction

Pump malfunctions are rare avents but can have devastating consequences. Massive
air embolism can occur with break in the integrity of the clrcult, on depletion of the
yenous reservolr, during opening of the left atrium or ventricle without a cross-clamp
{as can occur during insertionof a left ventricular vent), or from an inadvertant bolus of
air Into the arterial line, Systemic air embolism ls treated by stopping the CPB and
placing the patient in steep Trendelenberg. Tha circult is reprimed to remove the alr.
The surgecn then cannulates the SVC and runs flow retrograds through the cerabral
circulation for 1 to 2 minutes to allow air to exit through the acria. Once the pump Is
primed and visible air in the arterial system is removed, the pump is restarted ante-
grads and the patient is cooled to 20°C to increase the solubllity of the air embolism.

Air lock in the venous line can occur with gravity drainage and can result In loss of
venous drainage and depletion of the venous ressrvoir, This is treated by closing the
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source of venous entry, walking the air through the venous line into the reservoir, and
adding fiuid to the reservoir.

Pump fallure can occur as a result of electrical or mechanical causes. This Is
prevented by frequent servicing of the equipment and ensuring a functioning backup
battery. If the pump stops during CPB, if possible wean the patient off bypass. If this is
not possible, then a manual hand crank can be used to continue perfuslon through the

pump.

EXTRACORPOREAL MEMBRANE OXYGENATION

The Indications for extracorporeal membrane oxygenation (ECMO) are listed In Box 3.
The ECMO circuit differs from the traditional CPB circuit In a number of ways. The
ECMO circuit Is a single closed system and Is unable to tolerate alr in the venous
line. There is no separate circuit to administer cardioplegia as with the CPB circuit.
EGMO Is more compact than CPB, allowing for easler transportation of the patient
{Fig. 3). Typical ECMO circuits have heparin bonded tublng allowing for lower levels
of anticoagulation (ACT 180-220s).

Cannulation for ECMO can be performed with a varlety of techniques. Venoarterial
(VA) ECMO s performed for both circulatory and pulmonary support. VA ECMO is
often performed for cardiogenic fallure post cardiac surgery. in this scenario, the aorta
Is cannulated directly as aforementioned. If the aortic cannula is still present from
CPB, It can be used as the arterlal inflow for VA ECMO. In settings where the chest
is not open, arterial cannulation is usually performed through the femoral artery.
Venous cannulation is performed in the right atrium if the chest is open or through
the femoral vein and/or intemal jugular when the chest Is not open. Femoral, arterial,
or venous cannulation can be performed percutaneously or via a cutdown. When par-
formed via cutdown, 5-0 pursestring suture is used to secure the cannulas. Onca the
cannulas are confirmed to be in good location providing good flows on ECMO, the
cannulas and tubing are secured with heavy silk sutures to the skin to ensure they
are not inadvertently moved during routine care of the patient.

Venovenous ECMO is used for isolated pulmonary support in cases of reversible
pulmonary fallure. Most often, cannulation s performed through the femoaral and
internal jugular veins. Inflow is from the femoral vein and outflow through a cannula
in the right atrlum positioned through the internal jugular vein.

2. Postcardiotomy shock

3. Post myocardial infarction (MI}

4. High-risk coronary artery and intracardiac interventions (cath fab}
5

. Respiratory support (reversible conditions)
a. Acute lung injury (trauma)
b. Post lung transplant

6. Hypothermia resuscitation

b e
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Fig. 3. ECMO circuits are smaller than CPB and are portable.

Complications

In addition to the aforementioned concerns with air embolism and microemboli,
complications specifically related to ECMO are primarlly bacause of the extended
period of time in which a patient Is anticoagulated while on cardiopulmonary support.
This results in significant coagulopathy, especially when ECMO support is required for
longer than 48 to 72 hours. Despite maintaining lower ACTs while on ECMO, the pump
and circuit result in consumption of clotting factors and platelets. It is not unusual for
patients on ECMO to recelve several times thelr blood volume In blood component
replacement while on support. The resultant transfusions can lead to reactions to
the blood products and secondary injury to the lungs.

Fig. 4. LHB machine.
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Fig. 5. Location cannulation strategy for LHB during descending and thoracoabdominal
aortic surgery. From Szwerc M, Benckart D, Lin J, et al. Recent clinical experience with left
heart bypass using a centrifugal pump for repair of traumatic aortic transection. Ann
Surg 1999; 230:486; with permission.

EHB

LHB is parttal heart bypass designed to provide partial blood flow to limitad sections of
the body during surgery (Fig. 4). LHB s primarily used to provide support and perfu-
sion of the visceral vessels and lower extremities during reconstruction of the de-
scending aorta, allowing the perfusionist to divert a portion of the patient's
saturated blood from the patient's clrculation after it has passed through the fungs
and returns It to the arterial system by way of the distal aorta or femoral artery
(Fig. 5). This parallel circuit technique permits the perfusionist to vary the preload of
the left ventricle, controliing the volume of blood being sjected into the aorta, and it
provides blood fiow to the lower intercostals, lumbar, renal, and visceral arteries.
The use of LHB has been shown to decrease the incidence of paraplegia and renal
fallure, and it limits intestinal ischemia during operations on the descending thoracic
and thoracoabdominal aorta. '3

Access to the thoracic and thoracoabdominal aorta is obtained through a left
thoracotomy and a thoracoabdominal incision, respectively. Following exposure of
the aorta, heparin is administered (100 units/kg) and ACTs are malntained at 200
sec. The femoral artery is cannulated with a 15F Bio-Medicus arterial cannula percu-
taneously or through femoral artery cutdown through a 5-0 polypropylens pursestring.
If cannulating directly into the distal aorta, a 12F Blo-Medicus arterial cannula is used
through a 4-0 polypropylene pursestring. The cannula Is then attached to the outflow
side of the circuit, with great care being taken to ensure the system Is devoid of alr
bubbles. The left atrium is cannulated through the left inferior puimonary vein with
a 14F Bio-Medicus venous cannula and secured with a 5-0 polypropylene pursestring.

kbt Pt B
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The inferior pulmonary figament should be divided entirely and the inferlor puimonary
veln should be isolated clrcumferentially. As noted on the arterial side, the cannula is
secured to the circuit ensuring no air bubbles in the line.

A blood flow rate of 20 to 40 mL/kg, or a cardiac index of 1.3 m? (2.0-2.5 L/min) Is
generally acceptable for perfusing the viscera and lower extremity. Following the
initiation of bypass and aortic cross-clamping, there are two parallel circulations.
Girculation to the great vessels and heart is dependent upon the patient's native
cardiac function and preload in the left ventricle, whereas the lower circulation 1s
dependent on the bypass circuit. The regulation of blood flow and pressure is
controlled by the rate in which the blood is removed by the bypass circuit. As the
pump flow of the bypass circuit Increases, the blood flow into the ascending aorta
is decreased along with the upper extremity blood pressure; whereas the distai blood
flow and pressure increases. By altering the flow through the circuit, the radial artery
pulsatile pressure is maintained around 100/60 mm Hg, whereas the femoral artery
mean pressure is maintained to roughly equal the radial diastolic pressure.

The LHB circuit s a simpla circult consisting of a centrifugal pump, tubing, and
cannulae. The use of a centrifugal pump offers the advantage of providing a negative
pressure on the inflow blood, allowing the pump to be close to and at table level, thus
reducing the tubing length. This arrangement traps gir bubbles that may entrain into
the circuit, and it minimizes blood element trauma. In addition, two cell savers are
used to process and return the patient’s shed blocd.

Complications

LHB does possess some unique hazards in addition to the aforementioned risks for
CPB. Although meticulous care must be taken to avoid air embolism in other modes
of GPB, this cannot be overstated using LHB. Excess flow through the circuit or
relative hypovolemia will result in proximal aortic hypotension and suboptimal
perfusion of the brain and upper extremities. Excessive rpm of the centrifugal pump
may cause vortexing, which can generate microemboli that can be passed distally
into the patient. Finally, femoral cannulation can result in limb Ischemia by the arterial
cannula obstructing flow in the distal femoral artery.

SUMMARY

CPB, ECMO, and LHB have revolutionized our ability to operate on the heart, great
vessels, and aorta in addition to providing means of short-term support for reversible
causes of cardiac and/or respiratory faillure. The success of thesa approaches is
dependent upon excellent communication betwesn the surgeon, perfusionist, and
anestheslologist as well as constant vigilance and troubleshooting by the caregivers.
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MEDICAL PROGRESS

Heart Failure

Mariell jessup, M.D., and Susan Brozena, M.D.

for myriad diseases that affect the heart. Since the mid-1990s, when the last

i reviewofheartfailure appeared in the Joumal,2 discoveries from basic research

and findings from key clinical trials have resulted in considerable change in the scope

of thetapies available and the continuing advancement of our understanding of the

pathophysiological mechanisms of heart failure. In this article, we highlightthese new
developments.

,"'"'T‘; HE CLINICAL SYNDROME OF HEART FAILURE IS THE FINAL PATHWAY

A COSTLY AND DEADLY DISORDER

Nearly 5 million Americans have heart failure today, with an incidence approaching 10
per 1000 population among persons older than 65 years of age. Heart failure is the reason
for atleast 20 percent of all hospital admissions among persons older than 65, Overthe
pastdecade, the rate of hospitalizations for heart failure has increased by 159 percent.2
In 1997, an estimated $5,501 was spent for every hospital-discharge diagnosis of heast
failure, and another $1,742 per month was required to care for each patient after dis-
chage. Accordingly, substantial efforts have been made to identify and treatthe factors
that predict recurrent hospitalization. Bnd points oflarge randomized trials now include
the effect of the studied intervention on the rate of hospital admissions. For example,
angiotensin-converting-enzyme (ACE) inhibitors, angiotensin-receptor antagonists,
beta-blockers, spironolactone, biventricular pacing, coronary bypass surgery, and the
use of multidisciplinary teams to treat heart failure have all been shown to reduce the
rate of hospitalizations substantially, as well as to reduce mortality or improve functional
starus.3-S Considerable debate has focused on the mechanisms that reduce the rate of
admissions and on the type of physician who should care for patients with heart failure.
In the United States, more than two thirds of patients with heart failure are cared for ex-
clusively by primary care practitioners.

Multiple clinical trials completed during the past 15 years have unequivocally shown
a substantial reduction in mortality for patients with systolic heart failure, Simultane-
ously, however, large epidemiologic surveys, such as the ongoing Framingham Study,
have not documented any meaningful change in overall death rates. (Death seems to have
been delayed, however, and occursa longer timeafter major cardiac events suchasa my-
ocardial infarction.) Symptomatic heart failure continues to confer a worse prognosis
than the majority of cancers in this country, with one-year mortality of approximately
45 percent.57

Why have the newer and successful therapies failed to result in a meaningful reduc-
tion in mortality due to heart failure? Itis important to recognize that heart failure is a
clinical syndrome arising from diverse causes. Not all patients with the condition have
poorly contracting ventricles and a low ejection fraction. Many have uncorrected valvular
disease, such as aortic stenosis or mitral regurgitation, ot abnornal filling, resulting in
diastolic heart failure. A large majority of patients with heart failure are elderly, and 75

N ENGL ) MED 348;20 WWW.NE|M.ORG MAY 15, 2003

From the Heart Failure—Cardiac Transplan-
tation Program, Cardiovascutar Division,
Department of Medicine, Hospital of the
University of Pennsylvania, Philadelphia.
Address reprint requests to Dr. Jessup at
the Heart Fallure-Cardiac Transplantation
Program, 6 Penn Tower, 3400 Spruce 5t.,
Phiiadelphia, PA 19104, or at jessupm@
uphs.upenn.edu.

N Engl} Med 2003;348:2007-18.
Copyright © 2003 Mawsachuserts Medical Soclety.

2007

Downtoeded from www.ngjm.org at TUFTS UNIVERSITY on March 8, 2008 .
Copyright @ 2003 Massachuselts Madical Soclety. All ights reserved.



The NEW ENGLAND JOURNAL of MEDICINE

percent of patients have a history of hypertension.
Many patients have at least one serious coexisting
condition, in addition to advanced age. Such pa-
tients have not usually been subjects in investiga-
tiona trials. Moreover, until recently, the majority of
patients entered into trials of investigational drugs
were middle-aged white men with heart failure due
to ischemic cardiomyopathy. Fewer women and
members of racial minorities have taken part in tri-
als, and very few trials have included persons older
than 75 years of age. Thus, despite the ackmowl-
edged successes of the therapies outlined below,
thete is much to be done in the prevention and man-
agement of heart failure in the large subgroups of
patients who are notwell represented in trials. Cer-
tainly, successful treatments have notbeen system-
atically applied to the majority of patients with heart
failure, and for the reasons stated above, those that
have been applied may not be efficacious.

Although heart failure is a major public health
problem, there are no national screening efforts to
detect the disease at its earlier stages, as there are
for breast and prostate cancer or ¢ven asteoporo-
sis. Heart failure is largely preventable, primarily
through the control ofblood pressure and other vas-
cularrisk factors. Yet, until recently, the factors that
render a patient at high risk for heart failure had
not been clearly defined or publicized. The guide-
lines for the evaluation and management of chron-
ic heart failure that were published recently by the
American College of Cardiology and the American
Heart Association have corrected this deficit.® The
writing commitiee developed a new approach to the
classification of heart failure that emphasizes its
evolution and progression and defined four stages
of heart failure, Patients with stage A heart failure
are at high risk for the development of heart failure
but have no apparent structural abnormality of the
heart. Patients with stage B heart failure have a struc-
tural abnormality of the heart but have never had
symptoms of heart failure. Patients with stage C
heart failure have a structural abnormality of the
heart and cucrent or previous symptoms of heart
failure. Patients with stage D heart failure have end-
stage symptoms of heart failure that are refractory
to standard treatment.

This staged classification underscores the fact
that established risk factors and structural abnor-
malities are necessary for the development of heart
failure, recognizes its progressive nature, and super-
imposes treatment strategies on the fundamentals
of preventive efforts. Theclassification is a departure

from the traditional New York Heart Association
(NYHA) classification, which has primarily been
used as shorthand to describe functional limita-
tions.? Heart failure may progress from stage A to
stage D in a given patient but cannot follow the path
in reverse, In contrast, a patientwith NYHA class IV
symptoms might have quick improvement to class
T with diuretic therapy alone. This staged heart-
Gailure classification promotes a way of thinking
aboutheart fuilure thatis similar to our way of think-
ing about cancer — that is, the identification and
screening of patients who are at risk, patients with
in situ disease, and patients with established or
widespread disease. The ensuing discussion about
the treatment of heart failure is keyed toward this
new staging classification.

THE SYNDROME OF HEART FAILURE

The traditional view that heart failure is a constella-
tion of signs and symptoms caused by inadequate
performance of the heart focuses on only one aspect
of the pathophysiology involved in the syndrome.
Currently, a complex blend of structural, functional,
and biologic alterations are evoked to account for
the progressive nature of heart failureand to explain
the efficacy or failure of therapies used in clinical tri-
als.1° For example, the rationale for the use of beta-
blockers in a patient with a pootly contracting heart
is based on a conceptual framework broader than
that which suggests the treatment of congestion
with diuretics or digoxin. The rationale for using
beta-blockers is predicated on an understanding of
the role of the sympathetic nervous system in pro-
moting the release of renin and other vasoactive sub-
stances that trigger vasoconstriction, tachycardia,
and changes in myocytes that lead to disadvanta-
geous ventricular dilatation.

Indeed, recent reviews have combined several
models that had been used previously to under-
stand heart filure in order to illustrate mote fully
the cascade of mechanisms, as well as the opportu-
nities for intervention.11 Thus, the hemodynamic
model of heart failure emphasized the effect of an
altered load on the failing ventricle and ushered in
the era of vasodilators and inotropic agents. The
neurohumoral model recognized the importance of
activation of the renin-angiotensin-aldosterone
axis and the sympathetic nervous system in the pro-
gression of cardiac dysfunction. More recently, ef-
forts to antagonize the effects of circulating norep-
inephrine and angiotensin II have shifted with the
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recognition that these and cther vasoactive sub-
stances are also synthesized within the myocardium
and therefore act in an autocrine and paracrine man-
ner, in addition to their actions in the circulation.
For example, brain natriuretic peptide is produced
by the ventricular myocardium in response to
stretch; its vasodilatory and natrivretic effects coun-
teract the opposing actions of angiotensin I and
aldosterone. Other studies have scrutinized myo-
cytes from failing hearts in an attempt to detectab-
normal signaling, gene expression, or contractile
protein structure, Table 1 details many ofthe factors
that contribute to the heart-failure syndrome as itis
currently understood. Because no single pathophys-
jological model can account for the host of clinical
expressions of heart failure, current therapy often
targets more than one organ system, as outlined in
Figure 1. Additional pathophysiclogical concepts
that have become clinically meaningful areas for in-
vestigation or treatment are described below.

REMODELING
Increased levels of circulating neurchormones are
only part of the response seen after an initial insult
to the myocardium, Left ventricular remodeling is
the process by which mechanical, neurohormonal,
and possibly genetic factors alter ventricular size,
shape, and function. Remodeling occurs in several
clinical conditions, including myocardial infarction,
cardiomyopathy, hypertension, and valvular heart
disease; its hallmarks include hypertrophy, loss of
myocytes, and increased interstitial fibrosis. 1213

For example, after a myocardial infarcton, the
acute loss of myocardial cells results in abnormal
loading conditions that involve not only the border
zone oftheinfarction, but also remote myocardium.
These abnormal loading conditions induce dilata-
tion and change the shape ofthe ventricle, rendering
it more spherical, as well as causing hypertrophy.
Remodeling continues for months after the initial
insult, and the eventual change in the shape of the
ventricle becomes deleterious to the overall function
of the heart as a pump (Fig. 2A).24 In cardiomyopa-
thy, the process of progressive ventricular dilatation
or hypertrophy occurs without the initial apparent
myocardial injury observed after myocardial infarc-
tion {Fig. 2B).

Several trials involving patents who were stud-
ied after a myocardizl infarction or who had dilated
cardiomyopathy found a benefit from ACE inhibi-
tors, betz-adrenergic antagonists, or cardiac resyn-
chronization,15-18 Such beneficial effects were asso-

Table 1. Pathophysiclogical Mechanisms Important
in the Syndrome of iHeart Fallure.

Cardiac sbnormalities

Structural abnormalities
Myocardium or myocyte
Abnormal excitation—contraction coupling
B-Adrenergic desensitization
Hypertrophy
Necrosis
Fibrosis
Apoptosis
Laft ventricular chamber
Remodeling
Dilatation
Increased sphericity
Aneurysmal dilatation or wall thinning
Coronary arteries
Obstruction
Inflammation
Functional abnormalities
Mitral regurgitation
Intermittent ischemia or hibernating myocardium
Induced atrial and ventricular arrhythmias
Altered ventricular interaction
Biologically active tissue and circulaling substances
Renin-angiotensin-aldosterone systern
Sympathetic nervous system (norepinephrine}
Vasodilators {bradykinin, nitric oxide,
and prostaglandins)
Natriuretic peptides
Cytokines {endothelin, tumor necrosis factor,
and interleukins)
Vasopressin
Matrix metalloproteinases
Other factors
Genetic background, including effects of sex
Age
Environmental factors, including use of alcohol,
tobacco, and toxic drugs
Coexisting conditions
Diabetes mellitus
Hypertension
Renal disease
Coronary artery disease
Anemia
Obesity
Sleep apnea
Depression

ciated with so-called reverse remodeling, in which
thetherapy promoted a return to 2 more normal ven-
tricular size and shape.15-28 The reverse-remodeling
process is a mechanism through which a variety of
treatments palliate the heart-failure syndrome.

MITRAL REGURGITATION
Another potential deleterious cutcome of remodel-
ing is the development of mitral regurgitation. As
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Figure 1, Primary Targets of Treatment in Heart Failure.

Treatment options for patients with heart failure affect the pathophysiclogical
rmechanisms that are stimulated in heart failure. Angiotensin-converting-
enzyme (ACE) inhibiters and angiotensin-receptor blockers decrease after-
load by interfering with the renin—angiotensin-aldosterone system, resulting
in peripheral vasodilatation. They also affect left ventricular hypertrophy, re-
modeling, and renal blood flow. Aldosterone production by the adrenal
glands is increased in heart failure. It stimulates renal sodium retention and
potassium excretion and promotes ventricular and vascular hypertrophy.
Aldosterone antagonists counteract the many effects of aldosterone. Diuret-
ics decrease preload by stimulating natriuresis in the kidneys. Digoxin affects
the Na*/K+-ATPase pump in the myocardial cell, increasing contractility. Ino-
tropes such as dobutamine and milrinone increase myocardial contractility.
Beta-blockers inhibit the sympathetic nervous system and adrenergic recep-
tors. They slow the heart rate, decrease blood pressure, and have a direct ben-
eficial effect on the myocardium, enhancing reverse remodeling. Selected
agents that alse block the alpha-adrenergic receptors can cause vasodilata-
tion. Vasodilator therapy such as combination therapy with hydralazine and
isosorbide dinitrate decreases afterload by counteracting peripheral vasocon-
striction, Cardiac resynchronization therapy with biventricular pacing im-
proves left ventricular function and favors reverse remodeling. Nesiritide
{brain natriuretic peptide) decreases preload by stimulating diuresis and de-
creases afterload by vasodilatation. Exercise improves peripheral blood flow
by eventually counteracting peripheral vasocanstriction. It also improves
skeletal-muscle physiology.

the left ventricle dilates and the heart assumes a
more globular shape, the geometric relation be-
tween the papillary muscles and the mitral leafiets
changes, causing restricted opening and increased
tethering of the leaflets and distortion of the mitral
apparatus. Dilatation of the annulus occurs as are-
sult of increasing left ventricular or atrial size oras
a result of regional abnormalities caused by myocar-
dial infarction. 1521 The presence of mitral regurgi-
tation results in an increasing volume overload on
the overburdened leftventricle that further contrib-
utes to remodeling, the progression of disease, and
symptoms. Correction of mitral regurgitation has
been an appropriate focus of therapy.

ARRHYTHMIAS AND BUNDLE-BRANCH BLOCK
The myocardial conduction system is vulnerable to
the same pathophysiological processes thatoccurin
the myocytes and interstitium, with altered conduc-
tion properties observed in response to ischemia,
inflammation, fibrosis, and aging. Supraventricular
arrhythmias, particularly atrial fibrillation, are often
the precipitating events that herald the onset of ei-
ther systolic or diastolic heart failure.”2 Blevated ven-
tricular end-diastolic pressure in a patient with hy-
pertension or abnormal myocardial function leads
to atrial stretch, which in turn incites electrical insta-
bility. Recognition of the presence of awrial fibritla-
tion ina patient is critical, since several studies have
now demonstrated the effectiveness of oral antico-
agulant therapy for the prevention of stroke.??

Abnormal myocardial conduction can also lead
to delays in ventricular conduction and bundle-
branch block, Left bundle-branch block is a signif-
icant predictor of sudden death and a common
finding in patients with myocardial failure, 2426 Its
presence also affects the mechanical events of the
cardiac cycle by causing abnormal ventricular acti-
vation and contraction, ventricular dyssynchrony,
delayed openingand closure of the mitral and aortic
valves, and abnormal diastolic function. Hemody-
namic sequelae includea reduced ejection fraction,
decreased cardiac outputand arterial pressure, par-
adoxical septal motion, increased left ventricular
volume, and mitral regurgitation.?-3 Ventricular
arrhythmias are thought to be secondary toa disper-
sion of normal conduction through nonhomoge-
neous myocardial tissue, which promates repetitive
ventricular arthythmias.

The rate of sudden cardiac death among persons
with heart filure is six to nine times thatseen in the
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A

Initial infarct

Normal heart

Expansion of infarct
{houes to days)

B Ventricular remodeling in diastolic and systolic heart failure

Hypertrophied heart
{diastolic heart failure}

Global remodeling
[days to months)

Dilated heart
(systolic heart failure)

begins to expand and become thinner. Within days to months,

Figure 2. Ventricular Remodeling after Infarction (Panel A) and in Diastolic and Systolic Heart Failure (Panel B).

At the time of an acute myocardial infarction — in this case, an apical infarction — there is no clinically significant
change In overall ventricular geometry {Panel A). Within hours to days, the area of myocardium affucted by the infarction
global remodeling can occur, resulting in overall ventricular
dilatation, decreased systolic function, mitral-valve dysfunction, and the formation of an aneurysm. The classic ventric-
ular remodeling that occurs with hypertensive heart disease (middle of Panel B) results ina normal-sized left ventricular
cavity with thickened ventricular walls {concentric left ventricular hypertrophy) and preserved systotic function. There
rmay be some thickening of the mitral-valve apparatus. In contrast, the classic remodeling that occurs with dilated car-
diomyopathy (right side of Panel B) results In a globular shape of the heart, a thinning of the left ventricular walls, an
overall decrsase in systolic function, and distortion of the mitral-valve apparatus, leading to mitral regurgitation.

general population.3! Major innovations in medical
and device-based therapy for the primary and sec-
ondary prevention of lethal ventricular arrhythmias
have occurred during the pastdecade butare beyond
the scope of this article. Increasing use ofimplant-
able cardioverter—defibrillators has unequivocally
reduced mortality in a subgroup of patients with
heart failure.

DIASTOLIC HEART FAILURE

It is estimated that 20 to 50 percentof patients with
heart failure have preserved systolic function or a
normal left ventricular ejection fraction. Although
such hearts contract normally, relaxation (diastole)
is abnormal. Cardiac output, especially during exer-
cise, is limited by the abnormal filling characteris-
tics of the ventricles. Fora given ventricularvolume,
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ventricular pressures are elevated, leading to pulmo-
nary congestion, dyspnez, and edema identical to
those seen in patients with a dilated, poorly con-
tracting heast.32-35 Characteristics of patients with
systolic heart failure and those with diastolic heart
failure are compared in Table 2. Patients with dia-
stolic heart failure are typically eldery, ofien female,
and usually obese and frequently have hypertension
and diabetes. Mortality among these patients may
beas high as thatamong patients with systolic heart
failure, and the rates of hospitalization in the two
groups are equal 36 The diagnasis of diastolic heart
failure is usnally made by a clinician who recogniz-
es the typical signs and symptoms of heart failure

Table 2. Characteristics of Patients with Diastolic Heart Failure
and Patients with Systolic Heart Failure.*

Diastolic Systolic
Characteristic Heart Failure Heart Failure
Age Frequently elderly Al ages, typically
50-70yr
Sex Frequently female  More often male
Left ventricular ejection fraction  Preserved or normal, Depressed,
approximately 40% approximately 40%
or higher or lower
Left ventricular cavity size Usually normal, often  Usually dilated

with concentric left
ventricular hyper-

trophy
Left ventricular hypertrophy on Usually present Sometimes
electrocardiography present
Chest radiography Congestionwith or ~ Congestion and

without cardiomegaly  cardiomegaly

Gallop rhythm present Fourth heart sound  Third heart sound
Coexisting conditions

Hypertension

Diabetes mellitus

Previous myocardial infarction

Obesity

Chronic lung disease

Sleep apnea

ot o+ 1t ¢

Long-term dialysis

TR EEE:

Atrial fibrillation +

(usually paroxysmal) (usually persistent)

* A single plus sign denotes “occasionally associated with,” two plus signs
“often associated with,” three plus signs “usually associated with,” and a zero
“not associated with,"

and who is not deterred by the finding of normal
systolic function (i.e., a normal ejection fraction) on
echocardiography. Echocardiography may be useful
in the detection of diastolic filling abnormalities.
Unfortunately, unlike heart filure due to systolic
dysfunction, diastolic heart failure has been studied
in few clinical trials, so there is little evidence to
guide the care of patients with this condition. Phys-
iological principles used in the treatment of such
patients include the control of blood pressure, heart
rate, myocardial ischemia, and blood volume.

MANAGEMENT OF HEART FAILURE

CLINICAL ASSESSMENT

Breathlessness, fatigue, and even edema may be due
to a host of noncardiac conditions and do not neces-
sarily indicate the presence of heart failure. Never-
theless, the clinician must have a high index of sus-
picion thatthe source of a patient's problems may be
cardiac and must become adept at assessing pa-
tients for fluid overload and cardiac abnonnalities.
Measurement of serum brain natriuretic peptide
may aid in the diagnosis of heart failure.?” Serial
raeasurements of weight at office visits, combined
with instructions for daily weighing athome, helpto
alert the clinician and the patient to the possibility of
fluid retention, The patientshould be evaluated reg-
ularly in an appropriate position (45-degree eleva-
tion), with notation of the jugular venous pressure.
Hepatojugular reflux, presence of a gallop thythm,
and peripheral edema are key findings on physical
examination that may indicate a need for addition-
al diuretic therapy and may be prognostically im-
portant.38

TREATMENT OF PATIENTS WITH STAGE A HEART
FAILURE

Control of risk factors in stage A (e.g., hypertension,
coronary artery disease, and diabetes mellitus) has
a favorable effect on the incidence of later cardiovas-
cular events (Fig. 3). Results from trials have shown
that the effective treatment of hypertension decreas-
es the occurrence of left ventricular hypertrophy and
cardiovascular mortality, as well as reducing the in-
cidence of heart failure by 30 to 50 percent.3%40
Guidelines have recommended that the target for
diastolic blood pressure in patients considered to
be at high risk, particularly those with diabetes, be
below 80 mm Hg, with the goal of further reducing
morbidity and mortality.** Patients with diabetes
have a high incidence of heartdisease, with multiple
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Stage A Stage 8 StageC
High risk Structural | Structural
with no heart disease,

disease, no | previous or
symptoms current
symptoms

symptoms

L - = s -

Stage D
Refractory
symptoms

requiring

special

t Intervention

ventricular assist device.

Figure 3, Stages of Heart Failure and Treatment Options for Systolic Heart Failure.

Patients with stage A heart failure are at high risk for heart failure but do not have structural heart disease or symptoms
of heart failure. This group includes patients with hiypertension, diabetes, corcnary artery disease, previous exposure to
cardiotoxic drugs, or a family history of cardiomyopathy. Patients with stage B heart failure have structural heart disease
but have no symptoms of heart failure. This group includes patients with left veatricular hypertrophy, previous myocar-
dial infarction, left ventricular systolic dysfunction, or valyular heart disease, all of whom would be considered to have

New York Heart Assaciation (NYHA) class | symptoms. Patients with stage C heart failure have known structural heart
disease and current or previous symptoms of heart failure. Their symptoms may be classified as NYHA class L, I}, 11, or
[V, Patients with stage D heart failure have refractory symptoms of heart failure at rest daspite maximal medical therapy,
are haspitalized, and require specialized interventions or hospice care. All such patients would be considered to have

NYHA class IV symptoms. ACE denotes angiotensin-converting enzyme, ARB angiotensin-receptor hlocker, and VAD

adaptive and maladaptive biochemical and func-
tional cardiac abnormalities.+> ACE-inhibitor treat-
ment of asymptomatic high-risk patients with dia-
betes or vascular disease and no history of heart
failure hasyielded significant reductions in the rates
of death, myocardial infarction, and stroke.*3-45 The
use of the angiotensin-receptor blocker losartan has
been shown to delay the first hospitalization for
heart failure in patients with diabetes mellitus and
nephropathy.* In short, the goal of treaument in
stage A is to prevent remodeling.

TREATMENT OF STAGE B, C, OR D HEART FAILURE
WITH OR WITHOUT SYMPTOMS

The goals of therapy for patients with heart failure
and a low ejection fraction are to improve stirvival,
slaw the progression of disease, alleviate symptoms,
and minimize risk factors, Modifications of lifestyle

can be helpful in controlling the symptoms ofheart
failure. For example, basic habits of moderate sodi-
um restriction, weight monitoring, and adherence
to medication schedules may aid in avoiding fluid
retention or alerting the patient to its presence.
Moderation ofalcohol intake is advised; avoidance
of nonsteroidal antiinflammatory drugs (NSAIDs) is
also important.#” NSAIDs have been associated with
an increase in the incidence of new heart failure,
decompensated chronic heart failure, and hospital-
izations for heart failure. For selected patients, a
regularly scheduled exercise program may have
beneficial effects on symptoms.*&:4 ACE inhibitors
decrease the conversion of angiotensin I to angio-
tensin I, thereby minimizing the multiple patho-
physiological effects ofangiotensin II, and decrease
the degradation of bradykinin. Bradykinin promotes
vasodilatation in the vascular endothelium and
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causes natriuresis in the kidney. The beneficial ef-
fects of ACE inhibitors in heart failure and after a
myocardial infarction include improvements in sur-
vival, the rate of hospitalization, symptoms, cardiac
performance, neurchormonal levels, and reverse re-
modeling,50-52

ACE inhibitors have not been unequivocally
shown to reduce the incidence of sudden death.
They are recommended for many patients with stage
A heart fRilure and all patients with stageB, stage C,
orstage D heart failure. But unresolved issues per-
sist. First, underuse of ACB inhibitors by physicians
fot fear of potential side effects has been a concern.
Yet side effects are fairly predictable and reversible

and can usually be successfully managed. Second,
the optimal dose of an ACE inhibitor is uncertain,
Most randomized trials have shown no difference in
mottality between patients receiving high-dose ACE
inhibitors and those receiving low-dose ACE inhib-
itors.53-56 Finally, it is uncertain whether there are
any meaningful differences among the many ACE
inhibitors available today. Table 3 details some
common clinical problems with recommended ap-
proaches.

Beta-blackers have long been used for the treat-
ment of hypertension, angina, and arrhythmias and
for prophylaxis in patients who have had a myocar-
dial infarction. This dlass of medication has had a

=

Table 3. Common Clinical Problems in Patients with Heart Failure and Recommended Solutions.*

Clinical Problem

The patient has classic symptoms of heart failure

with a normal left ventricular ejection fraction. and ischemia.

The patient has hypotension: when is the systolic
blood pressure too low?

The patient has hyperkalemia.

spironolactone may

The patient has increasing azotemia while taking
ACE inhibitors.

The patient has a cough while taking ACE inhibitors.

Should the dose of the ACE inhibitor be increased or
should beta-blocker therapy be initiated ina
symptomatic patient?

Should an ARB be added to ACE-inhibitor therapy or
should a beta-blocker be added in a symptomatic
patient?

Recommended Solutions

Consider diastolic heart failure, valvular heart disease, hypertensive heart disease,

Asymptomatic patients with dilated cardiomyopathy often tolerate a systolic blood
pressure of 30 mm Hg. If the patient has no lightheadedness or undue fatigue,
peripheral perfusion is adequate, and blood urea nitrogen and creatinine are
unchanged, continue the same doses of medications.

in symptomatic patients, decrease the dose of diuretic. If symptoms persist, adjust-
ment of the timing of concomitant medications may be hel pful. Decreasing the
dose of the ACE inhibitor, beta-blocker, ARB, or vasodilator is indicated.

Ensure that the patient is taking no exogenous potassium supplement or potassium-
containing salt substitute, Avoid hypovolemia. Consider decreasing the dose of a
potassium-sparing diuretic. Concomitant use of an ACE inhibiter or ARB and

Increase the risk of hyperkalemia. Avoid high doses of ACE

inhibitors and ARBS in patients receiving spironolactone. Avoid use of spironolac-

tone in patlents with renal failure, and use low doses of ACE inhibitors and ARBs.

Decrease the dose of diuretic. Consider renal-artery stenasis if azotemia persists.
Rule out worsening congestive heart failure. Change to ARB if severe cough persists.

Start beta-blocker therapy if there are no contraindications.

Start beta-blocker therapy if there are no contraindications.

The patient has worsening symptoms of congestive
heart failure after starting beta-blocker therapy.

The patient has worsening bronchospasm after
starting beta-blocker therapy.

Persistent paroxysmal nocturnal dyspnea or orthop-
nea or daytime fatigue despite absence of fluid
retention on physical examination.

The patient requires repeated hospitalizations.

Increase the dose of diuretic and slow the titration of the beta-blocker.

Decrease the dose of the beta-blocker. Consider a beta-selective agent. Discontinue
treatment with the drug if the problem persists.

Evaluate the patient for central or obstructive sleep apnea.

A multidisciptinary approach should be initiated, with a visiting nurse in the home.
Referral for heart failure is indicated.

* ACE denotes angiotensin-converting enzyme, and ARB angiotensin-receptor blocker.
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remarkable effect on chronic heart failure. The pti-
mary action of beta-blockers is to counteract the
harmfil effects of the sympathetic nervous system
that are activated during heart failure, The beneficial
effects of these drugs have been demonstrated in
trials involving patients with heart failure from var-
jous causes and of all stages. These effects include
improvements in survival, morbidity, gjection frac-
tion, remodeling, qualityof life, the rate ofhospital-
ization, and the incidence of sudden death.*57 Beta-
blockers should be used in all patients in stable
condition without substantial fluid retention and
without recent exacerbations of heart failure requir-
ing inotropic therapy. There are a few populations
of patients in whom beta-blockers should not be
used or should be used only with extreme caution.
Such patients include those with reactive airway dis-
ease, those with diabetes in association with fre-
quent episodes of hypoglycemia, and those with
bradyarrhythmias or heart block who do not havea
pacemaker.

Although the short-term effects of beta-blockers
may result in a temporary exacerbation of symp~
toms, their long-term effects are uniformly benefi-
cial. Placebo-controlled trials involving long-term
treatment have shown improved systolic function
after three months of treatment and reverse remod-
eling after four months.1#:5859 In the United States,
two beta-blockers are specifically approved for the
treamentofheart failure: carvediloland long-acting
metoprolol. Currently, neither drug has proved tobe
consistently superior; both have shown significant
clinical efficacy. Carvedilol is a nonselective B-adre-
nergicantagonist with alpha-blocking effects; met-
oprolol is a selective B, -adrenergic antagonistwith
no alpha-blocking effects. A large trial comparing
these drugs is nearing completion. However, the
most frequently prescribed beta-blocker in the Unit-
ed States is atenolol; there have been no studies to
date on the use of atenolol in patients with heart
failure. Drugs thatantagonize the sympathetic nerv-
ous system through alternative pathways, such as
clonidine or moxonidine, have been less clinically
useful in patients with heart failure.

Available angiotensin-receptor antagonists block
the effects of angiotensin II at the angiotensin II
subtype 1 receptor. The recently published guide-
lines recommend that these drugs should not be
used as first-line therapy for heart failure of any
stage but should be used only in patients who can-
not tolerate ACE inhibitors because of severe cough
or angioedema.® Several trials involving patients

with heart failure have shown that angiotensin-
receptor antagonists have efficacy similar to thatof
ACE inhibitors but are not superior.5>62 On the
other hand, in a randomized trial of patients with
symptomatic left ventricular systolic dysfunction,
the addition of valsartan to ACE-inhibitor treatment
reduced the rate of the combined end point of death
or cardiovascular events and improved clinical signs
and symptoms of heart failure.53 However, patients
who were receiving beta-blockers, an ACB inhibi-
tor, and the angiotensin-receptor blocker valsartan
had more adverse events and increased mortality.
More recently, the Losartan Intervention for Bnd-
point Reduction in Hypertension (LIFE) trial was
completed in patients with stage B beart failure —
specifically, asymptomatic patients with hyperten-
sion and left ventricular hypertrophy on electrocar-
diography. Treatmentwith the angiotensin-receptor
blocker losartan yielded improvements in cardio-
vascular morbidity and survival, as well as a decrease
in the incidence of new-onsetdiabetes, as compared
with treatment with the beta-blocker atenoloi.®
Thus, accumulating data lend support to the con-
tention thatangiotensin-receptor antagonists are a
reasonable alternative to ACE inhibitors.

ADDITIONAL THERAPY FOR SYMPTOMATIC
PATIENTS WITH STAGE C OR STAGE D

HEART FAILURE

There is evidence to suppott the use of spironolac-
tone, an aldosterone antagonist, in patients with
advanced symptoms of heart failure — specifically,
NYHA class III or IV symptoms.55 In patients with
advanced heart failure, circulating levels of aldoste-
rone become elevated in response to stimulation by
angiotensin II, and there is a decrease in the hepatic
clearance of aldosterone due to hepatic conges-
tion. Aldosterone stimulates the retention of salt,
myocardial hypertrophy, and potassium excretion;
spironolactone counteracts these responses.5 The
beneficial effects of spironolactone in heart failure
may also include a decrease in collagen synthesis
that promotes organ fibrosis.

Since heart failure is a salt-avid syndrome result-
ing in intravascular volume ovetload, diuretics area
mainstay for controlling symptoms of congestion.
Thiazide or loop diuretics are often prescribed, and
combination therapy may be used to promote ef-
fective diuresis in advanced cases.57:68

It is only within the past five years that a large,
randomized, placebo-controlled study of digoxin
for symptomatic patients with a low gjection frac-
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tion has been completed. There was no difference in
mortality between patients receiving digoxin and pa-
tients receiving placebo, but there were decreases
inthe digoxin group in the rates of worsening heart
failure and hospitalization.5° Recent data suggest
that the maintenance of a low serum digoxin con-
centration (<0.09 ng per milliliter) is as effective in
reducing the rate of cardiovascular events as the
maisitenance of a higher concentration and is asso-
ciated with a lower rate of toxic effects.? Blderly pa-
tients and those with renal insufficiency are more
prone to toxic effects. Thereis a commonly observed
and clinically important interaction between dig-
oxin and amiodarone: digoxin levels can become
markedly elevated after the introduction of amio-
darone.

There are some patients who cannot tolerate ei-
ther ACE inhibitors or angiotensin-receptor block-
ers, usually becanse of hyperkalemia or renal insuf-
ficiency. In such patients who remain symptomatic
despite diuretic and beta-blocker therapy, treatment
with the vasodilator combination of hydralazine and
isosorbide dinitrate may be an option.™

HONPHARMACOLOGIC THERAPY

Cardiac resynchronization therapy is an innovative,

pacemaker-based approach to the treatment of pa-
tients with heart failure who have a wide QRS com-

plexon 12-lead electrocardiography. The purpose of
resynchronization is to provide electromechanical
coordination and improved ventricular synchronyin
symptomatic patients who have severe systolic dys-
function and clinically significant intraventricular
conduction defects, particularly left bundle-branch
block.

A percutaneous, three-lead, biventricular pace-
maker system is used; one lead is placed in the right
atrium, one is placed in the right ventricle, and a
third is passed through the right atrium, through
the coronary sinus, and into a cardiac vein on the
lateral wall of the left ventricle. This left ventricular
lead constitutes the key difference between resyn-
chronization therapy and standard dual-chamber
pacing. Beneficial effects inclnde reverse remodel-
ing, resulting in decreased heart size and ventricular
volumes, improved ejection fraction, and decreased
mitral regurgitation. Clinical improvements in exer-
cise tolerance, quality of life, and the rate of hospi-
talization have been documented.?272 To date, how-
ever, resynchronization therapy has notbeen shown
to enthance survival,

REVASCULARIZATION AND SURGICAL THERAPY
Patients with heart failure of any stage who are at
risk for coronary artery disease should be screened
for myocardial ischemia. Revascularization, through
either a catheter-based or a surgical approach, of-
ten improves ischemic symptoms, improves car-
diac performance, and reduces the risk of sudden
death.79:80 Patients with stage C or stage D heart
failure, who have heretofore been considered un-
acceptable candidates for surgery, mayin fact derive
substantial benefit from bypass surgery and addi-
tional techniques designed to reduce myocardial
wall stress. Procedures to eliminate orexclude areas
of infarction, repair mitral regurgitation, or support
the failing myocardium are undergoing clinical tri-
als.®2-83 Similarly, the role of mechanical devices
that serve to support patients who areawaiting heart
transplantation or are definitive therapy for end-
stage (stage D) heart failure continues to evolve, and
such devices offer great hope to many patients who
are not eligible for cardiac transplantation.’*

THE FUTURE

Many common clinical problems encountered in
patients with heart failure remain unresolved. The
role of anticoagulant therapy in patients with systol-
ic dysfunction and sinus rhythm is unclear; neither
the type of therapy needed nor the appropriate dura-
tion of treatment is known. There may be an impor-
tant adverse interaction between aspirin and ACE
inhibitors thatwill be clarified in upcoming trials.®S
The optimal care for patients with heart failure and
preserved systolic finction (diastolic heart failure)
awaits further research. The value of revasculariza-
tion in patients with symptoms of heart failure but
without angina will be explored in an important trial
that is slated to begin soon.#6 How will we identify
patients with familial cardiomyopathy atan earlier
stage?87-89 How do we identify patients with the
greatest risk of sudden death? What is the best way
to preventsudden death in a cost-effective manner?
Who will be hest served by mechanical cardiac-sup-
port devices? Can we afford optimal care for the
growing number of patients with heart failure?
These questions and many others will undoubtedly
be answered in the years to come. Perhaps our
most intensive investigations, however, should be
reserved for efforts that have been shown to pre-
vent this cardiac plague — the control of hyperten-
sion and vascular risk factors.
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Diastolic Dysfunction,
cardiovascular
Aging, and the
Anesthesiologist

David Sanders, Mo, Michae! Dudley, Mo, Leanne Grohan, mp*

A 74-year-old woman presented to the preoperative assessment clinic (PAC) before
elactive, right shoulder arthroplasty. Her past medical history was significant for hyper-
tension, osteoarthritis, and mild chronic obstructive pulmonary disease. She denied
any cardiovascular symptoms with the exception of increasing exertional shortness
of breath white walking her dog up the hill to her house. Sha attributed this change in
exercise tolerance to getting older and out of shape. The patlent quit smoking 25 years
agoand reguiarly takes her antihypertensive regimen of hydrochlorolhiazlda and lisino-
pril. In the PAGC her vital signs were as follows: blood pressure 158/64 mmHg, pulse 78
beats/min, and rocm alr oxygen saturation 100%. Auscultation of her chest revealed
clearlungsoundsand e ragular cardiac rats and thythmwitha midgrade (3-4/6) systolic
gjection murmur radlating to her carotid arterles. A 12-lead slectrocardiogram showed
normal sinus rhythm and nonspecific S-T wave changes. A transthoracic achocardlo-
gram was obtained which ravealed & normal ejection fraction of 85%, impaired left
ventricular ralaxation, maderate concentric left ventricular hypertrophy, moderate left
atrial enlargement, and severe aortic valve stenosis (aortic valve atresia [AVA] = 0.9
cm?; peak gradient 60 mmiig) with mild aortic regurgitation. The patient was referred
to cardiology and subsequently underwent a coronary and right heart catheterization,
which showed nonobstructive coronary disease, a peak left ventricular pressure
gradient of 75 mmHg, and an and-diastolic pressure of 22 mmHg.

The patient was scheduled for aortic valve replacement surgery with cardiopulmo-
nary bypass (CPB). Intraoperative anesthetic and surgical carse of the patient were
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uneventful; she was managed with an isoflurane- and fentanyl-based anesthetic, and
muscle relaxation was achieved with cisatracurlum. A 23-mm stentless, bioprosthetic
aortic valve was inserted and the patlent was weaned from CPB without inotropes.
Following closure of her sternum, transient eplsodes of hypotension (80/60 mmHg)
occurred with concomitant schocardiographic evidence of left ventricular (LV) under-
filing that responded to volume loading with colloid. The patient was hemadynami-
cally stable on transfer to the intensive care unit (ICU), sedated with
dexmedetomidine, and on a low dose infusion of phenylephrine. During the first &
hours In the ICU, the patient's cardiac index dipped below 2.0 which corresponded
to her low cardiac filing pressure (eft ventricular end diastolic pressure [LVEDF] <
18 mmHg) and labile blood pressure. Because of the minimal chest tube drainage
and hemodynamic labliity, a bedside transesophageal echocardiogram (TEE) was per-
formed which was negative for avidence of cardiac tamponade, but it did confirm
a relative hypovolemia. The patient responded well to volume resuscitation and her
hemodynamics stabilized at an LVEDP 24 mmHg. She was subsequently weaned
from the ventllator on the morning of postoperative day (POD) 1 and remained hemo-
dynamically stable and cognitively intact before transfer to a floor bed on POD 2.

On POD 3 her family remarked that she was not herself and somewhat disoriented.
Her oxygen requirements had increased over the preceding 24 hours, and her physical
examination and chest radiograph were consistent with pulmonary edema. An electro-
cardiogram revealed atrial fibrillation. Her blood pressure was 95/60 mmHg. The
patient was transferred to the 1CU for closer observation, and for reintubation after
low oxygen saturation did not respond to face shield oxygen or Bi-level Positive
Alrway Pressure (BIPAF). Her cardiac rhythm was medically converted with amiodar-
one, and she was carefully diuresed with furosemide before extubation a day later.
She progressed slowly and was discharged to a rehabilitation facility on POD 8 before
returning to her home.

The above case represents a common scenario. Changes in the aepidemiology of
patients undergoing cardiac and major noncardiac surgery,’~ coupled with the
growing number of older persons with HF,45 may make future perioperative care
more difficult. Although our patient reached hospital discharge with no long-term
sequelas, her postoperative course was prolonged and complicated. She exemplifies
the limitad physiclogic reserve that characterizes many persons in her cohart, The
question of how to recognize and manage this situation arises and is best addressed
through an examination of the physiclogy of the early spectrum of cardiovascular
disease, specifically that of aging and diastolic dysfunction. The valvular lesion that
was discovered should not distract the reader from the physiologic derangements
that were exposed after aortic valve repair; this patient’s hemadynamic lability, poor
tolerance of volume shifts, cardiac arrhythmia, and eventual reintubation and ICU
recidivism occurred despite normal systolic indices and a well-functioning aortic valve
prosthesis. In addition, this patient could revisit the same set of perioperative issues
when she returns for her shoulder arthroplasty.

This review focuses on the physiology and management of the patient with diastolic
dysfunction from the standpoint of the cardiac anesthasiologist, echocardiographer,
and general anesthesiologist. Diastolic dysfunction, the pracursor of diastolic HF,
has bsen called the great masquerader." Becausa its cfinical presentation may efro-
neously be ascribed to chronic obstructive puimonary disease or to normal aging, dia-
stolic heart disease may remaln undiagnosed or ignored. Other than exercise
Intolerance,®® symptoms associated with isolated diastolic HF in the elderly include
weakness, anorexia, fatigue, and mental confuslon. One clue in Identifying this
disorder is the diastollc dysfunction phenotype; that is, the 65-year-old,
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postmenopausal. hypertensive female patient.’ indeed, diastolic dysfunction repre-
sents a part of the physiologic spactrum that progresses from normal aging to
advanced cardiovascular dissase. Although the perioperative risk for the healthy,
slderly patient with isolated diastolic dysfunction is not yet known,!"2 extrapolations
from cardiac surgary and cardiology data suggest that it is associated with increased
morbidity and mortality.13-'7 Therefore, the perioperative physiclan is obliged to
understand age-related changes inthe heart and vasculature that affect diastolic func-
tion and to become knowledgeable on the diagnostic and prognostic echocardio-
graphic measures of diastolic function so that perloperative management can be
modified in a way that may improve outcomes in the elderly.

PHYSIOLOGIC CHANGES OF AGING AND DIASTOLIC DYSFUNCTION

gaveral changes In cardlac structurs and function occur with aging that contribute to
diastolic dysfunction. On the structural \evel, there is 8 decrease in myacyte number,
an increase In myocyte size, and an increase in the amount of connective tissue
matrix.181® Myocyte number decreases becauss of cell necrosis and apoptosis. As
myocytes are lost they are replaced with fibroblasts, and the remaining myocytes
hypertrophy. As the fibroblasts produce collagen, interstitial fibrosis occurs and the
heart becomes stiffer and less compfiant. The stiffer and less compliant ventricle
gffects diastolic relaxation es well as systolic contraction, Chronlcally elevated after-
10ad from stiff vasculature leads to left ventricular hypertrophy (LVH) and prolongation
in systolic contraction time. Prolonged systolic contraction, in turn, impinges on early
diastole.2**?

The two main consequences of age-related arterial stiffening are decreased aortic
distensibility and increased pulse wave velocity. 2425 The aortais responsible for cush-
joning the pulse energy generated by the heart and converting it Into stored energy
through the elastic recoil of the vessel. The loss of distensibliity during systole results
in a higher systolic pressure (Fig. 1), and less storad energy to augment forward flow
during diastole. This loss Is manifested by @ jower diastolic pressure (Fig. 2). The rasul-
tant increassd pulse pressure is an established risk factor for cardiovascular
gvents.282®

The pulse wave velocity Is the speed at which the prassure wave, generated by the
contracting heart, travels to the periphery and is responsible for @ palpable pulse. As
vessels become stiffer, the pulsa wave pecomes faster. The pressuré wave Is reflected
from the pariphery, mainty at arterial branch sites, similar to sound waves reflected as
echoes. In the younger adult with compliant vessels, the reflected wave returns tothe
heart during diastole, which augments aortic diastolic pressuré and coronary perfu-
sion. However, as the pulse wave velocity increases with stiffened yessels, the re-
flacted wave retums during late systole, which augments systolic pressure,
increasing aftarload and the pulse pressure width. This increase is analogoustoa mis-
timed Intra-gortic balloon pump {1ABP). inflation of an IABP before aortic valve closure
jeads to an increase in eft ventricular end-diastolic volume (LVEDV), LVEDP, LV wall
stress (afterload), and oxygen demand. Thus, the large vessel stiffening of advanced
age can lead to greater myocardial stroke work, wall tension, and oxygen consump-
tion in the older heart compared with the younger heart. in addition, these arterial
changes contripute to altered diastolic function; afterload directly affects LV relaxa-
tion, and is a stimulus for hypertrophy of the rnyocardium."“-‘“

Although most elderly patients presenting for surgery will have normal ejection frac-
tions (EFs) by achocardiogram, up to @ one-third of these pattents will have abnormal
diastolic function.’ An understanding of the phases of diastale and associated
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Fig.1. Age-related arterial stiffness and pressure waveform shapes. (From Dudley M, Groban
L. Cardiovascular changes in the elderly and their anesthetic implications. Curr Rev Clin

Anesth 2009:22:266; with permission.)
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physlologic determinants Is important to understand how age-related changes in
cardiac structure and function Influence diastology (Box 1). At the mechanical level
(Fig. 3), diastole begins with aortic valve closure when the pressure within the left
ventricle begins to decreasa, and s called the isovolumic relaxation phase. The LV
pressure will continue to decrease evan after the opening of the mitral valve. In fact,
LV pressure falls below laft atrial pressure as aresult of elastic recoll, creatinga suction
effect. Rapid filling of the left ventricle occurs during this phase. Normally, Lv
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Aortic Distensibility, Aging & Diastolic Blood Flow
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Fig. 2. Blood pressure as a result of ejection of blood {eg, stroke volume} into 2 series of
tubes the diameter of which vary with pulsating pressure. In the young adult, the aorta
cushions the cardiac pulsation by converting pressure energy Into elastic energy through
distenslon. Once the heart ceases ejectlon and the pressure falls, the walls of the aorta recoil
and the elastic energy is reconverted into pressure energy. This conversion reduces the
magnitude of pressure change and allows for a steady flow beyond the arterioles, which
accounts for the diastolic component of BP. With aging and hypertension, the aorta and
other major conduit vessels become rigid, leading to @ loss of cushloning of the ejected
energy. Accordingly, this loss of stored energy manifests in extremes in pressure; Increased
pulse pressure and low diastolic pressure. (Adapted from Balrd RN, Abbott WM. pulsatile
blood-flow in arterial grafts. Lancet 1676;i:948; with permlsslon.)

relaxation ends in the first third of rapid filling s0 that most left ventricutar filling Is
dependent on such properties as left ventricular compliance, ventricular intsraction
(et synchroniclty). and pericardial restraint. Finally, atrial systole contributes to the
rest of LV volume, in the young heart, approxlmateiy 80% of LV filing Is complete
by the end of the passive filing phase, with the remainder occurring during active atrial
transport. In contrast, with advanced age, impairments in garly diastolic relaxation and
ventricular compliance alter filing dynamics such that atrlal transport becomes the
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Jprindpiesffacts oraging QLS
o Increased arterial stiffness

e Increased myacardial stiffness

« impaired p-adrenargic responsiveness
o impaired endothellal function

» Reduced sinus node function

» Decreased baroreceptar responsiveness

» Net effect: marked reduction in cardiovascular reserve
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more important contributor to diastolic volume. This so-called atrial kick is essential to
maintain an adequate preload, particularly if the preceding three phases of diastole
are adversely influenced by age-related changes in cardlac structure and function.

The diagnosis of diastolic dysfunction can be made from cardiac catheterization
and Doppler LV diastolic filing patterns. Catheterization data show increases in
ventricular diastolic pressure (>16 mmiig) with preserved systolic function and normal
ventricular velumes. Most Doppler LV diastolic filing patterns can be categorized into
1 of 4 distinct categories (Fig. 4). The normal pattern is seen in healthy young and
middle-aged persons. in sinus rhythm, there are two peaks In the Doppler diastolic
filling profile that ocour in response to the pressuré gradient between the left atrium
{LA) and left ventricle; early in diastole following mitral valve opening when LV pressure
falls below LA pressure, and late in diastole when atrial contraction increases LA pres-
sure above LV pressure. The LV filling pattem in healthy young subjects is character-
ized by predominant rapid filling early in diastole with modest additional filing during
atrial contraction. The filling pattern can be quantified by measuring the peak early dia-
stolic flow velocity (E) and the peak flow velocity during atrial contraction (A), and ex-
pressing this as E/A ratio (Fig. 5). Normally, the E/A ratio In young subjects is greater
than one.

The first pattern of altered LV filling is called “delayed relaxation” {see Fig. 4). In this
pattem thereis reduced peak rate and amountof early filing,and the relative importance
of atrial filling Is enhanced, resulting in a reversed £/A ratlo of less than 1 (eg. E<A). This
decreased rate of early filing is a result of a decreased garly diastolic LA to LV pressure
gradient, caused byasiowedrate of LV relaxation. Although adelayed relaxation pattem
can be seen in patients with LV hypertrophy, atrial hypertension, and coronary artery
disease, it is normally seen in healthy older parsans who are free of cardiovascular
disease.

The other two pattemns (see Fig. 4) of altered LV filing are always abnormal,
including In the elderly. The first has been called psaudonorrnalization, as the E/A ratio
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Fig. 4. Doppler criteria for ciassification of dlastolic function. (Reprinted from Graban L,
Dolinski SY. Transesophageal echocardiographic evaluation of diastolic function. Chest
2005;128:3658; with permission.}

s greater than one {as seen in young normals). This pattern results from an increase in
LA pressura that compensates for the slowed rate of LV relaxation and restoras early
diastolic LV pressure gradient to the baseline level seen in younger persons. The left
atrlum pushes to fill the LV, whereas in the young patient, the left ventricle fills by
creating a suction effect. Elevated laft atrial pressure results in left atrial enlargement
as a result of pressure and volume overload. It has been suggested that left atrial
enlargement Is assoclated with age;”-‘”‘ howevar, there Is evidence that increased
left atrial size is not a normal result of aging,2*3® and is more likely a compansatory
response to impaired LV relaxation. Left atrial volume increases with progressively
worsening diastolic function, 258 and is arisk factor for complications including atrial
fibritation and embolic stroke. To differentiate normal from pseudo-normal, the
patient's preload can be reduced using nitroglycetin or with the Introduction of a Val-
salva maneuver, potentially uncovering an E <A pattemn and impaired relaxation.
Another way to circumvent the preload dependency of transmitrai Doppler is the
use of myocardial (or annular) velocitles by tissue Doppler (TDI) as discussed later.
In the final altered LV filling pattern, called upastrictive,” early filling is increased
abnormally, even more than that seen in young normals. Moreover, as a result of
diminished atrial filing, because of reduced atrial contractility, the E/A ratio is often
greater than two. This pattern is seen in patients with severe diastolic dysfunction,
putmonary congestion, and end-stage dilated cardiomyopathy. Similar to
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Fig. 5. (Top) the midesophageal 4-chamber view with pulsed wave Doppler (PWD) imaging
sample volume at the leve! of the tips of the open mitral valve leaflets. (Bottom) transmitral
blood flow velocity profile obtained with PWD Iimaging at the midesophageal 4-chamber
view. (Reprinted from Groban L, Dofinski SY. Transesophageal echacardiographic evaluation
of diastolic function. Chest 2005;128:3656; with permlssion.)

psaudonormallzatlon, reversible and frreversible restrictive disease can be distin-
guished from each other by Valsalva maneuver. In reversiole, restrictive disease the
mitral inflow pattermn becomes abnormal with the A > E whereas In irreversible, restric-
tive disease the Ewave remalns greater than the Awave owingto the stiff ventricle and
high filling pressures. Each abnormal filling pattemn results from a variable combination
of delayed early relaxation, increased LA pressurs, and increased LV chamber stiff-
ness. Indeed, these patterns represent a continuum from normal to severs diastolic
dysfunction, with progresslvely increasing LV chamber stiffness.

It Is important to distinguish the difference petween diastolic dysfunction and dia-
stolic HF (Box 2). Diastollc dysfunction is a physiologic or preclinical state in which
abnormal relaxation or increased LV stiffness is compensated for by increasing LA
pressure so that LV preload remains adsquate. These patients may be considered
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s Age >70 years, hypertensive woman

« Systolic hypertension, increased pulse pressure (»60 mmHg)

« Diabetes, chronic renal insufficiency

« Echo; normal EF; delayed relaxation, left atrial enlargement {LAE) > 50 mm, WH
« ECG: previous myocardial ischemnia (M1}, LVH, atrial fibrillation (AF)

« Recent weight gain {fluid overload)

» Exercise intolerance
» B-type natriuretic peptide (BNP) > 120 {BNP of 200 pg/mL may not be clinically significant in

older, pustmenopausal women}

American Coilege of Cardiology/American Heart Association (ACG/AHA) stage Aor
stage B becauss thay are 1=.|sym;:alc:mua:tlt:.‘"g Progression to diastolic HF, ACC/IAHA
stage C or D, is characterized by signs and symptoms of HF with normal EF
{>50%), the absence of valvular disease, and achocardiographic avidence of diastolic
dysfunction. Diastolic HF Is atrue heart fallure syndrome, 8s neurchormonal activation
is triggered in a similar manner to that which occurs in systolic HF 4041

The pathophysiology of diastolic HF is characterized by a low cardiac output state
resulting from a stiff, thickened ventricle with a small cavity. Relaxation is slow in early
diastole and offers greater resistance to filling in late diastole, so that diastolic pres-
sures are elevated. Elevated left atrial pressure is transmitted packward through the
valveless pulmonary veins to the puimonary capiliary bed. Under normal resting condi-
tions, the patient may be asymptomatic. However, periods of activity or stress which
increase heart rate, stroke volume, and-diastalic voiume or blood pressuré (BP) result
in pulmonary overload, manifesting as shortness of breath, fatigue, and, most
commanly, exertional dyspnaa." Accordingly, because patients with diastollc
dysfunction are often asymptomatic at rest, it is important to inquire about axercise
tolerance.? Indeed, the presentation of HF in older patients may be insidious or sudden
with the onset of severe shortness of breath usually attributabla to pulmonary edema.
However, patients may complain only of fatigue or lack of energy, which may be attrib-
utable to physical deconditioning. Even though signs/symptoms and clinical examina-
tion can provide useful information, such as AF, displaced apex, and jugular venous
distension, accurately diagnosing older patients with suspected HF can be difficult.
Although it is beyond the scope of this review, investigations for an older patient
with suspected HF should include a combination of simple blood tests such as serum
glectroiytes,’ 12-lead glectrocardiogram, chest radiology, gNP, and
achocardiography.

THE CARDIAC SURGERY PATIENT WITH DIAST OLIC DYSFUNCTION

it is well astablished that complications following cardiac surgery are encountered in
patients of advanced age. Other risk stratification characteristics that are typically
encounterad Include prolonged CPB time, female sex, and diminished systofic func-
tion:#243 however, there may exist a group of patients who are still at elevated risk
for a more complicated hospital course who do not necessarily display thase charac-
teristics. Specifically, the achocardiographic identification of diastolic dysfunction and
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the presence of clevated diastolic flling pressures can yield meaningful information
that can help identify these patients and guide perioperative managament.

As discussed previously, the LV inflow Doppler is the most commonly used
measurement In the echocardiographic axamination of disstolic function because
transmitral flow patterns and assoclated deceleration times represent increasing
degrees of LV diastolic Impairment. Because these measurements, along with the
pulmonary venous waveform patterns, change rapldly with preload variations, heart
rate (HR} and rhythm disturbances,*® tissue Doppler imaging Is consldered to be
a more sensitive tool In the assessment of diastollc function (Fig. 6). Tissue Doppler
imaglng (TDl}isa modality that measures myocardial velocity, in contrast to traditional
Doppler, which measures blood flow velocity and may not represent actual myocardial
praperties.*” Mitral annular motion has been shown in experimental animal work and
in humans to relate well with invasive indices of relaxation.*8-%! The measurements &',
representing the early diastolic active relaxation phass, and @, the late diastolic atrial

I AW Il

Fig. 6. (Top) the midesophageal 4-chamber view with pulsed Doppler imaging sample
volume located at the lateral mitral annular wall for TDI assessment of diastolic function.
(Bottom) lateral mitral annular tissue Doppler waveforms for the assessment of left ventric-
ular diastolic function. (Reprinted from Groban L, Dolinski SY. Transesophageal echotardio-
graphic evaluation of diastolic function. Chest 2005;128:3660; with permission.)
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Fig.7. Transmitral Doppler imaging, pulmonary view Doppler imaging, and TPl profiles cor-
responding to normal, delayed relaxation, pseudonormal. and restrictive filling patterms.
(Reprinted from Groban L, Dolinski 5Y. Transesophageal echocardiographic evaluation of
diastolic function. Chest 2005:128:3659; with permission.)

contraction phase, can be used to identlfy and quantify diastolic dysfunction (Figs. 6
and 7).

In the normal heart, ¢' may be influenced by alterations in r.trelt)at.‘.;52 however, inthe
prasence of diastolic dysfunction, ¢ decreases and becomes preload Independant.sa
This allows for the severity of diastolic dysfunction to ba quantified by @ decreasing
value. Age influences the g’ and &' values; an o' <10cm/sin those less than 50 years of
age,and e’ <8in those oider than 50 years should be considered abnormal.5? The &' to
& ratio verifles abnormal diastolic function (e'/a’ > 118 considered normal), as an e'/
a ratlo of less than 1 during Valsalva confirms the prasence of diastollc dys{unctlon.'-’“
Age alsoinfluences tha e'/a’ ratio, and after the age of 50 g'/a’ <1 s frequently encoun-
terad and should be correlatad with other achocardiographic measurements.

A robust quantification of elevated left ventricular filing pressures in diastolic
dysfunction is the ratio of transmitral E wave velocity to mitral annular velocity
(E/e)).555¢ This ratio normalizes early transmitral left ventricular filling to mitral annular
mation and is used to estimate mean \sft atrial pressure {with values »15 representing
elevated filing pressures, and <8 reflecting normal filing prassures).""-s"'55 Moraover,
accuracy of this measurement has been shown to be relatively independent of LV
systolic function, rhythm abnormalities (such as tachycardia and AR, LV hypertrophy,
and functional mitral regurgit.atk:un.’"-5“""5""2

Although o' relates t0 global indices of LV relaxation, it must be realized that itis
a reglonal index, as errors can occur in patients with regional wall motion abnormali-
ties at the Doppler sampling site. A limitation to E/&’, a', and e Is that myocardial
motion at the jateral annulus is higher than the septal annulus, s the septum is
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tethered to the right ventricle and other structures in the middle of the heart.5553 For
this reasen, and because of its accessibllity with transesophageal echocardiography,
the lateral mitral annular velocity may be easier to use in the Intraoperative transeso-
phageal setting. Although relatively independent of EF, the reliabllity of E/e’ in predict-
ing pulmonary caplllary wedge pressure in decompensated advanced systolic HF has
been called into question.5 The previously mentioned age-related changes and influ-
ence of preload in the normal heart when using TDI measures must also be kept In
mind. Despite these limitations, TDI is a powerful tool for identifying whether mitral
valve inflow velocity pattens represent pseudonormalization and elevated filling
prassures.

Doppler echocardiography of diastolic function has proved usaful as a diagnostic
tool in predicting outcome in patients undergoing cardiac surgery. A recent prospec-
tive report of 191 coronary artery bypass graft (CABG) patients found greatly
increased mortality {12% vs 0%} following cardiac surgery In patients with significant
diastolic dysfunction; risk scores based on systolic function and patlent characteris-
tics were less accurate in predicting complications In this patient group than were
markers of diastolic dysfunction.®® Bernard and colleagues®® identified diastolic
dysfunction as an independent predictor of difficult separation from CPB. Liu and
colleagues'® identified that pseudonormal or restrictive transmitral flow pattsms
waere predictive of cardiac avents following CABG, whereas left ventricular ejection
fraction and the presence of left main coronary artery disease were not independent
predictors of poor outcome.

The importance of diastolic dysfunction in cardiac surgery patients is supported by
the mechanism of progression of myocardial dysfunction in ischemic heart disease.
Diastolic dysfunction has been identified as the earliest potential marker of myocardial
ischemia, 5759 and thereby may represent an early range of the spectrum of myocar-
dial dysfunction that occurs before gross systolic impairment, nonetheless represent-
ing a diseased myocardium. An incremantal relationship between sevatity of diastolic
dysfunction and ouicomes has been demonstrated by Whalley and colieagues,” in
which nonsurgical congestive HF patients with restrictive diastolic filling patterns
had more complications than those with pseudonormai filing patterns or abnormal
relaxation. Furthermore, nonsurgical patients with preserved and depressed EF
admitted for acute myocardial ischemia (AMI) could be stratified for risk using E/e’
to Identify patients with diastolic dysfunction with elavated filling pressures.” In that
study group, AMI patients were shown to have a higher incidence of HF and poor
outcomes with restrictive and pseudonormal LV filing patierns. Elevated filing pres-
sures in that study group were identified by an E/e’ > 15 mmHg, consistent with
several previous reports.'759%°

This evidence suggests that alevated LV diastolic filling pressures may be the factor
most important in poor outcomes, rather than simply the existence of delayed retax-
ation.”! Elevated filing pressures have also besn found to be a predictor of mortallty
in cardlac surgery patients independent of systolic function.'® In that group, those
patients identified as having LV filling pressures more than 22 mmHy were found to
have twice the mortality of patients with filling pressures less than 14 mmHg.

There is some indication that clevated LV filling pressures may predict a prolonged
and more complicated ICU or hospital stay following cardiac surgery. in a retrospac-
five study of 205 cardiac surgery patients, a 12% increase in hospital length of stay
was observed in those patients who had tissue Doppler-based evidence of elevated
filling pressures as defined by Efe' > 17.7 EF and patient comorbidities were equal
between groups. Also, in a study of ICU readmisslons following cardiac surgery,
|CU recidivism has been shown to be moare liksly in those with diastoilc dysfunction.
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This analysis examined 41CU readmissions and their likelihood of requiring reintuba-
tion. With similar EF, age, paseline BP, HR, and renal function, those who requirad re-
intubation were observed to have worse diastolic function, increased E/€, and
increased left atrial size on the preoperative echocardiogram.'”

Diastolic dysfunction and elevated filling pressures should alertthe clinician that the
cardiac surgery patient may be more challenging than appreciated, even If systolic
function is normal. The increased sensitivity of the cardiovascular system to acute
changes In loading conditions, and thus the need for strict management of volums
status, is of critical importance. The spead with which intravenous fluids are adminis-
tered may be more significant, with patients of poor diastolic function 1ess ghle to
tolerate rapid volume shifts. Myocardial protection strategies are, a8 always, of para-
mount importance, but may need to be reexamined on & patient-by-patiant basis in
the presence of diastolic dysfunction to ensure an optimal stratagy. Myocardial
calcium regulation is abnormal in diastolic dysfunction, and may affect the choice to
use an inotrope, or to administer specific agents. Lusitroplc agents such as milrinone
may be of particular benefit in weaning off cardiopulmonary bypass. Although there s
no directed strategy for acutely improving diastolic function, these aré a fow sirategles
that have been used in the management of these patients.

The newer, TDI-based diastolic variables €', a', and E/e’ are simple to incorporate
into the echocardiographic examination, and can glve valuable information with
respect to postoperatlva complications following cardiac surgery. These measures
are easy to obtain, and can identify patients without traditional predictors of complica-
tions following cardiac surgery who still may be at high risk.

PERIOPERATIVE IMPLICATIONS AND AMESTHETIC MANAGEMENT OF DIASTOLIC
DYSFUNCTION FOR THE GENERAL SURGICAL PATIENT

Given the cardiovascular changes that occur with diastolic dysfunction and in the
elderly (Table 1), the perioperative management of these patients can be challenging.
A thorough preoperative assessment is needed to risk-stratify these patients. Partic-
ularly in the elderly, it is important to inquire about functional capacity as individuals
unable to climb a filght of stairs (four metabolic equivalents [METs)), walk indoors
around the house, or do light house work (one MET), are at an increased risk for
compiications. The functions! capacity gvaluation may further alert the anesthesiolo-
gist to signs of clinically significant diastolic dysfunction. Because an HF history, inde-
pendent of coronary artery disease js associated with increased morbidity and
mortailty after noncardiac surgery,” risk factors for HF should be soughtin the preop-
erative evaluation. Although not spacific to the glderly, the reader should refer to the
latest ACC/AHA published guldelines for @ complete discussion of perioperative
care and evaluation of cardiac patients undergoing noncardiac surgary." In brief,
patients with asymptomatic heart disease can safely undergo slective noncardiac
surgery without first requiring angioplasty or coronary bypass grafting to lower the
fisk for surgery. Noninvasive and invasive preoperative cardiac testing should not
necessarlly be performed unless results will affect patient management. Patlents
with severe of symptomatic cardiovascular disease or active cardiac conditions
should undergo evaluationby a cardiologist and treatment befora noncardiac surgery.
Statins should notbe discontinued before surgery. ifa cardiacIntervention is requirad
before elective noncavdiac surgery. then the patient should have angioplasty with the
use of a bare-metal stent followed by 4t & wesks of antiplatelet therapy plus aspirin.

Duwring anesthesia, the cardiovascular changes discussed in the preceding
sections predispose the elderly patient o greater hemodynamic instability and
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Diastolic Dysfunction, cardiovascular Aging

greater sensitivity o volume status 8192278 Several mechanisms can explain the
hemodynamic instabllity. First, the glderly have a higher resting sympathetic tone
and have altered B receptor sensitivity. Remova! of the baseline sympathetic tone
with the induction of general or neuraxial anesthesia often results in hypotension.
gacond, older patients have a greater sensitivity to volume status. They often arrive
on the day of surgery with 8 depleted intravascular volume beceuse of mora
frequent use of diurstics, & dacreased thirst response to hypovolemia, and age-
related changes in renal function. As they are intensely dependent an preload to
fill the left ventricle, the reduction in preload induced by anesthesia may result In
profound hypotension. Third, the direct offects of intravenous and volatile anes-
theties impalr cardiac inotropy and lusitropy, and produce arterial and venous
vasodilatation.

Anesthetic management of the elderly patient must be planned on & case-by-case
basis. Instead of 8 specific type of anesthetic for the older patient, the authors offer
suggestions on & get of principles that address the problems often encountered
with the eldetly patient. Monitoring volume status Is critical to management of the older
patient. For patiants with known HF, coronary arsry disease, or moderate diastolic
dysfunction (e0, delayed relaxation with indications of alevated filling pressures), the
declsion to place an intra-arterial cannula for invasive BP measurement and frequent
biood sampling is based on the same considerations applied to the younger patient.
Certainly, age-related alterations and coexigting disease may persuade the experi-
enced anesthesiologist 1o institute such monitoring. Howsever, bscause no clear
avidence exists to specifically recommend this practice bafore or after induction of
anesthesia, the timing of diract arterial pressure monitoting is best based on experl-
ance and local practice. For major surgery of vascular surgery, it is imperative that nor-
movolemia be maintained. In such cases, conslider use of central venous catheter,
pulmonary artery catheter, or transesophageal echocardiography for intracperative
monitoring. Because svidence regarding the efficacy of central venous pressure,
pulmonary artery pressure, of transesnphageal gchocardiographic monitoring as
a means o evaluate intravascular volume in the elderly has not besn specifically ad-
dressed in the perioperative getting, it is not possible to recommend any of these for
routine monitoring at this time. Moreaver, given the inahility of several noninvasive
devices, such as the esophageal Doppler or arterial pulse contour, o measure pres-
sures In the central circulation, their usefulness in patients for whom there is concerm
about the development of pulmonary edema, rTemains imited.™® Indead, future studies
ars warranted to determine their potential penefit in the elderly surgical patient when
combined with an intraoperative goal-directed fluld strategy.

induction of anasthesia should he accomplished in a smooth and controffed
manner. The glderly require a reduced dose of any glven induction agent to produce
unconsciousness. The induction dose of most agents is decreased by 30% to 50% In
the elderly. In addition, induction may be prolonged bacause of a slow circulation time.
Therefors, consider titrating induction agents and walting for en effect before admin-
istering additional doses. It is also important to prevent hypoxemia and hypercarbla,
as these patients areé prane to pulmonary hypertansion. Adequate mask ventilation
should be Initiated &s early as possible. Control of the patient's BP is algo essential.
1t is reasonable to maintain the systolic BP within 10% of the baseline, At the same
time, diastolic BP must bé maintained, as a low diastolic BP can lead to myocardial
ischemia. An attempt should be made to keep the pulse pressure Jass than the dia-
stolic BP; an increasad pulse pressure indicates increased aortic impedance which,
as described earlier, will increase wall stress, alter ventricular contraction time, and
impair early diastotic filing.
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. Simultaneous infusions of low dose nitroglycerin and titrated phenylephrine can help
to alleviate these physlologic afterations. Administered alons, however, these agents
may worsen cardiac function In the elderly. For example, phenylephrine stiffens the
vasculature and increases the return of the raflective wave (manifested by an increase
inthe pulse pressure), potentially impinging on systole and increasing myocardial work.
Nitroglycerin alone decreases vascular tone and preload; uitimately reducing cardiac
output. However, In contrast to phenylephrine, nitroglycerin decreases the amplitude
of the reflected wave and, when used under normovolemic conditions, it reduces the
pulse pressure,” Thus, the benefits of using combination low dose Infusions of phen-
ylephrine and nitroglycerine in the alderly are: (1) the preservation of vascular distensi-
bility; (2) avoidance of reductions in preload and coronary perfusion pressure; and {3)
maintenance of stroke volume with minimal cardlac work. In addition, HHR should be
maintalned In the low 1o normal range (60-70 bpm). At this rate, there is adequate
time in diastole to fill the noncompliant ventricle. In genaral, these principles can be
remembered by using the Rule of 70s. For patients age > 70 years, maintain diastolic
blood pressure (DBF) > 70, pulse pressure <70, and HR = 70.

in the early postoperative period, patients with known diastolic heart disease should
be watched over closely. As illustrated by this case scenario, elderly patients with dia-
stalie dysfunction can acutely decompensate after initially appearing stable. Hypox-
emla or AF are among the most common complications these patients may
encounter in the postoperative anesthesia care unit as a consequence of volums over-
load, Importantly, when vascular sympathetic tone is restored on emergence from
general anesthesla or resolution of nauraxial blockade, tha noncomgpiiant heart may
not be able to tolerate the increased shift in central blood volume thus rasulting in
pulmonary edema or AF. Indeed, maintaining the low dose Infusion of nitroglycerin
(eg, 25 pg/min), as discussed previously, may mitigate this from occurring because
of its advantageous actions on the pulmonary vasculature. Nonetheless, the assess-
ment of the postoperative patient with suspected HF should include an electrocardio-
gram for signs of ischernig, LV hypertrophy, AF, and left bundle branch block. If the
ECG is abnormal, a further objective assessment of the patient Is required. in most
cases, this would involve an echooardiogram. Echocardiography ls the ideal investiga-
tion as information can be obtained about cardlac vaives s waell as ventricular func-
tion. Particularly in older patients, acbstructive valvular disease can be detected and
other factors influencing the LV preload, including diastolic dysfunction. If echocardi-
ography is not readlly avallable, a chest radlograph may be obtalned to provide infor-
mation about the presence or absence of cardiomegaly and the presence of
pulmonary fluid. Also, before treatment commences, additional blood tests such as
arterial blood gas, serum electrolytes, and complete blood count (CBC) should be per-
formed In the older patient with confirmed HF, Although treatment optlons include
a carefully chosen dose of intravenous diurstic therapy, a i blocker or calcium channel
blocker for HR control, and a venodilator such as nitrogtycerin (if tolerated), treatment
is best when delivered as part of a muttidisclplinary tearn.

SUMMARY

As the number of persons aged 65 years and older continues to increass, the anesthe-
siologist will more frequently encounter this demographic. Cardiovascular changes
that occur in this patlent population present difficult anesthetic challenges and place
these patients at high risk of perioperative morbidity and mortality. The anesthesiolo-
gist should be knowledgeable about these age-related cardiovascular changes, the
pathophysiology underlying them, and the appropriate perioperative management.
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Whether presenting for cardiac or general surgery, the anesthesiologist must identify
patients with gltered physiology 8s & result of aging or diastolic dysfunction and be
prepared t0 modify the care plan accordingly. With a directed preoperative assass-
maent that focuses on certaln aspects of the cardiovascular system, and the assistance
of powerful echocardiographlc tools such as tissue Doppler, this can be achieved.
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Acute aortic dissectionis the most common catastrophic evant that involves the aorta,
presenting to the emergancy room much more often than & rupiured abdominal aortic
aneurysm.! Timely intervention, whether medical, surgical, or endovascular, is essen-
tial to yleld the best short-term and long-tarm resulis for patients with acute dissec-
tion, who are often only a few hours away from death. Unfortunately, the abllity of
acute aortic dissections to masquerade as 8 myriad of other pathologlc processes
can make the diagnosis difficult to pinpoint at times. An aortic dissection essentially
represents & pathologic state In which a tear occurs in the Intima of the aortic wall,
allowing blood to spiit the aorta In two, like an onion peeling apart, Dissections swirl
down the aorta for a variable length, shearing off side branches along the way.
Most commonly, the entry tear is short (0.5-3 cm in length or less) and located at
tha proximal axtent of the dissaction, with the false lumen extending distally as
a consequence of blood shearing off the inner layers In an antegrade fashion. Retro-
grade dissaction can also oceur, but itis much less common. Fig. 1 demonstrates
a typical dissection in the ascending aorta on transssophageal schocardiography
(TEE). Fig. 2 demonstrates a typlcal dissection In the descanding aorta on TEE.
Side branch invalvemant ocours in 30%, due to either compression of the branch
by the distendad false lumen, or by shearing off the side branch as the dissection
travels beyond. The most common vessels invalved clinically are the renal and fliac
arteries, followed by the mesenteric, cerebral, coronary, and spinal arteries.?™®
Although fenestrations betwaen the true and false lumen are most frequent at branch
points, fenestrations can ocour anywhere aiong the aorta, allowing blood to travel
batween the two lUMeRs in locations beyond the primary tear.

Diviston of Cardiothoracic surgery, Center for Diseases of the Thoracic Aorta, Washington
University School of Medicine, 660 5. guclid Avenue, Box 8234, Saint Louls, MO 63110, USA
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Fig. 1. Transesophageal echocardiogram demonstrating a dissection flap (unfabeled arrow)
in the ascending aorta. The arrow labeled AV is the aortic valve, LV is left ventricle, TL Is
true lumen, and FL is false lumen.

NATURAL HISTORY AND CLASSIFICATION OF ACUTE DISSECTION

Acuta aortic dissections are lethal if not diagnosed early and treated with aggressive
medical or surgical therapy. In a classic natural history study, Hirst and associates
demonstrated 30% mortality by 24 hours, 50% mortality by 48 hours, and 90% mortality
at 1 yearin 505 patients with acute aortic dissection (Fig. 3).% This study s the source for
the commonly referenced “one percent per hour” mortality rate for the first 48 hours
following acute disssction. The clinical manifestations of aortic dissection are protean,
and some reports suggest that 25% to 50% of aortic dissections are misdiagnosed.”®
As for other catastrophic dissase processes, a “high-index of suspicion™ is important,
but it is Important to remember that less than 196 of patients with chest or back painon
presentation to the emergency room have an aortic dissection.®'?

Numerous classification systems have been proposed, but the 2 that have stood the
test of time are the DeBakey classification (3 types: I, Il, and lll} and the Stanford clas-
sification (2 types: A and B),'*12 The Stanford classification s the most important for
datermining the need for surgical intervention, Fig. 4 demonstrates the classification
systems.'® The Stanford system is a functional classification that separates dissec-
tions into type A (involving the ascending aorta) {Fig. 5) and type B {not involving

Fig. 2. Transesophageal echocardiogram demonstrating a dissection flap {arrow) in the de-
scending aorta. The false lumen (FL) is typlcally larger and often compresses the true lumen
(TL) potentlally impacting distal aortic flow.
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fig. 3. Mortality rate of untreated acute aortic dissection. {Data from Hirst AD, Johns V),
Kime SW. Dissecting ansurysm of the aorta: a review of 505 cases. Meadicine 1958:37:217-79.)

the ascending aorta) (Figs. 8 and 7) regardless of the location of the primary tear or the
distal extent of the digsection. The DeBakey claseification subcategarizes the Stan-
ford type A into gither a DeBakey type | or I, depending on its distal extent.
DeBakey type | dlssactions extend beyond the ascending aorta, generally into the
descending and possibly abdominal aorta. DeBakey type |l dissactions do not extend
peyond the ascending aorta, the surgical implications of which are that the entire
length of the digsection can be replaced without having to deal with the arch
(Fig. 8). DeBakey type il dissections are equivalent to Stanford type B dissections.

In autopsy seties, type A dissections outnumber type B dissaction almost 2:1, with
isolated arch dissections accounting for only 19 to 29%.1° By far, the most common
cause of death in untreated type A digsection Is intrapericardial rupture with tampo-
nade (BD%—QO%) followed by extrapericardial rupture (5%-1 0%) and obstruction of
an aortic tributary causing end-organ fallure (5%~-1 0%).8 The most common causes
of death in untreated type B dissection are rupturé {609%%), which Is usually intratho-
racic, and obstruction of an gortic tributary causing end-organ fallure (40%).

WHEN AND WHY DO DISSECTIONS QCCUR?

Dissections can present at & yound age in patients with Marfan syndrome of other
connective tissue diseases (Ehlers-Danlos, Loeys-Dietz, Turner syndrome), but they

Fig. 4. The Debakey and stanford dassification systems for aortic dissection. (From Erbel R,
Alfonso F Bolleau C, et al. Dlagnosis and management of acrtic dissection. Eur Heart J
2001:22:1642-81; with perrnlsslon.)
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Fig. 5. CT scan demonstrating a stanford type A dissectlon that not only involves the
ascending aorta but also the descending aorta.

are most common In the 40- to 70-year-old age groups.>2 In patients greater than 40
years of age, hypertension is overwhelmingly the most common predisposing factor.
In elther age group, itis tmportant to consider bicuspid aortic valve disease as a pre-
disposing factor, because dissections are 5to 10 times more common than in patients
with trileaflet valves.' The “classlc” patient with an acute aortic dissection is a hyper-
tensive man in his 50s, but, unfortunately, this is alsa the uglagsic” patient with coro-
nary artery disease. Therefore, aithough itis interesting to identify subgroups that are
most commonly affected, it is not helpful in the diagnosis of an individual patient.

Bicuspid Aortic Disease

Bicuspid aortic valves are often associated with ascending aortic dilation and dissec-
tions.'s At Washington University, the incldence of an ascending aortic aneurysm in
patients with bicuspid valves undergoing aortic valve replacement [s 22%.'® The
classic teaching that ascending aortic dilation in patients with valvular disease is the
consequence of abnormal flow patterns in the root with stenosis or regurgitation
does not explain the increased incldence of ascending aortic jnvolvement in patients
with bicuspid valves. The authors have identified increased expression of genes asso-
ciated with cell death and apoptosis (interleukin-1-p, tumor necrosls factor-o) In
ascending aortic aneurysms, but not genes associated with atherosclerosis and
inflammation (apolipoprotein—E. interlaukin-8), as are typically found in descending
thoracic and abdominal aortic aneurysms.'? These findings are consistent with our

Fig.6. CTscan demonstrating 3 Stanford type B dissection (no involvement of the ascending

aorta).
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Fig. 7 Three—dlmens\onal CT scan demonstrating a8 stanford type B dissection (the arrow
identifies the dissection flap).

plochemical and histologic analysis demonstrating elastin fragmentation and nonin-
flammatory loss of smaooth muscle celis in the ascending aorta of patients with
picuspid valves with a diminution in collagen content strikingty similar to that observed
in Marfan syndrome (Fig. 9).'% In contrast t0 aneurysms assoclated with Marfan
syndrome, however, the genetic predilection to dilation seems mainly to affect the
ascending aorta above the sinotubular junction, with relative sparing of the sinuses
and arch In many cases. The stanford group demonstrated recently that the proximal
and distal extent of the acrtopathy in picuspid disease represents a gpectrum of vari-
able phenotyplc expression.’

Hypertension and Aortic Wall Stress

In patients with degenerative or atherosclerotic aneurysms, hypertanslon is the most
important factor for instigatinga dissection. Elefteriades’ group at Yale identified sither
physical exertion or emotional stress 85 the direct predecessor of acute pain In two
thirds of acute dlsse‘::tlcms,zu presumably due to acute blood pressure changes during
the event. Ascending aortic tissue was harvested from 35 patients with aneurysms for
biomechanical testing.2! Force transducers were employed for blaxial testing and it
was found that, with regard to their respective impact on the determination of aortic
wall stress, & og-mm Hg increase in systolic biood pressure wes aquivatent to
a 1-cm increase in aortic dlameter. For example, wall stressin a patient with & 4-cm
aorta and a systolic blood pressureé of 172 mm Hg is equivalent to @ patient with
a 6-cm aorta and a systolic bilood pressure of 120 mmHg, In addition, the burst
strength of intact ascending aortic rings, which identifies the point of stress faliure
{ie, rupture or dissection), was intimataly related to age. Older patients had a greater
opening angle, representlng stiffer tissue with diminished wall strength (Fig. 10). Thus,
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tig. 8. Three-dimensional T scan demanstrating a DeBakey type |l dissection {the arrow
identifies the dissection flap).

our biomechanical studies demonstrated that the risk of acrtic rupture and dissection
is directly related to patient age, aorlic size, and blood pressure, Studies examining
the cellular and molecular perturbations of ascending aortic disease have also demon-
strated an important role for matrix metalloproteinases (specifically MMP-2 and

100% P
80%
g 1
-E- 1% *
zcln 40% %
*
20%
0% :
Athero blevspld Marfan Infrarenal
Ascd (n=6) (n=24} (a=4) o3

Fig.9. Aortic efastin {black columns) and collagen (white columns) content in patients with
aneurysmal disease of the ascending (atherosclerotic, bicuspid, or Marfan etiology} versus
infrarenal aorta. *P < .01 versus normal thoracic {n = 8) or abdominal (n = 3) aorta.
(Data from Curci JA, Thompson RW, Davis CG, et al. Heterogeneity of matrix changes in
aneurysms of the thoracic and abdominal aorta. Circulation 2000:102{Suppl I):1-200.}
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Fig. 10 Opening angle of Intact rings of ascending aortic tissue. After severing rings of
ascending aortic tissue, the rings either spring open {large opening angle}, demonstrating
increased stiffness and wall stress as in the older patients, of they remain intact (small
opening angte), demonstrating decreased stiffness and wall stress a5 in the younger
patients. (Data from Okamoto RJ, XuH, Kouchoukos NT, et al. The Influence of mechanical
properties on wall stress and distensibllity of the ditated ascending sornta. § Thorac Cardio-
vasc 5urg 2003;125:842—50.)

MmP-9) and thelr tissue inhibitors (TIMP-1 and TIMP-2) In the pathophyslology of
aneurysms and thelr progression 10 issaction. 2

can Aortic Dissections be prevented?

Prophylactlc oral p-blocker use in patients with Marfan syndrome has been reported
to decrease hemodynamic gtress and glow aortic growth due to their negative chro-
notropic and inotropic responses.“ Prophylactic therapy sesms most effective
when aortic diameter is 188S than 40 mm, but although p-blockers may slow aortlc
growth, they do not prevent growth. jmproved resuits have been suggested with the
anglotensin converting enzyme enalapril, and more recently with the angiotension I
receptor antagonist josartan in & mouse model of connactive tissue disease.™
The use of prophylactlc agents in other high-risk graups, spacifically patients with
picuspid veives, remains speculative, but as outlined In the discussion of how to
manage patients with chronic dissections, it may pe appropriate {o initiate \ow-dose
f-blocker therapy in patients with bicuspid valves and gmall acrtic aneurysms, 2s
lang as there ar@ no contraindications, aspecially if the patient is borderline hyperten-
sion®! As outlined in the 36th Bethesda Conferance consensus report, exercise fiml-
tation is also warranted for patients with known ascending aortic aneurysms between
4.0 cm and 4.5 cm {only noncontact modarate-lntensity gports) and for those greater
than 4.5 cm {only low-intensity gports, such as bowling oF golf). 2%

CLINICAL PRE.SENTATIDN AND DIAGNOS!S OF ACUTE DISSECTION

Patients with gortic dissection can present with a myriad of symptoms, and although
sypical” symptoms are often present, itis not uncommon for patients to arrive inthe
emergency room following substantial lmprovernent in their presenting complaints.
Type A dissection typlcally presents with sharp, tearing anterior chest pain, often radi-
ating to the neck of through to the pack and abdomen, if the descending thoracic of
abdominal aorta aré involved. Although dlaphoresis is cormmen, shortness of breath
and other respiratory complaints are less common than with acute coranary
syndromes, unless contained rupture with tamponade is present.

Type B dissaction typically presents with sharp, tearing pain petween the
shoulder blades that shoots down to the apdomen. pain generally gbates once
blood pressure control is achieved unless there is end-organ compramise.
aither type A of B dissaction, compromise of the spinal artery of, much more often,
one of the iiac arteries, can produce leg pain, parastheslas, or even paralysis. in
such clreumstances, unlike when treating paralysis of parastheslas that present
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following thoracoabdominal aneurysm repalr, the goal is to lower, rather than
ralse, systemic blood pressure to diminish pressure within the false lumen, which,
with expansion, is generally responsible for obstructing true lumen flow,

It is important to specifically question the patient, rather than to blindly accept the
histary on the chart or the account of the patient's relatives or friends. Patients can
oftan pinpoint the exact time at which the dissection occurred, which may have
been several days before their presentation to the emergency room, yielding more
of a subacute than acute presentation. It is not uncommon for a patient with a chronlc
type B dissection and aneurysmal dilation in the thoracoabdominal region to present
to the emergency room with Intrascapular, low back, or flank pain that has been
present for 3 months following an Initial Inciting event for which they did not seek
madical attention. Although aortic dissection has often been referred to as the “great
imitator” in that the presentation can mimic many disease processes depending on
the specific aortic tributaries it impacts along Its course, with a careful history, its
presentation can often be differentiated from a typical myocardial infarction or other
catastrophic Intrathoracic event. The power to differentiate, for example, an acute
type A dissection from an acute coronary syndrome in a patient with a chronic dissec-
tion on a computed tomography (CT) scan (a clinical scenario that presents itself at
least & couple of times every year in a busy aortic center), depends heavily on the
history taken by an experlenced aortic surgeon, more so than the physical examina-
tion. Nowadays, most trauma centers have rapid CT imaging capsbilities, so in
a patient with acute, tearing chest pain, following an elactrocardiogram that does
not show classic signs of acute myocardial infarction, a CT scan of the chest should
be performed. Although patients with aortic dissection can present with coronary
involvement producing myocardial ischemia and classic ST changes, such a presenta-
tion is uncommon.

Patients presenting with an acute coronary syndrome far outnumber those present-
ing with a type A dissection and myocardial Ischemia. Most often, electrocardio-
graphic changes are absent or nonspecific (diffuse ST depression due to pericardial
Irritation) in patients with an acute dissection.?® Patients who present with an acute
dissaction that has sheared off or Is obstructing one of the coronary orifices are
most often in extremis, and although efforts to save the patient should not be aban-
doned, prognosis is poor.®® A patient in extremis with tombstone ST changes Is
many orders of magnitude more common with myocardial infarction than dissection,
and for a patlent with a clinical picture and electrocardiogram changes most consis-
tent with an acute coronary syndrome, transfer to the catheterization laboratory
should not be delayed to perform a CT scan unless there are other circumstances
that question the diagnosis.

Physical Examination

The most important aspects of the patient’s evaluation for diagnostic purposes are the
history and CT scan. The physical examination becomes important when determining
the need {and ultimate approach) for surgical intervention. Important details of the
physical examination include:

s Systemic blood pressure. Most patients with acute dissection present with
severe hypertension, often greater than 200 mmHy systolic. A systemic blood
pressure lower than normal (less than 100 mmHg systolic) In a patient with
cold and clammy skin should prompt suspicion of a contained rupture with
tamponade.
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« Diffsrential blood pressures or pulses in the arms. involvement of the innominate
artery or subclavian artery s Important to identify to avoid maladaptive blood
pressure manipulation due to inaccurate monitoring, dissuads use of the axiliary
artery as a cannulation source, and monitor appropriate flow following surgical
raconstruction.

Central neurologlc changes {(somnolencs, coma, hemispheric neglect, of weak-

ness) imply cerebral malperfusion, but not necessarily irreversible stroke. Carotid

brults or an absent carotid pulse, although rare, suggest dissection into the head
vassels.

» Jugular venous distention suggests containad rupturs with tamponade.

o Cardiac murmurs. Systolic murmurs are present in patients with underlying aortic
stenosis (ie, witha bicuspld valve), and if associated with & transvalvular gradient
should prompt valve replacement at the time of ascending aorfic repalr. Diastolic
murmurs are loud along ihe left sternal border when acute aortic regurgitation Is
severe, which may glter the Intraoperative perfusion and venting strategies.
However, in contrast to the prevalent pellefs of the late 19808, if the aortic valve
teaks, it does not necessarlly need to be replaced. it is now known that & compe-
tent valve Is most often the result of & careful reconstruction of the sinotubular
junction during ascending aortic repalr, without the need to intervene on the
valve,

o Abnormal abdominal findings (tenderness, distention, absent powel sounds,
flank pain) suggest visceral or renal malperfusion with impending lschamia.

« Differential famoral pulses or loss of sensation or motor strength in the fegs.
Differential femoral pulses in 8 patient without peripheral vascular disease {ask
about chronic leg claudication) suggest filac obstruction by the false lumen,
which may alter the perfusion strategy during cardiopulimonary bypass.
Neurologic changes can suggest spinal artery involvement but most often are
secondary to iliac malperuision and often reverse following adequate blood
pressure control.

TEE Versus CT Scans

Some units have purported the benefits of TEE over CT scans for its speclficity and
sengitivity in diagnosing aortic dissection,'® but at Washington University, although
it takes more than 4 or 2 hours to set up for a TEE in the middie of the night, a cT
scan can be performed and read by an attanding radiologist {who may even be lying
in his bed &t home) in 20 minutes or less.ifa dissection is suspected in the catheter-
jzation laboratory following & nondiagnostic coronary axamination, a TEE1s better than
a makeshift Jow-contrast aortogram, but TEE s generally resarved as @ secondary
diagnestic tool in equivocal cases following CT imaging. In centers with more ready
accass to TEE, TEE may be used as a primary diagnostic tool, but it does have lirni-
tations depending on the experience of the axaminer and his or her ability to visualize
tha entire ascending aorta and arch. ’

Transthoracic gchocardiography

Transthoraclc achocardiography IS most helpfulin the acute setting to identify pericar-
dial fluid or tamponade, quantify the degree of aortic regurgitation, and evaluate right
and left ventricular function prenperatively. However, a well-performed examination
can identify abnormalities in the aortic root and proximal ascending aorta, whereas
the arch is difficult, if not impossible to visualize.
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Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) should be reserved for the subacute or chronic
evaluation of equivocal cases (le, to identify the exact location of the Initiation point
of a dissection In the arch) or to image complex true versus false lumen anatomy in
the arch or other branch vessels. In the last few years, MAI has become less important
because three-dimensional CT scanning reconstruction techniques can generate
beautiful images in patlents who do not have a dye allergy or prohibitively elevated
creatinine level. Branch vessel three-dimensional reconstructions are ideal when
considering a percutangous interventional approach to treata peripheral complication
(ie, superior mesenteric artery (SMA) stenting for intestinal Ischemia or claudication).
For acute diagnosis, MRI is not ideal due to prolonged imaging times, inaccessibility
of the MRI scanner in most institutions, and its suboptimal environment for monitoring
acutely il patients.

Other (Less Helpful) Tests

Chest radiographs are essentially useless inthe diagnosis of aortic dissection, because
findings are either absent or S0 subtia that they cannot be identified ona portable emer-
gency room examination. Furthermore, although mild cardiac enzyme elevation can
occur, blood tests are generally unhelpful in the diagnosis. A couple of decades ago,
aortography was consldered the gold standard for diagnosis of dissection, but today,
the only relevant application for aortography is during percutaneous intervention on
an aortlc tributary (branch vessel stenting) or the thoraclc or abdominal aorta (distal
fenestration or stent-grafting at the primary tear to improve distal flow). 43741

GENERAL MANAGEMENT OF ACUTE DISSECT 10N

With acute type A dissection, operative intervention is performed to prevent the
aexpected sequelae of rupture with cardiac tamponade, acute aortic regurgltation as
aconsequence of loss of commissural suspension, or myocardial infarction sacondary
to coronary artery involvement. Operative mortality rates range from 10% to 25%
compared with the 80% mortality rate at 3 months for nonoperative management
(50% within the first 48 hours).2542~8 |n contrast, acuts type B dissactions can
most often be treated successfully with medical therapy alone as long as complica-
tions do not arise. The International Registry of Acute Aortic Dissactions (IRAD} has
been collecting data prospectively since 1998, and although mortality rates may be
underestimated because several patients may have died before they could consent
to participate in the study, it pravides the best prospectiva, although unrandomized,
contemporary comparison of medical and surglcal therapy.*® The IRAD investigators
analyzed hospital mortality in 464 patients with typs A (629) and type B (38%) dissec-
tions from 12 centers. For type A dissections, mortality with medical therapy was more
than double with surgical therapy (58% versus 26%). However, for type B dissections,
mortality with medical therapy was only 11%, compared with 31% with surgical
tharapy. However, surgery in type B disseclions was only performed if complications
were present.*®

With acute type A dissection, surgical intervention should be offered for all patients
desmed survivable, including patients with signs of severe cersbrovascular accldent
(often mental status is impaired due to cerebral malperfusion that can completely
revarse following aortic recanstruction),5° patients in hemodynamic shock (most likely
secondary to contalned rupture with pericardial tamponade), and patients of all ages.
For type B dissections, surgery is reserved for rupture, “impending rupture”, maiper-
fusion, persistent pain, and uncontrolled hypertension. Impending rupture is a difficult
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diagnosis, but the presence of frank blood {not serous or serosanginous fluid) in the
pleural space has been used as a criterlon to Intervene. A reactive, serous, lsft pleural
affusion will develop within 2 to 3 days In almost all patients with dissection in the de-
scending aorta, which should not be interpreted as impanding rupture and most often
rasolves In a few weeks. In addition, persistent pain is most often dus to fiuctuations in
blood pressure, and mest patients who retum to the hospital with recurrent pain but
a CT =can that is unchanged can be managed medically with resolution of symptoms.
Occaslonally, a patient will return with early dilation of the proximal descending
thoracic aorta to 5 cm or greater. These patients may be considered for early surgical
intervention, although itis ideal to walt 8 to 12 weeks if possible to allow the aortic wall
to thicken and the fiap to stabilize to improve surgical risk from a technical standpoint.

SPECIFIC THERAPEUTIC APPROACH FOR TYPE A DISSECTION

The initial goal of therapy in acute aortic dissectlon is to gst the patient out of the oper-
ating room and out of the hospital. Issues that need to be addressed during surglcal
repair of a type A dissection include perfusion strategy, cross-clamping versus circu-
latory arrest, extent of proximal resection, and extent of distal rasection. The specific
technical aspects of surgical repair are beyond the scope of this report, but have been
described in previous reports from our unit and from others. 3515 The goals of
surgical therapy in acute type A dissection are as foliows:

e Obviate the usual causes of death, which are local phenomena in nearly 90% of
cases. The proximal and distal aortic cuffs are recanstructed with a strip of Teflon
felt interior and exterior, and occasionally betwesan the Intimal and adventitial
layers, before Insertion of an interposition graft. Reconstruction at both ends
gliminates the false lumen proximally and directs flow into the true lumen distally.
Reconstruction diminishes direct flow into the false iumen, decreasing the risk of
intrapericardial rupture through the previously partial thickness false lumen wall.

» Reverse hemodynamic shock. Patients with hemodynamic compromise gener-
ally have a contained rupture with pericardial tamponade. Not uncommonly,
such patients will sustain a hemodynamic collapse following induction of anes-
thesia. At that point, the initial surgical move should be to perform immediate
sternotomy and open the pericardium to relieve tamponade. This is more impor-
tant than getting the patient on pump by way of the groin, which may take longer
than opening the sternum and does not address the immediate cause of the
collapse. Once tamponade has been relleved, shock will reverse and femoral
access can be obtained.

e Extent of proximal resection. Historically, it was felt that If the aortic valve leaked,
it had to be replaced, but this Is rarely the case. Patients with Marfan syndrome
require total root replacement, and patients with blcuspid aortopathy require
aortic valve replacement; however, most patients with aortic dissections have
normal trileaflet aortic valves that leak when they ara pulled apart consequent
io dilation at the sinotubular junction. Following proximal reconstruction, the
aortic valve is usually competent, without the need to address the valve itself.
At Washington University, glthough aortic vaive replacement was common in
the late 1980s (greater than 50% of cases), it Is currently rare (less than 10%
of cases).’

e Extent of distal resection. After resecting the region of the aorta containing the
primary tear, distal reconstruction can either be performed in the ascending
aorta, or to the lesser curve of the arch, a so-called “hemiarch” procedure
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with a beveled, open distal aortic anastomosis under profound hypothermic
circulatory amest (Fig. 11). The authors do not parform totai arch replacement
for acute dissection. Total arch replacement increases surgical risk substantially
more than any potential benefit in regard to late reoperation. Studies from our
center have found that the extent of distal resection does not have an impact
on late survival or late reoperation on the distal aorta, although the need for prox-
imal reoperation on the ascending aorta may be lower following hemiarch
repair.®3! Each surgeon should select an approach with which he or she Is
most comfortable.

Correct compromise of contiguous aortic branches. As presentation, branch
vessel involvement Is common; however, redirection of flow in the ascending
aorta exclusively Into the true lumen at the distal anastomosis is usually adequate
to reverse malperfusion without intervention on the branch vessels themselves.
The most common site of malperfusion that needs 1o be addressed following
ascending reconstruction Is one or both legs. If only one leg is malperfused,
a femoral-femoral bypass Is sufficient, but if both legs are malperfused, an axil-
lary-femoral bypass may be required. Malperfusion to the renals or viscerals
generally requires an interventional radioclogy approach for branch vessel stent-
ing. Rarely, when there is obstruction to flow at the aortic level, an aortlc stent-
graft may help restore distal flow, but these types of advanced, experimental
procedures should be reserved for centers with extensive endovascular
experience.

Resect the primary tear. The guthors generally resect the primary tear if practical,
but do not perform complete arch replacement during acute dissection uniess
there is rupture of the arch itself, which is rare. Total arch replacement in this
setting is technically hazardous, increases bleeding {which is often troublesome},
and doubles circulatory arrest times and mortality rates in most series. 515557
If the primary tear resides in the descending aorta, it is left alone at the time of
acute repair, Recent series from centers with extensive endovascular experience
have reported initlal success in reconstructing the descending aorta with open
stent-graft placement at the time of hemlarch repair,® but as noted above, these
advanced proceduras should be reserved for selacted centers with defined
protacols.

fig. 1. Hemiarch replacement to the lesser curve of the aortic arch. {From Moon MR, Sundt
TM: Aortle arch aneurysms, Coron Artery Dis 2002;13:85-92; with permission.}

g



Treatment of Aortic Dissection

o Eliminate flow In the false lumen. This is seldom accomplished. Studies have
shown that the distal false lumen remains patent in most cases (up to B5%) after
proximal thoracic gortic repair,5® and in some cases (especiallyin chronic digsec-
tlans), the false channel may be the only source of blood fo major organs. At
Washington University, the authors found that persistence of the false lumen
was associated with a greater chance of aortic growth long-term, but not specif-
ically with the need for late reoperation.®' in the Mount Sinai series, extending the
initial resection into the arch did not necessarily obliterate the false lumen;*3 23%
of patients who underwent partial or total arch replacement for an arch tear had
a patent false lumen. Parsistence of the false lumen depends more on tha pras-
ence of distal fenestrations batwseen the true and false jumens rather than
complete resection of the primary tear.

Perfusion Strategy

initial cannulation is generally by way of the femoral artery that has the strongest
pulse.®® After exposing the vessel, an 8-mm Dacron graft is sewn end-to-side to the
common femoral artery. The authors prefer the slde-graft to direct cannulation
because It permits flow down the leg during the period of cardiopulmonary bypass,
ls immune to the problems associated with atherosclerotic disease of the lliacs or
femorals, and at the end of the procedure can be stapled off without having to recon-
struct the artery. Venous cannulation is performed following standard stermotomy. If
circulatory arrest is planned, then the superior and inferlor vena cavas ars cannulated
saparately to allow for retrograde cerebral perfuslon if desired. Retrograde cerabral
perfusion allows additional cerabral cooling and back flushing of particulate matter
during circulatory arrest. Details of retrograde cerabral perfusion can be found in
several pravious raports.5"$1-53 The axiary artery can aiso be used for cannulation
{with a Dacron side-graft), but s not the initial cholce In acute ¢ases, simply because
If it turns out to be dissected, manipulation can be troublesome. When cardiopuimo-
nary bypass Is initiated, TEE is used to document flow in the true lumen in the
ascending aorta, and temparatures are measured above and below the diaphragm
to ensura an even distribution of blood flow and cooling. if flow is not adequate, central
aortlc cannulation can be performed.5*

Cross-clamping Versus Open Distal with Circulatory Arrest

The distal extent of the dissection repair can be performed either with a cross-clamp
on the distal ascending gorta {(anastomosis to the mid ascending aorta) or under
profound hypothermic circulatory arrest {anastomosis to the mid ascending aorta or
lesser curve of the arch). A complete description of the technical aspects of hypo-
thermic circulatory arrest Is beyond the scope of this article, but can be found in
several excellent previous pubﬁt:ationer..a-s"'s“-85 The potential benefits of using circu-
atory arrest are that it permits an open distal anastomosis (which may allow a more
sound distal anastomosis), facilitates direct inspection of the arch to assess the extent
of Intima! disruption {if the tear extends into the arch), and avoids clamp injurles to the
distal ascending aorta. However, recent studies have falled to demonstrate a differ-
ence In operative morbidity or moriality, long-term survival, or the incidence of late
aortic growth and reoperation rate between circulatory arrest and cross-clamp-
ing,3%%® and blseding can often be troublesome following creulatory arrest due to
sxtreme perturbatlons in the coagulation cascade. Our current thinking is that either
approach s acceptable, as long as the entire tear is visible within the ascending aorta,
and the final cholce depends on the experience and preference of the aortic surgeon
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performing the repair. With elther approach, following raconstruction of the distal
aorta, the authors generally anastomose a 28-mm Dacron graft with a 10-mm prefab-
ricated side-graft end-to-end. This procedure allows us to reposition the arterial
cannula into the side-graft and reconstitute antegrade flow during rewarming, which
has been assoclated with earlier neurologic recovery from circulatory arrest.*%2 For
high-risk patients in whom only a smal segment of the aorta had to be removed to
resect the primary tear, a primary anastomosis between the two reconstructed ends
of the aorta may be possible after freeing up the distal aortic attachments. Such an
approach is assoclated with less bleeding and shorter operative times than standard
ascending aortic reptacement, but it leaves a significant amount of ascending aorta in
situ that may dilate over time.

Operative Results

At Washington University, during a 22-year period ending in 2006, 201 patients under-
went acute type A dissection repair by 25 different surgeons. Mean age was 61 years
{range 18-88 years) and 64% were men.5 Qperative mortality was 16%, and indepen-
dent factors predicting death included concomitant aortic valve replacement, preop-
erative malperfusion, and non-Marfan syndrome patients. Cerebrovascutar accident
occurred In 5%, but the incidence was not related to the speciflc surgical techniqus
(circulatory arrest vs cross-clamp, ascending replacement only vs hemiarch, use of
retrograde cerebral perfusion). Long-term survival was 75% at 1 year, 63% at 5 years,
and 49% at 10 years. Factors associated with diminished long-term survival included
advanced age and the presence of coronary artery disease.

Subacute Type A Dissection

With rare exceptions,®™%8 patients who present to the emergency room soon after they
develop symptoms should undergo emergent surgleal intervention. However, it is not
uncommon for the diagnosis of type A dissection to be delayed as a consequence of
its complex presentation, such that transfer to a tertiary center does not occur for
48 hours or mare following the Initial tear. Patients who have survived several days
after the onset of symptoms have been fortunate to have passed through the Initial,
most deadly period of the disease. The timing of surgical intervention under these
subacute conditions was recently addressed in two studies from Yale, examining 93
patients over a 20-year period with a delayed presentation or diagnosis.’*"° In
essence, their question was: “If a patient is transferred or presents In the middle of
the night with a dissection that occurred mare than 48 hours earlier, is it essantial to
perform emergency surgery at that time, or is It safe to schedule the operation for
the following morning?” Their short answer was: “No, it is not necessary to perform
nighttime surgery for subacute dissections.” Morbidity and mortality rates were similar
to those who underwent immediate surgical intervention, leading the Tale group to
conclude that patients who present several days after an acute type A dissection
can safely be treated with an initial period of medical management, followed by
a semi-elective, rather than emergent operation. However, such delays are not recom-
mended within the first 48 hours, as patients can become unstable rapidly during this
period, Many centers are simply not experienced enough to perform acute dissection
repair, and in such circumstances, the patient’s best chance for survival is transfer to
a tertiary care hospital. The risks of delayed intervention to allow tertiary transfer are
likely far less than immediate surgical intervention by an inexperienced aortic surgeon
or surgical team.
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Radiologic Versus Surgical Definition of Type A Dissection

The differentlation of aortic dissections Into type A and type B represents a surglcal
definition not & radiologic definition, which is essential to determine the most appro-
priate initial therapeutic approach for aach patient. Occasionally, an attending radloi-
oglst, with all good intentions, will dictate that a “type A dissection is present” when
the tear resides in the arch, proximal to the eft subclavian artery (for gxampls, in the
lesser curve across from the left carotid orifice). From & practical therapeutic perspec-
tive, If the primary tear axtends distally from the arch, these patlents should be treated
as though they had atype B rather than type A dissection, considering that, with good
medica! therapy, the dissection will not extend retrograde to involve the ascending
aorta, The intent when repalring or replacing the ascending aorta in an acute type A
disgection is to aliminate the most common cause of death, that s, intrapericardial
rupture with tamponade. Rupture is much mare common with type A than type B
dissection, potentially due to elevated developed pressure (dP/dt) and flow in the
ascending versus descending aorta. With this in mind, emergency surgery by way
of sternotomy when the tear resides In the arch is unnecessary. Thus, it is essential
for aortic surgeons in busy tertlary centers to have extensive experience reading aortic
CT scans (including normal, ansurysmal, and acute and chronic dissections) to allow
the surgeon to most appropriately triage the patient from a therapeutic perspective.

SPECIFIC THERAPEUTIC APPROACH FORTVPEB DISSECTION

Uncomplicated type B dissections are treated medically in most centers, and excel-
lent results can be expected when therapy Is continued long-term. Acute operations
are performed only when compiications are present such as rupture or malpetfu-
sion.71-™ In the classic Stanford-Duke series of patients with acute type B dissaction,
the 30-day mortality for patients with no compelling indication for emergency opera-
tion was 10% with medical therapy versus 19% with surgical therapy.”™ In some
centers, there has been @ push toward early operation {proximal descending aortic
replacement oF stent-graft placement over the primary tear) in younger patients in
an attempt to prevent the adverse late sequelae of persistant dissectlt:u'i."""7'-“""‘ra
Although this type of aggressive surgical approach seems intultively logical, excellent
short-term and long-term results can be sxpected with aggressive medical therapy,
with most patients needing nelther an early nor late surgical intervention.72% All
new prophylactlc-based therapies must be compared with appropriate medical
therapy before their widespread use can be advocated.

Estrera and associates in Houston followed 159 patients with a type B dissection
who underwent an initial medical management strategy with surgery reserved only
for complications.“ Medical therapy alone was successful in 86% of patients with
a mortality rate of 7%. When a surgical or endovascular intervention was necessary
(14% of patients), the morialily rate increased to 17%. Overall, 1-year survival was
83% and 5-yeer survivel was 75%. Hsu and colleagues™ from Taiwan similariy
reported excallent rasults with medicel managsment of type B dissections. Medical
iherapy alone was successful in 85% of patients, with a 5-year survival rate of 99%.
Endovascular options have bacome popular for complicated dissections, but their
use In uncomplicated dissections remains unsupported.

Medical Management

The goals of medical therapy are 1o first decrease aortic and Ieft ventricular peak
dp/dt, then reduce mean, peak, and diastolic recoll aortic pressure. Intravenous
p-blockers {typically asmolol) should be initiated to decrease dpP/dt, followed by an
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afterioad reducing agent {typically nitroprusside} if additional blood pressure control is
needed. Often, decraasing blood pressure from the saverely hypertensive levels that
ars generally present during the initial evaluation of a patient with an acute dissection
can reverse malperfusion and stabilize the flap. Pain may wax and wane, possibly due
to movernent of the flap with blood pressure fluctuations, but severe pain should dissi-
pate. During the Initial hospltalization, a complex oral antihypertensive regimen may
be necessary to achieve the desired level of blood pressure control, but following
hospltal discharge, It is often necessary to decrease drug dosages significantly. Blood
pressure should be closely monitored (not only by the physician but also the patient) to
ensure the most appropriate level of control long-term. Ideally, the patient should
become familiar with their disease so that they can play an active role in monitoring
changes In therapy.

Endovascular Therapy for Complicated Type 8 Dissections

Patients who develop ischemic complications due to distal aortic branch compromise
should undergo anglographic investigation, potentially with CT or MRI anglography
initially to create & thres-dimensional roadmap of the aorta and its branches. Bare
stenting of branch vessels or covered stent-grafting of the aorta itself can follow to
Increase distal flow, with or without fenestration of the dissection flap,.?***' The
dissection anatomy in these patients Is often complex, and these procedures can
be challenging. In 2003, the authors published early results for endovascular interven-
tions in type B dissections with malperfusion,®” and although our initial report was
anecdotal in nature, 21 of 23 vascular territories were successfully reperfused with
no hospital mortality and no late recurrent lschemia. Dake and assoclates from Stan-
ford were the first to report their attempts to cover the primary tear with a covered
stent-graft in 1899, Using an archalc delivery system, they were able to completely
thrombose the false lumen in 79% with a mortality rate of 16%. More recent studies
have reported similar results, and studies to compare the endovascular approach to
open surgery in complicated type B dissections are balng developed.”* 737877

The goals of endovascular therapy are to reverse malperusion with eithera periph-
eral or central approach, re-expand the true lumen, exclude or close the primary tear,
and oblitarate the false lumen. Early experimental work from the Stanford laboratories
demonstrated that intravascular stents could restore distal flow in acute type B
dissection, but that obiiteration of the false lumen required stents to be placed
throughout the length of the dissaction.?! Stenting limited to the proximal dissection
did not prevent the development of a chronic patent distal false lumen, probably
due to branch vesse! fenestrations distal to the stents. A study from Vienna evaluated
the ability of a stent-graft implanted over the primary tear to thrombose the false
[umen.”” At the level of the stent-graft, they noted a 60% false lumen thrombosis
rate immediately postoperatively that increased to 90% at 1 year. In contrast, just
distal to the stent-graft, the thrombosis rates fell to 20% and 60% postoperatively
and at 1 year, whereas at the cellac artery the rates were 0% and 22% postoperatively
and at 1 year.

Ameta-analysis of 37 studies was recently published examining the results of endo-
vascular stent-grafting for acute type B dissections in 184 patients.”® Using the IRAD
database, 30-day survival with endovascular therapy compared favorably with
medical therapy, both of which were significantly better than apen surgical therapy.
Also in 2006, the IRAD investigators reviewed 242 patients with acute dissection
undergoling elther medical (78%), open surgical {11%), or endovascular (11 %) therapy
with an aoverall hospital mortality rate of 1294 82 Syrvival at 3 years was similar in all
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groups: 78% % 7% for medical therapy, 83% <+ 19% for open surgical therapy, and
76% 4 25% for endovascular tharapy.

The most commaon indication currentiy for surgical intervention on the aorta (rather
than Its branches) in type B dissections is patlents who demonstrate garly growth
(greater than 5 cm diameter) or recurrent refractory pain in the early months following
successful initial medical therapy. Subacute dilation is usually {solated to the proximal
descending aorta, for which elective proximal descending replacement or placement
of a stent-graft over the primary tear should be considered if there are adequate prox-
Imal and distal landing zones. The goal is not to remove all dissectsd aorta, but rather
to address the area of maximal dilation. Generally, following replacement of the prox-
imal third of the aorta, the residual dissection will grow in less than 20% of cases with
adsquate medical therapy.3!®

INTRAMURAL HEMATOMA AND PENETRATING ULCER

Intramural hematoma is a variant of aortic dissection in which there is blood present in
the aortic wall, but no tear can be Identified.2% Fig. 12 demanstrates an intramural
hematoma in the ascending aorta on TEE. Proposed causes include spontanaous
bleading in the wall, but may also simply represent a small entry hole that cannot be
identified.¥” Intramural hematomas in the ascending aorta can progress to overt
dissection or spontaneous rupture, but the rupture risk is less than with classic dissec-
tion. Acceptable results have been reported from & large series amploying medical
management as first line therapy for patients with type A intramural hematoma;®
however, this approach raquires aggressive monitoring until stabllization (generally
for several days), with a watchful eye for progression to overt dissection. In general,
it Is probably best to perform urgent (not necessarlly emergent) surgary in otherwise
healthy patients to avoid progression to dissection, which ocours in about one third
of patients despite aggressive medical therapy. Penetrating atherosclerotic ulcers in
the ascending aorta with surrounding wall hematoma also have 8 significant risk of
rupture and should be considered for urgent surgery if comorbidities do not portand
a poor surgical outcome. 248220 ntramural hematomas in the descending aorta should
e managed similarly to type B dissection and have been known to resolve over 3 to 8
months with appropriate medical therapy.®!

Fig. 12. TEE demonstrating an Intramural hematoma of the ascending aorta. The arrow
labeled AV is the aortic valve, the arrow labeled IMH Is the intima of the intramural hema-
toma, and the uniabeled arrow Is the normal aortic wall proximal to the Intramural
hematoma.
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MANAGEMENT OF CHRONIC DISSECTION

In an attempt to identify important factors that could predict ansurysmal development
in a residual dissected aorta, the authors followed 168 operative survivors following
acute type A repair.®! Late reoperation was performed in 159% of patients an average
of 5 years postoperatively. Freedom from reoperation among operative survivors was
95% at 1 year, 90% at 5 years, 74% at 10 years, and 65% at 15 years. Risk factors that
predicted the need for late reoperation included Marfan syndrome, a nonresectsd
primary tear, absence of postoperative p-blocker therapy, and elevated systolic blood
pressure late postoperatively. During long-term follow-up, the incldence of aortic
growth between consecutive imaging studies was 18%, with a mean growth rate of
1.3 mm in the abdominal and 1.8 mm in the descending aorta. In several patients,
aortic growth was not identified for many years postoperatively (6 years on average
and up to 167 months in 1 patient), relnforcing our belief that follow-up for life Is essen-
tial following successful treatment of an aortic dissection. Independent predictars of
aortic growth included (1) increased aortic diameter, (2) patent false lumen, and (3)
elevated systolic BP at late follow-up. The incidence of aortic growth increased
from 149 to 15% for patients with late systolic BP less than 140 mmHg to 34%
when systolic BP was greater than 140 mmHo.

DeBakey and assoclates were the first to suggest a relationship between poor blood
pressure control and dilation in patients with aortic disease, noting that aneurysms
subsequently developed in 48% of patients with uncontrolled hypertension, but only
in 17% with controlled blood pressure long-term.®® In our series from Washington
University, ideal blood pressure control not only decreased the reoperation rate
from 35% to 8%, but the incidence of aortic expansion also fell threefold.®! Fig. 13
flustrates the impact of poor blood pressure control on late reoperation, which
approaches 50% to 70% at 15 years in those with less than ideal systolic pressures.
Fig. 14 demonstrates the impact of p-blacker therapy to diminish the need for late
reoperation from 75% to 25% at 15 years.

To determine the appropriate time interval between which postoperative imaging
studies should be obtained, the authors performed a two-way analysis of the impact
of aortic diameter and time between scans on the chance of identifying aortic
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Fig. 13. Freedom from reoperation foliowing repair of type A aortic dissection in relation to
the degree of late postoperative systolic blood pressure control. (From Zierer A, Voeller RK,
Hill KE, et al. Late aortic enlargement and reaperation after repalr of acute type A aortic
dissection. Ann Thorac Surg 2007:84:479-87; with permission.)
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Fig. 14. Freedom from reoperation {ollowing repair of type A aortlc dissection in relation to
late postoperative p-blocker use. {From Zierer A, Voeller RK, Hill KE, et al. Late aortic
enlargement and reoperation after repair of acute type A aortic dissection. Ann Thorac
Surg 2007:84:479-B7; with permlsslon.}

growth."1 Table 1 demonstrates that when the aortic diameter is small (<35 mm), and
the interval between scans is low, itis rare to identify growth. In contrast, when the
aorta is large (>50 mm), growth is fraquent at all intervals, reaching 83% for intervals
greater than 1 year. At the Center for Diseases of the Thoracic Aorta at Washington
University, the importance of long-term blood pressuré control Is reinforced to the
patients, with a goal of maintalning systolic BP less than 120 to 140 mmHg, including
p-blocker therapy, 8s long as there are N9 contraindications to their use. It is often diffi-
cult to maintain systolic BP pelow 120 mmHg, aspecially in elderly patients with dimin-
ished vascular compliance, but whan possible, it is an appropriate goal for these
patients because of the potential to otherwise nesd major raoperations as they age.
Survelllance of patients with aortic dissection, whether treated medically or surgically,
should Include a CT scan of MRI before hospital discharge and later studies as

follows:

e Aninitial outpatient scan at 3 to 4 months to identify those who expetience rapid
garly growth (when the aortic wall is most vulnerable).

« If aortic size is stable, @ §-month Interval follows.

o Furtherimaging intervals are based on aortic size; whereas small aneurysms can
be foliowed at 12-month intervals (35-40 mm), large ansurysms {45-50 mm)
should be followed at g-month intervals.
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Incldence (%}

< 6 mo 6~12 mo >12mo
small (<35 mm) 5 13 21
Moderate (35-99 mm) 12 27 31
Large {50 mm)} 34 23 83

Data from Zierer A, yoeller RK, Hill KE, et al. Late aortic enlargement and reoperation after repair
of acute type A aortic dissection. Ann Thorac 5urg 2007;84:479-87.
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Fig. 15. Inexperienced radiclogists often overestimate the size of the acrta due to measure-
ments made on the oblique or as the aorta travels horlzontal as demonstrated most obvi-
ously at the diaphragm in this schematlc. (From Juvonen T, Ergln MA, Galla JD, et al.
Prospective study of the natural history of thoracic aortic aneurysms. Ann Thorac Surg
1997;63:1533-45; with permission.)

» [f aortic expansion is identified, the interval is decreased on subsequent scans
until aortic size again becomes stable.

o |f diamster measurements ars in question, consider three-dimensional CT recon-
structions or MR!. It is not uncommon for the aorta to become tortuous following
dissection, causing inexperienced radiologists to document inflated aortic sizes
{Fig. 15).%

« For patients with renal impairment, or for those who require frequent scans, non-
contrast images are often satisfactory if the major question regards aortic size.

Our current indications for resection of a chronic residual dissection depend on the
region of interest, but in general Include: (1) acrtic dlameter greater than 6to 6.5 cm
(possibly 5.0 cm or 5.5 cm In younger patients with rapld growth); {2) enlargement
of more than 7 to 10 mm in 1 year; (3) recurrent persistent pain attributable to the aneu-
rysm that does not respond to medical management (it is important to remember that
many patients present with pain during periods of acute hypertension that resolves
with blood pressure control); and (4) locelized saccular dilatlon, which might put the
patient at a higher risk of rupture. Patients with Marfan syndrome are generally
younger and are more prone to rapid dilation, so raplacement should be considered
when aortic diameter exceads 5 to 5.5 cm or when expansion exceeds 3 to 5 mm
per year in healthy individuals. These criteria need to be individualized by each aortic

" surgeon after evaluating his own Institution-speclfic morbidity and mortality rates for

these often complicated procedures.

SUMMARY

Acute aortic dissection is a fatal disease if not identifled and treated appropriately.
Even then, there are times when mortality cannot be prevented, despits our greatest
sfforts. For type A dissections, surgicel therapy is essential to offer the patient
a reasonable chance at long-term survival; however, it is important to remember
that surglcal treatment does not cure the generalized disease. For type B dissections,
medical therapy is the mainstay of treatment and Is assoclated with excellent survival
when continued long-term. With either type A or type B dissections, close medical
follow-up s essential after hospital discharge with a mandate for strict blood pressure
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control, anti-imptise therapy with f-blockers (gven if the patientis normotensive), and
serial imaging surveillance for the life of the patient. The Initlal goal of therapy in acute
aortic dissaction is to get the patient out of the operating room and hospital, whereas
the long-term goal is to decrease the risk of late aneurysmal dilation and reoperation.
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Cardiac Tamponade

Henry Meltser, mp, and Vijay G. Kalaria," mo

Cardiac tamponade is a common cardiac emergency requiring prompt diagnosis and
intervention. A thorough undarstanding of the spectrum of clinical and hemodynamic
changes In patients with pericardial effusion is vital for intervantional cardiologists.
_This review discusses pathophysiology of cardiac tamponade with emphasis on
hemodynamic abermrations. Specific clinical situations that lead to atypical hemo-~
dynamic presentations of cardiac tamponade are emphasized with a review of
various dlagnostic and therapeutic procedures. Catheter Cardiovasc Interv 2005;64:

245-255. v 2005 Witey-Llas, Inc.
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INTRODUCTION

Cardiac tamponade is a clinical syndrome characterized
by hemodynamic abnormalities resulting from an increase
in pericardial pressure_due to accumulation of_contents
such as serous fiuid, blood, pus, and rarely gas. Cardiac
tamponade was first recognized in the 19th century as a
;ause of impaired cardiac function [1]. In 1935, Beck C.S.
described a diagnostic triad for cardiac compression con-

sisting of decreasing arterial pressure, increasing venous
pressure, and a small quiet heart. Increasing intrapericar-

dial pressure leads to restriction of cardiac filling, redyc:
tion of stroke volume and cardiac output. Clinical signs in
a patient with cardisc tamponade include tachycardia,
hypotension, pulsus paradoxus (> 12 mm Hg inspiratory
fall in systolic blood pressure), raiged jugular venous pres-
sure, muffled heast sounds, decreased electrocardiog;phic
e e
voltage with pulsus alternans [2,3], and an enlarged car-
diac sithouette on chest roentgenogram (Table I). The
magnitude of clinical and hemodynamic abnormalities
depends on the rate of accumulation and amount of peri-
cardial contents, the distensibility of the pericardium, and
the filling pressures and compliance of the cardiac cham-

bers. Various etiologies for pericardial effusion and car-
diac tamponade are listed in Table IL

EVOLUTION IN THE UNDERSTANDING OF
CARDIAC TAMPONADE PATHOPHYSIOLOGY

The classic hemodynamic description of cardiac tam-
ponade physiology was described by Reddy et al. [4).
They initially proposed that tamponade was an all-or-
none phenomenon. In the classic model of cardiac tam-

© 2005 Wiley-Liss, Inc.

ponade, the pericardial space fills to a critical hemody-
namic point, at which time hypotension and decline in
cardiac output ensue. This schema divided tamponade
physiology into three phases. In_phase 1, pericardial
pressure equilibrates with _the right ventricular filling
pressure, but the cardiac output does not change. During
phase 2, the contents in the pericardial space continues
to ‘BECUmUIAte and the pericardial and night ventrictilar
filling pressures rise simultaneously and”equilibrate with

left ventricular filling pressure, a point when there is
dépression of cardiac output but pulsus paradoxus is still
absent. Tn phase 3, tfurther accumulation of pericardial
firid results in & simultaneous elevation of the pericar-
dial, right ventricular, and left ventricular filling pres-
SOres, with further decline in the cardiac output and
appearance of pulsus paradoxus.

Over the last 20 years, the widespread use of echocar-
diography and new hemodynamic data have revised the

all-or-none concept. Important echocardiographic obser-
vations were made in patients who underwent pericardio-

Krannert Institute of Cardiology, Clarian Cardiovascular Center,
Department of Medicine, Indiana University, Indianapolis,
indiana

*Correspondence to: Dr, Vijsy G. Kalaria, Krannert Institute of Car-
diology, Indiana University Clarian Cardiovascular Center, EAD4,
1800 North Capitol Avenue, Indianapolis, IN 46202.

E-mail: vkalaria@iupui.edu

Reccived 11 March 2004; Revision accepted 5 November 2004

DO 10,1002/ccd.20274
Published online in Wiley InterScience (www.interscience wiley.com).




246 Meltser and Kalaria

TABLE |. Cardisc Tamponade Characteristics

Clinical signs of cardiac tsmponade
‘Tachycardia
Hypotension
Elevated jugular venous pressure with a blunter Y-descent
Pulsus paradoxus
Distant heart sounds
Physical features/signs of the underlying ctiology
(e.g., connective tissue disorders)
Enlarged cardiac silhoustte on chest X-ray
Hemodynamic changes in cardiac tamponade
Elevation of filing pressures in all four cardiac chambers
Diastolic equalization of pressures
Blunted Y-descent in RA pressure waveform
RV and LV peak systolic pressures out of phase
Peak sortic pressure varying more than 10-12 mm Hg
Decrease in cardiac output

TABLE Il. Etiology of Pericardial Effusion and Candiac
Tamponade

Common
Idiopathic or viral pericarditis
{atrogenic (invasive procedure-related, post-CABG)
Trauma
Neoplasm/malignancy
Uremia
Lincommon
Collagen vascular diseases (SLE, scleroderma)
Tuberclulosis
Radiation induced
Postmyacardial infarction
Aortic dissection
Bacterial infection
Preumopericardiem

SLE, systemic lupus erythematosis.

centesis for small- or moderate-size pericardial effusions
with no clinical findings of tamponade. After pericardial
drainage, the pericardial pressure, ventricular filling pres-

sures, and respiratory vartations in systolic blood pres-
sure were all reduced as compared with the
prepencardial drainage values. Wayne et al. [5] noted
that in patients with pericardial effusion but no clinical
signs of tamponade, there was an exaggerated respiratory
variation in the left ventricular systolic ejection time.
Such findings indicate that even mild to moderate peri-
cardial effusions affect cardiac hemodynamics in the
absence of overt clinical findings of tamponade.

Reddy and Curtiss {6] subsequently revised their origi-
nal tamponade physiology model. In the revision, the RV
and LV filling pressures rise but do not equilibrate with
pericardial pressure in phase 1. This finding contrasts with
the previous concept that LV filling pressure does not rise
until the RV filling pressures equilibrated with the pericar-
dial pressure, During phase 1, cardiac output may decline
and systolic Blood
below baseline Values, biit diagnostic criteria for pulsus

pressure may fafl with inspiration

p;radoxus are not met. Pericardiocentesis during this
phase, decreases pericardial and right atrial pressure with
minimal change in arterial systolic pressure and no change
in cardiac output. The onset of phase 2 occurs when peri-
cardial pressure equilibrates with RV but not LV filling
pressure. Pericardiocentesis during phase 2 leads to a
decrease in pericardial, right atrial, and LV filling pres-
sures with a decrease in respiratory variations in systolic
blood pressure and & moderate increase in cardiac output.

In phase 3, both LV and RV filling pressures equilibrate

with intrapericardial pressure. Pericardiocentesis during
phase 3-decreases pericardial, right atrial, and LV filling
pressures with normalization of the exaggerated inspira-
tory decrease in arterial systolic pressure and a prominent
increase in cardiac output. In contrast to the original con-
cept, the inspiratory fall in arterial systolic pressure (pul-
sus paradoxus) is exapgerated from the onset of
pericardial effusion and progressively increases during
each phase. In summary, rather than an all-or-none phe-
nomenon, cardiac tamponade should be viewed as a syn-
drome with a continuum of hemodynamic abnormalities
with a resultant spectrum of clinical presentations and
hemodynamic findings.

PRESSURE WAVEFORMS IN CARDIAC
TAMPONADE: RIGHT ATRIAL AND VENOUS
PRESSURE

The normal pressure waveform in the right atrium dis-
plays three positive waves, A, C, and V, and two nega-
tive waves, X- and Y-descents. The A-wave is caused by
atrial systole; the C-wave is caused by tricuspid valve
displacement toward the right atrium during early ventri-
cular systole. The A- and C-waves are followed by a
negative deflection, the X-.descent, associated with
decline in intrapericardial pressure at the beginning of
ventricular systole and movement of the tricuspid appa-
ratus toward the ventricular apex. The V-wave reflects
passive atrial filling in late ventricular systole and is fol-
lowed by Y-descent, coinciding with the opening of the
atrioventricular valves and early ventricular diastole.

The venous blood flow into the right atrium is near
zero_during atrial systole and rises To a maximum dur-
iﬂr;nmm with the X-descent),

en falls and rises to a second smaller peak in diastole
(corresponding ta the Y-descent in the form).
During_inspiration, the pressure in vena cavae falls
(supErior vena cava and intrathoracic portion of the

.inferior vena cava) as the flow increases [7,8].

The positive deflection in RA waveform coinciding
with the R-wave in electrocardiogram (ECG) is labeled
as the A-wave and the positive deflection coinciding with
the T-wave on ECG is labeled as the V-wave. During
simultaneous right and left heart pressure waveform



Fig. 1. Right atrial pressure wave form (50 mm Hg scale} in 8
patient with cardiac tamponade showing a bluntad Y-descent
{black arrow).

recording, V-wave in the pulmonary capillary wedge
pressure (PCWP) waveform precedes or bisects the down
slope of LV systolic pressure waveform.

In cardiac tamponade, the RA pressure waveform has

an attenuated or_an absent Y-descent (Fig. 1). Absent

~descent is secondary to diastolic equalization of pres-
sures in RA and RV and lack of effective flow across the
tricuspid valve in early ventricular diastole. The caval
(venous) flow also bacomes monophasic and is confined
1o ventricular Systole, comresponding to the X-descent.
Similar to RA, the Y-descent in venous pressure wave-
form (during ventricular diastole) is also absent or trans-
formed into & positive wave. The vena cava flow during
ventricular systole is maintained by RA transmural pres-
sure (RA pressure minus the intrapericardial pressure).
Specifically, as the cardiac volume is reduced during
ventricular systole and blood is ejected into the great
arteries, the right intra-atrial pressure falls in excess of
the intrapericardial pressure, producing a pressure gradi-
ent for forward venous blood flow. During ventricular
diastole, the cardiac volume increases, limiting the early
diastolic surge of venous return.

PULMONARY ARTERY PRESSURE AND FLOW

In normal subjects during inspiration, the transmural
puimonary artery pressure (intra-arterial PA pressure
minus the intrapericardial pressure) and pulmonary
artery flow increase. In subjects with _tamponade,
inspiratory increase in the blood flow velocity in the

pulmonary artery sys;i'/’_g_g_. fic pressure Is exaggerated.

INTRAPERICARDIAL PRESSURE

The unstretched pericardium usually contains less then
50 cc of pericardial fluid. When measured using a fiuid-
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Fig. 2. Aortic pressure tracing {200 mm Hg scale} demon-
strating a marked pisus paradaxus of 40 mm Ha.

.

filled catheter systeri, pericardial pressure is zero or nega-
tive relative to atmospheric pressure, and virtually identi-
cal with intrathoracic pressure. Pericardial pressure
comrelates well with the intrathoracic pressure throughout
the respiratory cycle. Changes in intrapericardial pressure
are dependent on both the volume and acuity of accurnula-
tion of pericardial content. Pericardial pressure-volume
curves are different with varying slopes based on the
chronicity of pericardial fluid collection [9]. In acute car-
diac tamponade, usually seen in trauma or in patients with
jatrogenic perforation during invasive procedures, even
minor increases in the pericardial cavity fluid volume lead
to a marked increase in pericardial pressure and acute
hemodynamic compromise. Chronic accumulation of peri-
cardial fiuid, such as in patients with uremia or connective
tissue disorders, allows gradual stretching of the pericar-
dial sac such that large pericardial collection can occuf
without significant elevation in intrapericardial pressure.

PULSUS PARADOXUS

The term “pulsus paradoxis” was coined to describe
paradoxically absent radial pulse despite the presence
of heart tones [10]. Pulsus paradoxus, an exaggeration
of the normal respiratory physiology and its effects on
the intracardiac pressure, is defined as a decline of
more than 10-12 mm Hg in the systolic blood pressure
during quiet inspiration compared with expiration (11].
Although the original description was based on palpa-
tion of the radial pulse, at present time pulsus para-
doxus is usually assessed at bedside using sphygmo-
manometer-measured brachial artery pressure or direct
intra-arterial pressure recording, the latter being the
most sensitive and accurate of the three methods
(Fig. 2). Another criterion of pulsus paradoxus is 10%
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arrow} with circumferential Pericardial effusion. [Color figure can be viewed in the online
issue, which is available at www.intersc!enoe.wiley.com]

decrease in arterial systolic pressure during inspiration
(percentage decrease in arterial systolic pressure =
expiratory arterial systolic pressure — inspiratory systo-
lic pressure/expiratory systolic pressure x 100) [12].
In normal subjects, inspiration with resultant fall in
intrathoracic and pleural pressure produces a gradient
between the extrathoracic &nd intrathoracic veins with
resuitant increase in venous retum to the right-sided cardiac
chambers (RA and RV) [11). Since the heart is in a con-
fined space defined by the pericardium, increased RV
volume produces a shift in the intraventricular septum,
,making the LV cavity smaller at the expense of the
enlarged RV. At the same time, pulmonary vascular blood
pooling occurs during inspiration, further decreasing LA,
and LV filling. Inspiration also decreases transaortic pres-
sure and hence LV afterload, All of the above translates into
a reduced LV stroke volume, LV ejection time, and systolic
blood pressure during inspiration. Experimental studies in
animals showed that pulsus paradoxus does not occur in the
setting of cardiac tamponade when the RV ig bypassed or
the volume of the right heart is kept constant {13, -
Though pulsus paradoxus is a frequent si n in
Patients with phase 3 cardiac tamponade, it has been

described in multiple other conditions, including RV
infarction [14], pulmonary embolism [15], chronic
obstructive pulmonary disease (COPD) exacerbation
[16], severe LV systolic dysfunction, pleural effusion
[17], tense ascites (18], constrictive pericarditis [19],
and external cardiac compression [20], An inspiratory
decline in blood pressure of 10 mm Hg has even been
noted in normal subjects [7]. In patients with emphy-
sema, a pulsus paradoxus has been hypothesized to
result from increased right ventricular filling pressures
due to pulmonary hypertension, when an inspiratory
effort results in further buildup of pressure within the
right ventricle, The hearts of patients with emphysema
also have a limited ability to expand outward due to
hyperexpanded lungs; consequently, high RV filling
pressures during inspiration result in bowing of the
interventricular Septum, producing a pulsus paradoxus.
Certain preexisting cardiac conditjons preclude occur-
rence of pulsus paradoxus despite the presence of all the
other classic features of cardiac tamponade. These con-
ditions include LV hypertrophy, pulmonary artery
obstruction [21], large atrial septal defect, sevare aoriic
regurgitation, loculated pericardial effusion, chronic
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Fig. 4. M-mode echocardiogram fram the parasternal window of a patlent with ca

rdiac

tamponade. There is diastolic right ventricular collapse (white arrow). [Color figure can be
viewed In the online jssue, which is available at www.intersclence.wiley.cnml

renal failure [4], and severe hypotension. In patients
with elevated left ventricular diastolic filling pressures
above and beyond right ventricular filling pressurcs,
such as in a patient with severe aortic regurgitation, ele-
vated pressure in the left ventricle checks the inspiratory
increase in right ventricular volume {7,11,22). There-
fore, during inspiration, the interventricular septum is
not capable of bowing into the left ventricle, conse-
quently preventing inspiratory decline in the systemic
blood pressure with a resultant lack of puisus paradoxus.
Patients with severe aortic stenosis and cardiac tampo-
pade may similarly lack pulsus paradoxus due to ele-
vated left ventricular end-diastolic pressure from LV
hypertrophy. Patients with a large atrial septal defect in
the setting of coexisting tamponade frequently may not
demonstrate 2 pulsus paradoxus thought to be due t0 the
equalization of blood volumes in both atria from the
atrial septal defect. Consequently, the normal inspiratory
increase in Systemic venous return is balanced by 2
decrease in left-to-right shunt, resulting in unchanged
right and left ventricular end-diastolic pressures and
volumes during the respiratory cycle {7,11,22,23].

Patients with systemic hypotension ma have so low
,,_F’T’_/,__L—/EI"" e a5 o fmake & puls puradorus 0
&ilt 1o detect. In a patient suffering from signinicantly
impaired Teft ventricular systolic function and a peri-
cardial effusion, the appearance of a pulsus paradoxus
may actually be an extremely ominous sign. These
patients with minimal left ventricular reserve have sig-
nificantly elevated jeft ventricular filling pressure.
Thus, the development of a pulsus paradoxus in these
patients signifies markedly high right-sided pressures.

In summary, two conditions aré prerequisite for the
production of 2 pulsus_paradoxus in tamponade: signif-
icant pericardial effusion with, eleyated _pencardial
pressures restraining ventricular diastolic filling, and
differential filling of left and right ventricle duimg
respiratory cycle. If either of these two components is
missing, pulsus paradoxus will usuaily be absent.

COMPENSATORY MECHANISMS

During early phases of cardiac tamponade, increase in
heart rate compensates for reduced stroke volume and car-
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Fig. 5. Pulsed-wave Doppler recording at the level of mitral valve from the four-chamber

apical view. There is pronounced res iratory variaffon &>

n the Doppler signal through

the respiratory cycle, [Color figure can be viewed in the online issue, which is available at

www.fntersclence.wlley.com]

diac output is maintained. In chronic pericardial effusions,
renal compensatory mechanisms such as salt and water
retention attempt to increase intravascular volumes {24).

NONINVASIVE TESTING

Transthoracic echocardiography plays a 'vital role in
the diagnosis and management of pericardial effusion
and tamponade. When the pericardial space is filled with
fluid, it is detected as an echo-free space that persists
throughout fhe cardiac cycle, although a localized poster-
ior effusion may be evident only in systole. Pericardial

effusion size can be graded using transthoracic echocar-
diography. One such grading system definied moderate

pericardial effusion as an echo-free space of 10-20 mm

(both anterior and posterior) during diastole and > 20

as a large effusion [25]. It should be noted that a
small echo-free space is frequently observed over the
anterior RV free wall in asymptomatic patients due to
the anterior fat pad. As the effusion enlarges, various M-
mode and 2D echocardiographic signs are used to deter-

mine hemodynamic significance and compromise. Speci-
fically, early diastolic collapse of the RV, late diastolic
collapse of the RA (Figs. 3 and 4), abnormal ventricular
septal motion (more commonly seen in CONSTICHVE =
carditis), exaggerated respiratory variability in mitral
inflow velocity (lowest velocity during inspiration: Fig.
5) and tricuspid inflow velocity (highest during inspira-
tion), inspiratory decrease and expiratory increase in pul-
monary vein diastolic forward flow, respiratory variation
in ventricular chamber size, and aortic outflow velocity
(echocardiographic pulsus paradoxus; Fig. 6). Since
echocardiography is portable, readily available, and easy
to use, it is often the initial study performed to evaluate
the size, location, and the degree of hemodynamic
impact of the pericardial effusion, Also, echocardiogra-
phy can be used to guide pericardiocentesis with excel-
lent safety and efficacy. In a Mayo Clinic experience,
there was only | death in more than 1,000 procedures
performed. Echocardiography is also the preferred mod-
ality to confirm resolution or recurrence of pericardial
effusion {26].
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Fig. 6. Continuous-wave Doppler recording across the aartic valve (four-chamber apical

view) showing respiratory variation in aortic outflow velacity, an echocardiographic equiva-
lent of pulsus paradoxus. [Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com].

EFFUSIVE-CONSTRICTIVE PERICARDITIS

Persistently elevated right atrial pressure after a suc-
cessful pericardiocentesis suggests the diagnosis of effu-
sive-constrictive  pericarditis. These - hemodynamic
changes result from persistent visceral pericardial con-
straint caused by uremis, infection, malignancy, tubercu-
losis, radiation, or organizing fibrous material [27].

These patients may demonstrate_Kussmaul's sign

(increased venous pulsation or right atrial pressure with

inspiration) in addition to pulsus paradoxus. After peri-
cardial fluid removal, right atrial and ventricular
diastolic pressures remain elevated despite an echocar-
diographically confirned empty pericardial space and a
low or negative pericardial pressure. Postevacuation
hemodynamics resembles those of a pure constrictive
physiology with a prominent Y-descent and a dip-and-
plateau pattemn of the RV diastolic waveform. In a recent
large series of patients undergoing simultaneous hemo-
dynamic evaluation and pericardiocentesis, effusive-
constrictive physiology was noted in 8% of patients [28].
Many of the effusive-constrictive patients were asympto-

matic in this series and gradually normalized their hemo-
dynamics. [f symptoms persist in a patient with
hemodynamic features stiggestive of effusive-constric-
tive pericarditis, the prefered treatment is surgery (total
pericardiectomy with removal of visceral pericardium).

POSTSURGERY CARDIAC TAMPONADE

Pericardial effusions and organizing hematomas occur
despite having a partially open pericardium after cardiac

surgery {29], and delayed presentation has been reported

after minimally invasive CABG surgery [30). In a series
of 510 patients, incidence of tamponade after cardiac
surgery was 2%, with 90% of patients having atypical
clinical and hemodynamic presentation of cardiac tam-
ponade [31). The diagnosis and management of post-
operative tamponade is very challenging, since effusion
afid"Hematomas may be loculated and confined poster-
jorly. Pulsus paradoxus may be absent in as many as
50% of patients; a high index of suspicion is required for

the prompt diagnosis and management. On echocardio-

e
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Fig. 7. Right atrial (dashed arrow)
showing equalization of pressures In
scale).

graphy, posterior effusions or hematomas can present

with isolated left-sided chamber collapse without tradi-
tional signs of FAEREded chamber diastolic collapse. In
a study comparing isolated right- versus left-sided peri-
cardial effusion in an animal model, the right-sided effu-
sion led to more hemodynamic compromise compared
with isolated left-sided effusion [32]. Percutaneous drai-
nage is challenging, usually requiring echocardiographic
guidance and surgical reexploration is often necessary in
hemodynamically unstable patients.

LOW-PRESSURE TAMPONADE

Low-pressure tamponade may occur in a patient

with Rypovolemia during the setting of compressive
i lypov r;}é-ﬁL__EN- L ahalh
pericardial effusion. In its acute form, low-pressure
tamponade can occur following a penetrating cardiac
wound; in a chronic form, it can occur from prolonged
dehydration. Clinical findings may demnonstrate a low
to normal blood pressure with an absence of jugular
venous _distention or puisus paradoxus . In sus-
pected cases, the sdministration of fluids can stabilize
a rapidly declining patient in preparation for a pericar-
dial drainage procedure. If a low-pressure tamponade
is suspected, a fluid Bolus priof to invasive hemody-
namic measurement may help unmask occult tampo-
nade or constrictive pericarditis hemodynamics.

and intrapericardial (solid arrow) pressure waveforms
a patlent with phase 3 cardjac tamponade (50 mm Hg

CARDIAC TAMPONADE WITH COEXISTENT
LV/RV DYSFUNCTION

The clinical diagnosis of tamponade in a patient with
preexisting significant LV dysfunction can oftermbe-diffi-
cult [34]. In such patients, the left ventricular end-diasto-
lic pressure may be elevated higher than the right
ventricular end-diastolic pressure and the intrapericardial
pressure. Similarly, in patients with isolated right heart
failure (e.g., COPD) and &lévared Tight end-diastolic
pressur€, the intrapericardial Pressure will increase to
equal the LV end-diastolic pressure but remain lower
than the RV filling pressures. Both RV and LV dysfunc-
tion may lead to absent pulsus paradoxus. The hemo-
dynamic diagnosis of tamponade in patients with LV
dysfunction can be made when the RA and intrapericar-
dial pressures equilibrate and track each other throughout
the respiratory cycle. Likewise, in a patient with predo-
minantly right heart failure and a high RV diastolic pres-
sures, the PCWP and intrapericardial pressure track each
other throughout the respiratory cycle.

MANAGEMENT OF CARDIAC TAMPONADE

The treatment of cardiac tamponade is based on
clinical presentation and may involve pericardial fluid

removal by percutaneous pericardiocentesis, balloon

pericardiotomy, or surgical pericardial window. Fluid
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Fig. B. The separation of right atrial (dashed arrow) and Intrapericardial (solid arrow) pres-
sure tracing (50 mm Hg scale) after pericardial fluid drainage. Note the return of respiratory

variation in the Intrapericardial pressure trac

ing. Persistent’elevation in the right atrial pres-

sure is suggestive of effusive-constrictive physiology. -

resuscitation allows early hemodynamic stabilization.
For percutaneous pericardiocentesis. fluoroscopic [29],
echocardiographic [35], or combined guidance is used
based on the operator’s experience and preference. A
common technique is use of fluoroscopic guidance in
patients with large pericardial effusion and use of
echocardiographic. and/or flucroscopic guidance in
patients with a small or localized effusion. If the
patient’s clinical condition permits, complete right
heart catheterization is performed prior to pericardio-
centesis. Continuous femoral artery pressure may be
recorded to allow for confirmation of pulsus paradoxus
and for hemodynamic monitoring during pericardio-
centesis. Pericardial space is entered via subxiphoid
approach unless the effusion is loculated. Simultaneous
right awial, pulmonary artery wedge, intrapericardial,
and femoral artery pressures are recorded. Cardiac out-
put by thermodilution and arterial and mixed venous
blood samples (pulmonary artery) are cbtained before
and after the pericardiocentesis. A bedside echocardio-
gram may be performed simultaneously or immediately
following the pericardiocentesis. A comprehensive
hemodynamic assessment pre- and postpericardiocent-
esis offers several advantages. One, it confirms the
hemodynamic severity of the pericardial effusion and
presence of cardiac tamponade by demonstrating equal-
ization of diastolic pressures and pericardial pressures

(Fig. 7). Two, it confirms the relief of tamponade phy-
siology after drainage. Three, it excludes coexisting
causes of right atrial hypertension and effusive-con-
strictive pericarditis, which may be present in up 1o
40% of medical patients with tamponade [36]. Four,
flucroscopic guidance and hemodynamic' monitoring
enhance the safety of procedure.

Cardiac tamponade physiology is relieved if pericar-
dial pressure falls o subatmospheric levels (at or below
0 mm Hg; Fig. 8); right atrial pressure falls to normal
and a Y-descent appears in thié RA waveform (indicative
of fiorial atiial emptying); pulsus paradoxus is relieved
or significantly reduced. If after pericardiocentesis a
patient persists to have jugular venous distention despite
pericardial pressure of less then 0 mm Hg and right atrial
pressure is normal, a superior vena cava obstruction
should be considered. In patients with poor LV function
after pericardiocentesis, monitoring should focus on
development of pulmonary edema mainly due to an
abrupt increase in the pulmonary blood flow and left
heart filling [37]. If the PCWP remains elevated after
complete drainage, the operator should consider preexist-
ing heart muscle disease. Complete drainage is usually
accomplished when no more fluid can be aspirated.

Large-volume pericardiocentesis has been reported to
cause transient LV systolic dysfunction [38] and severe
RV dysfunction leading to cardiogenic shock [39]. Other
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Fig. 9. Success rates for different treatment modalities of recurrent malignant pericardial
effusions Reprinted with permission from Vaitkus et al. [41].

complications from pericardiocentesis involve transient
arthythmias, cardiac arrest, right ventricular perforations,
and occasional death [40]. Risk of complications varies
from 2.4% to 4.8% and depends on the size and location of
fluid, operator experience, and echocardiographic guidance
[36,40-43]. Pericardiocentesis in patients with a large peri-
cardial effusion without signs of tamponade physiology
has a low diagnostic yield and unclear clinical benefit [44].

MANAGEMENT OF RECURRENT PERICARDIAL
EFFUSION

Pericardial fluid reaccumulation is highly dependent
on the etiology of the effusion [41,43]. Prolonged drain-_
age with an in-dwelling catheter reduces the chance of
reaccumulation within 90 days to 12%, with a rare recur-
rence (1%) after 90 days [43]. Management options for
recurrent pericardial effusions, usually malignant in
etiology, include subxiphoid pericardi ith or
without sclerotherapy, repeat pericardiocentesis with
instilldtion of sclerosing agents, or percutaneous balloon
pericardiotomy [45,46]. Briefly, the technique involves
accessing the pericardial space under fluoroscopic and
echocardiographic guidance with a needle, followed by
placement of a stiff wire in the pericardial space, locali-
zation of fibrous pericardium by feeling and marking the
point of resistance during pullback of a inflated balioon
in the pericardium, deflating the balloon and positioning
it across the previously marked point of entry into the
pericardium, and finally dilation (balloon diameter in 18

mm range), creating a tear in the fibrous parietal pericar-
dium. An in-dwelling drainage catheter is left in place
along with prophylactic antibiotic administration. This
procedure has a low complication rate that includes
pleural effusion, RV trauma, and rarely balloon fragmen-
tation. Balloon pericardiotomy remains an attractive
option with a high success rate and comparable results to
surgical pericardial window in a patient population with
significant comorbidities (Fig. 9).

In conclusion, hemodynamics plays an invaluable role
in the diagnosis and treatment of patients with pericardial
effusion and cardiac tamponade [47]. Complementary use
of noninvasive and invasive hemodynamic with a careful
review of patient's clinical condition facilitates optimal
management of this challenging cardiac emergency.
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Sincc the introduction of transesophageal echocar-
diography (TEE) to the operating room in the carly
1980s,14 its effectiveness as a clinical monitor to
assist in the hemodynamic management of patients
during general anesthesia and its reliability to make
intraoperative diagnoses during cardiac operations
has been well established.526 In recognition of the
increasing clinical applications and use of intraoper-
ative TEE, the American Society of Echocardiography
(ASE) established the Council for Intraoperative
Echocardiography in 1993 to address issues related
to the use of echocardiography in the operating
room. In June 1997, the Council board decided to
create a set of guidelines for performing a compre-
hensive TEE examination composed of a set of
anatomicaily directed cross-sectional views. The
Society of Cardiovascular Anesthesiologists Task
Force for Certification in Perioperative Transesopha-
geal Echocardiography has endorsed these guide-
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lines and standards of nomenclature for the various
anatomically directed cross-sectional views of the
comprehensive TEE examination. This document,
therefore, is the collective result of an effort that rep-
resents the consensus view of both anesthesiologists
and cardiologists who have extensive experience in
intraoperative echocardiography.

The writing group has several goals in mind in
creating these guidelines. The first Is to facilitate
training in intraoperative TEE by providing a frame-
work in which to develop the necessary knowledge
and skills. The guidelines may also enhance quality
improvement by providing a means to assess the
technical quality and completeness of individual
studies. More consistent acquisition and description
of intraoperative echocardlographic data will facili-
tate communication between centers and provide a
basis for multicenter investigations. In recognition
of the increasing availability and advantages of digi-
tal image storage, the guidelines define a sct of
cross-sectional views and nomenclature that consti-
tute a comprehensive intraoperative TEE examina-
tion that could be stored in a digital format. These
guidelines will encourage industry to develop
echocardiography systems that allow quick and easy
acquisition, labeling, and storage of images in the
operating room, as well as a simple mechanism for
side-by-side comparison of views made at different
times.
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‘The following discussion is limited to a descrip-
tion of a method to perform a comprehensive intra-
operative echocardiographic examination and does
not address specific diagnoses, which is beyond the
scope of a journal article. It describes how to exam-
ine a patient with “normal” cardiac structures to
establish a baseline for later comparison. A systemat-
ic and complete approach ensures that unanticipat-
ed or clinically important findings will not be over-
looked. Routinely performing a comprehensive
examination also increases the ability to recognize
normal structures and distinguish normal variants
from pathologic states, thereby broadening experi-
ence and knowledge more rapidly. The description
of the examination in the guidelines is based on mul-
tiple imaging plane (multiplane) TEE technology
because it represents the current state of the art and
is the type of system most commonly used. Com-
pared with single plane or biplane imaging, muiti-
plane TEE provides the echocardiographer with a
greater ability to obtain images of cross-sections with
improved anatomic orientation to the structures
being examined.27-31

The writing group recognizes that individual
patient characteristics, anatomic variations, patho-
logic features, or time constraints imposed on per-
forming the TEE examination may limit the abitity to
perform every aspect of the comprehensive exami-
nation. Whereas the beginner should seek a balance
berween a fastidiously complete, comprehensive
examination and expedience, an experienced echo-
cardiographer can complete the recommended
examination in <10 minutes. The TEE examination
should be recorded on videotape or stored in a digi-
tal format so that individual studies can be archived
and retrieved for review when necessary. The writ-
ing group also recognizes that there may be other
entirely acceptable approaches and views of an intra-
operative TEE examination, provided they obtain
similar information in a safe manner.

Patient Safety

Although safe when properly conducted, in rare cir-
cumstances, TEE can cause serious and even fatal
complications.3237 An effort should be made to
detect preexisting esophageal or gastric problems
before performing TEE. Contraindications to TEE
include esophageal stricture, diverticulum, tumor,
and recent esophageal or gastric surgery. The TEE
transducer should be inspected for defects and
cracks in the waterproof covering before insertion.
The mouth should be examined for preexisting
injuries and loose teeth. The TEE probe may be
inserted into an anesthetized, tracheally intubated
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patient with or without the use of a laryngoscope
by displacing the mandible anteriorly and inserting
the probe gently in the midline. Flexing the neck
will help in some cases. If blind insertion of the
probe is not easy, a laryngoscope can be used to
expose the glottis and permit direct passage of the
probe posteriorly into the esophagus. Once in the
esophagus, the transducer should never be forced
through a resistance. The tip of the transducer
should be allowed to return to the neutral position
before advancing or withdrawing the probe, and
excessive force should never be applied when mov-
ing the transducer in the esophagus or flexing the
tip with the control wheels. Cleaning and deconta-
mination of the probe should be performed after
each use.

General Principles

When examining the heart with TEE, the transduc-
er is first moved into the desired location, and then
the probe is manipulated to orient the imaging
plane to obtain the desired cross-sectional image.
This is accomplished by watching the image devel-
op as the probe is maniputated, rather than by rely-
ing on the depth markers on the probe or the mul-
tiplane angle icon. Afthough the most common
transducer location and multiplane angle are pro-
vided for each cross-sectional image, final adjust-
ment of the image is based on the anatomic struc-
tures that are displayed. It is recognized that there
is individual variation in the anatomic relationship
of the esophagus to the heart; in some patients, the
esophagus is adjacent to the lateral portion of the
atrioventricular groove, whereas in others it is
directly posterior to the left atrium (LA). This rela-
ttonship is taken into consideration when develop-
ing each of the desired cross-sectional views. When
possible, each structure is examined in muitiple
tmaging planes and from more than one transducer
position. An echocardiograph produces a two-
dimensional or tomographic imaging planc. Mani-
pulating the probe or the transducer to move the
imaging plane through the entire three-dimension-
al extent of a structure permits it to be examined
completely.

Instrument settings and adjustments are mportant
for optimizing image quality and the diagnostic capa-
bilities of TEE. Many TEE probes can obtain image
with more than one transducer frequency. Increas-
ing the imaging frequency improves resolution but
decreases penetration. Structures closer to the
probe, such as the aortic valve (AV), are imaged best
at a higher frequency, whereas structures farther
away from the probe, such as the apical regions of



886 ASE and SCA

Tum to
the Right

Withdraw

Retroflex Flexto

Antefl
e the Right

the Left

Figure 1 Terminology used to describe manipulation of
the probe and transducer during image acquisition.

the teft ventricle (LV), are imaged best ata lower fre-
quency. The depth is adjusted so that the structure
being examined is centered in the display, and the
focus is moved to the area of interest. Overall image
gain and dynamic range (compression) arc adjusted
so that the blood in the chambers appears nearly
black and is distinct from the gray scales represent:
ing tissue. Time compensation gain adjustments are
set to create uniform brightness and contrast
throughout the imaging field. The color flow Dop-
pler (CFD) gain is set to 2 threshold that just elimi-
nates any background noise within the color sector.
Decreasing the size and depth of the color sector
increases the aliasing velocity and frame rate.
Decreasing the width of the two-dimensional imag-
ing sector also increases the frame rate.

The following terminology is used to describe
manipulation of the probe and transducer during
image acquisition (Figure 1). It is assumed that the
patient is supine in the standard anatomic position,
and the imaging plane is directed anteriorly from the
esophagus through the heart. With reference to the
heart, superior means toward the head, inferior
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A 0 180

Patient's right Patient’s left
a. Multiplane angle 0 degrees

B

Inferior Anterior

¢. Multiplane angle 180 degrees

Figure 2 Conventions of image display followed in the
guidelines. Transducer location and the near field (vertex)
of the image sector are at the top of the display screen and
far field at the bortom. A, Image orientation at muldplanc
angle O degrees. B, Image oricntation at multiplanc angle
90 degrees. C, Image orientation at multiplane angle of
180 degrees. LA, Left atrivm; LV, left ventricle; RV, right
ventricle.

toward the feet, posterior toward the spine, and
anterior toward the sternum. The terms right and left
denote the patient’s right and left sides, except when
the text refers to the image display.

Pushing the tip of the probe more distal into the
esophagus or the stomach is called advancing the
transducer, and pulling the tip in the opposite direc-
tion more proximally is called withdrawing. Rotating
the anterior aspect of the probe clockwise within
the esophagus toward the patient's right is called
turning to the right,and rotating counterclockwise is
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f. TG basal SAX g. ME mitral commissural h. ME AV SAX

W

l. ME bicaval

m. ME RV inflow-outflow n. TG RV inflow 0. ME asc aortic SAX p. ME asc aortic LAX
g. desc aorlic SAX r. desc aortic LAX s. UE aoriicarch LAX  t. UE aortic arch SAX

Figure 3 20 cross-sectional views composing the recommended comprehensive transesophageal
echocardiographic examination. Approximate multiplanc angle is indicated by the icon adjacent to cach
view. ME, Mid esophageal; LAX, long axis, TG, transgastric; SAX, short axis; AV, aortic valve; RY, right
ventricle; ase, ascending; dese, descending; UE, upper esophageal,
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Table 1 Recommended transesophageal echocardiography cross sections
Window Cross section Multiplane Structures
(depth from incisors) (pacel in Figure 3) angle range imaged

Upper esophageal {20-25 em) Aortic arch long axis (s) o° Aortic arch, left brachio v
Aortic arch short axis (t) 90° Aortic arch, PA, PV, left brachio ¥

Mid esophageal {30-40 cm) Four-chamber {a) 0°-20° LV, LA, RV, RA, MV, TV, IAS
Mitral commissural (g) 60°-70° MV, LV, LA
Twao-chamber (b) 80°-100° LV, LA, LAA, MV, C5
Long axis {c) 120°-160° LV, LA, AV, LVOT, MV, asc aorta
RV inflow-outflow (m) 60°-90° RV, RA, TV, RVOT, PV, PA
AV short axis (h) 30°-60° AV, 1AS, coronary ostia, LVOT, PV
AV long axis (i} 120°-160° AV, LVOT, prox asc aorta, right PA
Bicaval {1} 80°-11¢0° RA, SVC, IVC, IAS, LA
Asc aortic short axis {0} 0°-60° Asc aorta, SVC, PA, right PA
Asc aortic long axis (p) 100°-150° Asc aorta, right PA
Desc aorta short axis {(q) 0 Desc thoracic aorta, left pleural space
Desc aorta fong axis {r) 90°-110° Desc thoracic aorta, left pleural space

Transgastric (40-45 cm) Basal short axis (f} 0°-20° LV, MV, RV, TV
Mid short axis (d) 0°-20° LV, RV, pap mm
Twao-chamber (¢) 80°-100° LV, MV, chordae, pap mm, CS, LA
Long axis (j} 90°-120° LVOT, AV, MV
RV inflow (n} 100°-120° RV, TV, RA, TV chordae, pap mm

Decp transgastric {(45-5¢ cm) Long axis (k) 0°-20° (anteflexion) LVOT, AV, asc aorta, arch

Brachie v, Brachiocephalic vein; PA, pulmonary artery; PV, pulmonic valve; LV, Iefi venmicle; LA, left amium; RV, righe ventricle; RA, right atrium; MV, mitral
valve; TV, tricuspid valve; JAS, interamrial septum; LAA, lefr atrial appendage; CS, coronary sinus; AV, aarric valve; LVOT, left ventricular outflow tract; prox,
proximal; RVOT, right ventricular outhow macr; SVC, superior vena cava; TVC, inferior vena cava; RPA, right pulmaonary artery, asr, ascending; desz, descend-

ing; pap mm, papillary muscles.

cailed turning to the left. Flexing the tip of the probe
anteriorly with the large control wheel is called ante-
flexing, and flexing it posteriorly is called retroflex-
ing. Flexing the tip of the probe to the patient’s right
with the small control wheel is called flexing to the
right, and flexing it to the patient's left is called flex-
ing to the left, Finally, axial rotation of the multiplane
angie from O degrees towards 180 degrees is called
rotating forward, and rotating in the opposite direc-
tion towards O degrees is called rotating back.

The foliowing conventions of image display are
followed in the guidelines (Figure 2). Images are dis-
played with the transducer location and the near
field (vertex) of the image sector at the top of the
display screen and the far field at the bottom. At a
multiplane angle of 0 degrees (the horizontal or
transverse plane), with the imaging plane directed
anteriorly from the esophagus through the heart, the
patient’s right side appears in the left of the image
display (Figure 2, A). Rotating the multiplane angle
forward to 90 degrees (vertical or longitudinal plane)
moves the left side of the display inferiorly, toward
the supine patient’s feet (Figure 2, B). Rotating the
multiplane angle to 180 degrees places the patient's
left side to the left of the display, the mirror image of
0 degrecs (Figure 2, C).

The comprehensive, intraoperative TEE examina-

tion recommended by the writing group consists of
a series of 20 cross-sectional views of the heart and
great vessels (Table 1 and Figure 3).The nomencla:
ture is as consistent as possible with previous rec-
ommendations of the ASE Committee on Nomen-
clature and Standards38 and commonly accepted
terminology for transthoracic echocardiography
(TTE).39 The views are designated by the transducer
location (le, the echo window), a description of the
imaging plane (eg, short axis, long axis), and the
main anatomic structure in the image. When used
without an associated structure, the term“short axis”
refers to views of the left ventricle in short axis
(transgastric mid short axis view and transgastric
basal short axis view). When used without an associ-
ated structure, the term “long axis” refers to views of
the LV that also include the aortic vaives and mitral
valves (MV) (mid esophageal long axis view, trans-
gastric long axis view,and deep transgastric long axis
view). When possible, terms corresponding to the
analogous TTE views are used; thus, the mid esopha-
geal four-chamber view may be thought of as a TEE
analog of the apical four-chamber view of TTE. Table
1 also includes the typical range of probe depth and
multiplane angle necded to obiain each view to
serve as a starting point in its acquisition. Many of
the same views are also used for the CFD and spec-
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c. long axis view

e. basal short axis view

Basal Segmenis Mid Segments Aplcal Segments
1= Basal Anteroseptal 7= Mid Anteroseptal 13= Aplcal Anterior
2= Basal Anterior 8= Mid Anterior 14= Apical Lateral
3= Basal Lateral 9= Mid Lateral 15= Apical Inferior

4= Basal Posterior
5= Basal Inferior
6= Basal Septal

10= Mid Posterior
11= Mid Infarior
12= Mid Septal

16=Apical Septal

Figure 4 16-segment model of the left ventricle. A, Four-chamber views show the three septal and three
lateral segments. B, Two-chamber views show the three anterior and three inferior segments. C, Long
axis views show the two antcroseptal and two posterior segments. D, Mid short axis views show all six
segments at the mid level. E, Basal short axis views show all six segments at the basal fevel.

tral Doppler examination to image the flow through
the chambers and valves of the heart or to obtain the
velocity profiles of pulmonary venous inflow, trans-
mitral flow, and left ventricular ocutflow. The writing
group recognizes the complexity of any attempt to
fully characterize three-dimensional structures using
a limited set of two-dimensional images and acknow-
ledges that an examination may neced to include

modifications or variations of the recommended
cross-sections to optimally characterize an individ-
val’s anatomy or pathology.

The order in which the examination proceeds will
vary from examiner to examiner. Examination of a
specific structure need not be performed continu-
ously or completed before moving on to the next
structure but may be broken up into different parts
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iwo chamber view

mid short axis view

long axis view

M=

[

LAD Cx RCA

Figure 5 Typical regions of myocardium perfused by cach
of the major coronary aricries to the left veatricle. Other
patterns occur as a result of normal anatomic variaions of
coronary diseasc with collateral flow. LAD, Lefi anterior
descending; Cx, circumflex; RCA, right coronary artery.

of the study for greater efficiency. For example, many
will find it more practical to obtain all the mid
esophageal views before proceeding to the transgas-
tric views. In general, an intraoperative examination
should begin with the structure that is the primary
clinical question, often the valve or chamber being
operated on. If hemodynamic instability or some
other interruption fragments the TEE examination, at
Icast the main objective of the study will be accom-
plished.The cross-sectional views described are gen-
erally obtainable in most patients, but as a result of
individual anatomic variation, not all views can be
developed in all patients. Most of the structures to be
examined, however, are present in more than onc
cross-section, permitting a complete and compre-
hensive examination in most patients.

The guidelines will proceed by describing the
examination of the individual structures of the heart
and great vessels, emphasizing the recommended
cross-sections that demonstrate each particular
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Figure 6 Short axis drawing of the left ventricle at the mid
papillary level fllustrating how it is transected by the mid
esophageal vicws, Rotating from multiplane angle 0
degrees to 180 degrees moves the imaging plane axially
through entire left ventricle. ME, Mid esophageal.

structure, An equally valid approach is to describe
each of the cross-sections, emphasizing the struc-
tures that arc displayed. This conceptualization of a
comprehensive intraoperative examination is repre-
sented inTable 1 and Figure 3, which list cach of the
cross-sectional views. In practice, performance of the
examination will become a fusion of the structural
and cross-sectional approaches tailored to individual
preferences and training.

Left Ventricle

Segmental models of the LV are needed to accurately
describe the lacation and extent of regional wall
motion abnormalities detected by echocardiography.
All segmental models must balance complexity and
descriptive power with practicality. The guidelines
use a 16-segment model of the LV based on the rec-
ommendations of the Subcommittee on Quantifi-
cation of the ASE Standards Committee.40 This modcl
divides the LV into three levels from base to apex:
basal, mid, and apical. The basal and mid levels are
each divided circumferentially into six segments, and
the apical level into four (Figure 4). The coronary
artery that usually perfuses each segment is shown
in Figure 5.In current clinical practice, analysis of LV
segmenta! function is based on a qualitative visual
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assessment of the motion and thickening of a seg-
ment during systole. The recommended qualitative
grading scale for wall motion is: 1 = normal (>30%
thickening), 2 = mildly hypokinetic (10% to 30%
thickening), 3 = severely hypokinetic (<10% thick-
ening), 4 = akinetic (does not thicken),5 = dyskinetic
(moves paradoxically during systole). This grading
scale has been used extensively in the intraoperative
echocardiography litecature.5.7.41-55 All 16 segments
are examined by obtaining five cross-sectional views
of the LV, three through the mid esophageal window
and two through the transgastric window.

To obtain the mid esophageal views of the LV, the
transducer is positioned posterior to the LA at the
mid level of the MV, The imaging plane is then ori-
ented to pass simultaneously through the center of
the mitral annulus and the apex of the LV. The LV is
usually oriented within the patient’s chest with its
apex somewhat more inferior than the base, so the
tip of the probe may requise retroflexion to direct
the imaging plane through the apex.The depth is
adjusted to include the entire LV, usually 16 em. The
mid esophageal four-chamber view (Figure 3,4)is
now obtained by rotating the multiplane angle for-
ward from O degrees to between 10 and 20 degrecs,
until the AV is no longer in view and the diameter of
the tricuspid annulus is maximized. The mid esopha-
geal four-chamber view shows the basal, mid, and
apical segments in each of the septal and lateral
walls (Figure 4,4).The mid esophageal two-chamber
view (Figure 3, B) is developed by rotating the mul-
tiplane angle forward to between 80 and 100
degrees until the right atrium (RA) and right ventri-
cle (RV) disappear. This cross-section shows the
basal, mid, and apical segments in each of the anteri-
or and inferior walls (Figure 4, B). Finally, the mid
esophageal long axis view (Figure 3,0) is developed
by rotating the multiplane angle forward to between
120 and 160 degrees, until the LV outflow tract
(LVOT), AV, and the proximal ascending aorta comc
into view. This view shows the basal and mid
anteroseptal segments, as well as the basat and mid
posterior segments (Figure 4, ©). With the imaging
plane properly oriented through the center of the
mitral annulus and the LV apex, the entire LV can be
examined, without moving the probe, by simply
rotating forward from O to 180 degrees. Figure 6 illus-
trates how the mid esophageal views transect the LV.
It can be difficult to image the apex of the LV with
TEE in some patients, cspecially if the LV is enlarged
ot has an apical aneurysm.

The transgastric views of the LV are acquired by
advancing the probe into the stomach and anteflex-
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Figure 7 Anatomy of mitral valve. A, Lateral third of the
anterior leaflet; A2, middle third of the anterior leaflet;
A3, medial third of the anterior leafler; P1, lateral scallop
of the posterior leafler; P2, middle scallop of the posterior
leafier; P3, medial scallop of the posterior leaflet.

ing the tip, until the heart comes into view. At a mul-
tiplane angle of 0 degrees, a short axis view of the LV
will appear,and the probe is then turned to the right
or left as necded to center the LV in the display. The
image depth is adjusted to include the entire LV, usu-
ally 12 em. Next, the multiplane angle is rotated for-
ward to 90 degrees to show the LV in long axis with
the apex to the lefi and the mitral annulus to the
right of the display. The antefiexion of the probe is
adjusted until the long axis of the LV is horizontal in
the display (Figure 3, E). ‘The level of the LV over
which the transducer lies is noted (basal, mid, or api-
cal), and the probe is advanced or withdrawn as
needed to reach the mid papillary level. Now, the
multiplane angle is rotated back to between 0 and 20
degrees, until the circular symmetry of the chamber
is maximized to obtain the transgastric mid short
axis view (Figure 3, D). This cross-section shows the
six mid level segments of the LV and has the advan-
tage of simultaneously showing portions of the LV
supplied by the right, circumflex, and left anterior
descending coronary arteries and is the most popu-
lar view for monitoring LV function (Figure 5). The
transgastric mid short axis view is used for assessing
LV chamber size and wall thickness at end diastole,
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Figure 8 Short axis drawing of the mitral valve illustrating
how it is transected by mid esophageal views. Rorating
from multiplanc angle from 0 degrees to 180 degrees
moves the imaging plane axially through the entire mimral
valve. ME, Mid esophageal,

which is best determined by measuring at the onset
of the R wave of the electrocardiogram. Normal LV
short axis diameter is <5.5 cm, and LV wall thickness
is <1.2 cm, End diastolic and end systolic areas of the
LV chamber may be measured in this cross-section
for calculation of fractional area change as an index
of LV systolic function. The transgastric two-cham”
ber view (Figure 3, E) is developed by rotating the
multiplane angle forward to approximately 90
degrees, until the apex and the mitral annuus come
into view. The probe is turned to the left or right as
needed to maximize the length of the LV chamber in
the image. This view shows the basal and mid seg-
ments of the inferior and anterior walls, but usually
not the apex.

The transgastric basal short axis view (Figure 3, F)
is obtained by withdrawing the probe from the trans-
gastric mid short axis view until the MV appears. It
shows all six basal segments of the LV. When advanc-
ing or withdrawing the probe to different ventricular
levels, it is helpful to do so from the transgastric two-
chamber view, which shows the position of the
transducer in relation to the long axis of the LV.
When the desired level is reached, the short axis
view is obtained by rotating the multiplane angle
back toward 0 degrees.

Journal of the American Society of Echocardiography
October 1999

Mitral Valve

The MV is composed of the anterior and posterior
leaflets, chordae tendinae, papillary muscles, annu-
lus, and LV walls. The two leaflets are joined at the
anterolateral and posteromedial commissures, each
of which is associated with a carresponding papil-
lary muscle. The posterior leaflet consists of three
scallops: lateral (P1), middle (P2), and medial (P3).
For descriptive purposes, the anterior leaflet is
divided into 3 parts: lateral third (A1), middle third
{A2), and medial third (A3) (Figure 7).

The MV is examined with TEE by using four mid
esophageal and two transgastric views. The mid
esophageal views of the MV are all developed by first
positioning the transducer posterior to the mid level
of the LA and directing the imaging plane through
the mitral annulus paralicl to the transmitral flow.
Again, because the apex of the LV is located inferior
to the base of the heart in many patients, retroflex-
ion of the probe tip is often necessary. The multi-
plane angle is then rotated forward to develop the
mid esophageal fourchamber view. In this cross-sec-
tion the posterior mitral leaflet P1 is to the right of
the image display,and the anterior mitral leaflet A3 is
to the left. As the multiplane angle is rotated forward
to about 60 degrees, a transition in the image occurs
beyond which the posterior leaflet is to the left of
the display, and the anterior leaflet is to the right. At
this transition angle, the imaging plane is paraliel to
the line that intersects the two commissures of the
MV, to form the mid esophageal mitral commissural
view (Figure 3, G). In this view,A2 is seen in the mid-
dle of the LV inflow tract with the posterior icaflet
on cach side; P1 is to the right of the display, and P3
is to the left. Beginning from a point where the imag-
ing plane transects the middle of the valve, turning
the probe to the right moves the plane toward the
medial side of the MV through the base of the ante-
rior leaflet, whereas turning the probe to the left
moves the plane toward the lateral side through P2
of the posterior leaflet. Next, the multiplane angle is
rotated forward to develop the mid esophageal two-
chamber view. Now the posterior leaflet (P3) is to the
left of the display and the anterior leaflet (A1) is to
the right. Finally, the multiplane angle is rotated for-
ward to the mid esophageal long axis view. In this
view, the posterior mitral leaflet (P2) is to the left of
the display, and the anterior mitral leaflet (A2) is to
the right. As with the LV, proper orientation of the
imaging piane from the mid esophageal window
through the center of the mitral annulus permits the
entire MV to be examined without moving the probe
by rotating forward from O to 180 degrees, and both
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structures are easily examined simultaneously. Figure
8 illustrates how the mid esophageal views transect
the MV.

The mid esophageal views of the MV are repeated
with CFD, ensuring that the color sector includes the
left atrial portion of any mitral regurgitation jet as
well as the ventricular aspect of the valve to detect
any flow convergence caused by mitral regurgita-
tion. This is easily accomplished by rotating the mul-
tiplane angle backward from the mid esophageal
long axis view through the two-chamber, mitral com-
missural and four-chamber views. The transmitral
flow velocity profile is examined using spectral
pulsed wave Doppler (PWD) to evaluate LV diastolic
function in the mid esophageal four-chamber or mid
esophageal long axis view by placing the sample vol-
ume between the tips of the open mitral leaflets.The
sample volume size is kept as small as possible 35
mm) and the Doppler beam aligned such that the
angle between the beam and the presumed direction
of teansmitral flow is as close to 0 as passible.

The two transgastric views of the MV are devel
oped by advancing the probe until the transducer is
level with the base of the LV, The transgastric basal
short axis view provides a short axis view of the MV
and is generally obtained at a multipiane angle of 0
degrees by further anteflexing the probe and with-
drawing slightly to achicve a planc slightly above
(superior to) the transgastric mid short axis view.
Better short axis cross-sections of the MV often are
obtained with the transducer slightly deeper in the
stomach and with more anteflexion in order to ori-
ent the imaging plane as parallel to the mitral annu-
lus as possible. Often, however, the cross-section
obtained is not perfectly parallel to the annulus, in
which case the probe is withdrawn to image the pos-
tefomedial commissure in short axis, then advanced
slightly to image the anterolateral commissure. In
these views of the MV, the posteromedial commis-
sure is in the upper left of the display, the anterolat-
eral commissure is to the lower right, the posterior
leaflet is to the right of the display, and the anterior
leaflet is to the left. These short axis views of the MV
are very useful for determining which portion of the
leaflet is abnormal or has abnormal flow. It is also
important to examine the transgastric mid short axis
view to detect wall motion abnormalities adjacent to
the papillary muscles or hypermobility at the papil-
lary muscles indicating rupture of the papillary mus-
cle or its components. The transgastric two-chamber
view is developed from the same probe position by
rotating the multiplane angle forward to about 90
degrees and is especially useful for examining the
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chordae tendinae, which are perpendicular to the
ultrasound beam in this view. The chordae to the
posteromedial papillary muscle are at the top of the
display, and those to the anterolateral papiliary mus-
cle are at the bottom. Both of the transgastric views
of the MV are repeated using CFD.

Aortic Valve, Aortic Root, and Left Ventricular
Outflow Tract

The AV is a semilunar valve with three cusps located
close to the center of the heart. The aortic root is not
a specific structure, per se, but includes the AV annu-
lus, cusps, sinuses of Valsalva, coronary artery ostia,
sinotubular junction, and proximal ascending aorta.
The LVOT is the outflow portion of the LV just infe-
rior to the AV, All these structures are examined in
detait with TEE by using four cross-sections.

The mid esophageal AV short axis view (Figure 3,
H) is obtained from the mid esophageal window by
advancing or withdrawing the probe until the AV
comes into view and then turaing the probe to cen-
ter the AV in the display. The image depth is adjust-
ed to between 10 to 12 cm to position the AV in the
middle of the display. Next, the multiplane angle is
rotated forward to approximately 30 to 60 degrees
until 2 symmetrical image of all three cusps of the
aortic valve comes into view. This cross-section is
the only view that provides a simultaneous image of
all three cusps of the AV. The cusp adjacent to the
atrial septum is the noncoronary cusp, the most ante-
tior cusp is the right coronary cusp, and the other is
the left coronary cusp. The probe is withdrawn or
antefiexed slightly to move the imaging plane supe-
riorly through the sinuses of Valsalva to bring the
right and left coronary ostia and then the sinotubu-
lar junction into view. The probe is then advanced to
move the imaging plane through and then proximal
to the AV annulus to produce a short axis view of the
LVOT. The mid esophageal AV short axis view at the
level of the AV cusps is used to measure the length of
the free edges of the AV cusps and the area of the AV
orifice by planimetry. CFD is applied in this cross-
section to detect aortic regurgitation and estimate
the size and location of the regurgitant orifice.

The mid esophageal AV long axis view (Figure 3,1)
is developed by keeping the AV in the center of the
display while rotating forward toa multiplane angle of
120 to 160 degrees until the LVOT, AV, and proximal
ascending aorta line up in the image. The LVOT
appears toward the left of the display and the proxi-
mal ascending aorta toward the right. The cusp of the
AV that appears anteriorly or toward the bottom of
the display is always the right coronary cusp, but the
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cusp that appears postetiorly in this cross-section may
be the left or the noncoronary cusp, depending on the
exact location of the imaging plane as it passes through
the valve.The mid esophageal AV long axis view is the
best crosssection for assessing the size of the aortic
root by measuring the diameters of the AV annulus,
sinuses of Valsalva, sinotubular junction, and proximal
ascending aorta, adjusting the probe to maximize the
internal diameter of these structures. The diameter of
the AV annulus is measured during systolc at the
points of attachment of the aortic valve cusps to the
annulus and is normaily between 1.8 and 2.5 cm.The
mid esophageal AV long axis view is repeated with
CFD to assess flow through the LVOT, AV, and proxi-
mal ascending aorta and is especially useful for detect-
ing and quantifying aortic regurgitation.

The primary purpose of the two transgastric
views of the AV is to direct a Doppler beam paraliel
to flow through the AV, which is not possible from
the mid esophageal window. They also provide good
images of the ventricular aspect of the AV in some
patients. The transgastric long axis view (Figure 3, )
is developed from the transgastric mid short axis
view by rotating the multiplanc angle forward to 50
to 120 degrees until the AV comes into view in the
right side of the far field. Sometimes, turning the probe
slightly to the right is necessary to bring the LVOT and
AV into view.

The deep transgastric view is obtained by advanc-
ing the probe deep into the stomach and positioning
the probe adjacent to the LV apex. The probe is then
anteflexed until the imaging plane is dirccted supe-
riorly toward the base of the heart, developing the
deep transgastric long axis view (Figure 3, K). The
exact position of the probe and transducer is more
difficult to determine and control deep in the stom-
ach, but some trial and error flexing, turning, advanc-
ing, withdrawing, and rotating of the probe develops
this view in most patients. In the deep transgastric
long axis view, the aortic valve is located in the far
field at the bottom of the display with the LV out-
flow directed away from the transducer. Detailed
assessment of valve anatomy is difficult in this view
because the LVOT and AV are so far from the trans-
ducer, but Doppler quantification of flow velocities
through these structures is usually possible. Multi-
plane rotation from this cross-section can achieve
images of the aortic arch and great vessels in the far
field in some patients.

Doppler quantification of blood flow velocities
through the LVOT and AV are performed using the
transgastric long axis view or the deep transgastric
long axis view. Blood flow velocity in the LVOT is
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measured by positioning the PWD sampie volume in
the center of the LYOT just proximal to the AV. Flow
velocity through the AV is measured by directing the
CWD beam through the LVOT and across the valve
cusps. Normal LVOT and AV flow velocities are less
than 1.5 meter/second. CFD imaging of the LVOT
and AV is useful in directing the Doppler beam
through the area of maximum flow when making
these velocity measurements.

Left Atrium, Left Atrial Appendage, Pulmonary
Veins, and Atrial Septum

Given its anatomic location immediately anterior to
the esophagus, the LA is the cardiac chamber that is
most consistently and easily imaged. Examination of
the LA is initiated with the mid esophageal four-
chamber view with the image depth adjusted to
approximately 10 cm to maximize the LA size in the
display. Withdrawing and advancing the probe several
centimeters generates images of the cntire LA from
its most superior to inferior extent. Near its superior
and lateral aspect, the LA is seen to join the left atri-
al appendage (LAA).The left upper pulmonary vein
(LUPV), which enters the LA just lateral to the LAA
from an antetior to posterior trajectory, is identified
by withdrawing slightly and turning the probe to the
left. The left lower pulmonary vein (LLPV) is then
identified by turning slightly farther to the left and
advancing 1 to 2 cm. The LLPV enters the LA just
below the LUPY, courses in a more lateral to medial
direction, and is less suitable for Doppler quantifica-
tion of pulmonary venous blood flow velocity being
nearly perpendicular to the ultrasound beam. In
some patients, the LUPY and LLPV join and enter the
LA as a single vessel. The right upper pulmonary vein
(RUPV) is imaged by turning the probe to the right
at the level of the LAA. Like the LUPV, the RUPV can
be seen entering the LA in an anterior t0 posterior
direction. The right lower pulmonary vein, which
enters the LA nearly at a right angle to the Doppler
beam, is then located by advancing the probe 1to 2
cm and turning sltightly to the right. The interatrial
septum (IAS} is examined next at the mid esophageal
level by turning the probe slightly to the right of
midline and advancing and withdrawing the probe
through its entire superior-inferior extent. The IAS
consists of the thin fossa ovalis centrally and thicker
limbus regions anteriorly and posteriorly. The IAS is
examined with CFD to detect interatrial shunts.
Decreasing the scale (Nyquist limit) of the CFD is
useful for detecting low velocity flow through an
atrial septal defect or patent foramen ovale, Ten mil-
liliters of saline agitated with a small amount of air
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leaflet of the TV to the right. These views are repeat-
ed with CFD to detect flow abnormalities of the TV.

The transgastric views of the TV are obtained by
advancing the probe into the stomach and develop-
ing the transgastric RV inflow view as previously
described. This cross-section shows the TV in the
middle of the display with the RV to the left and the
RA to the right. This view also usually provides the
best images of the tricuspid chordae tendinze
because they are perpendicular to the ultrasound
beam. A short axis view of the TV is developed by
withdrawing the probe slightly toward the base of
the heart until the tricuspid annulus is in the center
of the display and rotating the multiplane angle back-
wards to approximately 30 degrees. In this cross-sec-
tion the anterior leaflet of the TV is to the left in the
far field, the posterior leaflet is to the left in the near
field, and the septat leaflet is to the right side of the
display. These views are repeated with CFD of the
valve.

Right Atrinm

The examination of the RA is initiated from the mid
esophageal four-chamber view, which allows direct
comparison of the relative sizes of the right and left
atria.The probe is turned to the right to bring the RA
into the center of the display and the image depth
adjusted to maximize the size of the RA in the dis-
play. The probe is then advanced and withdrawn to
examine its entire inferior to superior extent. The
mid esophageal bicaval view is next developed by
rotating the multiplane angle forward to between 80
and 110 degrees until the SVC appears in the right
side of the display and the IVC in the left. This view
also provides good images of the right atrial
appendage, scen to emanate from the superior, ante-
rior aspect of the RA. The probe is turned to the
right and the left from the medial to the lateral bor-
ders of the RA to complete the exam.

‘The RA wall is typically thinner than the LA wall.
The Eustachian valve, a normal structure of variable
size, is seen at the junction of the IVC and the RA. It
is formed by a fold of endocardium that arises from
the lower end of the crista terminalis and stretches
across the posterior margin of the IVC to become
continugus with the border of the fossa ovalis.
Occasionally, the Eustachian valve has mobile, ser-
pigenous filaments attached to it, termed the Chiari
network, which is considered to be a normal vari-
ant.5% From the mid esophageal four-chamber view
the IVC and SVC are examined by advancing or with-
drawing the probe from their junctions with the RA
to their more proximal portions. If present, central

Journal of the American Sociery of Echocardiography
October 1999

venous catheters or pacemaker electrodes entering
the RA from the SVC can be seen with the mid
esophageal bicaval view.

Coronary Sinus

The coronary sinus is located in the atrioventricular
groove along the posterior surface of the heart and
cmpties into the RA at the most inferior and posteri-
or extent of the atrial septum adjacent to the septal
leaflet of the TV. It is imaged in long axis by slightly
advancing or retroflexing the probe from the mid
esophageal four-chamber view to move the imaging
plane through the inferior wall of the LA. A short
axis image of the coronary sinus is seen in the mid
esophageal two-chamber view to the left of the dis-
play in or just superior to the atrioventricular
groove. Withdrawing the probe from the transgastric
basal short axis view until the coronary sinus
appears in long axis is another approach to imaging
this structure.

Pulmonic Valve and Pulmonary Artery

Like the AV, the PV is a trileaflet, semilunar valve. lts
leafiets, however, are thinner and farther from the
esophagus, and therefore are more difficult to image
with TEE. The orientation of flow through the PV is
roughly perpendicular to flow through the AV and
directed from anteriorly to posteriorly and slightly
from the patient's right to left. TEE views of the PV
are made from three cross-sections. The mid esopha-
geal AV short axis view provides a view of the PV and
main PA to the right side of the display. The multi-
plane angle is rotated back toward 0 degrees and the
probe anteflexed or withdrawn slightly to display
the bifurcation of the main pulmonary artery with
the right PA at the top of the display coursing off to
the patient’s right. The left PA arches over the left
mainstem bronchus after bifurcating from the main
PA and is often difficult to visualize with TEE as the
airway comes between it and the esophagus. The
mid esophageal RV inflow-outflow view displays the
PV in long-axis and is uscfut for detecting pulmonic
regurgitation by CFD.The main PA and the PV are
seen in the upper esophageal aortic arch short axis
view (Figure 3, T, see below for description of view)
in the left side of the display by turning the probe
until these structures come into view. Retroflexing
the probe will often improve the view of the PV. The
upper esophageal aortic arch short axis view usually
allows the Doppler beam to be aligned parallel io
flow through the PV and main PA and is therefore
useful for measuring blood flow velocities through
these structures.
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Thoracic Aorta

Most of the thoracic aorta can be routinely imaged
with multiplane TEE because it i5 adjacent to the
esophagus as it passes vertically through the medi-
astinum. However, because the air filled trachea is
interposed between the esophagus and the distal
ascending aorta and proximal aortic arch, these
regions usually cannot be visualized with TEE.57
Epiaortic scanning can be used to examine these
areas through a median sternotomy by covering a
high frequency transducer with a sterile sheath and
placing it directly on the ascending aorta in the sur-
gical field.

The proximal and mid ascending aorta is seen
with TEE through the proximal portion of the mid
esophageal window with a probe depth of approxi-
mately 30 cm from the incisors, placing the trans-
ducer at the level of the right pulmonary artery.The
mid esophageal ascending aortic short axis view
(Figure 3, O) is developed by locating the ascending
aorta in the center of the image and adjusting the
multiplane angle until the vessel appears circular,
usually between 0 and G0 degrees. The probe is
advanced and withdrawn in the esophagus to exam-
ine different levels of the aorta. The multiplane angle
is rotated forward to between 100 and 150 degrees
to develop the mid esophageal ascending aortic long
axis view (Figure 3, P), in which the anterior and
posterior walls of the aorta appear parallel to one
another. The diameter of the ascending aorta at the
sinotubular junction and at specified distances from
the sinotubular junction or the AV annulus is mea-
sured from the long axis and short axis images.

TEE examination of the descending thoracic aorta
is accomplished by turning the probe to the left
from the mid esophageal four-chamber view until
the circular, short axis image of the vessel is located
in the center of the near field of the dispiay produc-
ing the descending aortic short axis view (Figure 3,
(). The image depth is decreased to 6 to 8 cm to
increase the size of the aorta in the display and the
focusing depth moved to the near field to optimize
image quality. The multiplane angle is rotated for-
ward from 0 to berween 90 and 110 degrees to yield
circular, oblique, and eventually the descending aor-
tic long axis view (Figure 3, ®) in which the walls of
the descending aorta appear as two parallel lines.
The entire descending thoracic aorta and upper
abdominal aotta are examined by advancing and
withdrawing the probe within the esophagus. The
esophagus is located anterior to the aorta at the level
of the diaphragm and then winds around within the
thorax until it is posterior to the aorta at the level of
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the distal arch. As the probe is advanced within the
esophagus starting from the distal arch, it is turned to
the left (posteriorly) to keep the descending aorta in
view. The mid and distal abdominal aorta usually are
not seen because it is difficult to maintain contact
between the trapsducer and the aorta within the
stomach.

Because of the changing relationship between the
esophagus and the descending thoracic aorta and
lack of internal apatomic landmarks, it is difficult to
designate anterior and posterior or right to left ori-
entations of the descending thoracic aorta in the TEE
images. One approach to anatomically localize
abnormalities within the descending thoracic aorta
is to describe the location of the defect as a distance
from the origin of the left subclavian artery and its
location on the vessel wall relative to the position of
the esophagus (eg, the wall opposite the esophagus).
Another approach is to record the depth of the
lesion from the incisors. The presence of an adjacent
structure, such as the LA or the base of the LV, may
also designate z level within the descending aorta.

The aortic arch is imaged with the multiplane
angle at O degrees by withdrawing the probe while
maintaining an image of the descending thoracic
aorta until the upper esophageal window is reached,
at approximately 20 to 25 cm from the incisors, to
develop the upper esophageal aortic arch long axis
view (Figure 3, 5). Because the mid aortic arch lies
anterior to the esophagus, as the tip of the probe is
withdrawn farther, it needs to be turned to the right
(anterior) to keep the vessel in view. The proximal
arch is to the lefi of the display and the distal arch to
the right. The multiplane angle is rotated forward to
90 degrees to develop the upper esophageal aortic
arch short axis view (Figure 3, T), and the probe is
turned to the right to move the imaging plane prox-
imally through the arch and to the left to move dis-
tally.

In some individuals, withdrawing the transducer
farther from the upper esophageal aortic arch long
axis view can image the proximal left subclavian
artery and left carotid artery. The right brachio-
cephalic artery is more difficult to image because of
the interposition of the air filled trachea, As the
transducer is withdrawn, it is turned to the lefi to fol-
low the left subclavian artery distally. The left inter-
nal jugular vein lies anterior to and to the left of the
common carotid artery and sometimes is seen. In the
upper esophageal aortic arch short axis view the ori-
gin of the great vessels often is identified at the supe-
rior aspect of the arch to the right of the display. The
visualization rate of the arch vessels by TEE is lowest
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for the right brachiocephalic artery and highest for
the left subclavian artery. The left brachiocephalic
vein is also often seen anterior to the arch in views
of the aortic arch,

Conclusion

Recent advances in echocardiographic instrumenta-
tion have increased the diagnostic capabilities of
TEE, but have also increased the number of possible
approaches for performing a routine TEE examina-
tion, Guidelines recommending a methodology for
performing a comprehensive intraoperative multi-
plane TEE examination based on a series of 20
anatomically referenced cross-sectional images are
described to promote training in TEE, assist assess-
ment of quality and completeness of individual stud-
les, and facilieate comparison of studies performed at
different centers. When possible, the cross-sectional
imaging planes were chosen to correspond to those
used in transthoracic echocardiography, and an
effort was made to choose nomenclature consistent
with the recommendations of the ASE Committee on
Nomenclature and Standards. We hope that accep-
tance of a format for performing, acquiring, and
archiving intraoperative muitiplane TEE examina-
tions will promote a more objective approach to
describing the echocardiographic findings that are
used to make management decisions and increase
the benefit that can be achieved with TEE in the
operating room,
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Knowledge of epicardial pacing is required for the intra-
and postoperative management of patients undergoing
cardiac surgery. While the majority of patients do not
require pacing to facilitate separation from cardio-
pulmonary bypass, it is difficult to select those who may
subsequently require pacing during their early postoper-
ative course. Although decisions regarding placement of
epicardial wires are seldom made solely by anacsthetists,
and indeed much of the management of pacing systems is
performed by nursing staff in the ICU, it is essential that
anaesthetists have a sound understanding of the indica-
tions for, and management of, epicardial pacing. Opti-
misation of epicardial pacing systems can markedly affect
cardiovascular stability, and so the pacemaker interacts
with every other therapy controlled by the anaesthetist.

Indications for temporary pacing
Specific electrophysiological conditions that may benefit
from temporary pacingare listed in Table 1. Whereas many
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of these indications are universally accepted (such as third
degree heart block), some have yet to achieve consensus.
For example, in non-operative patients with congestive
cardiac failure with intraventricular conduction delay, it has
been recognised for some time that in permanent pacing
there is benefit to delivering the pacemaker stimuli to both
ventricles [1]. The relative timing of left and right
ventricular pacing impulses is usually optimised using
echocardiography. This technique has not been widely
employed after cardiac surgery to date, but anecdotally can
improve cardiac output after valve replacement surgery by
10-30% {2). No currently available temporary pulse
generator can differentially pace left and right ventricles.
A satisfactory result can be obtained by connecting both left
and right wires to the same output terminals of the pulse
generator. As patients with increasingly small physiological
reserve are considered for surgery, and as the technological
challenge is small, this method of pacing may gain
popularity. Ifso, a pulse generator capable of independendy
pacing each ventricle may become available.
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Table 1 Electrophysiological abnormalities that may benefit
from temporary cardiac pacing [25, 26).

Conduction abnormality
Prolonged AV delay (common after cardiac surgery;
artificially shortening this using AV sequential pacing
may improve mechanical coupling between the atria
and ventricles)
AV block: third degree, or type Il second degree
During the insertion of a pulmonary artery catheter in a patient
with left bundle branch block (although this is noted to be
controversial)
Bifasicular block with first degree block
New onset bifasicular block (indicative of active ischaemia)
Prolonged QT syndrome in the presence of significant
bradycardia (to prevent torsades de pointes)
Tachycardia
AV junctlonal tachycardia (common after cardiopulmonary bypass):
may be terminated by a brief period of pacing, which can then
be discontinued
To terminate re entrant SVT or VT
Type | atrial flutter {rate < 320-340 beats.min™")
Prophylactic
Bradycardia-dependent ventricular tachycardia
Prophylaxis of atrial fibrillation
Other
Sinus bradycardia {as an alternative to pharmacologic treatment)
To restore AV mechanical synchrony in underlying third degree
black, AV junctional or ventricular rhythms
Hypertrophic obstructive cardiomyopathy (in particular if effective
In reducing systolic anterior motion of the anterior mitral
leafiet)
Following heart transplantation

Another new potential role for temporary epicardial
pacing is in the prevention of atrial fibrillation, which is
extremely commeon in the period immediately following
cardiac suzgery (40% in some series). The incidence can
be reduced by prophylactic simultaneous pacing of both
right and left atria [3]. Bi-atrial pacing in this context
was recently recommended by the American College of
Chest Physicians [4], but has not yet gained widespread
adoption.

Set against the physiological advantage and extra
safety afforded by one or more epicardial wires is the
small, but definite, risk they entail. Complications of
epicardial wires include infection, myocardial damage,
petforation, tamponade, and disruption of coromary
anastomoses [5, 6). Unfortunately, these risks have
never been well guantfied. Many studies have shown
that the majority of patients never require pacing. In
the light of this, some centres limit their use of
epicardial wires to patients requiring pacing immedi-
ately prior to chest closure, for indications such as
bradycardia with low cardiac output, nodal or junc-
tional arrhythmias, or AV block {7]. Whereas in one
study only 2.6% of patients without diabetes, pre-
aperative arthythmia or the need for pacing to separate
from bypass required pacing in the postop period [8],
many centres find this risk unacceptably high, and

© 2007 The Author
Journal compilaticn © 2007 The Association of Anaesthetists of Great Birtain and ireland

M. C. Reade = Temporary epicardial pacing: Part 1

implant at least ventricular wires in all patients. Given
the multiple inputs to surgical decision-making, this
question is unlikely to be answered in a sufficiently
powered randomised controlled trial.

Epicardial pacing wires: atrial and/or
ventricular placement

Epicardial pacing wires were historically placed only on
the right ventricle. In this position they allow ventricular
stimulation, which is usually not as mechanically efficient
as endogenous depolarisaion. More importantly, there is
no co-ordinated atrial contraction. Many patients, espe-
cially those with reduced ventricular compliance (as
occurs in ischaemia), have a substantially reduced cardiac
output in the absence of atrial contraction to assist in
ventricular preloading. One study found a 25% increase in
cardiac output with awial or A-V sequential pacing
compared to ventricular pacing [9}, and the effect was
particularly pronounced in patients with low ¢jecdon
fractions [10]. For this reason, placing wires on the right
atrium is ofien also desirable, but this must be balanced
with the risks described above.

Epicardial wires are manufactured with a small needle on
one end. This is used to embed the wire in the myocardium,
after which the needle is cut off. Some wires are coiled to
assist fixation; others can be clipped or loosely sutured in
place. A larger needle on the other end of the wire is used to
penetrate the body wall, bringing the wire to the surface.
The lead should be sufficienty well anchored in the
myocardium to avoid premature dislodgement, while still
allowing eventual removal by gentle traction. Although the
right ventricle is the most commonly used location, there is
no agreement on optimal wire position, or even whether
the intended position should be tested intra-operatively
while there is still the opportunity for repositioning. There
are competing influences: some positions give a better
haemodynamic profile, and others preserve the longevity of
the wires [11]. This question could form the subject of a
separate review, and as the decision will seldom rest with
the anaesthetist or intensivist, it will not be discussed further
here.

Epicardial pacing wires: unipolar and bipolar

Two epicardial wire systems are in common use: unipolar
and bipolar (Figs 1 and 2). A unipolar system consists of
single wire (the negative anode) attached to the epi-
cardium, with the positive electrode attached at a distance
in the subcutaneous tissues. Which wire is which must be
clearly marked at the ends protruding through the skin.
The alternative bipolar system involves a single wire with
two conductors insulated from one another, which both
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+va terminal

-ve terminal

Figure 1 Unipolar epicardial pacing clectrodes.

—va terminal
+ve terminal

Figure 2 Bipolar cpicardial pacing electrodes.

run to the epicardial surface. The negative anode is
usually the more distal. The ends of the conductors are
8 mm apart in one commonly used wire (the Medtronic
bipolar comdal 6495: Medtronic, Minneapolis, MN). As
the current must travel a much shorter distance between
electrode tips, the electrical potential required to bring
the myocardium to threshold is less than in the unipolar
system, This makes bipolar electrodes more suitable for
use in dual chamber applicadons, as the likelihood
of between-chamber interference is less when smaller
potential differences are applied. As explained below,
cpicardial wires are also used by pacemakers to sense
endogenous electrical activity. The smaller current path of
bipolar electrodes makes them less susceptible to electrical
interference when performing the sensing function. The
larger current in a unipolar system creates much larger
pacing spikes on the surface ECG.

By informal convention, wires attached to the right
atrium are brought out through the skin on the right of
the sternum, and those from the right ventricle emerge on
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the left. Again, the wire that should be connected to the
negative terminal of the pulse generator (epicardial for
unipolar; distal epicardial for bipolar) should be marked;
this is achieved by colour coding wires or with adhesive
tags, according to local convention.

A major problem with all epicardial wires is the
development of an inflammatory reaction around the
wire/myocardium interface. Inflammation is accelerated
when higher energy is applied, which is one reason to limit
pacemaker energy output. Unfortunately, the only remedy
for increased resistance is the applicaton of increased
current or voltage — which further increases the inflamma-
tion. Asbipolar electrodes require less energy to begin with,
they may have a greater longevity in pacing compared to
a unipolar system [12, 13]. Epicardial wires usually fail to
sense and capture after 2 few days. Increases in stimulation
threshold typically occur after 4 days in both atzial and
ventricular wires [14], and filure to pace is observed in
> 60% right and > 80% left atrial wires after 5 days [15].
Other than minimising the initial energy delivered to
the wire, techniques employed to extend wire longevity
include varations in placement site {which must be
balanced against haemodynamic optimisation) and the use
of steroids. High dose systemic steroids are sometimes given
to patients whose permanent paccmaker wires exhibit
rapidly increased thresholds in the first few days. However,
for padents with permanent pacing systems, this has largely
been replaced by the use of steroid-eluting endovascular
pacing wires. At present, steroid-cluting epicardial wires
are only available for permanent placement in paediatrics.
The efficacy of systemic steroids in extending the longevity
of temporary pacing wires has not been studied.

Diagnostic use of pacing wires

If not required for the transmission of a pacemaker
impulse, atrial pacemaker wires can be used to create an
atrial electrogram (AEG). Though seldom used, in some
circumstances the atrial electrogram may be the best
method of differentiating atrial and junctional armhyth-
mias, and in defining the nature of an AV block.

On many modern ECG recorders, there are three
leads made specifically for this purpose: two for the
bipolar atrial wires and a third for a skin electrode on
the patient’s flank. When the AEG channel is set to
lead 1, the potental between the tips of the two atrial
electrodes is recorded {a ‘bipolar’ recording). This
shows a large deflection with amial depolarisation, but
almost no signal with ventricular depolarisation. When
set to lead II or III, the potential between one of the
wires and the skin clectrode is recorded (a ‘unipolar’
recording). In comparson to the bipolar recording, a
larger ventricular signal is recorded. Alternatively, on an

© 2007 The Author
Journal compilation © 2007 The Assaciation of Anaesthetists of Great Britain and Ireland



Anaesthesia, 2007, 62, pages 264-271

ECG machine without specific AEG leads, the con-
nectors that usually go to the right and left arm leads
can instead be attached to the bipolar atdal pacing
wires. In this arrangement, a bipolar AEG will be
similarly recorded in lead I, and a unipolar AEG in
leads II or 1Il. The only disadvantage of this system is
the inability to record simultaneously from the standard
chest leads: for this reason some recommend connect-
ing the pacing wires to the chest leads instead.

Analysis of the AEG is usefid in a number of situations,
particularly in some forms of heart block. Sinus node exit
block (resulting in dropped P waves), second degree AV
block, and third degree block with isothythmic AV
dissociation are all more easily diagnosed. The AEG
allows timing of sinus depolarisation as opposed to P wave
activity and also the identification of sinus or other atrial
activity that might otherwise be lost within an ectopic
depolarisation. A more detailed treatment of the use of
AEGs is presented elsewhere [16).

Alternatives to epicardial pacing wires

Epicardial wires are not the only means of temporary
pacing after cardiac surgery. Alternative means of deliver-
ing the potential difference from the pacemaker box to the
myocardium include a temporary transvenous wire, an
electrode attached to an oesophageal probe, and transcu-
taneous electrodes. It is possible to pace the atrium using a
temporary transvenous ‘J-tip’ wire lodged in the right atrial
appendage, but this is technically difficult to place.
Temporary transvenous wires are more commonly used
to stimulate ventricular depolarisation. QOesophageal and
transcutaneous pacing may depolarise large areas of the
myocardium simultaneously, but the effect is usually
similar to ventricular pacing. If pacing is an anticipated
requirement after cardiac surgery, epicardial wires are the
preferred technique. They more reliably sustain capture
and are less prone to dislodgement and infection than a
temporary transvenous wire, and do not require sedation as
often do transcutaneous pacing or an oesophageal probe.

General care of a patient with epicardial wires

Epicardial pacemaker wires are a low resistance con-
necton to the heart. This creates the potential for
microshock-induced arrhythmia, particulatly veatricular
fibrillation. Patients must be nursed in a cardiac-protected
electrical environment, which implies adequately isolated
electrical equipment and measures to prevent build-up of
static electricity (absence of carpet, for example}. Wires
should only be handled with non-conductive gloves, and
a large metal object (the bed, for example) should be
touched first to discharge static potential prior to touching
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the wires. The wires should be protected in a non-con-
ductive container (for example, a plastic syringe barrel)
when not in use.

To minimise unwanted electrical interference, by
default, modem digital ECG monitors apply a high
frequency filter to the incoming signal. In most cases this
filters out the brief pacemaket spike, making it difficult to
tell whether a pacing stimulus is being delivered. This can
be overcome on most modern monitors by selecting the
‘pacemaker’ mode, which will record each spike, often
highlighted with a marker. The smazll skin potentials
created by bipolar leads in particular may be difficult
to detect, and it may be necessary to inspect a varety
of leads, Extracardiac, high frequency interference may
become problematic, in which case the monitor can be
returned to its usual mode after pacing diagnostics have
occurred.

Electrical pacemaker output does not necessarily
equate to mechanical capture of the myocardivm, and
as such it is helpful to have a monitor demonstrating
the timing of cardiac contracdon. An arterial pressure
tracing or pule oximeter waveform are the most
readily available, and can usually be printed next to the
ECG on a cardiac rhythm strp. This is much more
helpful than attempts at analysing the moving screen
image. If attempting to find pacing settings that
produce optimal cardiac output, it is also helpfal to
have a high time-resolution monitor of cardiac output,
such as echocardiography, continuous cardiac output
pulmonary artery catheter, mixed venous oxygen, or
one of the puke contour analysis devices.

Pacemaker-dependent patients are at risk of pacemaker
system failure or pacemaker-generated arrhythmia, and as
a minimum should have continuous ECG monitoring
and immediate access to a cardiac defibrillator with the
capacity for transcutaneous pacing.

Daily checks

Every day (and ideally with each change of nursing shift),
a number of checks should be made on the pacing system.
If the patient is cardiovascularly unstable for reasons
unrelated to pacing, these other problems should be
addressed before altering any pacing settings.

Underlying rhythm

The need for ongoing pacing should be regularly
reassessed. This is best done by turning down the
pacing rate and allowing the endogenous rhythm to
appear. This is a better strategy than turning down the
pacing energy output untl capture is lost, as there may
be no underlying rhythm at all. It is occasionally
impossible to re-establish capture once it has been lost -
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leading to potential disaster if the underlying thythm is
inadequate.

Sensitivity

The ‘sensitivity’ (as numerically represented on the pacing
generator) is the minimum current that the pacemaker is
able to sense. A lower number thus corresponds to a greater
sensidvity. This paradox causes considerable confusion.

To check the sensitivity, the pacemaker rate should be
set below the endogenous rate (if present), and placed in
VVI, AAl or PDD modes. An explanation of the vadous
pacing modes is presented in part 2 of this review. The
sensitivity number is increased (making the pacemaker less
sensitive} until the sense indicator stops fashing. Pacing
should then occur asynchronously in the chamber being
tested. This should not be allowed to persist for too long
because there is a risk of precipitating atrial or ventricular
fibrilladon if the pacing spike is delivered late in the
repolarisation phase (an artificial ‘R-on-T"). The sensi-
tvity number is then turned down (making the pace-
maker more sensitive) until the sense indicator Hashes
with each endogenous depolarisation (in time with the P
or R wave on the surface ECG). The number at which
this first occurs is the pacing threshold. Most institutional
protocols recommend leaving the pacing penerator set at
half the pacing threshold, to allow for detecion of
abnormally small signals, and for the possibility that per-
lead fibrosis over the course of the day will reduce the
current transmitted to the pacemaker.

If there is no endogenous thythm, it is impossible to
determine the pacemaker sensitivity, in which case the
sensitivity is typically set to 2 mV.

As explained in Part 2 of this review, if the sensidvity
value is too low (i.e. the pacemaker is too sensitive), there
may be inappropriate sensing of far field signals such as R
or T waves, which may inappropriately inhibit pacing.

Capture threshold

The capture threshold is the minimum pacemaker output
required to stimulate an action potential in the myo-
cardium. The capture threshold should not be checked if
there is no underlying rthythm (which will have been
established in the first step of these checks), for fear of
losing and not being able to regain capture. If this is the
case, careful continuous attention should be paid to the
development of occasional missed beats, which (other
causes having been excluded) will indicate a rise in the
capture threshold and a need to increase the pacing
output,

Ifit 1s safe to check the pacing threshold, the pacemaker
rate should be set above the patient’s endogenous rate,
such that the chamber of interest is being consistently
paced. The pacemaker energy output is then reduced

268

untl a QRS complex no longer follows each pacing
spike. This is the capture threshold. Typically, the output
is left at twice the threshold, again to allow a margin of
safety. However, if the threshold is > 10 mA, the margin
of safety is set to a lesser value, so as not to accelerate
fibrosis at the lead/myocardium interface.

Rate

Cardiac output is the product of sroke volume and heart
rate. After a point, as heart rate increases, stroke volume
falls, so each patient will have an optimal heart rate for
cardiac output. However, increased cardiac output driven
by heart rate comes at the cost of increased oxygen
consumption. In practice, the optimal heart rate is rarely
accurately ttrated to cardiac output and is usually left at
80-90 beats.min™" after the above adjustments are made,
As 2 mansion to complete reliance on endogenous
rhythm, some advocate a period of ‘backup’ pacing (with
the pacemaker set at around 40 bcats.rnin"), which
allows the patient to remain in an endogenous rhythm
undl the point of significant haemodynamic compromise.
This approach has the advantage of allowing the sensing
threshold of the pacemaker to be continuously monit-
ored. If full pacing is again required, it can be commenced
with the confidence that the pacing threshold will not
have become too excessive.

Other pacing variables

The battery indicator should be checked. The appro-
priate pacing mode for the patent should be reassessed
as described in part 2 of this review, The less
commonly adjusted variables, such as the maximum
tracking rate, AV interval, and post ventricular (pacing
spike) atrial refractory period (PVARF) should be
noted. These are also described in part 2. In practice,
once these have been set (or left on automatic) and the
pacemaker s functioning well in the desired mode,
there is no reason to retest regularly whether they
remain optimal,

Pulse generators in common use

The Medtronic 5388 (Medtronic, Minneapolis, MIN) and
St Jude Medical 3085 (St Jude Medical, Sylmar, CA) are
examples of currently marketed dual chamber temporary
plse generators, and the St Jude 3077 (St Jude Medical)
and Meduonic 5348 (Medtonic} are single chamber
devices (Fig. 3). The manufacturers’ instructions for
setting the various parameters are readily available in
electronic format [17-19]. The different pacing modes
and other variables that can be adjusted are the subject of
the second part of this review. Typical settings are shown
in Table 2,
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pacing. Whether a padent with epicardial wires in place,
which are not being used, may have an MR scan is more
controversial. There is at least theoretical concemn that a
current could be induced in the epicardial wire by either
the pulsating movement of the wire in the magnetic field,
or the effect of the MR radiofrequency pulse. Such a
current could potentially precipitate an arthythmia [22].
Energy wansfer to the wire will also cause heating, with
an increase of up to 20 °C at the electrode dp [23].
For this reason, most authorities agree that MRI is
not advisable while epicardial leads remain in place. In
contrast, patients with retained epicardial wires that have
been cut off at the skin (and hence have no long
‘antennae’) have undergone MRI safely [24].

Intra-aortic balloon pump (IABP)

If the [ABP is timed according to a cardiac monitor with
the high frequency filter disabled (to allow pacing spikes to
become visible), the spikes may be misinterpreted by the
LABP as QRS complexes. In the case of isolated ventricular
pacing, the adverse effect of this small timing difference can
be easily overcome by manual adjustment of the IABP
timing parameters, However, if both atrial and ventricular
spikes are misread as two QRS complexes, this will not
be possible to correct. Either the [ABP should be timed
according to the arterial pulse, or the high frequency filter
applied. This problem is lessened with bipolar leads, which
have a smaller ECG representation than unipolar leads.

Conclusion

The first part of this review has concentrated on the
selection and routine management of temporary epi-
cardial pacing systems. The second part will describe the
indications for the various pacing modes and the optimal
methods of troubleshooting the most common problems.
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Part 2: Selection of epicardial pacing modes and
troubleshooting
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Summary

The first part of this two-part review discussed the indications for various types of epicardial pacing
systems and an overview of the routine care of a pacemaker-dependent patient. Dual chamber
temporary pulse generators now feature many of the refinements developed initially for use in
permanent pacemakers. Few of these are utilised in the immediate postoperative period, often
solely due to lack of familiarity with all but basic functions. The second part of the review deals
with the selection of pacing modes. Troubleshooting real and apparent pacemaker malfiunctions,
including manual adjustment of parameters such as the AV interval, post atrial refractory period and
upper rate limit, to avoid over- and undersensing, cross-talk and pacemaker-mediated tachycardia

doi:10.11114.1365-2044.2007.04951 .x

will also be addressed.
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Epicardial pacing has evolved considerably from simple
single chamber systems with very few adjustable para-
meters, to complex dual chamber systems that incorporate
most of the functions of permanent pacemakers. Dual
chamber pacing in particular produces many technical
challenges that are not immediately apparent. Fortunately,
knowledge of the algorithms used by manufacturers to
overcome these challenges is seldom required in the
context of temporary epicardial pacing. It is tempting
to ignore the complexity of modern temporary pulse
generator design and fall back on suboptimal modes of
pacing should any complication arise. This is an unfor-
tunate approach, as there is often substantial benefit to
be gained from adjusting the pulse generator settings
correctly. How often temporary epicardial pacemakers
require troubleshooting is not known [1]. The only
published figure is a 0.4% incidence in 1675 patients over
18 months [2]. Most pacemaker texts deal with perma-
nent pacemakers and only briefly cover much of the
knowledge required to operate a temporary epicardial
pacing system.

364

Pacing settings and specific indications:
antibradycardia modes

Permanent pacemakers are classified using the North
American Society of Pacing and Electrophysiclogy (now
the Heart Rhythm Society)/British Pacing and Electro-
physiclogy Group Generic Code (the NBG code), which
(as revised in 2002) [3] consists of five “positions’ (Table 1).
Aspects of permanent pacing relevant to anaesthesia were
recently reviewed [4]. Only the first three NBG positions
are relevant to temporary epicardial pacemakers. A des-
cription of pacing modes that ends with a description of
the NBG code is clearly incomplete, as only a few of the
theoretical possibilities make logical sense or are of any
clinical use. The pacing modes applicable to temporary
epicardial pacing are desctibed below.

Single chamber pacing modes
If wires leading to only a single chamber (atrium or
ventricle) are in place, then the pacemaker can be used in
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Table 1 NBG code. Only the first three

positions are relevant to temporary epi- | " n v v
cardial pacemakers,
Chamber Chamber Response to Rate Multi site
paced sensed sensing modulation pacing
O = none O = none 0 = none O = none 0 = none
A = atrium A = atrium Ta=triggered R = rate modulation A = atrlum
V = ventricle V = ventricle | = inhibited V = ventricle
D=dual (A+V) D =dual{a+V) D = dual T+ 1) D = dual (A + V}

one of only five modes: AQO, VOO, AAl, VVI, or
VVT.

AOO (atrial asynchronous)

Pacing spikes are delivered to the atrium at a set rate,
regardless of electrical activity in either chamber of the
heart. Stimulation of ventricular contraction in this
mode rlies on intact conduction through the AV
node. There is usually a mechanical advantage in
preserving the physiological relationship of atrial to
ventricular contraction. There is a risk in asynchronous
atrial pacing that a pacing spike might be delivered in
the repolarisation phase of an endogenous beat, which
may precipitate atrial fibrillation. The refractory period
of the AV node should prevent the depolarisation from
being conducted to the ventricle, which should prevent
VF. Because of this risk of atral fibrillation, use of
AQQO is usually restricted to stble bradycardia, where
the pacemaker rate reliably exceeds the endogenous
rate. If this is the case, the pacemaker spike should
always occur before any endogenous impulse would
have been generated.

Indications

® Bradycardia with intact AV node conduction, in
situations where synchronous modes are contra-indi-
cated. This rarely means anything other than during use
of electrocautery, which can interfere with sensing,

Limitations

¢ Contra-indicated in atrial tachycardia, atrial fibrlla-
ton/flutter (due to inability to capture the atrium), and
AV node block.

VOO (ventricular asynchronous)

Analogous to AQO, pacing spikes are delivered to the
ventricle, regardless of the endogenous electrical activity
of the heart. As in the atrium, there is a risk that a
ventricular pacing spike might be delivered while the
ventricle is in the repolarisation phase of an endogenous
beat. This is the classic ‘R-on-T" phenomenon, known to
precipitate ventricular fibrillation (VF).
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Indications

* Bradycardia without reliable AV node conduction, in
situations where synchronous modes are contra-indicated
(e.g. with electrocautery).

* In an emergency, to preserve cardiac output in the case
of malfunction of pacing in one of the more sophisticated
pacemaker modes, while the cause of the malfunction is
rectified. For this reason, some pulse generators have this
as a ‘rapid access’ function.

Limitations
® Competition with intrinsic rhythm; possibility of
R-on-T VF.,

AAI (atrial demand)
The pulse generator has a sensing ‘timing cycle’, which is
determined by the rate set on the paccmaker. If no
endogenous depolarisation is sensed by the end of this
timing cycle, a pacing spike is delivered to the atrium.
However, if an endogenous depolarisation is sensed, no
spike is delivered, and the timing cycle begins again.
There is one further level of complexity to appreciate.
After an atrial depolarisation (either endogenous or a
pacing spike}, a pacemaker atnial refractory ‘blanking’
period begins, during which there is essentially no sensing
at all. A depolarisation occurring during this time does not
reset the timing cycle. This is required to prevent atrial
after-depolarisations resetting the timing cycle.
Ventricular ectopics are potentially problematic during
AAI pacing, as no ventricular depolarisations are sensed.
The atrial stimulus can potentally be conducted to the
ventricle whilst it is in the repolarisation phase of a
ventricular ectopic endogenous beat, precipitating
R-o0-T VF. Fortunately, this is usually prevented by
the AV node, which bas entered its refractory period
following the ventricular ectopic, and so blocks trans-
mission of the atrial impulse.

Indications

® Bradycardia, with an endogenous atrial rhythm (or
frequent ectopics) sufficiendy quick to compete with
the pacemaker rate.
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Limitations

e As for AOQ, AAI is contra-indicated in atrial tachy-
cardia, atrial fibrilladon/fAutter (due to inability to
capture the atrium), and AV node block.

VVI (ventricular demand)
VVI is the same as AAI, except the sensing and pacing is
in the ventricle. As with VOO, during a paced beat there
is no co-ordinated atrial contracdon, which can signifi-
cantly reduce cardiac output.

Indications

o Similar to AAI but where there is no reliable AV node
conducton to the ventricle.

¢ Bradycardia with AV block, sick sinus syndrome, atrial
fibrillaion, atrial flutter.

e Qverdrive suppression of ectopic beats.

Limitations
e No atrial contribution to ventricular preload.

Dual chamber pacing modes

if wires leading to both atrium and ventricle are in place,
the pacemaker can be used in one of the single chamber
modes listed above, in addition to any of the following:
DOO, DVI, DDI, DDD and, in some pulse genertors,
VDD. DDD is by far the most useful and commonly
used, but understanding its timing cycles is facilitated by a
preliminary discussion of DOO, DVI and DDI.

DOO (AV sequential asynchronous)

First the atrium and then the ventricle receive a pacing
spike, with the spikes separated by a programmed AV
delay (simulating the delay in the AV node during an
endogenous beat, and improving mechanical efficiency).
There is the same risk of R-on-T VF as in the other
asynchronous modes (AOO and VOO). While mechan-
ical efficiency is better than in VOO, the ventricular spike
spreads throughout the ventricle in an abnormal manner
compared to that of an endogenous impulse through
an intact conducting system. Mechanical efficiency of
the ventricular contraction is usually less. AQO is thus
preferred if the conducting system is intact.

Indications

e As for VOO, but in particular in patients who derive
substantial haemodynamic benefit from the contribu-
tion of atrial contraction to ventricular preload.

DVI (AV sequential, ventricular inhibited)

In the absence of any intrinsic cardiac depolarisaton, the
pacemaker behaves like a DOO. There is no sensing in
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the atrium. When an endogenous ventricular depolarisa-
tion is sensed (following either an atral pacing spike or
endogenous atrizl depolarisation), the ventricular spike is
inhibited. Ifa ventricular depolarisation is sensed at a time
before the delivered atrial spike should have arrived, it is
assumed that there has been an endogenous depolarisadon
in the atrium that has been conducted to the ventricle. As
this endogenous rhythm is likely to be mechanically more
efficient than pacing, the timing cycle is reset, delay-
ing the next atrial spike and allowing the possibility of
ongoing conducted endogenous atrial depolarisations
completely inhibiting atrial and ventricular output.

There is a possibility that the atrial spike will not be
inhibited when in fact there is an endogenous atrial rate.
This may lead to competition if the atrium is beating at a
faster rate, which (as in AOO etc.) can precipitate atrial
fibrillation. For this reason, DDI or DDD are preferable
to DVI in patients with atrial rates high enough to
compete with the pacing rate.

There is another potential problem with all ventricular
sensing modes. If the ventricular sensitivity is too high, it
is possible that the atrial depolarisation might be inap-
propriately sensed as ventricular activity and the ventric-
ular spike inhibited. If there is no AV conduction, there
will be no ventricular contraction. This is called cross-talk
and is discussed in detail in the next section.

There is one particular use for DVI pacing. If a
ventricular paced beat is conducted retrogradely up the
AV node, an atrial sensing wire might interpret this as
endogenous atrial activity, which in DDI and DDD
modes would precipitate a release of a ventricular spike.
This is pacermnaker-mediated tachycardia (discussed be-
low), which has a number of solutons. The solutdon
requiring the least understanding of timing cycles is to
switch the pacemaker to DV], ideally while consideration
is given to a better remedy.

Indications
e Seldom used. Immediate treatment of pacemaker-
mediated tachycardia.

Limitations
e Contra-indicated in atrial tachyarrhythmias.
¢ Risk of precipitating atrial fibrillation.

DDI (AV sequential, non-P-synchronous,

with dual chamber sensing)

DDI improves on DVI by adding atrial sensing. This
prevents the possibility of the atrial pacing spike com-
peting with an endogenous atrial rhythm. The maximum
rate of delivery of pacing spikes is the same as the
minimum rate set on the pulse generator. (NB: the
‘minimum rate’ is commonly just referred to as the ‘rate’
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of the pacemaker, but this must be distinguished from the
upper nate limit, discussed later). This js the difference
between DDI and DDD (below). The maximal rate in
DDD is not the set lower rate limit; instead the
ventricular pacing spikes can be delivered at a higher rate
50 as to ‘track’ atrial acdvity. DDI is thus better than
DDD in the context of rapid atrial arrhythmias, as in
DDD the ventricle will potentially be paced too rapidly.
Indeed, most permanent pacemakers set to DDD will
automatically change to DDI if a too-rapid atrial rate is
detected. Temporary pulse generators will not do this
{but do have an automatic defence against tracking of a
too-rapid.atrial thythm (see below)). Postoperatively,
patients so commonly develop atrial tachyarrhythmias
(many of whom will have been paced in DDD) that at
least one pulse generator (the Medtronic 5388: Med-
tronic, Minneapolis, MN) identifies DDI with a unique
indicator to facilitate rapid changeover to this mode.

Indications
¢ As for DDD pacing, but in patients with paroxysmal
atrial tachyarthythmias,

Limitations

» Compared to DDD, with no atrial tracking there may
be no increase in pacemaker rate in the context of
physiologically appropriate sinus tachycardia.

DDD (AV universal)

This is the most commonly used mode in patients with
both atrial and ventricular wires. The pacemaker waits for
an endogenous atial depolarisation. If none is sensed, an
atrial spike is delivered. The pacemaker then waits for
an endogencus ventricular depolarisatien, in response
to either the atrial pacing spike or endogenous atrial
depolarisation, should this have occurred. If there is
no endogenous ventricular depolarisation, a ventricular
pacing spike is delivered.

As explained above, there is a risk of ventricular
tracking of atrial tachyarthythmias in DDD. Most tem-
porary pulse generators address this risk by allowing the
setting of 2 ‘maximum tracking rate’ or ‘upper rate limit’,
as explained in detail below.

Indications
* All indications for pacing, with the exception of atrial

tachyarthythmias,

VDD (P wave synchronous)

This mode is unusual amongst the dual chamber modes in
that only the ventricle is paced. The pulse generator inhibits
its ventricular spike in response to a sensed ventricular
depolarisation. A sensed atrial depolarisation, however,
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triggers a ventricular spike if an endogenous ventricular
depolarisation is not sensed. If there is no endogenous atrial
depolarisation, a ventricular pacing spike is delivered.

Indications
¢ The specific indication for VDD is AV nede block
with an intact sinus node. The pacemaker acts as a
conduit around the AV node. There is the same risk of
tracking an atrial tachy-arrhythmia as in DDD, and the
same safeguards must be in place to prevent this.
A summary of the various antibradycardia pacing
modes and their indications is presented in a decision-
tree approach in Figure 1.

Triggered modes

Triggered modes (VAT, AAT, DAT) are more com-
monly employed in permanent pacemakers in special
circumstances, but are available in some temporary
external pulse genemtors (e.g. the Oscor PACE 203H,
Oscar Inc, Palm Harbor, FL, USA). Triggered modes
prevent inappropriate inhibition from oversensing (such
as with electrocautery) [5], but in practice asynchronous
modes are more commonly used for this indication.

Whenever contemnplating overdrive pacing, it is essen-
tial to confirm that the atrial output of the pulse generator
is indeed connected to the atrial wires, as such rapid
pacing of the ventricle is likely to precipitate ventricular
tachycardia. Even if the wires are correctly attached, the
current may be high enough to stmulate the ventricle
directy: this must be checked by setting the pacemaker
10-15 beats above the ventricular rate and ensuring the
ventricle does not track [7].

Pacing settings and specific indications:
antitachycardia modes

Tachyarrhythmias are common following cardiac surgery.
The presence of epicardial pacing wires allows many
of these to be effectively treated by means other than
pharmacotherapy or DC cardiovension. The exceptions
are ventricular and amial fibrillation and sinus tachycardia,
which cannot be controlled by pacing. When attempting
averdrive pacing, ventricular tachycardia or fibrillation
may result and so DC cardioversion must be immediately
available.

AV junctional tachycardia

AV junctional tachycardia (with rates around 100-120
beats.min™") is common following cardiac surgery [5],
and is effectively managed using atrial (AQO or AAI) or
AV sequental overdrive pacing (DOO or DDD). The
pacing rate is increased to around 120% of the endo-
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genous rate. Once 1: 1 capture of the myocardium is
achieved, the pacemaker rate is gradually reduced. As the
pacemaker rate falls below the endogenous sinus rate, a
stable sinus rhythm is often established.

Paroxysmal re-entrant SVT

Paroxysmal re-entrant supraventricular tachycardia can
also be terminated by atrial pacing: either ‘underdrive’
pacing (at less than the SVT rate) if the pacing spike induces
a refractory period in the segment of the myocardium
forming the re-entrant loop; or ‘overdrive’, where the
atrial pacemaker is set above the SVT rate in a manner
similar to that described for AV junctional tachycardia,
The myocardium in the re-entrant limb is depolarised by
an anterograde pacing spike before re-entrant depolarisa-
tion of the preceding beat arrives; when it does arrive, the
myocardium is in its refractory state, so the re-entrant
pathway is effectively blocked. Afier capture, the rate can
be gradually reduced to the desired target [6).

Atrial flutter

Overdrive pacing is effecive in type 1 atrial futter
(< 320-340 beats.min""), but not in type II with rates in
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Continue AAl pacing

Figure 1 Decision tree approach to
setting the dual chamber epicardial
pacing mode.

excess of this [5]. The pacemaker is set to just above the
flutter rate and then gradually increased until the atrial
complexes on the surfice ECG change morphology.
Typically, this will be 10-20 beats.min™" faster than the
flutter rate [6] and indicates the flutter has been termin-
ated. The pacemaker is then slowed to an acceptable rate,
or below the endogenous sinus rate. Failure of this
technique is usually attributable to insufficienty rapid
pacing rates, insufficient duration of atrial pacing, or
insufficient stimulus strength.

Supraventricular tachycardias with rapid
ventricular response: failure to revert to sinus
thythm

Qccasionally after attaining 1 : 1 capture with overdrive
pacing, sinus rhythm is not re-established on tuming
down the rate and the SVT with rapid ventricular
response petsists. In this situation it may be preferable to
induce arial fibrillation by rapid atrial pacing (up to 800
beats.min~’, depending on the pulse generator). Termin-
ation of rapid atrial pacing will sometimes lead to sinus
thythm where other techniques have not {6). If not,
remaining in electrically induced rapid atrial fibrillation
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may be preferable if the AV block is sufficiently high to
make the ventricular rate slower than that when in SVT.

Ventricular tachycardia

There is some suggestion that either underdrve or
overdrive ventricular pacing can terminate ventricular
tachycardia [6], but there is a risk of precipitating VF
by doing this. DC cardioversion remains the accepted
standard of care for VT.

Common pacing system faults

Failure to pace
‘Failure to pace’ occurs when there is no electrical output
at the pacing wire tips when the set pacing mode calls for
such an output. This is distinguished from ‘failure to
capture’ (below) by the absence of pacing spikes in the
surfaice ECG, and a heart rate less than that set on the
pacemaker as the minimum rate. Failure to pace can be
due to:

¢ lead malfunction or an unstable connection between
the lead and the pulse generator;

* insufficient power in the pulse generator (which should
be apparent from the battery indicator).

o Cross-talk inhibition (see below).

e Oversensing (as distinct from cross-talk). Any electrical
potential across the sensing wires can be misinterpreted
as endogenous depolarisation, with resulting inhibition
of the pacing spike. Such potentials can be caused by
electromagnetic interference (from clectrocautery, or
even mobile telephones [8]), skeletal muscle activity
(including fasiculations caused by suxamethonium), or
intermittent contact between the pacing wires, which
can generate small ‘make and break’ potentials [9).

» (Apparent failure to pace) Detection of endogenous
extrasystoles, which are of insufficient amplitude to
register on the surface electrode, but which inhibit
pacemaker output.

An appropriate first response to failure to pace is to
switch to an asynchronous mode. The first two cases
above can be distinguished by noting that no pacernaker
spikes are delivered after making this change.

Failure to capture

‘Failure to capture’ is when there is electrical output at
the pacemaker wire tips (confirmed by visible pacing
spikes on the ECG), but this does not cause a cardiac
contraction, as shown by the absence of a mechanical
cardiac impulse on the arterial pressure or pulse oximeter
waveform. The cause is an increase in the resistance at
the wire/myocardium interface, most commonly due to
fibrosis around the pacemaker lead. Additional factors
contributing to increased threshold may be:
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® myocardial ischaemia;

e clectrolyte imbalance, particularly hyperkalaemia, acid-
osis and alkalosis;

¢ following defibrillation;

o medications, including flecainide, moricizine, propafe-
none, sotalol, and possibly beta blockers, lidocaine,
procainamide, quinidine and verapamil [9].

Failure to capture (or a progressively increasing pacing
energy requirement) is the commonest problem encoun-
tered with temporary epicardial pacing. Correction of
any of the exacerbating causes listed above should be
attempted. Reversing the polarity of both bipolar and
unipolar lead systems may help. In a bipolar lead system,
the distal (negatve) electrode usually develops fibrosis
first. If this occurs, the proximal electrode may remain
adequate to use a5 a unipolar electrode (now connected to
the negative terminal), with a return electrode inserted
into the subcutaneous tissues. Clearly these techniques
are at best a temporary solution to impending irrecover-
able failure to capture. If the threshold is progressively
increasing and the patient is dependent on the pacemaker,
it is wise to place an alternative means of stimulus delivery
(such as a temporary transvenous wire) before capture is
entirely lost.

Failure to sense

In essence the same mechanisms of failure to capture can
cause failure to sense [9). True failure to sense must be
distinguished from normal pacemaker function with in-
appropriate settings, such as over-long refractory periods.

Uncommon pacemaker faults

Cross-talk
In a dual chamber system with atrial and ventricular
pacing and ventricular sensing (DVI1, DDD, DDI), it is
possible that the atrial pacemaker spike will be sensed
by the ventricular wire, misinterpreted as a ventricular
depolarisation and thercby inhibit the ventricular pace-
maker output. In the absence of AV conduction, this will
lead to ventricular standstill. In atrial sensing systems, the
ventricular spike can be similarly misinterpreted, leading
to inhibition of the awmial spike; however, ventricular
pacing persists, making this less serious. Of more concern
is the systemn that allows such atrial sensing ‘cross-talk’ to
trigger a ventricular pacemaker spike. This will cause
a form of pacemaker-mediated tachycardia, which is
discussed in detail in the next section.

The simplest approaches to eliminating cross-talk are to:
e reduce the sensitivity {(increasc the lowest power that is

sentsed) in the atrial or ventricular channel; or
¢ reduce the power delivered to the ventricular or atrial

pacing wire.
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However, given the possibility of venticular standstill,
manufacturers have incorporated a number of features to
guard against inappropriate inhibition of cutput in the
ventricular wires.

A modification of dual chamber paring— ‘committed pacing’ —
whereby an atrial spike is always followed by a ventricular
spike, regardless of endogenous ventricular activity. This
mode was developed for use in unipolar systems, where
the large atrial spike is commonly misinterpreted as
endogenous ventricular activity. However, as unipolar
dual chamber systems are now rarely used, most tempor-
ary and permanent pulse generators do not function in
this manner.

A ventricular blanking period immediately after atrial
depolarisation in which ventricular depolarisation is ignored by
the pacemaker. Ouply after this period passes does the
pacemaker become alert for a ventricular depolarisation.
If one occurs, it is assumed to be a conducted beat; if not,
a ventricular spike is delivered. A problem might occur if
a premature ventricular complex occurred within the
veatricular blanking period. The pacemaker spike (having
not been inhibited) could theoretically fall within the
T wave of the premature beat, causing R-on-T fibrilla-
don. In practice, the spike is almost always delivered
sooner than the repolarisation phase of a premature
complex that has fllen within the blanking period.

Ventricular safety pacing. If the ventricular lead senses
depolarisation after the blanking period, but before the
period in which it looks for ventricular depolarisation
normally transmitted through the AV node (i.e. the
‘cross-talk sensing window') the pacemaker assumes that
there is either cross-talk or a PVC. Not knowing which,
it emits a ventricular spike a little earlier than the usual AV
delay. If the problem is cross-talk, this leads to mild AV
dyssynchrony mnther than ventricular standssll; if the
problem was a PVC, the spike is emitted sufficiently early
to arrive before the repolarisadon phase of the PVC.

Most temporary pacemakers employ a fixed ventricular
blanking period and default to set parameters for
ventricular safety pacing. As such, cross-talk is rarely if
ever problematic as long as reasonable sensitivity and
output is set.

Pacemaker-mediated tachycardia

This is a potential problem in enly VDD or DDD pacing.
The simplest form is far-field atrial sensing of a ventricular
pacing spike, which is interpreted as an endogenous atrial
depolarisation, leading to another ventricular impulse,
This is overcome by use of an amial blanking period,
during which the atrial channel will not sense any
depolarisation, Temporary pace generators have a preset
atrial blanking period that should be sufficient to guard

against this.
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A more difficult problem exists when there is retro-
grade conduction between the ventricle and atrium,
through either the AV node or an accessory pathway.
More than 50% of patients receiving permanent dual
chamber pacemakers are susceptible to such conduction
[9] and there is no reason to suspect patients with
temporary epicardial wires will be any less prone. The
conduction may be intermittent and so may not be appre-
ciated when the pulse generator is first set. In addidon, it is
often only a premature ventricular contraction that is
initally conducted back up into the atrium. This may be
sensed in the atrial wire as an endogenous atrial depolari-
sation, which (after the AV delay) trgges another
ventricular depolarisation. This ‘endless loop’ continues
with a periodicity that is the sum of the programmed AV
delay and the time taken for retrograde conduction.

This problem is overcome by having an adjustable
post ventricular (pacing spike) atrial refractory period,
the PVARP. The atrial sensing channel must be
refractory when the retrograde depoladsation artives.
The PVARP is set to a default value in all pacing
generators. However, as the speed of conduction in the
retrograde pathway is varable between individuals, it
is not uncommon to need fo adjust the PVARP. The
disadvantage of setting a very long PVARP is that it
limits the maximum rate of atdal tracking. This
limitation would rarely be clinically significant in the
ICU patient, and is more a concern for physialogical
rate response in permanent pacemazkers.

As briefly touched on in the previous section, there is a
simpler, but in some circumstances less ideal, solution to
pacemaker-mediated tachycardia. The re-entrant pathway
will be terminated if the mode is switched to VVI or DVI,
but this may incur the penalty of losing AV synchrony.

Other causes of inappropriate tachycardia

Tracking of atrial tachyarrhythntias

In dual chamber modes with atdal wacking (DDD or
VDD) the pacemaker emits a ventricular spike for every
atrial impulse detected. In the absence of a protection
mechanism, a tracked rapid atrial arrhythmia would rapidly
lead to VF. All pacemakers must incorporate a means of
protection againse this possibility. Permanent pacemakers
may be programmed to switch automatically to DDI mode
when a set upper atrial rate is exceeded. DDI can be
manually set on the temporary pulse generator, but as
there will be an inevitable delay before this can be done,
temporary pulse generators must incorporate an upper rate
limit as well. This is described in detail below.

Oversensing (as distinet from cross-talk)
Oversensing can cause failure to pace, as already
described. In DDD, external electrical impulses can also
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be misinterpreted as atmial activity, causing pacemaker-
mediated tachycardia. If the electrical interference is likely
to continue, it may be necessary to reduce the sensitivity
of the pacemaker (i.e. increase the sensitivity threshold) or
switch to an asynchronous mode.

Portions of pacemaker timing cycles that
can be manually adjusted

All modern temporary pace generators will defult to
timing settings that are adequate in the vast majority of
patients. Most of these will be automatically adjusted
when the rate is altered. For this reasom, it is possible
to rernain ignorant of much of the following and still
adequately manage a pacemaker-dependent patient.
However, there will be circumstances in which manual
adjustment of one of the following will be the only
alternative to pacing in a hacmodynamically suboptimal
mode. Some of the concepts below have been touched on
in the above sections,

AV delay

This is the interval following an atrial depolarisation
before a ventricular spike is delivered. It allows the
atrial contraction sufficient ime to empty blood into
the ventricle before ventricular contracton. As such, it
allows the pacemaker to perform the function of the
AV node. The patient's AV node may be able to
conduct an impulse. If the sct pacemaker AV interval is
longer than the time to conduct through the patient’s
AV node, the ventricular pacing spike is inhibited; if it
is shorter, the spike will be delivered, regardless of
whether the atrial impulse would have eventually made
it through the node.

Many permanent pacemakers, but no temporary pulse
generators, use a ‘differential’ AV interval for atrial paced
and endogenous depolarisations. The spread of depolari-
sation is more rapid following an endogenous depolari-
sation, and so the AV interval that follows an endogenous
depolarisation is shorter than that following an atrial
pacing spike to achieve the same mechanical delay
between atrial and ventricular contraction.

The AV delay is shortened in ventricular safety pacing
as described above. Cross-talk is detected by noticing that
the AV delay is consistently shorter than that which is set
on the pacemaker. The sensitivity and output of the
pacemaker should be adjusted, as ventricular safety pacing
usually produces a suboptimal cardiac output.

Many permanent pacemakers feature ‘AV interval
hysteresis’. Whenever set to a mode such that both arrial
and ventricular spikes are being delivered, the system
periodically extends the AV delay to look for a conducted
R wave; if one is detected, the AV delay is automatically
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reset to a longer interval to allow endogenous conduc-
ton. However, if an R wave is missed, the system reverts
to the original AV interval, allowing pacing to continue.
As this automatic feature is not available on temporary
pulse generators, it may be worth occasionally manually
checking for AV node function in this fashion, especially
if the patient remains pacemaker dependent and a
permanent pacemaker is being considered.

There will be an optimal AV delay for each patent.
Whereas the default value is usvally sufficent, in the
borderline patient, titraion of the AV delay to a near-
instantaneous measure of cardiac output (such as the time-
velocity integral at the aottic valve (by echa), the value
provided by pulse contour analysis, or the mixed venous
oxygen saturation) may be warranted. In a series of only
13 patients undergoing cardiac surgery, the optimal AV
delay varied between 0.100 and 0.225 s {10].

Post ventricular atrial refractory period

This has been discussed in detail above (under ‘pace-
maker-mediated tachycardia’). It sets how eardy afier a
ventricular impulse (paced or sensed) that a sensed atrial
depolarisation can trigger a venticular spike, and is the
timing parameter that most often needs adjustment,

\‘IA interval (atrial escape interval)

This is the interval from a ventricular sensed or paced
event to an atrial paced event. The lower rate limit (i.e.
the set pacemaker rate) is the sum of the AV interval plus
the VA interval. In DDD and VDD, an endogenous atrial
depolarisation after the PVARP, but before the end of the
atrial escape interval, will be sensed, inhibiting atrial
output and starting the AV interval timer. The VA
interval is determined by the AV interval and the lower
rate limit settings and (as it is not independenty
adjustable) is mendoned here only to facilitate under-
standing.

Duration of pulse

The ability of the pacemaker to bring the myocardium
to action potental is determined by both cumrent inten-
sity and duration of pacing stimulus. The relationship
between these two is expressed as a strength-duration
curve (Fig. 2). In many temporary pulse generators, the
pulse duration is fixed at around 1.5 ms, which is on the
flat part of the curve. Further increases in pulse duration
would not reduce the current required for depolarisation.
Reducing the pulse duration may reduce fibrosis (and
delay failure to capture), and in permanent pacemakers is
an even more important consideration as this will also
conserve battery life. In practice, the pulse duration in
temporary pacermakers is rarely altered, even if this option
is present.
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