Article

Management of Intra-Aortic
Balloon Pumps

Seminars in Cardiothoracic and
Vascular Anesthesia

2015, Vol. 19(2) 106-121

© The Author(s) 2014

Reprints and permissions:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1089253214555026
scv.sagepub.com

®SAGE

Christopher A.-J. Webb, MD', Paul D. Weyker, MD?,

and Brigid C. Flynn, MD?

Abstract

Intra-aortic balloon pumps (IABPs) continue to be the most widely used cardiac support devices with an annual estimate
of 200 000 IABPs placed worldwide. IABPs enhance myocardial function by maximizing oxygen supply and minimizing
oxygen demand. The use of IABPs is not without risk, with major vascular injury, ischemia, and infection being the most
common complications, especially in high-risk patients. While recent studies have questioned the use of IABPs in patients
with cardiogenic shock secondary to myocardial infarction, these studies have limitations making it difficult to formulate
definitive conclusions. This review will focus on the mechanisms of counterpulsation, the management of IABPs and the

evidence supporting this ventricular support therapy.
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Introduction

The intra-aortic balloon pump (IABP) is a myocardial
assist device that was first introduced into clinical practice
in 1968." Since its introduction into medicine, the IABP has
become one of the most commonly used myocardial assist
devices, with an annual estimate of 200 000 worldwide
and 130 000 implanted devices in the United States in
2010. As the technology behind IABPs continues to evolve
and the comfort level of practitioners placing these devices
increases, it is imperative for clinicians to understand the
principles of aortic counterpulsation, indications for using
IABPs and management of any potential complications.

Machine Components and Mechanics

The main components of an IABP are the 8 to 9.5 French
catheter with a 25- to 50-mL balloon (Figure 1) and the
IABP console. The premise of an IABP is the utilization of
counterpulsation, which involves the transfer of gas between
the console and the balloon according to timing of the car-
diac cycle, and will be discussed below. An inner lumen of
the catheter is used to monitor the systemic arterial pressure
while an outer lumen contains the gas used for balloon infla-
tion. Helium or carbon dioxide can be used for inflation.
Helium is commonly used because of its low density (5% of
the density of carbon dioxide), which minimizes resistance
allowing rapid inflation and deflation. Additionally, helium
is metabolically inactive and readily dissolves in blood. The

latter decreases the risk of air emboli formation in the event
of balloon leakage or rupture. Balloon sizes are based on
patient height and when fully expanded should not exceed
80% to 90% of the diameter of the descending aorta (Table
1). Some studies have recommended that inflation volumes
be set to 50% to 60% of the patients ideal stroke volume.’
Optimal inflation volumes are important to IABP augmen-
tation as inflation volumes are directly related to the amount
of blood displaced during counterpulsation.

The mechanics of counterpulsation were initially
described by Dr Adrian Kantrowitz in 1953. In dog mod-
els, Kantrowitz demonstrated an increase in coronary
blood flow by timed increases in the aortic diastolic pres-
sure. Following these findings, Clauss et al* used an
external pump to not only augment the aortic diastolic
pressure during diastole but also reduce the systolic pres-
sure and thus unload the left ventricle during systole.’
Soon, a carbon dioxide—driven IABP that was timed with
the electrocardiogram to increase the aortic diastolic
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Figure |. Optimal positioning of an intra-aortic balloon
pump. Distal tip of catheter is 2 to 3 cm distal to the left
subclavian artery. During inflation, there is no obstruction of
the renal arteries. Reprinted with permission from Maquet
Cardiovascular LLC.

pressure while also decreasing the left ventricular end-
diastolic pressure was trialed® and laid the groundwork
for the device currently used.

Hemodynamic and Physiological
Effects of Arterial Counterpulsation

Counterpulsation is a technique that synchronizes the
external pumping of blood with the heart’s cycle to assist
the circulation and to decrease the work of the heart.
IABPs are triggered to inflate on closure of the aortic valve
during diastole and deflate immediately before the aortic
valve reopens during systole. In other words, counterpul-
sation pumps when the heart is resting to increase blood
flow and oxygen to the heart and stops pumping when the
heart is working to decrease the heart’s workload and
lessen oxygen demand. The IABP augments coronary per-
fusion pressure (CPP) by increasing aortic diastolic pres-
sure (DBP) and decreasing the left ventricular end-diastolic
pressure (LVEDP) in the form of the equation: CPP = DBP
— LVEDP. The decrease in oxygen demand is because of a
decrease in afterload via the active balloon deflation at the
beginning of systole, increasing forward blood flow
through a vacuum effect. Figure 2 illustrates an optimal

Table I. Common Intra-Aortic Balloon Sizes Based on Patient
Height.

Patient Height (cm) Balloon Size (mL)

<152 25-30
152-163 34-40
163-183 40-50
>183 50

Figure 2. A pressure—time tracing of an intra-aortic balloon
pump (IABP) with 1:2 augmentation. This figure illustrates
optimal IAB inflation and deflation. Inflation occurs immediately
after the aortic valve closes (at the dicrotic notch). A sharp “V”
is noted between unassisted systole and diastolic augmentation.
Diastolic augmentation should be greater than the unassisted
systole. |ABP deflation occurs immediately before the aortic
valve opens reducing both the assisted end-diastolic pressure
and assisted systolic pressure. Assisted systolic pressure should
be less than the unassisted systolic pressure. Modified with
permission from Maquet Cardiovascular LLC.

IABP augmentation tracing. The magnitude of the aug-
mentation depends on several factors.

Heart Rate

The left ventricle and aortic diastolic filling times are
inversely related to heart rate. As the heart rate is increased,
diastolic filling times are decreased which minimizes bal-
loon augmentation per unit of time.

Balloon Volume

The volume of gas used to inflate the balloon is directly
proportional to the volume of blood displaced. In general,
the balloon volume is set to 50% to 60% of the patient’s
stroke volume.

Aortic Compliance

Decreases in aortic compliance or systemic vascular resis-
tance mitigate the effects of diastolic augmentation.
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Preload

Ventricular preload represents the amount of stretch on the
myocardium. Based on the Frank-Starling law, in normal
myocardium, increased ventricular preload or myocardial
stretch during diastole will result in stronger myocardial
contractions during the subsequent contraction.” Up to a
certain degree of preload, this increased stretch will result
in increased cardiac output. In cases of cardiogenic shock
or decreased myocardial function, excessive preload causes
excessive myocardial stretch, increasing myocardial oxy-
gen demand and ultimately decreasing cardiac output. In
such cases, IABPs decrease preload up to 25% to 40% as
evidenced by decreases in left atrial pressure and LVEDPs.>*

Left Ventricular Performance

Initial studies by Kantrowitz et al’ demonstrated a 25% to
40% decrease in LVEDP during IABP counterpulsation.’
More important, this pressure decrement occurs without a
decrease in cardiac output.’ It is known that if ventricular
contractility remains constant, there exists a linear relation-
ship between end-systolic pressure and end-systolic vol-
ume.'""" During IABP augmentation, end-systolic pressure
is decreased, corresponding to a similar reduction in left ven-
tricular end-systolic volume. This is because of an increase
in left-ventricular stroke volume and ejection fraction.*'*

However, the effect of an IABP on cardiac output is
controversial with some studies showing only modest
increases while early animal studies actually showed an
insignificant decrease in cardiac out.™" Since the degree
of cardiac output augmentation is caused by a combination
of increased CPP, decreased left ventricular preload and
decreased myocardial oxygen demand, clinical studies
may differ based on presence of inotropic support, degree
of myocardial dysfunction, volume status and severity of
the underlying myocardial injury. In practice, it is antici-
pated that the cardiac output increases 20% or 0.5 to 1 L/
min with IABP support.'*"®

Right Ventricular Function

The effects of IABP augmentation on the right ventricle
are primarily because of the beneficial effects on left ven-
tricular function and increased myocardial oxygen supply
via increased coronary perfusion. Decreasing left atrial
pressure and subsequent pulmonary vascular resistance
will decrease right ventricle afterload and aid in right ven-
tricle systole. The right coronary artery benefits from the
diastolic augmentation similarly to the left coronary artery,
which aids in right ventricle oxygen supply. Additionally,
the IABP enhances collateral perfusion to ischemic right
ventricle territory through the collateralization of right
coronary branches from the left coronary circulation.
Finally, by assisting the left ventricle, the septal-mediated

systolic interaction between the 2 ventricles, which pro-
vides as much as 40% of the right ventricle cardiac output,
is enhanced.

Aortic Pressures

Optimal synchronization of the IABP increases the arterial
pressure during diastole (mean increase of 30 mm Hg in the
diastolic pressure) while decreasing the arterial pressure
during systole. The latter reduces left ventricular afterload
and left ventricular work.™® By unloading the left ventricle,
the IABP reduces left ventricular wall tension and thus myo-
cardial oxygen demand. Early studies of cardiogenic shock
in dogs demonstrated a decrease in mean systolic pressures
up to 26.6% with counterpulsation.'® The decreases in sys-
tolic pressure may be related to both an increase in aortic
compliance caused by balloon deflation but also direct stim-
ulation of arterial baroreceptors.>'® During inflation of the
balloon, the arterial baroreceptors are stimulated, causing a
decrease in efferent sympathetic activity and catecholamine
release from the adrenal medulla.'®"”.

Mpyocardial Oxygen Supply and Demand

Studies have demonstrated the effects of IABP on myocar-
dial oxygen supply and myocardial oxygen demand by
examining the diastolic pressure time index (DPTI) and
the tension time index (TTI), respectively.”'® The DPTI is
the sum of the diastolic aortic pressure less the left atrial or
left ventricular pressure generated within 1 minute and is
directly proportional to the amount of myocardial blood
flow or oxygen delivery.™"’ As the DPTI increases, there is
a corresponding increase in myocardial blood flow and
oxygen supply. During IABP augmentation, the DPTI is
increased as the aortic diastolic blood pressure is increased
and the left ventricular diastolic pressure is decreased.

The primary determinant of oxygen consumption by
the heart is the total amount of tension generated by the
myocardium as evidenced by the area under the left ven-
tricular systolic pressure curve.”’ Thus, the TTI is defined
by the sum of systolic left ventricular pressure generated
within 1 minute and is a surrogate for estimating left ven-
tricular myocardial oxygen demand. During systolic IABP
augmentation, the systolic blood pressure and left ventric-
ular afterload are decreased, which in turn decreases the
tension time index.>'®

Effects of Intra-Aortic Balloon Pump
Counterpulsation

Coronary Blood Flow

Coronary blood flow is derived from the CPP divided by
the coronary vascular resistance.’ In coronary artery dis-
ease, the coronary vascular resistance remains constant
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and thus coronary blood flow is directly proportional to the
perfusion pressure. Similarly, during times of ischemic
injury to the myocardium, as in cardiogenic shock, vaso-
paralysis ensues and coronary blood flow will also be
directly proportional to the coronary perfusion pressure.
Thus, it has generally been assumed that the increase in
coronary perfusion pressure by counterpulsation will
increase coronary blood flow.'**"?

However, in states of critical coronary artery stenosis,
numerous studies have shown that while counterpulsation
does improve flow proximal to the area of stenosis, little
change in flow occurs distal to the area of obstruction.”*
In such situations the benefit of IABP augmentation appears
to be secondary to its effects on decreasing myocardial
oxygen demand.”>?% Additionally, the increase in collateral
flow observed during counterpulsation does not appear to
be sufficient to improve subendocardial perfusion or reduce
myocardial infarction size in animal models.”’

Studies analyzing the effects of counterpulsation on
coronary blood flow are conflicting. The heterogeneity in
results may be related to the study subjects (animals vs
humans), the cardiovascular physiology producing the
underlying hemodynamic conditions during the IABP aug-
mentation, and finally the methods used to quantify coro-
nary blood flow.® Early animal studies demonstrated that
in low flow states when coronary autoregulation was
intact, no significant change in coronary blood flow
occurred with counterpulsation. However, counterpulsa-
tion did increase coronary blood flow in cases where car-
diac output was decreased and autoregulation was lost.'®**

Cerebral Blood Flow

The effects of IABP augmentation on cerebral blood flow
are controversial with early animal studies of cardiogenic
shock showing that cerebral blood flow increased with
counterpulsation.”’ These findings were corroborated in
animal models of ischemic stroke and vasospasm.’*?!
Human studies of cardiogenic shock are conflicting with
some studies showing no difference in cerebral blood
flow,* while others show that cerebral blood flow may be
increased.”® Currently, large clinical studies are lacking
and make it difficult to make definitive statements on the
effects of counterpulsation on cerebral blood flow.

Renal Blood Flow

Clinically, it is believed that improved cardiac output
increases oxygen delivery to the kidneys and minimizes
renal ischemic injury during cardiogenic shock. The
increased cardiac output may increase renal blood flow up
to 25%.** Indeed, studies using Doppler ultrasound have
shown a significant increase in renal blood flow during
IABP augmentation.*’

However, complications from IABP placement such as
arterial dissection, injury to the renal artery, and emboli,
juxta-renal balloon position, can decrease renal blood flow
and lead to renal injury. In practice, serum creatinine typi-
cally decreases following IABP initiation. If serum creati-
nine increases, juxta-renal balloon position or other
aforementioned complications should be investigated.

Hematological Effects

During use of IABP augmentation, the shear forces cre-
ated by balloon inflation and deflation may lead to a
mild thrombocytopenia and hemolytic anemia. Sudden
decrease in platelet level or levels <50 000 are unlikely
and other causes of thrombocytopenia should be
investigated.’*>%*’

Indications for Intra-Aortic Balloon
Pump

In the United States, it is estimated that IABP augmenta-
tion is used in approximately 30% of complex cardiovas-
cular procedures.*® However, there is much debate over
the evidence behind many of the clinical settings and indi-
cations for which IABP augmentation is used. The
Benchmark Registry demonstrates that the most frequent
indications for IABP placement are for hemodynamic sup-
port during or after cardiac catheterization (20%), cardio-
genic shock (19%), weaning from cardiopulmonary bypass
(16%), preoperative use in high-risk patients (13%), and
refractory unstable angina (12%).”

Acute Myocardial Infarction Without
Cardiogenic Shock

Early animal models and clinical studies suggested that the
use of an IABP may lead increased coronary blood flow
and ultimately smaller infarct size and more salvageable
myocardium.***' However, subsequent studies have pro-
duced inconsistent results.”” A retrospective study by
Mishra et al* illustrated that in high-risk patients undergo-
ing percutaneous coronary interventions (PCIs), preproce-
dure placement of an IABP to support hemodynamics is
considered safe and may improve outcomes. Use of IABPs
after PClIs for acute myocardial infarction does not appear
to have the same benefits.***

Other studies have failed to corroborate these findings
and suggest that there is no significant difference in out-
comes for patients treated with IABPs prior to PCI versus
PCI alone.***’ 1t should be noted, however, in the
“Counterpulsation to Reduce Infarct Size Pre-PCI
(CRISP)” trial by Patel et al,** 15 patients (8.5%) in the
PCl-alone group crossed over for rescue IABP therapy.
From this group, 4/15 died within 30 days.*® The authors
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ultimately concluded that rescue IABP therapy should be
available for high-risk patients undergoing PCL.*

Current ACC/AHA (American College of Cardiology/
American Heart Association) guidelines do not comment on
the use of IABPs for patients with acute myocardial infarc-
tion without cardiogenic shock.*® Given the lack of defini-
tive evidence, prophylactic use of IABPs in stable patients
with acute myocardial infarction is not recommended.

Acute Myocardial Infarction With Cardiogenic
Shock

Patients presenting with acute myocardial infarction com-
plicated by cardiogenic shock have mortality rates as high
as 30% to 75%.* Previous studies and meta-analyses have
suggested that the use of IABPs in this particular patient
population may improve outcomes.*”’ Current ACC/
AHA guidelines state that the use of IABP may be war-
ranted for patients who do not stabilize on pharmacother-
apy (class Ila, level of evidence B).**

One of the largest studies addressing this question, the
“Intra-aortic Balloon Support for Myocardial Infarction
with Cardiogenic Shock” (IABP-Shock-II) Trial, con-
cluded that the use of IABPs for patients with myocardial
infarction complicated by cardiogenic shock does not
reduce 12 month mortality.”' However, there are several
points to consider when interpreting the results of the
IABP-Shock 1II trial. First, the authors did not include per-
tinent clinical information in regards to how quickly the
patients underwent revascularization, the hemodynamic
status of the patients before and after IABP placement, and
timing of TABP insertion. With regard to the latter, only a
small percentage of patients received IABPs prior to myo-
cardial revascularization. Some may argue that the effects
of IABP augmentation may be greater when inserted prior
to reperfusion.**

Other limitations of the trial are related to study design
and include a small sample size that may not have been
adequately powered to assess for survival, excluding
mechanical causes of cardiogenic shock, and the fact that
left ventricular assist device use was not controlled.
Twice the number of patients in the control group required
placement of a left ventricular assist device for additional
support (7.5% vs 3.7%), which may have improved the
mortality rate in the control group. With regard to the
exclusion criteria, some studies have shown that early
use of IABPs in patients with postischemic mechanical
causes of cardiogenic shock may improve survival.” It is
possible that the results may have been different had this
group not been excluded. Additionally, there was a fairly
high crossover rate to the IABP group (10%), which may
have affected results. Interestingly, 4 patients from this
group crossed over due to the development of postisch-
emic mechanical complications. This study has also been

criticized for the high use of catecholamines and the fact
that relatively few patients actually had a systolic blood
pressure <90 mm Hg prior to randomization.

High-Risk Patients Undergoing Coronary
Interventions

The term coronary intervention can mean either PCls or
coronary artery bypass grafting (CABG) when analyzing
studies examining this topic. High-risk patients are defined
as those with pharmacologically uncontrollable angina,
patients with severe left ventricular dysfunction, patients
with left main coronary disease, patients undergoing multi-
vessel angioplasty, prior history of CABG surgery, and/or
age >70 years.””* For patients undergoing PCI, initial sin-
gle center, nonrandomized studies demonstrated that pro-
phylactic use of IABPs (vs rescue IABP or conservative
therapy) in high-risk patients undergoing PCI was associ-
ated with fewer complications and lower mortality.*’
However, the subsequent randomized controlled Balloon
Pump-Assisted Coronary Intervention Study (BCIS-I)
essentially found no differences in major adverse cardiac
and cerebrovascular events (MACCE) in high-risk patients
treated with elective IABP prior to PCI compared with those
who underwent PCI without planned IABP support.® Long-
term all-cause mortality data 51 months later showed that
patients treated with elective IABP placement had a 34% (P
=.039) reduction in risk of death.”” Based on these findings,
the current ACC/AHA guidelines recommend that elective
insertion of an IABP as an adjunct to PCI may be reasonable
in high-risk patients (class IIb, level of evidence C).**

Acute Right Ventricular Infarction With Shock

For patients with cardiogenic shock secondary to right
ventricular failure, immediate hemodynamic improve-
ments due to the augmentation provided by the IABP can
be seen.” The beneficial effects on RV performance pro-
vided by the IABP are because of mechanisms discussed
earlier. These findings can likely be extrapolated to include
patients with RV failure leading to inability to liberate
from cardiopulmonary bypass.

Patients Undergoing Coronary Artery Bypass
Graft Surgery

For patients undergoing CABG surgery, the preoperative
use of IABPs has been studied, however large-scale ran-
domize controlled trials are lacking. A recent Cochrane
review from 2011 that included 6 trials (5 of which were
from the same institution and author) suggested that preop-
erative placement of IABPs may reduce morbidity and
mortality in high-risk patients undergoing CABG surgery.”’
Decreased duration on cardiopulmonary bypass as well as
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Table 2. Intra-Aortic Balloon Pump Indications and
Contraindications.

Indications Contraindications

Cardiogenic shock Aortic regurgitation
Acute myocardial infarction Aortic dissection/aneurysm
Preoperative stabilization Patients with multiple organ
for: failure with no anticipated
recovery
Coronary artery bypass
graft
Noncardiac surgery
Acute mitral regurgitation
ventricular septal defect
Weaning from
cardiopulmonary bypass
Bridge to transplantation

Aortic stents or grafts
Septic shock

Severe peripheral vascular
disease or disease and/or
previous arterial stent at
potential sites of cannulation

Patient refusal or do not
resuscitate instructions

Hemodynamic stability
during percutaneous
coronary intervention

shorter length of stay in the intensive care units has also
been described for patients in whom IABPs were placed
preoperatively.®' Other IABP indications and contraindica-
tions are listed in Table 2.

Contraindications to Intra-Aortic
Balloon Pump

Notably, in patients with aortic regurgitation, [ABP infla-
tion during diastole will worsen the degree of regurgita-
tion, increase myocardial wall stress and decrease CPP and
DPTI. For patients with known or suspected aortic dissec-
tions (ascending or descending), placement of an IABP in
the false lumen can lead to further dissection or aortic rup-
ture (Table 2).

Insertion of Intra-Aortic Balloon
Pumps

Percutaneous IABP insertion commonly occurs at the fem-
oral artery using a Seldinger, over the wire, technique.
Percutaneous insertion through the brachial and radial
arteries has also been described.®*® When comparing sur-
gical (transthoracic, translumbar, iliac, subclavian, or axil-
lary artery) versus percutaneous approaches, the results
are inconclusive with some studies showing improved out-
comes with the percutaneous approach while others have
suggested decreased adverse events using a surgical
approach.®*®’ The limb with the strongest pulse and largest
artery should be utilized. Optimal positioning is confirmed
with imaging with the balloon tip in the descending

PORTABLE"

SUPINE

AP

Figure 3. An anterior—posterior chest radiograph
demonstrates a properly positioned intra-aortic balloon pump
tip (red arrow) sitting directly inferior to the left subclavian
artery take-off and at the level of the carina.

thoracic aorta, 2 to 3 cm distal to the subclavian artery
(Figure 1). On chest radiograph (Figure 3), optimal posi-
tion will be at the level of the carina or between the second
and third intercostal spaces.**® Proper positioning can also
be ascertained by transesophageal echocardiography
imaging. If the IABP is inserted too far, there is risk of
subclavian and vertebral artery occlusion. Alternatively, if
the TABP is not inserted far enough, mesenteric and renal
artery occlusion can occur.

Management of Intra-Aortic Balloon
Pumps

Physician and nursing education is a key component of miti-
gating IABP related complications (Table 3). In general,
adjustments will depend on the initial indications for IABP
placement. For patients in whom the IABP is placed to aug-
ment coronary blood flow, inflation and deflation times will
be adjusted in order to optimize the DPTI or myocardial
oxygen delivery. However, in patients with impaired left
ventricular function where the goal is to minimize ventricu-
lar wall stress and left ventricular afterload, the primary
focus will be to optimize the timing of deflation. In such
cases, the goal is to minimize presystolic pressures.

Console

While the exact console interface will vary depending on
the type of IABP, the general components are an internal
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Table 3. Points of Care for Patients With Intra-Aortic Balloon Pumps.

Necessary Evaluations

Other Considerations

e Hourly vital signs (from the console and bedside .
monitor) and urine output
e Mean arterial pressure .
e Peak unassisted systolic pressure .
e Peak diastolic augmented pressure .
e Balloon aortic end-diastolic pressure .
e Documentation of peripheral pulses to rule out .
ischemia or compartment syndrome
e Pain (disproportionate) .
e Pallor .
e Pulselessness .
¢ Poikiolothermia .

e Paresthesia

e Paralysis

e Monitor for signs of balloon rupture

e Monitor for signs of bleeding in anticoagulated patients

o Inspect catheter site for oozing or infection

e Daily laboratory tests

e Complete blood count

e Basic metabolic panel + arterial lactate

e Prothrombin time/partial thromboplastin time/
international normalized ratio

e Bed should always be <30°. For intubated patients,
ventilator-associated pneumonia protocol can still be
performed with reverse Trendelenburg position

e Do not use percussion vibration modules when intra-
aortic balloon pump is in place.

e Adequate patient sedation and analgesia.

e Log roll patient when changing bed sheets

e Never leave intra-aortic balloon pump in standby
mode except for short periods (<3 minutes) while
evaluating wean and/or pulling

Sudden changes in augmented pressure may suggest incorrect
inflation and deflation timing

Daily chest radiograph to monitor for migration

Decreased urine output may suggest catheter migration and
obstruction of the renal arteries

Decreased peak augmented diastolic pressure suggests distal
catheter migration

Loss of left radial pulse suggests proximal catheter migration and
obstruction of subclavian artery

Abdominal distention, bloody stools or abdominal hypertension
suggests mesenteric ischemia

Blood in helium tubing or intra-aortic balloon failure suggests
balloon rupture. If rupture confirmed:

Support hemodynamics

Stop intra-aortic balloon, clamp helium line to prevent gas
embolism and prepare to remove balloon

Anemia (hemolysis) and thrombocytopenia are common. Never
take blood samples from intra-aortic balloon pump pressure line

computer, monitor and touch pad. The operator must set
the desired augmentation ratio. The trigger source and bal-
loon inflation and deflation timing may also be adjusted by
the user or the device can set these parameters based on
aortic flow calculations on a beat-to-beat basis. The inner
lumen of the IABP connects to the fluid transducer that
allows pressures to be displayed.

Electrocardiogram (ECG) leads are also directly con-
nected to the console and are used to detect cardiac
rhythms as an additional tool in order to optimize balloon
inflation and deflation. The console also has multiple
alarms to detect leaks within the circuit, blood in the gas
line, loss of gas in the outer lumen, and loss of trigger
signals.

Intra-Aortic Balloon Pump Triggers

Electrocardiography Trigger. Physiologically, inflation and
deflation of the IABP will coincide with the closing and
opening of the aortic valve, respectively. The IABP will
be triggered to deflate during systole once the peak of the
R wave is sensed. IABP inflation will be triggered to
occur in the middle of the T wave, which corresponds
with diastole. The sensing of the R wave (sensed by
height and slope) is dynamic and specifics will vary
between manufacturers. During cases of poor ECG qual-
ity or arrhythmias, the ECG triggering mode becomes
less reliable and other modes may be needed to ensure
optimal IABP augmentation.
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Table 4. Common Intra-Aortic Balloon Pump Modes of Operation.

Automatic Semiautomatic Manual
e Computer sets trigger source e Operator sets trigger source o Operator sets trigger source
e Computer sets inflation and e Operator sets initial inflation and deflation e Operator sets inflation and deflation

deflation times
timing intervals
e Trigger automatically searches .
for most optimal source if
initial trigger is not detected
e Optimal ECG leads: I, II, 1l

times. Computer will determine subsequent

Optimal ECG leads: |, II, lll, AVR, AVL, AVF, V

times

Timing must be adjusted based on
underlying heart rate and rhythm

e Optimal ECG leads |, II, lll, AVR,
AVL, AVF, V

Pressure Trigger. The pressure trigger mode is often used in
situations of poor ECG quality or inability of the IABP to
appropriately sense left ventricular systole and diastole.
During the pressure mode, the arterial pressure waveform
is used to trigger IABP inflation and deflation. As previ-
ously stated, IABP augmentation coincides with opening
and closing of the aortic valve. On the pressure waveform,
aortic valve closure corresponds with the dicrotic notch
while aortic valve opening corresponds to the point imme-
diately before the systolic upstroke.

Internal Trigger (Operator Mode). The internal trigger mode
is an asynchronous trigger mode that is usually set to aug-
ment at a heart rate of 80 beats/min (range 40-120 beats/
min). This mode is only to be used in situations where
there is no cardiac output and no ECG, such as cardiac
arrest or cardiopulmonary bypass. During the latter, there
is literature to suggest that pulsatile flow may improve
whole body perfusion.®”

Pacer Triggers. Pacer ventricular (V)/Atrioventricular (AV)
trigger mode initiates JABP augmentation based on the
ventricular spike. The V pacing and AV pacing modes are
set to fixed rates and should not be used for demand pac-
ing. To use the V pacing and AV pacing trigger modes, the
patient should have a 100% paced rhythm.

Atrial Fibrillation Trigger. Atrial fibrillation trigger mode is
found on some IABP consoles. During this mode, com-
puter will analyze the height and slope of both a positively
or negatively deflected QRS complex. The pump will
determine the deflation time by sensing an R wave. This
mode also rejects pacer spikes and artifact.

Maodes of Operation

Modes of operation will vary depending on manufacturer.
Common modes include automatic, semiautomatic, and
manual (Table 4). In general, during automatic mode, the
IABP computer will determine the most optimal trigger
source and inflation/deflation timing will automatically be

set. Modern devices use fiber-optic technology (as com-
pared with older models, which rely on fluid transducers) to
automatically calibrate and recalibrate balloon inflation and
deflation. Most devices can match inflation of the balloon to
within 12 milliseconds of the time of aortic valve closure
even with severe arrhythmias. Figure 2 demonstrates opti-
mal balloon inflation and deflation pressure tracings.

Suboptimal inflation and deflation times can have sig-
nificant negative hemodynamic consequences (Figure 4).
Table 5 illustrates the waveform characteristics and poten-
tial physiological effects from inappropriate balloon
pumping timing. Of note, the IABP must be placed in 1:2
or less augmentation in order to compare unassisted to
assisted waveforms.

During semiautomatic mode, the operator will select
the appropriate trigger and initial inflation/deflation tim-
ing. Thereafter, the device will automatically determine
timing based on heart rate and rhythm changes. During
manual mode, the operator sets both the trigger source and
inflation/deflation times and must adjust them for changes
in heart rate or rhythm.

Weaning the Patient From Intra-
Aortic Balloon Pump Support

As the patient’s hemodynamic status improves, weaning
the IABP should be considered. Weaning is typically done
in a staged fashion (as opposed to abrupt discontinuation)
over several hours by gradually decreasing the ratio of
augmentation from 1:1 to 1:2 to 1:3, or 1:4. Some devices
offer a 1:8 setting; however, this setting likely need not be
used as it carries a high risk of thrombosis and adequate
weaning information can be gained from 1:3 augmenta-
tion. Of note, it is not recommended to remain on settings
of 1:3, 1:4, and especially 1:8 for prolonged periods of
time (>30 minutes) because of high risk of catheter throm-
bosis. In fact, it is advisable to systemically anticoagulate
patients who require these settings for a sustained (multi-
ple hours to days) weaning trial.

Once in a 1:2 or 1:3 setting for approximately 30
minutes, data pertaining to cardiac function (mixed venous,
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Figure 4. Intra-aortic balloon pump (IABP) timing errors: This figure illustrates the differing timing errors that can occur with
inappropriate IABP inflation and deflation. Early inflation, the IABP inflates prior to the aortic valve closure (before the dicrotic
notch; A). During late inflation, the IABP inflates after the aortic valve closure (after the dicrotic notch; B). Early deflation, the IABP
deflates during diastole (C). Late deflation, the IABP deflates while the aortic valve is opened (during systole; D). Modified with

permission from Maquet Cardiovascular LLC.

echocardiography, cardiac indices, pulmonary capillary
occlusion pressure, serum lactate, and urine output) should
be monitored and compared with pre-weaning values.
Inotropic support may need to be added or increased during
weaning. Typically, the systolic blood pressure will increase
as support is weaned due to lack of afterload reduction; how-
ever, this is not a sensitive parameter for weaning an IABP.

If weaning parameter goals are not achieved or the patient
demonstrates worsening cardiac function, the IABP can be
placed back into a 1:1 augmentation setting and the weaning
trial can be repeated when the patient has again shown signs
of improvement or perhaps with addition of inotropy. After
multiple failed weaning attempts, consideration of another
form of ventricular assist device is warranted.

If it is determined that the balloon pump can be safely
removed, coagulation status (international normalized ratio,
partial thromboplastin time, platelet count) should be within
normal or near-normal levels prior to removal. Removal of
an IABP can have very deleterious results. Approximately,
half of all vascular injuries associated with IABP use occur
at the time of placement or removal.”' Hematomas at the
site, pseudoaneurysm formation and retroperitoneal bleed

can all have dire consequences for these patients. [ABP
insertion site holding pressure manually should be done
with a “no peek” technique for approximately 45 minutes.
Stabilizing pressure devices may be instituted in some cen-
ters after manual compression. During this time, it is pru-
dent to monitor lower extremity pulses to ensure circulation
is maintained with the compression. Other details concern-
ing removal are presented in Table 6.

Systemic Anticoagulation

There are no standardized recommendations for anticoagu-
lating patients with TABPs, assuming the IABP is not left in
a 1:3 or less augmentation mode for long periods of time.””
It is likely best practice to individualize antithrombotic ther-
apy on a patient by patient basis.”® If the patient is consid-
ered at risk of thrombosis or if the IABP is planned to be left
in weaning mode (1:3 or less augmentation) for greater than
approximately 30 minutes, systemic anticoagulation should
be considered. As a rule, the JABP should never be left in
stand-by mode (no inflations) unless it is being removed.
Nonheparinized animal models have demonstrated clot
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Table 5. Inappropriate Timing of Intra-Aortic Balloon (IAB) Inflation and Deflation.

Too Early Too Late
Inflation IAB inflates before the aortic valve closes: IAB inflates late in the diastolic cycle:
Woaveform characteristics Waveform characteristics
o |AB inflates prior to dicrotic notch e |AB inflates after the dicrotic notch
e Diastolic augmentation encroaches onto systole e Absence of sharp V
e Suboptimal diastolic augmentation
Potential physiological effects Potential physiological effects
e Premature closure of the aortic valve e Suboptimal coronary artery perfusion
e Aortic regurgitation e Decreased diastolic pressure time index
e Decreased:
e Cardiac output
e Increased:
e Left ventricular afterload
e Myocardial oxygen demand
e Left ventricular end-diastolic pressure
e Left ventricular end-diastolic volume
e Pulmonary capillary wedge pressure
Deflation IAB deflates before the end of diastole: IAB inflates during a portion of the systolic cycle:

Woaveform characteristics
e Deflation of IAB is seen as a sharp drop
following diastolic augmentation
e Suboptimal diastolic augmentation
e Assisted aortic end diastolic pressure may be
equal to or less than the unassisted aortic end
diastolic pressure
e Assisted systolic pressure may rise
Potential physiological effects
e Suboptimal coronary artery perfusion
e Potential for retrograde coronary and carotid
blood flow
Suboptimal afterload reduction
Increased myocardial oxygen demand
Decreased diastolic pressure time index

Waveform characteristics
e Assisted aortic end diastolic pressure may be equal
to the unassisted aortic end diastolic pressure
e Rate of rise of assisted systole is prolonged
e Diastolic augmentation may appear widened

Potential physiological effects
e Afterload reduction is essentially absent
e Increased myocardial oxygen consumption because of
the left ventricle ejecting against a greater resistance
and a prolonged isovolumetric contraction phase
e Impeded left ventricular ejection and increased left
ventricular afterload

formations when the balloon remains deflated for greater
than 20 minutes.”* The basis for anticoagulation is because
of the risk of local clot formation around the balloon in the
aorta, which could have dire consequences of systemic
embolization. Additionally, systemic anticoagulation may
potentially decrease the incidence of limb ischemia because
of slower blood flow in limb with the IABP cannula.

Intra-Aortic Balloon Pump
Troubleshooting and Complications

Table 7 lists common problems that can occur with an
IABP. If the IABP ceases to offer assistance, inotropic and
vasopressor agents should be readily available while the
troubleshooting takes place. There are multiple complica-
tions which can be categorized into 2 main groups: vascular
and TABP related (Table 8). Based on data from the

Benchmark Registry and other observational studies, the
most common complications are vascular injury, infection,
and balloon malfunction.”®**">’® Major risk factors for
developing IABP related complications are listed in
Table 9."° With regard to ischemic limb injury, common
causes include emboli, dissection, or occlusion during bal-
loon inflation. Patients should routinely be monitored for
signs of limb ischemia by pulse palpation as well as end
organ ischemia. Adequate patient sedation and analgesia
are necessary to minimize the risk of device migration, can-
nula kinking, or removal of the cannula by the patient.
Sheathless balloon insertion in addition to smaller
balloon and catheters sizes have been advocated by some
experts as a way to help decrease the incidence of vascu-
lar related complications.”” In patients at significant risk
for developing limb ischemia— or vascular-related
complications (diabetes mellitus, peripheral vascular
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Table 6. Weaning Intra-Aortic Balloon Pump (IABP) Support.

Commonly Used Criteria to Identify Patients Ready for IABP Weaning

Weaning Strategies

Resolution (or resolving) of cardiogenic shock
e Little to no pharmacological inotropic support

e Check heart function on transthoracic echocardiography/
transesophageal echocardiography
e Down trending arterial lactate

e Cardiac index >2 L/min/m?
° SvO2 >65%

Resolution of vasodilatory shock
e Little to no pharmacological pressor support
e Mean arterial pressure >65 mmHg

Heart rate <100 beats/min

Urine output >0.5 mL/kg/h

Weaning (completed over 30 minutes to several hours)

e Monitor pulmonary capillary wedge pressure,
cardiac indices, SvO_, arterial lactate, urine output,
echocardiography

Augmentation ratio

e |:| > 1:2 > 1:3. Once at |:3, monitor
hemodynamics for approximately 30 minutes.
(Minimal augmentation settings of 1:4 and 1:8 should
be used with caution for prolonged periods without
systemic anticoagulation because of high risk of
catheter thrombosis)

Removal:

e Discontinue heparin infusion

e Check prothrombin time/partial thromboplastin
time/international normalized ratio and platelets
(>50 000)

e Supplies: Suture removal kit, pressure dressing

e Turn off balloon pump (balloon should deflate
automatically)

e For added safety: Can ensure collapse by manual
deflation with a 60-mL syringe

o Pull out balloon and allow a couple beats of bleed in
order to flush out any clots

e Apply pressure for 245 minutes (“no peek”)

e Check foot pulses intermittently while holding
pressure

e Apply pressure dressing

¢ Monitor for limb ischemia or hematoma for 24
hours

e Patient should remain flat for 6 hours

o Consider operative removal for catheters in place
for >3-5 days

e Balloon entrapment
o Conservative:

¢ Intraluminal streptokinase with heparinized
saline flush
o Surgical removal:
e Computed tomography angiogram and
vascular surgery consult

disease), the use of a sheathless introducer may decrease
the risk of limb ischemia.”

Duration of Intra-Aortic Balloon
Pump Treatment

One study followed patients with ST elevation myocardial
infarctions in whom an IABP was placed for hemodynamic
stability after PCI. In this group of patients, IABP use for
greater than 2 days resulted in a significant increase in
complications (vascular injury, bleeding, gastrointestinal

bleeding) as compared with those in whom the IABP was
in place for less than 2 days (66% vs 18%; P <.05).”

However, in studies analyzing the use of IABPs as a
bridge to heart transplantation, patients treated with IABPs
had few IABP related complications and no difference in
mortality when compared with a control group. Long-term
survival rates up to 1 year were also similar between the 2
groups. The average number of IABP treated days was 21
with some patients requiring IABP replacement.®
Currently, there are no specific recommendations concern-
ing optimal duration of [ABPs.
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Table 7. Management of Common Intra-Aortic Balloon Pump (IABP) Problems.

Common Console Alarms Management

No trigger Unable to sense trigger mode
e Switch to alternative mode (electrocardiography or pressure)
e Reconnect electrocardiogram leads or pressure cable

IABP disconnected The IABP extension tubing has been disconnected
e Reconnect tubing
o Refill the IAB with gas
¢ Restart IABP

Rapid gas loss Leak within the IAB circuit
e Check Extension Tubing
e Potential hole or leak in IAB
e Blood in tubing suggests IAB rupture and IABP should be removed

Check IAB catheter Kink in IAB catheter or tubing
¢ Relieve any kinks
IAB remains within sheath
e Check IAB markings; Consider withdrawing sheath
Balloon does not completely unfold.
e Ensure full augmentation is on. Consider manual inflation and deflation of balloon

Low helium Critically low levels of helium. Less than 24 |AB fills remaining
o Replace cylinder. Make sure yoke is fully tightened

IABP failure Failure within the IABP console/computer
e Rule out electrical malfunction or blood in the condensers

Augmentation below limit set Alarm limit set too high
e Lower alarm limit.
Sudden change in hemodynamics: mean arterial pressure, stroke volume, heart rate
e Treat accordingly and consider adjusting limit
e Search for signs of balloon displacement

Table 8. Complications of Intra-Aortic Balloon Pump (IABP) Treatment.

Vascular IABP Related

Ischemia Balloon rupture (secondary to calcified plaques)
o Visceral (bowel, renal) e Gas embolism

e Extremity ¢ Hematological

e Compartment syndrome e Hemolysis

e Spinal cord Ischemia e Thrombocytopenia

e Cerebrovascular accident

Arterial injury Balloon entrapment

e Dissection Infection/sepsis

e Aneurysm/pseudoaneurysm

e Laceration

e Hemorrhage

e Hematoma

Cardiac tamponade

Thrombosis

Accidental femoral vein cannulation

Downloaded from scv.sagepub.com at University of Maryland Baltimore Health Sci & Hum Serv Lib on May 14, 2015



118

Seminars in Cardiothoracic and Vascular Anesthesia 19(2)

Table 9. Risk Factors for Intra-Aortic Balloon Pump Complications.

Major

Minor

Peripheral vascular disease
Diabetes mellitus

Female gender

Sheathed catheter

Age >70 years

Smoking

Low cardiac output

Cardiogenic shock

Obesity

Inotropic support

Hypertension

Increased systemic vascular resistance
Ankle-brachial pressure index <0.8

Intra-Aortic Balloon Pump With
Dysrythmias and Advanced Cardiac
Life Support

For patients with tachycardia, augmentation can be hin-
dered by insufficient balloon filling time. If IABP augmen-
tation is necessary, treatment should be aimed at slowing
the heart rate. During atrial fibrillation, the IABP should
set to trigger in the atrial fibrillation mode (or,
secondarily, ECG mode), which will automatically deflate
the balloon when an R wave is sensed, despite R-R
variability.

During cardiac arrest, the IABP should be placed on the
pressure trigger mode and the pressure threshold should be
reduced. This will improve the ability of the IABP to syn-
chronize augmentation during chest compressions. ECG
trigger mode can also be used if the patient has QRS com-
plexes. If chest compressions are unable to trigger the IABP
during pressure or ECG mode is not applicable, then the
IABP can be placed on standby but should not be left in this
mode for longer than the arrest due to risk of thrombosis.
The internal trigger mode can also be used but may lead to
asynchronous counterpulsation with return of cardiac func-
tion. During defibrillation, it is important to ensure that all
staff are also clear from the IABP console or any the con-
nections. The TABP can be continued during defibrillation.

Intra-aortic balloon pumps have been used with success
in patients on extracorporeal membrane oxygenation. A
recent retrospective analysis of 54 patients with acute heart
failure treated with both venoarterial extracorporeal mem-
brane oxygenation and an IABP illustrated a potential syn-
ergistic effect as evidenced by improvement in mean
arterial pressure, central venous pressure, arterial lactate
levels, and mixed venous oxygen saturation.®'

Limitations of Intra-Aortic Balloon
Pumps
Unlike other cardiac assist devices, IABPs indirectly affect

left ventricular function by maximizing myocardial oxy-
gen supply and minimizing myocardial oxygen demand.

This is in comparison with a ventricular assist device that
acts as a pump to support the heart and promote forward
flow. In cases of severe cardiogenic shock where the ejec-
tion fraction is <20%, ventricular assist devices may be
needed to ensure systemic perfusion.

Summary

Intra-aortic balloon pumps continue to be the most widely
used cardiac support devices. Through counterpulsation,
IABPs indirectly affect myocardial function by maximizing
oxygen supply and minimizing myocardial oxygen demand,
thus benefitting many patients in cardiac extremis. While
multiple myocardial assist devices exist, large, randomized
controlled trials are yet to determine the most optimal device
in specific situations. In select patient populations, I[ABPs
may provide the life-sustaining bridge to a more definitive
therapy.
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