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Abstract We investigated the effects of intra-aortic balloon
pump (IABP) counterpulsation on left ventricular (LV) con-
tractility, relaxation, and energy consumption and probed the
underlying physiologic mechanisms in 12 farm pigs, using an
ischemia-reperfusion model of acute heart failure. During
both ischemia and reperfusion, IABP support unloaded the
LV, decreased LVenergy consumption (pressure-volume area,
stroke work), and concurrently improved LV mechanical per-
formance (ejection fraction, stroke volume, cardiac output).
During reperfusion exclusively, IABP also improved LV re-
laxation (tau) and contractility (Emax, PRSW). The beneficial
effects of IABP support on LV relaxation and contractility
correlated with IABP-induced augmentation of coronary
blood flow. In conclusion, we find that during both ischemia
and reperfusion, IABP support optimizes LVenergetic perfor-
mance (decreases energy consumption and concurrently im-
proves mechanical performance) by LV unloading. During
reperfusion exclusively, IABP support also improves LV con-
tractility and active relaxation, possibly due to a synergistic
effect of unloading and augmentation of coronary blood flow.

Keywords Intra-aortic balloon pump . Counterpulsation .

Mechanical circulatory support . Acute heart failure .

Pressure-volume loops

Introduction

The intra-aortic balloon pump (IABP) [1] remains the most
widely used cardiac assist device, particularly in the setting of
cardiogenic shock after myocardial infarction or cardiac sur-
gery [2]. While the effects of IABP support on hemodynamics
and traditional indices of left ventricular (LV) mechanical
performance in the setting of acute heart failure are well
documented [3], its effects on LV contractility, relaxation,
and energy consumption have been underinvestigated and
results to date have been conflicting [4–7]. In addition, the
physiologic mechanisms which underlie the effects of IABP
support remain poorly characterized. Despite the fact that
there is lack of direct connection between the IABP and the
LV itself (since the balloon is placed in the descending aorta
and its inflation and deflation occur while the aortic valve is
shut), IABP-induced effects on cardiac load, coronary blood
flow, and autonomic nervous system could indirectly impact
on LV mechanoenergetics. In the present study, we aimed to
assess the effects of IABP support on LV contractility, relax-
ation, and energy consumption, and to elucidate the underly-
ing physiologic mechanisms, in a porcine ischemia-
reperfusion model of acute heart failure. We also investigated
potential differences of IABP-induced effects on LV
mechanoenergetics during the different phases of ischemia
and reperfusion.

Methods

Surgical Procedures

The experimental protocol was approved by the Institutional
Review Board of Alexandra General Hospital, Athens,
Greece. Twelve farm pigs weighing 30–40 kg were studied.
For the last 5 days prior to the experimental procedure, pigs
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were pretreated with ivabradine (1 mg/kg) to decrease heart
rate (allowing for better synchronization of the IABP). On the
day of the experiment, animals were premedicated with
15 mg/kg of ketamine hydrochloride IM and 0.5 mg/kg of
midazolam IV. Anesthesia was induced with 9 mg/kg of
thiopental sodium IV and 0.5 mg of fentanyl citrate IV, and
maintained by a continuous, IV infusion of 3 mg/kg/h of
thiopental sodium, 0.03 mg/kg/h of fentanyl citrate, and
0.25 mg/min of pancuronium bromide. Once anesthetized,
animals were intubated and placed on a surgical table in a
supine position. Leads were placed on the extremities for
continuous ECG monitoring and IABP triggering, and body
temperature was maintained with a heating blanket.

Arterial pressure was measured with a catheter placed in
the left carotid artery. Midline thoracotomy was performed,
the chest was opened, and the heart was suspended in a
pericardial cradle. A 5 F Millar pressure-tip catheter (SPR-
350S, Millar Instruments, Houston, TX) was placed in the LV
through an apical incision. Six piezoelectric crystals
(Sonometrics Corporation, London, Canada) were implanted
in the LV subepicardium; four crystals were implanted
circumferentially in the mid-LV, one was implanted at the
LVapex, and one at the LV base. LV volumes were calculated
by a three-axis ellipsoid model based on the distance between
the LVwalls measured by the implanted piezoelectric crystals.
The proximal left anterior descending (LAD) artery (proxi-
mally to the first diagonal branch) was dissected free, and a
ring-shaped Doppler flow probe (ΜediStim Ιnc, PS100022)
was placed around the vessel to measure blood flow. A 25-ml
intra-aortic balloon (Datascope, Linear) was placed in the
descending aorta via the right carotid artery. An elastic tape
was placed around the inferior vena cava, allowing for gradual
and partial occlusion of the vessel (to decrease cardiac pre-
load). Heparin 100 IU/kg IV was given for anticoagulation,
and arrhythmias were suppressed by continuous, IV infusion
of 1 mg/min lidocaine. A photograph of the experimental
setup is provided in Fig. 1a.

Experimental Protocol

The experimental protocol is depicted schematically in
Fig. 1b. After 15 min of hemodynamic stabilization, ventila-
tion was suspended at the end of expiration and baseline
measurements of arterial and LV pressures, heart rate, ejection
fraction (EF), stroke volume (SV), cardiac output (CO), dP/dT
max, dP/dT min, time constant of pressure decay during
isovolumic relaxation (tau), and distances between piezoelec-
tric crystals (for LV volume calculation) were recorded using
the SonoLab® software (Sonometrics Corporation, London,
Canada). Then, the inferior vena cava was gradually and
partially occluded, a family of pressure-volume loops (at
decreasing preload) was obtained (Fig. 1c), and the end-
systolic pressure-volume relationship (ESPVR) and end-

diastolic pressure-volume relationship (EDPVR) were record-
ed. From the slope of the ESPVR, the load-independent index
of contractility maximum elastance (Emax) was calculated;
from the EDPVR, the LV chamber stiffness constant (Kc) was
calculated. From the family of loops (obtained at decreasing
preload), the load-independent index of contractility preload-
recruitable stroke work (PRSW) was calculated. Myocardial
ischemia was then induced by ligation of the proximal LAD
artery for 1 h, followed by 2 h of reperfusion. At 20, 40, and
60 min of ischemia and at 20, 40, 60, 80, 100, and 120 min of
reperfusion, ventilation was suspended at the end of expiration
and the following parameters were measured without IABP
support: aortic and LV pressures, heart rate, double product
(systolic arterial pressure×heart rate), EF, SV, CO, dP/dT
max, dP/dT min, tau, stroke work (external work, the area
within the pressure-volume loop), LAD artery blood flow, and
distances between piezoelectric crystals (for LV volume cal-
culation). Then, the inferior vena cava was gradually and
partially occluded and the ESPVR (from which Emax was
calculated) and EDPVR (from which Kc was calculated) were
recorded and PRSWwas calculated. From the ESPVR and the
EDPVR, pressure-volume area (the area contained within the
ESPVR, EDPVR, and the systolic segment of the pressure-
volume loop) was calculated. Pressure-volume area is an
indirect index of total LV energy consumption, as it has been
shown to linearly correlate with myocardial oxygen consump-
tion [8]. The ratio of stroke work to pressure-volume area was
calculated as an index of efficiency of LV mechanoenergetic
performance [9]. Afterwards, the IABP was turned on for
5 min (1:1 assist ratio, synchronization by ECG triggering)
and all the aforementioned parameters were measured after
5 min of IABP support (with the IABP on). The experiment
was terminated after 2 h of reperfusion by electrical fibrillation
of the heart. Data were analyzed with the CardioSoft Pro®

software (Sonometrics Corporation, London, Canada).

Validation of Sonomicrometry for Measuring Changes in EF

While multicrustal sonomicrometry has been used for decades
for real-time LV volume assessment in pressure-volume anal-
ysis [10–12], the three-axis ellipsoid sonomicrometry-based
model used in the present study has not been validated for
measuring changes in LVEF. We performed a separate study
in order to compare sonomicrometry and transthoracic echo-
cardiography for assessment of LVEF in a porcine model of
ischemic cardiomyopathy. Detailed methods and results are
provided in the supplement. We found that, while
sonomicrometry consistently underestimated absolute LVEF
values compared to transthoracic echocardiography, the
sonomicrometric and echocardiographic measurements of
LVEF correlated strongly (R2 0.959, p<0.001) (Supp Fig 5).
These results validate the use of our sonomicrometry-based
approach for measuring dynamic changes in LVEF (but not
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absolute LVEF values) in response to hemodynamic interven-
tions (e.g., IABP counterpulsation in the present study).

Statistical Analysis

Data are presented as mean±standard deviation in the text and
tables and as mean±standard error of the mean in the figures.
Data obtained from the same recordings (without and after

5 min of IABP support) were compared using paired t test.
IABP-induced effects were compared between ischemia and
reperfusion using independent-samples t test. Differences be-
tween baseline, ischemia, and reperfusion were tested using
one-way ANOVA. The coefficient r was calculated to exam-
ine the presence of correlations between variables by linear
regression analysis. All tests were two sided, and a p value
<0.05 was considered statistically significant.

Fig. 1 a Experimental
preparation. b Schematic
depiction of the experimental
protocol. c Measured parameters.
With transient IVC occlusion, a
family of loops is obtained,
enabling measurement of load-
independent indices. ArtP arterial
pressure, CVP central venous
pressure, LVP left ventricular
pressure, LVV left ventricular
volume. d Acute heart failure
induction. Ligation of the
proximal LAD resulted in
induction of acute heart failure,
manifested as a dramatic increase
in LVend-diastolic pressure and a
rightward and upward shift of the
pressure-volume loop. Red points
mark end diastole
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Results

Induction of Acute Heart Failure

Ligation of the proximal LAD resulted in induction of acute
heart failure, manifested as a dramatic increase in LV end-
diastolic pressure (baseline 12.5±4 mmHg, ischemia 21.4±
6 mmHg, reperfusion 21.8±4 mmHg, p<0.001 [Supp
Table 1]) and a shift of the pressure-volume loop to the right
and up (Fig. 1d), during both ischemia and reperfusion. Car-
diac output, EF, and SV decreased significantly during ische-
mia and reperfusion compared to baseline [Supp Table 1].
Indices of systolic (dP/dT max, Emax, PRSW) and diastolic
function (dP/dT min, tau, Kc stiffness constant) deteriorated
significantly during ischemia and reperfusion compared to
baseline (Supp Table 1).

IABP Support Optimizes Energetic Performance
of the Failing LV

During both ischemia (Table 1) and reperfusion (Table 2),
IABP support provided, as expected, mechanical unloading
of the failing LV, manifested as a significant decrease in LV
afterload (i.e., systolic and end-diastolic arterial pressure
[Supp Fig 1A,1B]), LV end-diastolic pressure (Supp
Fig 1C), and LV double product (Supp Fig 1D). Supp Fig 2
shows representative arterial and LV pressure waveforms
without and with IABP counterpulsation; despite the IABP-

induced decrease in systolic and end-diastolic arterial pres-
sure, mean arterial pressure remained unchanged with IABP
support during both ischemia (Table 1) and reperfusion
(Table 2) due to diastolic arterial pressure augmentation
provided by the IABP (Supp Fig 2). IABP support had
no effect on heart rate.

During both ischemia (Table 1) and reperfusion (Table 2),
IABP support improved the mechanical performance of the
failing LV, manifested as a significant increase in LVEF
(Fig. 2a), SV, and cardiac output. Importantly, the IABP-
induced enhancement of mechanical performance was accom-
panied by a concurrent decrease in stroke work (external
work, Fig. 2b) and total LV energy consumption (pressure-
volume area, Fig. 2d). Figure 2c shows representative
pressure-volume loops without and after 5 min of IABP
support during reperfusion. The pressure-volume loop shifts
to the bottom and left after IABP support, resulting in optimi-
zation of LV mechanoenergetics; SV and EF increase and at
the same time stroke work (external work) decreases. In
addition, during both ischemia (Table 1) and reperfusion
(Table 2), IABP support improved the efficiency of LV
mechanoenergetic performance, manifested as a significant
increase in the ratio of stroke work to pressure-volume area
(Fig. 2e). Figure 2f shows representative families of pressure-
volume loops (at decreasing preload) without and after 5 min
of IABP support during reperfusion. IABP support decreases
total LV energy consumption (decreases pressure-volume ar-
ea) and concurrently optimizes LV mechanoenergetic

Table 1 Effects of IABP support
on hemodynamics, left ventricu-
lar mechanical performance, con-
tractility, relaxation, and energy
consumption during ischemia

Ischemia

IABP off IABP on p

Systolic arterial pressure mmHg 121.1±22 109.6±21 <0.001

End-diastolic arterial pressure mmHg 88.2±23 82.0±22 0.002

Mean arterial pressure mmHg 105.2±23 104.5±22 0.697

LVend-diastolic pressure mmHg 21.4±6 18.9±5 <0.001

Heart rate bpm 105.5±11.8 104.6±14 0.372

Double product mmHg×bpm 12,894.6±3053 11,629.0±3099 <0.001

Stroke work mmHg×ml 2169.6±674 2084.7±706 0.008

PVA mmHg×ml 5359.8±1371 4857.2±1595 0.008

Stroke work/PVA % 44.1±7 47.4±9 0.021

Ejection fraction % 23.7±8 25.6±7 <0.001

Stroke volume ml 22.4±6 24.4±7 0.002

Cardiac output l/min 2.36±0.7 2.53±0.7 0.011

dP/dT max mmHg/s 1550.7±436 1474.3±432 0.039

dP/dT min mmHg/s −1621.8±469 −1493.8±446 <0.001

Emax mmHg/ml 2.18±0.6 2.14±0.7 0.446

PRSW mmHg 52.8±9 54.5±10 0.366

Tau ms 53.0±20 52.1±22 0.409

Kc ml−1 0.061±0.02 0.064±0.02 0.481
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efficiency (improves the ratio of stroke work to pressure-
volume area).

IABP Support Improves LV Contractility and Relaxation
During Reperfusion Exclusively

During both ischemia (Table 1) and reperfusion (Table 2),
IABP support induced a significant decrease in dP/dT max
(Supp Fig 3A, Supp Fig 4A) and a significant increase in dP/
dT min (Supp Fig 3B, Supp Fig 4B). Since (a) dP/dT max and
dP/dT min are load-dependent indices (they improve as
afterload increases) [13, 14] and (b) IABP support decreased
LVafterload during ischemia and reperfusion (Tables 1 and 2),
we investigated whether the changes in dP/dT max and dP/dT
min observed during IABP support were associated with
IABP-induced decreases in cardiac afterload. We found that
the changes of dP/dT max and dP/dT min after IABP support
correlated significantly with IABP-induced decreases in sys-
tolic and end-diastolic arterial pressure (indices of cardiac
afterload) (Supp Fig 3C-F, Supp Fig 4C-F), during both
ischemia and reperfusion. Thus, the decrease in dP/dT max
and the increase in dP/dT min observed during IABP support
should be attributed to mechanical unloading (i.e., reduction
of cardiac afterload) provided by the IABP, rather than be
interpreted as IABP-induced deterioration of LV systolic and
diastolic function.

We then investigated the effect of IABP support on load-
independent indices of LV contractility (Emax, PRSW) and

relaxation (tau, chamber stiffness constant Kc); these indices
are relatively impervious to changes in cardiac afterload [15,
16] and therefore enable true assessment of IABP effects on
systolic and diastolic function. With regard to indices of
contractility, IABP support did not exert any significant effect
on Emax or PRSW during ischemia. However, during reper-
fusion, IABP support induced a significant increase in Emax,
manifested as a steeper slope of the ESPVR (Fig. 3a), and in
PRSW, suggesting an improvement in LV contractility
(Fig. 3b, c). With regard to indices of diastolic function, IABP
support improved active relaxation (manifested as a decrease
in tau) during reperfusion but not during ischemia (Fig. 3d);
chamber stiffness constant Kc (a marker of passive diastolic
myocardial properties) did not change significantly after IABP
support, neither during ischemia (Table 1) nor during reperfu-
sion (Table 2).

Increased Benefits of IABP During Reperfusion Are
Associated with IABP-Induced Augmentation of Coronary
Blood Flow

A comparison of IABP-induced effects on hemodynamics and
LV mechanoenergetics between the different phases of ische-
mia and reperfusion is provided in Table 3 and Fig. 4. As
highlighted in Figs. 3 and 4, IABP significantly improved LV
active relaxation (tau) and contractility (Emax, PRSW) during
reperfusion exclusively. In addition, IABP support induced a
greater increase in cardiac output and a more profound

Table 2 Effects of IABP support
on hemodynamics, left ventricu-
lar mechanical performance, con-
tractility, relaxation, energy con-
sumption, and LAD blood flow
during reperfusion

Reperfusion

IABP off IABP on p

Systolic arterial pressure mmHg 114.7±15 101.5±13 <0.001

End-diastolic arterial pressure mmHg 86.3±13 74.1±15 <0.001

Mean arterial pressure mmHg 101.6±15 100.7±14 0.205

LVend-diastolic pressure mmHg 21.8±4 17.7±3 <0.001

Heart rate bpm 108.2±7.2 107.5±7.2 0.230

Double product mmHg×bpm 12,395.1±1769 10,934.8±1578 <0.001

Stroke work mmHg×ml 2043.6±654 1789.6±603 <0.001

PVA mmHg×ml 4956.0±1474 4001.4±1299 <0.001

Stroke work/PVA % 43.6±7 48.7±8 <0.001

Ejection fraction % 22.4±6 25.0±5 <0.001

Stroke volume ml 22.2±6 24.8±6 <0.001

Cardiac output l/min 2.37±0.6 2.64±0.6 <0.001

dP/dT max mmHg/s 1555.0±579 1368.2±378 0.002

dP/dT min mmHg/s −1534.4±323 −1348.0±243 <0.001

Emax mmHg/ml 2.11±0.7 2.32±0.7 <0.001

PRSW mmHg 51.8±9 59.6±9 <0.001

Tau msec 55.3±15 51.3±16 <0.001

Kc ml−1 0.69±0.02 0.064±0.03 0.282

Blood flow ml/min 62.3±36 66.9±39 0.006
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decrease in stroke work and LVend-diastolic pressure during
reperfusion compared to ischemia. Since IABP support also
increased mean LAD blood flow during reperfusion
(Fig. 5a, b), we hypothesized that the observed increased
benefits of IABP support during reperfusion may be associat-
ed with augmentation of coronary blood flow. IABP-induced
changes in mean LAD blood flow correlated significantly
with IABP-induced changes in Emax (Fig. 5c), PRSW
(Fig. 5d), and tau (Fig. 5e) during reperfusion; no correlation
between changes in blood flow and changes in cardiac output,
stroke work, and LVEDP was detected.

Discussion

While the effects of IABP support on hemodynamics and
traditional indices of LV mechanical performance are well
documented [3], few studies have investigated its effects on
LV contractility, relaxation, and energy consumption and their
results have often been conflicting [4–7]. In addition, the phys-
iologic mechanisms mediating the salutary effects of IABP
support remain poorly characterized. In the present study, using
a porcine ischemia-reperfusion model of acute heart failure, we
(a) performed a comprehensive assessment of the impact of

Fig. 2 IABP support optimizes left ventricular mechanoenergetics (im-
proves mechanical performance, decreases energy consumption, and
optimizes mechanoenergetic efficiency) during ischemia and reperfusion.
a Left ventricular ejection fraction without and after 5 min of IABP
support during ischemia and reperfusion. b Stroke work (external work)
without and after 5 min of IABP support during ischemia and reperfusion.
c The pressure-volume loop shifts to the bottom and left after IABP
support, resulting in optimization of left ventricular energetic perfor-
mance; stroke volume and ejection fraction increase and concurrently
stroke work decreases. d Pressure-volume area without and after 5 min of

IABP support during ischemia and reperfusion. e Ratio of stroke work to
pressure-volume area without and after 5 min of IABP support during
ischemia and reperfusion. f Representative families of pressure-volume
loops (at decreasing preload) without and after 5 min of IABP support
during reperfusion. IABP support decreases total LVenergy consumption
(decreases pressure-volume area) and concurrently optimizes LV
mechanoenergetic efficiency (improves the ratio of stroke work to
pressure-volume area). SW stroke work, PVA pressure-volume area
(*p<0.05 compared to IABP off)
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IABP support on LV mechanoenergetics, (b) investigated po-
tential differences of IABP-induced effects during the different

phases of ischemia and reperfusion, and (c) probed the physi-
ologic mechanisms underlying the IABP-mediated effects.

Fig. 3 IABP support improves
left ventricular contractility and
active relaxation exclusively
during reperfusion. a Families of
pressure-volume loops (at
decreasing preload) without and
after 5 min of IABP support
during reperfusion. Maximum
elastance increases, manifested as
an increase in the slope of the end-
systolic pressure-volume
relationship (red IABP off, blue
IABP on). The dashed red line on
the right denotes the slope of the
solid red line on the left (IABP
off). Maximum elastance (b),
preload-recruitable stroke work
(c), and time constant of
isovolumic relaxation (d) without
and after 5 min of IABP support
during ischemia and reperfusion
(*p<0.05 compared to IABP off)
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Our findings regarding the effects of IABP support on LV
afterload, LV mechanical performance, energy consumption,
contractility, and relaxation during the different phases of

ischemia and reperfusion are depicted schematically in
Table 4. We find that during both ischemia and reperfusion,
IABP support decreases LV afterload and optimizes LV

Table 3 Comparison of IABP
effects on hemodynamics, left
ventricular mechanical perfor-
mance, contractility, relaxation,
and energy consumption between
ischemia and reperfusion

IABP on-IABP off Ischemia Reperfusion p

ΔSystolic arterial pressure mmHg −11.5±7.4 −13.2±13.9 0.562

ΔEnd-diastolic arterial pressure mmHg −6.3±10.1 −12.2±13.6 0.056

ΔMean arterial pressure mmHg −0.6±8.8 −0.9±4.0 0.900

ΔLVend-diastolic pressure mmHg −2.5±2.8 −4.1±2.2 0.012

ΔHeart rate bpm −0.8.2±4.8 −0.7±3.2 0.875

ΔDouble product mmHg×bpm −1265.6±849 −1460.2±1651 0.546

ΔStroke work mmHg×ml −84.9±156 −254.0±308 0.010

ΔEjection fraction % 2.0±2.5 2.7±1.4 0.875

ΔStroke volume ml 1.9±3.0 2.6±1.8 0.546

ΔCardiac output l/min 0.17±0.3 0.26±0.2 0.010

ΔdP/dT max mmHg/s −76.4±194 −186.8±337 0.117

ΔdP/dT min mmHg/s 127.9±144 186.4±271 0.286

ΔEmax mmHg/ml −0.04±0.25 0.20±0.22 0.001

ΔPRSW mmHg 1.7±8.9 7.7±7.8 0.010

ΔTau msec −0.9±5.9 −4.0±5.5 0.028

ΔKc ml−1 0.004±0.02 −0.005±0.03 0.217

Fig. 4 Increased benefits of
IABP support during reperfusion
compared to ischemia. IABP-
induced changes in left
ventricular end-diastolic pressure
(a), cardiac output (b), maximum
elastance (c), preload-recruitable
stroke work (d), time constant of
isovolumic relaxation (e), and
stroke work (f) (*p<0.05
compared to ischemia)
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energetic performance (decreases energy consumption and
concurrently improves mechanoenergetic efficiency and me-
chanical performance). In addition, for the first time to our
knowledge, we report that IABP support improves LV con-
tractility and active relaxation exclusively during reperfusion
but not during ischemia. Importantly from a physiologic
standpoint, we show, for the first time to our knowledge, that
the IABP-mediated improvements in LV contractility and

active relaxation (observed exclusively during reperfusion)
correlate strongly with IABP-induced augmentation of coro-
nary blood flow. The correlation between the IABP-induced
improvements in LV contractility and coronary blood flow is
consistent with “Gregg’s phenomenon” [17, 18], according to
which increased coronary perfusion results in improved car-
diac contractility [19], presumably through coronary flow-
mediated increases in intracellular calcium of cardiomyocytes
[20]. Gregg’s phenomenon may help rationalize why IABP
support improved LV contractility exclusively during reperfu-
sion but not during ischemia. The correlation between the
IABP-induced improvements in LV relaxation and coronary
blood flow is consistent with previous experimental studies,
reporting that increased coronary flow is associated with
improved LV active relaxation [21]. Since active relaxation
occurs in a series of energy-consuming steps [22], it can be
postulated that increases in energy supply (as a result of IABP-
induced augmentation of coronary blood flow) would result in
improved active relaxation of reperfused myocardium post-
myocardial infarction.

Fig. 5 IABP-induced increase in
left ventricular contractility and
relaxation is associated with
augmentation of coronary blood
flow. a LAD blood flow
waveforms without and after
5 min of IABP support during
reperfusion. b Mean LAD blood
flow without and after 5 min of
IABP support during reperfusion.
IABP-induced changes in mean
LAD blood flow correlated
significantly with IABP-induced
changes in maximum elastance
(c), preload-recruitable stroke
work (d), and time constant of
isovolumic relaxation (e) during
reperfusion (*p<0.05 compared
to IABP off)

Table 4 Schematic depiction of the effects of IABP counterpulsation
during ischemia and reperfusion

Ischemia Reperfusion

LVafterload ↓ ↓

Mechanical performance ↑ ↑

Energy consumption ↓ ↓

Contractility – ↑

Relaxation – ↑

Coronary blood flow n/a ↑
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Despite the plethora of salutary effects induced by the
IABP in the experimental setting, the clinical effectiveness
of short-term IABP support in patients with cardiogenic shock
post-myocardial infarction has been called into question by
the results of the IABP-SHOCK II trial [23, 24]. While the
reasons underlying the discordance between the
pathophysiological/hemodynamic benefits of IABP support
observed in experimental studies and the absence of hard
evidence regarding clinical benefits [23–25] are unclear, rele-
vant considerations include (a) the hemodynamic support
provided by the IABP (increase in EF by ∼2.7 %, increase
in SV by ∼2.6 ml in our study) may be insufficient to achieve
clinical benefits in the setting of cardiogenic shock [26] and
(b) inherent methodological difficulties in the design/
execution of randomized trials in gravely ill patients suffering
from cardiogenic shock (e.g., rescue LV assist device in-
sertion or rescue IABP insertion in patients randomized to
the non-IABP group) may complicate the interpretation of
the trials’ results [26, 27]. In any case, given that mortality
in cardiogenic shock remains high [23, 24], new appropri-
ately powered and carefully designed clinical studies are
warranted in order to clarify the proper indications of
IABP use in this setting.

From a clinical standpoint, the fact that IABP support
decreases LVenergy consumption and concurrently optimizes
LVmechanoenergetic efficiency and improves LVmechanical
performance, contractility, and relaxation could theoretically
rationalize the expansion of the indications of IABP use,
beyond that of short-term hemodynamic stabilization. New
potential indications could include use of long-term IABP
counterpulsation as a bridge to decision making (cardiac sur-
gery, LV assist device implantation, or transplantation), as a
bridge to transplantation, or even as a bridge to myocardial
recovery. Long-term counterpulsation, if proven safe and ef-
fective, would be attractive given the wide availability, percu-
taneous insertion, and acceptable cost of the IABP compared
to LVor biventricular assist devices. To that end, converging
data suggest safety and cost-effectiveness (and possibly effi-
cacy) of long-term circulatory support with IABP in patients
with end-stage heart failure [28–31]. The potential of long-
term counterpulsation could possibly be enhanced by
implementation of novel, fully implantable counterpulsation
devices [32–37].

Limitations

Our study has several limitations. First, we used a model of
iatrogenic myocardial infarction caused by LAD ligation,
which differs from acute coronary syndromes with regard to
influence of micro-embolization derived from atherosclerotic
plaque or thrombus. Second, myocardial infarction was per-
formed in otherwise healthy, young animals. This differs from
the clinical situation which usually involves older patients

with multiple comorbidities. Third, the animals used in the
study weighted 30–40 kg. While we tried to account for the
decreased animal weight (relative to humans) by using a 25-
ml intra-aortic balloon (instead of the 40-ml intra-aortic bal-
loon typically used clinically), we cannot exclude the possi-
bility that increased body weight and increased balloon vol-
ume may alter the hemodynamic efficacy of IABP
counterpulsation in clinical applications. Fourth, our
sonomicrometry-based approach, while valid for measuring
dynamic changes in LVEF, underestimates absolute LVEF
values (see supplemental methods and results and Supp
Fig 5).

Conclusions

In acute heart failure, IABP support optimizes LV energetic
performance (decreases energy consumption and concurrently
improves mechanical performance and mechanoenergetic ef-
ficiency) by LV unloading, during both ischemia and reperfu-
sion. During reperfusion exclusively, IABP support also im-
proves LV contractility and active relaxation, possibly due to a
synergistic effect of unloading and augmentation of coronary
blood flow. These findings theoretically rationalize the use of
long-term IABP counterpulsation as a bridge to decision
making, as a bridge to transplantation, or even as a bridge to
myocardial recovery.
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