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Abstract Interrupting myocardial reperfusion with
intermittent episodes of ischemia (i.e., postconditioning)
during primary percutaneous coronary intervention (PPCI)
has been suggested to protect myocardium in ST-segment
elevation myocardial infarction (STEMI). Nevertheless,
trials provide inconsistent results and any advantage in
long-term outcomes remains elusive. Using a retrospective
study design, we evaluated the impact of balloon inflations
during PPCI on enzymatic infarct size (IS) and long-term
outcomes. We included 634 first-time STEMI patients
undergoing PPCI with an occluded infarct-related artery
and adequate reperfusion thereafter and divided these into:
patients receiving 1-3 inflations in the infarct-related artery
[considered minimum for patency/stent placement (con-
trols); n = 398] versus >4 [average cycles in clinical
protocols (postconditioning analogue); n = 236]. IS,
assessed by peak creatine kinase, was lower in the post-
conditioning analogue group compared with controls
[median (interquartile range) 1,287 (770-2,498) vs. 1,626
(811-3,057) UI/L; p = 0.02], corresponding to a 21 % IS
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reduction. This effect may be more pronounced in women,
patients without diabetes/hypercholesterolemia, patients
presenting within 3—6 h or with first balloon re-occlusion
<1 min. No differences were observed in 4-year mortality
or MACCE between groups. Four or more inflations during
PPCI reduced enzymatic IS in STEMI patients under well-
defined conditions, but did not translate into improved
long-term outcomes in the present study. Large-scale ran-
domized trials following strict postconditioning protocols
are needed to clarify this effect.

Keywords Postconditioning - Primary percutaneous
coronary intervention - Reperfusion injury - ST-segment
elevation myocardial infarction

Abbreviations

CK Creatine kinase

IPOC Ischemic postconditioning

IRA Infarct-related artery

IS Infarct size

LAD Left anterior descending coronary artery

MACCE Major adverse cardiac and cerebrovascular
events

PPCI Primary percutaneous coronary intervention

STEMI  ST-segment elevation myocardial infarction

Introduction

In patients presenting with ST-segment elevation myocar-
dial infarction (STEMI), infarct size (IS) can be limited by
early myocardial reperfusion via primary percutaneous
coronary intervention (PPCI), thereby preserving left
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ventricular systolic function and improving clinical out-
come. However, the full benefits of myocardial reperfusion
are not realized, given that the process of restoring blood
flow to the ischemic myocardium can independently induce
cell death (i.e., lethal reperfusion injury) [13]. Hence,
cardioprotective strategies that potentially modify the
conditions of reperfusion and limit reperfusion injury are of
major clinical interest.

Ischemic postconditioning (IPOC) is an interventional
strategy in which controlled, brief, intermittent episodes of
re-occlusions in the first few minutes of reperfusion can
protect myocardium from lethal reperfusion injury [28]. The
concept of interrupting the myocardial reperfusion process
with the angioplasty balloon to reduce myocardial IS (as
assessed by different modalities, including cardiac biomark-
ers) has been demonstrated to be efficacious in several small-
size studies evaluating STEMI patients undergoing PPCI [10,
19, 21, 26]. However, recent trials provide inconsistent
results [4-6, 18, 20]. The efficacy of IPOC appears to be
hampered by various confounders and additionally, uncer-
tainties remain about the optimal protective IPOC protocol
[12]. More importantly, the effect of IPOC on long-term
clinical endpoints such as mortality or major adverse cardiac
and cerebrovascular events (MACCE) remains unknown.

In the absence of adequately powered clinical trials, we
aimed to investigate the impact of multiple balloon infla-
tions during PPCI on enzymatic IS in patients with STEMI.
Accordingly, we aimed to determine whether this may have
served as a real-world analogue for IPOC. Secondly, to
assess potential confounders, we evaluated whether these
effects differed in prespecified subgroups. Finally, we
examined the impact of balloon inflations during PPCI on
long-term clinical outcome.

Methods
Study design and population

As the principal regional cardiac referral center, an ongo-
ing registry of catheter-based coronary procedures is
maintained in an electronic database at our institution. We
conducted a retrospective chart review, together with the
electronic medical records, of all patients who presented to
our institution between June 2006 and June 2010 with
STEMI undergoing PPCI. We included patients if they:
were >18 years of age; had symptoms suggesting acute
myocardial ischemia lasting >30 min and ST-segment
elevation >0.1 mV in >2 contiguous leads; had an occlu-
ded infarct-related artery (IRA) with TIMI-O/1 flow on
initial angiogram; had adequate reperfusion after PCI
(TIMI-3). We excluded patients with previous myocardial
infarction or CABG, cardiogenic shock, cardiac arrest or
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thrombectomy. The current retrospective study design was
modeled after the study by Darling and colleagues [3].

Ethics

Patients were not subject to acts for the purpose of this
retrospective study. Neither was any mode of behavior
imposed, otherwise than their regular treatment. Therefore,
according to Dutch law, written informed consent for a
patient to be enrolled in this study was not required. This
study was conducted according to the Erasmus MC Privacy
Policy and regulations for the appropriate use of data in
patient oriented research and was approved by the institu-
tional ethics committee.

Procedures and medications

All procedures were performed following standard proce-
dural guidelines at the time. Intraprocedural anticoagulation
was ensured using unfractionated heparin (to achieve an
activated clotting time >250 s in all patients). All patients
received an aspirin loading dose of 300 mg and were
encouraged to continue this regimen indefinitely. After a
600 mg clopidogrel loading dose, additional antiplatelet
therapy with a 75 mg clopidogrel maintenance dose was
instituted in all patients, who were then advised to continue
this regimen for 12 months. In all cases, the interventional
strategy, including pre-dilatation, post-dilatation, glyco-
protein IIb/Ila inhibitors (to prevent or to treat distal mi-
croembolization) and other medications such as adenosine,
was at the discretion of the interventional cardiologist.

Balloon inflations

In the currently available clinical trials, the IPOC protocols
consisted of 2—4 cycles of ischemia and reperfusion (pro-
duced by inflations/deflations of angioplasty balloon) after
direct stenting [27]. Taking into account an average of
three cycles utilized in the clinical protocols plus one
balloon inflation for direct stenting, we reasoned that >4
inflations would mimic an IPOC stimulus in a real-world
setting. Thus, the study population was divided into
patients receiving 1-3 balloon inflations during PPCI in the
IRA (considered minimum range for achieving patency/
stent placement [controls]) and patients receiving >4
(analogue for IPOC). The definition of study population by
Darling et al. [3] served as a model for the current
description. The number of balloon inflations, the average
duration of inflations and the delay between first and sec-
ond inflation during PPCI were obtained from our cathe-
terization laboratory’s procedure database. In this
electronic database, each balloon inflation and its location
and duration in the coronary artery tree during the
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procedure is immediately registered, by a cathlab techni-
cian using an angioplasty timer, upon indication by the
interventional cardiologist. The delay of first re-occlusion
after reflow was defined as the time period between first
and second balloon inflation. Clinical indications for mul-
tiple balloon inflations in the IRA were: long or multiple
lesions requiring >1 pre-dilatation, the placement of >2
stents or the need for >1 post-dilatation.

Study endpoints and follow-up

The primary study endpoint was enzymatic IS assessed by
peak CK release and was defined as the highest serum
concentration in the 72-h time period after the intervention.
The upper limit of normal was 180 U/L. The secondary
clinical endpoints included all-cause mortality and MAC-
CE during 4-year follow-up. MACCE was defined as a
composite of all-cause mortality, non-fatal myocardial
infarction, PCI, CABG or stroke. Survival data for all
patients were obtained from municipal civil registries. A
questionnaire was subsequently sent to all living patients
with specific questions on rehospitalization for MACCE.
For patients who suffered an adverse event at another
centre, medical records or discharge letters from the other
institutions were systematically reviewed.

Statistical analysis

Continuous variables are presented as mean = standard
deviation (SD) or median with interquartile range (IQR),
depending on normal distribution and were compared using
the Student ¢ test or Mann—Whitney U test as appropriate.
Categorical variables are presented as percentages and
were compared using the Chi-square test. Univariable and
multivariable linear regression analyses were performed to
evaluate the relationship between number of balloon
inflations with peak CK after logarithmic transformation.
In multivariable analyses the variables age, gender, dia-
betes, number of diseased vessels, symptom-to-balloon
time, Rentrop collateral grade, proximal occlusion of either
left anterior descending (LAD) or right coronary artery
(RCA) and number of balloon inflations were entered into
the model. The differences of median peak CK with 95 %
confidence intervals (CI) in subgroups were estimated
using the Hodges-Lehmann method for the location shift
according to the following prespecified variables: gender,
age, diabetes, hypercholesterolemia, hypertension, collat-
erals, vessel disease, culprit artery, delay first re-occlusion,
and symptom-to-balloon time. Patients lost to follow-up
were considered at risk until the date of last contact, at
which time-point they were censored. Clinical outcomes
are presented as Kaplan—Meier survival estimates and were
compared using the log-rank test. Multivariable Cox

proportional hazard regression analyses were performed to
evaluate the relationship between number of balloon
inflations and all-cause mortality and MACCE, and are
presented as unadjusted and adjusted hazard ratios (HR)
with associated 95 % Cls.

The Hodges-Lehmann analysis was performed using
SAS version 9.2 (SAS Institute, Cary, NC, USA). All other
statistical analyses were performed using SPSS version 20
(SPSS, Inc., Chicago, Illinois, USA). All statistical tests
were two-tailed and a p < 0.05 was considered to indicate
statistical significance.

Results
Patient characteristics

Between June 2006 and June 2010 a total of 2,520 STEMI
patients presented to our institution for PPCI, of which
1,086 met the eligibility criteria. Of these, patients without
available cardiac enzymes (n = 306) and patients without
available balloon inflation data (n = 146) were excluded.
Thus, the current analysis included 634 patients (n = 398
in the control group and n = 236 in the [POC analogue
group) (Fig. 1). Baseline, angiographic, and procedural
characteristics are listed in Table 1. Patients in the IPOC

n=2520

STEMI pts assessed for eligibility between
June 2006-June 2010

Excluded for following reasons:

-Not meeting inclusion criteria (n=1434)
-No available balloon data (n=146)

-No available cardiac enzymes (n=305)

n=634
Divided into:

Pts receiving 24 inflations
in IRA during PPCI
(IPOC analogue group)

Pts receiving 1-3 inflations
in IRA during PPCI
(Control group)

n=236 n=398

| |

Enzymatic infarct size (day 1-3)
Peak CK

l

Hard clinical endpoints (year 4)
All-cause mortality (=614 with available follow-up)
and MACCE (n=583 with available follow-up)

Fig. 1 Study flow diagram. CK creatine kinase, /POC ischemic
postconditioning, /RA infarct-related artery, MACCE major adverse
cardiac and cerebrovascular events, PPCI primary percutaneous
coronary intervention, STEMI ST-segment elevation myocardial
infarction
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Table 1 Baseline,
angiographic, and procedural
characteristics

Data are presented as %, mean
(SD) or median (IQR)

MACCE major adverse cardiac
events, ACE-i/ARB angiotensin-
converting enzyme inhibitor or
angiotensin II receptor blocker,
LAD left anterior descending
coronary artery, LCx left
circumflex coronary artery, PCI
percutaneous coronary
intervention, RCA right
coronary artery, TIMI
thrombolysis in myocardial
infarction

 Patients receiving 1-3 balloon
inflations

b Patients receiving >4 balloon
inflations

¢ Left main only or in
combination with 1-, 2- or
3-vessel disease

9 Percentages upon transfer to
peripheral hospital after
percutaneous coronary
intervention

¢ For patients with ischemic
times >12 h, median symptom
onset-to-balloon time (with
interquartile range) was 16.1 h
(13.1-21.5) in the control group
(n = 17) and 16.5 h (14.1-21.6)
in the IPOC analogue group

(n = 16)
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Variables Control group IPOC analogue group p value
(n = 398) (n = 236)°
Clinical characteristics and risk factors
Age (years) 59.9 £ 13.0 62.8 £ 12.6 0.006
Male 75.1 71.6 0.33
Hypertension 38.4 41.0 0.51
Diabetes 10.3 9.7 0.82
Hypercholesterolemia 344 36.1 0.67
Current smoker 49.0 39.8 0.03
Family history 35.6 36.3 0.86
Angiographic and procedural characteristics
Infarct-related artery
LAD 40.7 36.9 0.34
LCx 17.8 16.1 0.58
RCA 41.5 47.0 0.17
No. of diseased vessels
1 64.1 44.5 <0.001
2 19.6 30.5 0.002
3 14.6 19.1 0.14
Left main, any® 1.8 5.9 0.005
Collaterals
Rentrop flow grade 0 81.4 777 0.27
Rentrop flow grade 1 11.7 10.0 0.52
Rentrop flow grade 2 54 8.3 0.15
Rentrop flow grade 3 1.5 39 0.06
TIMI flow in culprit artery before PCI
TIMI 0 88.9 89.4 0.86
TIMI 1 11.1 10.6 0.86
Symptom onset-to-balloon time
<3h 413 35.7 0.19
3-6h 39.7 39.5 0.97
6-12 h 144 17.1 0.38
>12 h® 4.6 7.6 0.14
Symptom onset-to-balloon time (h) 3.3 (2.4-5.1) 3.8 (2.4-5.9) 0.19
Glycoprotein IIb/Illa inhibitor use 30.2 36.0 0.13
Adenosine use 0.5 0.8 0.60
Balloon inflation data
Average balloon inflation time (s) 11.7 (9.5-15.0) 11.6 (9.7-15.7) 0.49
Average balloon inflation pressure (atm) 16.0 (14.0-19.3) 15.0 (12.8-17.0) <0.001
Delay Ist re-occlusion after reflow (min) 4.0 (2.0-7.0) 3.0 (1.0-6.0) 0.03
Medication during hospitalization in interventional centre®
Aspirin 99.7 100 0.44
Thienopyridine 100 100 -
ACE-i/ARB 38 5.0 0.48
B-blocker 50.9 48.6 0.59
Statin 85.1 86.3 0.69
Calcium channel blocker 5.7 7.3 0.44
Diuretic 1.1 1.4 0.76
Nitrate 244 25.0 0.87
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analogue group were older, were less frequently smokers,
had less single-vessel and more multivessel disease, and
had a tendency of having more Rentrop grade 3 collaterals
compared to controls.

Balloon inflation data

The patients in the IPOC analogue group received a median
of 5 balloon inflations during PPCI, compared with 2
inflations in controls (p < 0.0001) (Fig. 2a). The balloon
inflation time and pressure in the IPOC analogue group
were 11.6 s (9.7-15.7) and 15.0 atm (12.8-17.0), com-
pared to 11.7s (9.5-15.0) (»p = 0.49) and 16.0 atm

The delay of first re-occlusion was 3.0 min (1.0-6.0) in the
IPOC analogue group, compared to 4.0 min (2.0-7.0) in
controls (p = 0.03) (Table 1).

Infarct size

Peak CK release was significantly lower in the IPOC
analogue group compared with controls [1,287 (770-2,498)
vs. 1,626 (811-3,057) UI/L; p = 0.02] (Fig. 2b). The
lower peak CK values in the IPOC analogue group
appeared to be more pronounced in: women, patients
without diabetes or hypercholesterolemia, patients pre-
senting within 3—-6 h of symptom onset, and patients with

(14.0-19.3) (» < 0.001) in the control group, respectively.  delay of first re-occlusion <1 min (Fig. 2c).
Fig. 2 Balloon inflations and A 124
enzymatic infarct size. Number - B
of inflations (a), peak creatine 10
kinase release in the
S @ P<0.0001 — P=0.02
postconditioning analogue S 84 = 3000 -
group versus controls in the B 2
overall study group (b) and E ¢ 2 6000 4
. . Y— ©
differences of median peak o £ I
. o X
enzyme release with 95 % S 44 © 4000
confidence intervals between %
study groups according to 2 - g 2000
relevant patient subgroups (c). ~
. ©
The reference for the difference 0 . . e o ‘ ‘
is 1-3 inflations, thus, a Control IPOC Control IPOC
negative difference indicates a Group Analogue Group Analogue
lower peak creatine kinase in Group Group
those with >4 inflations (¢). CI
confidence interval, CK creatine Cc No of patients
kinase, IPOC ischemic POC
postconditioning, LAD left Control  Analogue Median Difference (95% Cli) Median Difference
B . 0/
anterior descendmg, MVD Subgroup  Group Group of Peak CK (IUL) (95% Cl) P
multivessel disease, SVD single- Gender
; Male 299 169 — -85 (-315, 123) 0.43
vessel disease Female 09 67 527 (-953,-166)  0.01
Age
265 143 107 _1 -236 (-565, 40) 0.09
<65 255 129 JR 143 (414,113)  0.27
Diabetes
Yes 41 23 —_— e 361(193,895) 0.16
No 357 213 —_— -261 (489, -63) 0.01
Hypercholesterolemia
Yes 135 84 —_— 4120 (433,179)  0.45
No 258 149 —— -251 (534, -17) 0.04
Hypertension
Yes 152 96 —_— -260 (603, 49) 0.10
No 244 138 —_— 174 (453, 50) 0.12
Collaterals
Rentrop 0/1 365 201 — -158 (-383, 49) 0.29
Rentrop 2/3 27 28 [ E— 199 (726,242)  0.13
Vesseldisease
SVD 255 105 - e -238 (515, 5) 0.06
MVD 143 131 —_ -232 (583, 74) 0.23
Culprit artery
LAD 162 87 — -383 (-898, 49) 0.08
NonLAD 236 149 —_— 121 (:317, 65) 0.21
Delay 1%tre-occlusion
<1 min 40 72 746 (-1573,-20)  0.04
>tmn 203 164 —_— -149 (:370, 81) 0.22
Symptom-to-balloon time
<3h 152 75 . 22 (-347, 283) 0.92
36n 146 83 —_— -343 (679, -38) 0.03
6-12h 53 36 -83 (783, 498) 0.75
>12h 17 16 858 (-1749,82)  0.06
) ) L) ) 1
-1500  -1000 -500 0 500 1000

<—— Favours >4 inflations Favours 1-3 inflatons ——»
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Table 2 Impact of balloon inflations on long-term clinical outcomes

Unadjusted Adjusted
Hazard 95 % CI p Hazard 95 % CI p
ratio ratio®

Mortality 1.21 0.69, 2.11 0.50 0.86 0.44, 1.67 0.65

MACCE 1.22 0.83,1.79 0.31 0.87 0.57,1.33 0.52

CI confidence interval, MACCE major adverse cardiac and cerebro-
vascular events

? The multivariable Cox-regression model included age, gender,
diabetes, number of diseased vessels, symptom-to-balloon time,
Rentrop collateral grade, proximal occlusion of either left anterior
descending (LAD) or right coronary artery (RCA) and number of
balloon inflations

Long-term outcomes

Clinical follow-up for mortality was available for 614
patients (97 %). There were 51 deaths during the follow-
up: 21 deaths occurred in the [IPOC analogue group and 30
deaths occurred in the control group (Kaplan—Meier esti-
mates of 4-year mortality of 10.0 and 9.0 %, respectively;
adjusted HR 0.86, 95 % CI 0.44-1.67; p = 0.65). Clinical
follow-up for MACCE was available for 583 patients
(92 %). There were 108 MACCEs during the follow-up: 44
events occurred in the IPOC analogue group and 64 events
occurred in the control group (Kaplan—Meier estimates of
4-year MACCE of 24.8 and 26.8 %, respectively; adjusted
HR 0.87, 95 % CI 0.57-1.33; p = 0.52) (Table 2; Fig. 3).

Discussion

The present analysis showed that STEMI patients receiving
>4 balloon inflations during PPCI displayed lower peak
CK values compared with patients receiving 1-3 inflations,
corresponding to an enzymatic IS reduction of 21 %. This

A ALL-CAUSE MORTALITY
100 j— Control group
;@ 80 4 IPOC analogue group
§ L k P=0.50
S og-rank P=0.
2 60 9
»
]
= i
E 40
3
£
3 201

0 T T

w4
IS

1 2
Follow-up (years)
No. at Risk
Control group 398 357 306 206 67
IPOC analogue group 236 209 171 11 36

finding adds further credence to the concept that inter-
rupting the reperfusion procedure with several intermittent
episodes of re-occlusions (produced by inflations of the
angioplasty balloon) may have acted as a real-world ana-
logue for IPOC and thereby attenuated reperfusion injury.
Although the overall beneficial effect remained similar, the
lower peak CK values in the [POC analogue group may be
more pronounced in women, patients without diabetes or
hypercholesterolemia, patients presenting within 3-6 h of
symptom onset and patients with a delay of first re-occlu-
sion <1 min. There were no differences in the rates of
mortality or MACCE during 4-year follow-up between the
IPOC analogue group and the control group in the current
study.

Previous studies

Although it has been demonstrated that [POC reduced IS
with [19, 21, 26] or without [9] an improvement in left
ventricular function in the clinical setting, not all studies
have been positive [4, 5, 18, 20]. Recently, it was reported
that IPOC was not able to reduce IS or improve left ven-
tricular function (assessed by cardiac magnetic resonance
imaging) in 79 first-time STEMI patients presenting for
PPCI within 12 h of symptom onset [5]. Likewise, Tar-
antini et al. [20] failed to demonstrate any advantage of
IPOC in terms of IS reduction assessed by cardiac mag-
netic resonance or myocardial reperfusion markers. How-
ever, in this trial, the proportion of diabetics was not
balanced between study groups (18 % in IPOC group vs.
3 % in controls; p = 0.056), which may have blunted the
effects of IPOC. Also, it may well be that in patients with
symptom-to-balloon times <12 h, a specific IPOC protocol
may be ineffective. Importantly, the eligibility criteria
differed substantially in the currently available clinical
IPOC trials, along with the defined study endpoints [27]. Of
these, serum CK release is the most widely used study

B MACCE

o
S
'

Control group

®
=}
L

IPOC analogue group

o
o
'

Log-rank P=0.31

o
o
L

Cumulative event-free survival (%)
N
o
.

o

w -
I

1 2
Follow-up (years)
No. at Risk
Control group 398 312 265 128 1
IPOC analogue group 236 177 144 67 1

Fig. 3 Kaplan—Meier curves of 4-year mortality and major adverse cardiac and cerebrovascular events
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endpoint [8] and peak CK values strongly correlate with IS
and predict cardiac outcomes in STEMI patients treated
with PPCI [2, 7]. Currently, no biomarker exists that con-
firms whether a specific [POC protocol induced a “post-
conditioned” state [24]. Nevertheless, assessment of
myocardial damage after STEMI is crucial in evaluating
the efficacy of reperfusion therapy and predicting progno-
sis. For instance, most recently Hahn et al. [6] failed to
demonstrate any advantage of IPOC in terms of reperfusion
markers as assessed by complete ST-segment resolution
(>70 %) 30 min post-PCI and postprocedural TIMI flow or
myocardial blush grade in a large randomized trial
involving 700 STEMI patients. The current results are in
line with previous randomized studies, in which [POC
resulted in IS reduction ranging from 27 to 40 % as mea-
sured by CK release [19, 21, 23, 26]. The current results are
also in agreement with two retrospective studies involving
115 and 85 STEMI patients in which >4 [3] or >3 [25]
balloon inflations during PPCI were associated with lower
peak CK values compared with 1-3 or 1-2 inflations. The
present study extends these observations by assessing
potential confounders and evaluating the association
between balloon inflations and long-term clinical outcomes
after PPCI in a large cohort of 634 patients. Still, important
differences remain with the aforementioned (positive and
negative) randomized trials when considering the major
determinants of IS. The current study included a proportion
of patients with collateral circulation, patients with a wide
range of ischemic times, and patients with both LAD and
non-LAD infarctions (the Ilatter representing usually
smaller areas at risk). In this regard it is noteworthy that the
exclusion of patients with Rentrop 2/3 collateral grades
(n = 55) from the study cohort did not change the bene-
ficial effect of >4 balloon inflations during PPCI on
enzymatic IS in the IPOC analogue group compared with
controls (p = 0.04). In addition, we adjusted for these
determinants in the regression analysis, including the
influence of collateral score.

Long-term clinical outcomes

The beneficial effect of >4 balloon inflations during PPCI
on peak CK release in the current study did not translate
into improved 4-year clinical outcomes. The reasons for
these observations could be related to a number of factors.
First, multivessel disease was more often encountered
among patients in the IPOC analogue group compared with
controls. Consequently, these patients were more likely to
receive staged procedures for repeat revascularizations.
Second, reperfusion therapy (PCI and thrombolysis) has
already reduced mortality after acute myocardial infarction
to low levels (4-6 %) [1], making further significant

reductions by adjunctive therapies difficult to achieve. In
fact, IS may not impact outcomes such as mortality until a
threshold IS is achieved. In the current study, IS (peak CK
values of 1,287 vs. 1,626 UI/L in study groups) was
smaller compared to earlier retrospective studies (1,655 vs.
2,272 UI/L [3]; 2,056 vs. 2,603 UI/L [25]). With the rel-
atively small overall IS and current mortality rates, the
present study was likely to be underpowered to discern
differences in all-cause mortality. Therefore, no definite
conclusions can be drawn regarding the impact of IPOC on
long-term outcomes. This is especially true, when consid-
ering that most recently both remote ischemic pre- [22] and
perconditioning [17] have been found to improve long-
term outcomes in prospective randomized trials, including
all-cause mortality, in the setting of CABG and STEMI,
respectively. Nevertheless, it is reassuring to observe no
excess clinical events in the IPOC analogue group in the
present study.

IPOC mechanisms and potential confounders

The current mechanistic paradigm for IPOC invokes the
activation of signal transduction pathways by autacoid
triggers, which accumulate extracellularly in response to
the IPOC stimulus and act on their cell surface receptors or
other molecular targets. Ultimately, signaling pathways
activated by IPOC probably converge on mitochondria to
inhibit the opening of the mitochondrial permeability
transition pore, thereby preventing myocardial cell death
[12]. Many of these cellular signaling elements might be
affected by confounders, co-morbidities or co-medication,
as these conditions are associated with fundamental
molecular alterations potentially affecting responses to
IPOC [12]. Currently, there is insufficient information to
judge how and to what extent several confounding factors,
including cardiovascular risk factors, gender, and age
influence IPOC efficacy in the clinical setting. In this light,
we investigated the effect of >4 balloon inflations (as a
real-world analogue for IPOC) compared with controls in
various predefined subgroups. Patients in the IPOC ana-
logue group displayed lower peak CK values compared
with controls in nearly all subgroups with a possibly more
pronounced effect in women and patients without diabetes
or hypercholesterolemia, among others (Fig. 2c). At pres-
ent, there is no strong evidence whether IPOC-induced
protection is gender-dependent [12]. Nevertheless, the
current observation is not consistent with a recent meta-
analysis in which a pronounced cardioprotective effect of
IPOC in male patients was reported [29]. Conversely,
although statistically not significant (p = 0.16), patients
with diabetes displayed higher peak CK concentrations in
the IPOC analogue group. This finding is compatible with
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observations from the pre-clinical setting, in which IPOC-
induced cardioprotection was shown to be impaired in
diabetes: the IS-limiting effect was lost or required extra
cycles of ischemia/reperfusion in various animal models of
diabetes [11].

IPOC protocol and protection

There is consensus that the delay in applying the first re-
occlusion after reflow must be relatively short (<1 min)
for exerting the beneficial effects of IPOC [24]. In the
present study, there was a significant beneficial effect in
the IPOC analogue group when this delay was indeed
within 1 min, whereas delaying the first re-occlusion
above 1 min lowered the efficiency (Fig. 2c). In this
regard, one practical issue potentially interfering with
IPOC is the use of manual aspiration thrombectomy. This
technique usually re-establishes a significant blood flow in
the IRA and the delay between applying the procedure
and initiating the TPOC protocol might exceed the very
short time frame in which IPOC has been shown to be
efficient. For this reason, we excluded patients receiving
thrombectomy from the present analysis. In the current
study, median delay of first re-occlusion after reflow was
3.0 min in the IPOC analogue group. In contrast, in the
excluded thrombectomy patients (n = 130), median delay
was 6.7 min. Indeed, when performing a sensitivity ana-
lysis by including the thrombectomy cohort into the
current study, median delay of first re-occlusion became
4.0 min in the IPOC analogue group (and even 8.0 min in
patients receiving thrombectomy in the IPOC analogue
group). Additionally, the beneficial effect of >4 balloon
inflations during PPCI on enzymatic IS in the IPOC
analogue group (n = 484) compared to controls
(n = 280) lost its statistical significance [median peak CK
(interquartile range) 1,429 (790-2,761) vs. 1,637
(802-3,114) UI/L; p = 0.09] when including the throm-
bectomy cohort. Future studies need to explore this issue
in a randomized setting. On the other hand, despite a
median first re-occlusion delay of 3 min (1.0-6.0) in the
IPOC analogue group, the use of >4 inflations was still
associated with lower peak CK values. This observation is
in agreement with recent findings in which delaying the
IPOC stimulus >1 min after reperfusion onset did not
abrogate cardioprotection in the in vivo mouse heart [15]
and may suggest that JPOC >1 min may still confer
cardioprotection in a clinical setting. Nevertheless, the
optimal time window for application of IPOC remains to
be determined.

At present, uncertainties remain about the most effective
IPOC algorithm in the clinical setting, including number
and duration of re-occlusions [24]. In an attempt to define
the optimal algorithm in the current cohort, we compared
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patients receiving a single balloon inflation with the mul-
tiple inflation groups. We were not able to ascertain that
one particular inflation group was significantly associated
with reduced peak CK values (data not shown).

A similar predicament also exists regarding the total
duration of the index ischemia. A certain [POC algorithm
applied after an index ischemia of 30 or 45 min signifi-
cantly reduced IS, but not after an index ischemia of
60 min or longer in a pre-clinical model [16]. Also, with
too brief index ischemia, IPOC failed to reduce IS [14].
Hence, there is a need to define the optimal protective
protocol for a given duration of the index ischemia. In the
current analysis, patients presenting within 3—6 h may have
accrued the greatest benefit in the [POC analogue group.
Surprisingly, patients with short ischemic times (<3 h) and
those presenting more than 12 h following symptom
onset also favored >4 balloon inflations. This observation
might be especially important as the relationship between
extent of myocardial reperfusion injury and very short or
very long ischemic times have not been fully elucidated.

Limitations

The current study suffers from inherent limitations of a
non-randomized trial and thus should be considered as a
hypothesis-generating post hoc analysis. There were sig-
nificant differences between study groups in terms of
baseline characteristics. To compensate for these differ-
ences, we have performed adjustments employing regres-
sion and multivariate analyses. PPCI procedures in routine
practice were unable to mimic a strict [POC protocol uti-
lized in randomized trials. Hence, we do not consider >4
balloon inflations during PPCI as a surrogate for IPOC.
Nonetheless, we limited our analysis to those patients
exhibiting a fully occluded IRA and a postprocedural
TIMI-3 flow, both representing essential conditions for
therapeutic application of IPOC, and were able to dem-
onstrate a beneficial effect on enzymatic IS. Accordingly,
our data underscore the need for further prospective stud-
ies. We were unable to directly quantify the area at risk in
the study population due to the retrospective study design.
In an attempt to adjust for (relatively) large volumes at risk,
we corrected for proximal LAD or RCA infarctions. The
possibility remains that true peak enzyme values were
missed. Nevertheless, blood sampling as performed in this
study reflects routine clinical practice. Although we did not
collect the exact time points of the measurements, we used
the highest biomarker concentration in the 72-h time period
post-intervention. We were unable to report on co-medi-
cation of patients with pre-existing risk factors at the time
of presentation, as certain pharmacological agents (e.g.,
angiotensin-converting enzyme inhibitors) have been
shown to impact on IS reduction by IPOC in animal models
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[12]. However, we reported the prescription rates of
pharmacological therapies during hospitalization which
was not different between groups, possibly reflecting their
chronic use. Moreover, by performing subgroup analyses,
we provided insight into the efficacy of multiple balloon
inflations in the absence or presence of cardiovascular risk
factors. Despite the large number of patients in the current
study (n = 634) and 97 % available 4-year follow-up, only
51 deaths occurred. This low mortality rate likely reflects
the relatively small infarct sizes in our study population.
The latter may, in turn be a consequence of not limiting the
analysis to patients with proximal lesions (associated with
larger volumes at risk). We were unable to report on car-
diac death, and the potential misclassification by the use of
all-cause mortality in the composite MACCE may have
resulted in an underestimation of the relationship between
>4 balloon inflations during PPCI and outcome. More
importantly, an a priori power analysis was not conducted
due to the retrospective nature of the study, and with the
generally small infarcts and low mortality rates, the present
study likely lacks the statistical power to discern differ-
ences in all-cause mortality.

Conclusion

The present study suggests that the use of >4 balloon
inflations during PPCI reduces enzymatic IS in patients
with STEMI under well-defined conditions. This effect
may be more pronounced in women, patients without
diabetes or hypercholesterolemia, those presenting within
3-6 h, and those with first re-occlusion delay <1 min. This
hypothesis-generating study suggests that >4 inflations
during PPCI may have served as a real-world IPOC stim-
ulus and possibly may reflect the phenomenon’s potential
in routine clinical practice. Although we present unique
data concerning long-term clinical outcomes, adequately
powered randomized trials are necessary with strict
adherence to IPOC protocol to determine whether a
reduction in IS by IPOC translates into improved clinical
outcomes.

Acknowledgments The authors would like to thank the staffs at the
following referring hospitals for enabling collection of peak CK
values: Albert Schweitzer Ziekenhuis, Havenziekenhuis, Ijsselland
Ziekenhuis, Ikazia Ziekenhuis, Maasstad Ziekenhuis, Ruwaard van
Putten Ziekenhuis, Sint Franciscus Gasthuis, Vlietland Ziekenhuis,
van Weel-Bethesda Ziekenhuis.

Conflict of interest None declared.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References

1. Boersma E, Mercado N, Poldermans D, Gardien M, Vos J, Si-
moons ML (2003) Acute myocardial infarction. Lancet
361:847-858. doi:10.1016/S0140-6736(03)12712-2

2. Chia S, Senatore F, Raffel OC, Lee H, Wackers FJ, Jang IK
(2008) Utility of cardiac biomarkers in predicting infarct size, left
ventricular function, and clinical outcome after primary percu-
taneous coronary intervention for ST-segment elevation myo-
cardial infarction. JACC Cardiovasc Interv 1:415-423. doi:10.
1016/j.jcin.2008.04.010

3. Darling CE, Solari PB, Smith CS, Furman MI, Przyklenk K
(2007) ‘Postconditioning’ the human heart: multiple balloon
inflations during primary angioplasty may confer cardioprotec-
tion. Basic Res Cardiol 102:274-278. doi:10.1007/s00395-007-
0643-6

4. Dwyer NB, Mikami Y, Hilland D, Aljizeeri A, Friedrich MG,
Traboulsi M, Anderson TJ (2013) No cardioprotective benefit of
ischemic postconditioning in patients with ST-segment elevation
myocardial infarction. J Interv Cardiol 26:482-490. doi:10.1111/
joic.12064

5. Freixa X, Bellera N, Ortiz-Perez JT, Jimenez M, Pare C, Bosch
X, De Caralt TM, Betriu A, Masotti M (2012) Ischaemic post-
conditioning revisited: lack of effects on infarct size following
primary percutaneous coronary intervention. Eur Heart J
33:103-112. doi:10.1093/eurheartj/ehr297

6. HahnJY, Song YB, Kim EK, Yu CW, Bae JW, Chung WY, Choi
SH, Choi JH, Bae JH, An KIJ, Park JS, Oh JH, Kim SW, Hwang
JY, Ryu JK, Park HS, Lim DS, Gwon HC (2013) Ischemic
postconditioning during primary percutaneous coronary inter-
vention: the effects of postconditioning on myocardial reperfu-
sion in Patients with ST-Segment Elevation Myocardial
Infarction (POST) Randomized Trial. Circulation
128:1889-1896. doi:10.1161/CIRCULATIONAHA.113.001690

7. Halkin A, Stone GW, Grines CL, Cox DA, Rutherford BD,
Esente P, Meils CM, Albertsson P, Farah A, Tcheng JE, Lansky
AJ, Mehran R (2006) Prognostic implications of creatine kinase
elevation after primary percutaneous coronary intervention for
acute myocardial infarction. J Am Coll Cardiol 47:951-961.
doi:10.1016/j.jacc.2005.12.003

8. Heusch G (2013) Cardioprotection: chances and challenges of its
translation to the clinic. Lancet 381:166—175. doi:10.1016/S0140-
6736(12)60916-7

9. Lonborg J, Kelback H, Vejlstrup N, Jorgensen E, Helqvist S,
Saunamaki K, Clemmensen P, Holmvang L, Treiman M, Jensen
JS, Engstrom T (2010) Cardioprotective effects of ischemic
postconditioning in patients treated with primary percutaneous
coronary intervention, evaluated by magnetic resonance. Circ
Cardiovasc Interv  3:34-41. doi:10.1161/CIRCINTERVEN
TIONS.109.905521

10. Mewton N, Thibault H, Roubille F, Lairez O, Rioufol G, Spor-
touch C, Sanchez I, Bergerot C, Cung TT, Finet G, Angoulvant
D, Revel D, Bonnefoy-Cudraz E, Elbaz M, Piot C, Sahraoui I,
Croisille P, Ovize M (2013) Postconditioning attenuates no-
reflow in STEMI patients. Basic Res Cardiol 108:383. doi:10.
1007/s00395-013-0383-8

11. Miki T, Itoh T, Sunaga D, Miura T (2012) Effects of diabetes on
myocardial infarct size and cardioprotection by preconditioning
and postconditioning. Cardiovasc Diabetol 11:67. doi:10.1186/
1475-2840-11-67

12. Ovize M, Baxter GF, Di Lisa F, Ferdinandy P, Garcia-Dorado D,
Hausenloy DJ, Heusch G, Vinten-Johansen J, Yellon DM, Schulz
R (2010) Postconditioning and protection from reperfusion
injury: where do we stand? Position paper from the Working
Group of Cellular Biology of the Heart of the European Society

@ Springer


http://dx.doi.org/10.1016/S0140-6736(03)12712-2
http://dx.doi.org/10.1016/j.jcin.2008.04.010
http://dx.doi.org/10.1016/j.jcin.2008.04.010
http://dx.doi.org/10.1007/s00395-007-0643-6
http://dx.doi.org/10.1007/s00395-007-0643-6
http://dx.doi.org/10.1111/joic.12064
http://dx.doi.org/10.1111/joic.12064
http://dx.doi.org/10.1093/eurheartj/ehr297
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.001690
http://dx.doi.org/10.1016/j.jacc.2005.12.003
http://dx.doi.org/10.1016/S0140-6736(12)60916-7
http://dx.doi.org/10.1016/S0140-6736(12)60916-7
http://dx.doi.org/10.1161/CIRCINTERVENTIONS.109.905521
http://dx.doi.org/10.1161/CIRCINTERVENTIONS.109.905521
http://dx.doi.org/10.1007/s00395-013-0383-8
http://dx.doi.org/10.1007/s00395-013-0383-8
http://dx.doi.org/10.1186/1475-2840-11-67
http://dx.doi.org/10.1186/1475-2840-11-67

Page 10 of 10

Basic Res Cardiol (2014) 109:403

13.

14.

15.

16.

17.

18.

19.

20.

21.

of Cardiology. Cardiovasc Res 87:406—423. doi:10.1093/cvr/
cvql29

Prasad A, Stone GW, Holmes DR, Gersh B (2009) Reperfusion
injury, microvascular dysfunction, and cardioprotection: the
“dark side” of reperfusion. Circulation 120:2105-2112. doi:10.
1161/CIRCULATIONAHA.108.814640

Rodriguez-Sinovas A, Cabestrero A, Garcia del Blanco B, Inserte
J, Garcia A, Garcia-Dorado D (2009) Intracoronary acid infusion
as an alternative to ischemic postconditioning in pigs. Basic Res
Cardiol 104:761-771. doi:10.1007/s00395-009-0032-4

Roubille F, Franck-Miclo A, Covinhes A, Lafont C, Cransac F,
Combes S, Vincent A, Fontanaud P, Sportouch-Dukhan C, Redt-
Clouet C, Nargeot J, Piot C, Barrere-Lemaire S (2011) Delayed
postconditioning in the mouse heart in vivo. Circulation
124:1330-1336. doi:10.1161/CIRCULATIONAHA.111.031864
Skyschally A, van Caster P, Iliodromitis EK, Schulz R,
Kremastinos DT, Heusch G (2009) Ischemic postconditioning:
experimental models and protocol algorithms. Basic Res Cardiol
104:469—-483. doi:10.1007/s00395-009-0040-4

Sloth AD, Schmidt MR, Munk K, Kharbanda RK, Redington AN,
Schmidt M, Pedersen L, Sorensen HT, Botker HE, Investigators
C (2013) Improved long-term clinical outcomes in patients with
ST-elevation myocardial infarction undergoing remote ischaemic
conditioning as an adjunct to primary percutaneous coronary
intervention. Eur Heart J 35(3):168-175. doi:10.1093/eurheartj/
eht369

Sorensson P, Saleh N, Bouvier F, Bohm F, Settergren M, Caidahl
K, Tornvall P, Arheden H, Ryden L, Pernow J (2010) Effect of
postconditioning on infarct size in patients with ST elevation
myocardial infarction. Heart 96:1710-1715. doi:10.1136/hrt.
2010.199430

Staat P, Rioufol G, Piot C, Cottin Y, Cung TT, L’Huillier I,
Aupetit JF, Bonnefoy E, Finet G, Andre-Fouet X, Ovize M
(2005)  Postconditioning the human heart. Circulation
112:2143-2148. doi:10.1161/CIRCULATIONAHA.105.558122
Tarantini G, Favaretto E, Marra MP, Frigo AC, Napodano M,
Cacciavillani L, Giovagnoni A, Renda P, De Biasio V, Plebani
M, Mion M, Zaninotto M, Isabella G, Bilato C, Iliceto S (2012)
Postconditioning during coronary angioplasty in acute myocar-
dial infarction: the POST-AMI trial. Int J Cardiol 162(1):33-38.
doi:10.1016/j.ijcard.2012.03.136

Thibault H, Piot C, Staat P, Bontemps L, Sportouch C, Rioufol G,
Cung TT, Bonnefoy E, Angoulvant D, Aupetit JF, Finet G,
Andre-Fouet X, Macia JC, Raczka F, Rossi R, Itti R, Kirkorian G,

@ Springer

22.

23.

24.

25.

26.

27.

28.

29.

Derumeaux G, Ovize M (2008) Long-term benefit of postcondi-
tioning. Circulation 117:1037-1044. doi:10.1161/CIRCULATIO
NAHA.107.729780

Thielmann M, Kottenberg E, Kleinbongard P, Wendt D, Gedik N,
Pasa S, Price V, Tsagakis K, Neuhauser M, Peters J, Jakob H,
Heusch G (2013) Cardioprotective and prognostic effects of
remote ischaemic preconditioning in patients undergoing coro-
nary artery bypass surgery: a single-centre randomised, double-
blind, controlled trial. Lancet 382:597-604. doi:10.1016/S0140-
6736(13)61450-6

Thuny F, Lairez O, Roubille F, Mewton N, Rioufol G, Sportouch
C, Sanchez I, Bergerot C, Thibault H, Cung TT, Finet G, Argaud
L, Revel D, Derumeaux G, Bonnefoy-Cudraz E, Elbaz M, Piot C,
Ovize M, Croisille P (2012) Post-conditioning reduces infarct
size and edema in patients with ST-segment elevation myocardial
infarction. J Am Coll Cardiol 59:2175-2181. doi:10.1016/j.jacc.
2012.03.026

Vinten-Johansen J, Shi W (2011) Preconditioning and postcon-
ditioning: current knowledge, knowledge gaps, barriers to adop-
tion, and future directions. J Cardiovasc Pharmacol Ther
16:260-266. doi:10.1177/1074248411415270

Wang G, Zhang S, Joggerst SJ, McPherson J, Zhao DX (2009)
Effects of the number and interval of balloon inflations during
primary PCI on the extent of myocardial injury in patients with
STEMI: does postconditioning exist in real-world practice?
J Invasive Cardiol 21:451-455

Yang XC, Liu Y, Wang LF, Cui L, Wang T, Ge YG, Wang HS,
Li WM, Xu L, Ni ZH, Liu SH, Zhang L, Jia HM, Vinten-Jo-
hansen J, Zhao ZQ (2007) Reduction in myocardial infarct size
by postconditioning in patients after percutaneous coronary
intervention. J Invasive Cardiol 19:424-430

Yetgin T, Manintveld OC, Duncker DJ, van der Giessen WJ
(2010) Postconditioning against ischaemia-reperfusion injury:
ready for wide application in patients? Neth Heart J 18:389-392
Zhao ZQ, Corvera JS, Halkos ME, Kerendi F, Wang NP, Guyton
RA, Vinten-Johansen J (2003) Inhibition of myocardial injury by
ischemic postconditioning during reperfusion: comparison with
ischemic preconditioning. Am J Physiol Heart Circ Physiol
285:H579-H588. doi:10.1152/ajpheart.01064.200201064.2002
Zhou C, Yao Y, Zheng Z, Gong J, Wang W, Hu S, Li L (2012)
Stenting technique, gender, and age are associated with cardio-
protection by ischaemic postconditioning in primary coronary
intervention: a systematic review of 10 randomized trials. Eur
Heart J 33(24):3070-3077. doi:10.1093/eurheartj/ehs265


http://dx.doi.org/10.1093/cvr/cvq129
http://dx.doi.org/10.1093/cvr/cvq129
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.814640
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.814640
http://dx.doi.org/10.1007/s00395-009-0032-4
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.031864
http://dx.doi.org/10.1007/s00395-009-0040-4
http://dx.doi.org/10.1093/eurheartj/eht369
http://dx.doi.org/10.1093/eurheartj/eht369
http://dx.doi.org/10.1136/hrt.2010.199430
http://dx.doi.org/10.1136/hrt.2010.199430
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.558122
http://dx.doi.org/10.1016/j.ijcard.2012.03.136
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.729780
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.729780
http://dx.doi.org/10.1016/S0140-6736(13)61450-6
http://dx.doi.org/10.1016/S0140-6736(13)61450-6
http://dx.doi.org/10.1016/j.jacc.2012.03.026
http://dx.doi.org/10.1016/j.jacc.2012.03.026
http://dx.doi.org/10.1177/1074248411415270
http://dx.doi.org/10.1152/ajpheart.01064.200201064.2002
http://dx.doi.org/10.1093/eurheartj/ehs265

	Impact of multiple balloon inflations during primary percutaneous coronary intervention on infarct size and long-term clinical outcomes in ST-segment elevation myocardial infarction: real-world postconditioning
	Abstract
	Introduction
	Methods
	Study design and population
	Ethics
	Procedures and medications
	Balloon inflations
	Study endpoints and follow-up
	Statistical analysis

	Results
	Patient characteristics
	Balloon inflation data
	Infarct size
	Long-term outcomes

	Discussion
	Previous studies
	Long-term clinical outcomes
	IPOC mechanisms and potential confounders
	IPOC protocol and protection
	Limitations

	Conclusion
	Acknowledgments
	References


