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Gradual Versus Abrupt Reperfusion 
During Primary Percutaneous Coronary 
Interventions in ST- Segment– Elevation 
Myocardial Infarction (GUARD)
Murat Sezer , MD; Javier Escaned , MD, PhD; Christopher J. Broyd , MBBS, PhD; Berrin Umman, MD; 
Zehra Bugra, MD; Ilke Ozcan , MD; Mehmet Rasih Sonsoz , MD; Alp Ozcan, BSc; Adem Atici, MD;  
Emre Aslanger, MD; Z. Irem Sezer, MD; Justin E. Davies, MBBS, PhD; Niels van Royen , MD, PhD;  
Sabahattin Umman, MD

BACKGROUND: Intramyocardial edema and hemorrhage are key pathological mechanisms in the development of reperfusion- 
related microvascular damage in ST- segment– elevation myocardial infarction. These processes may be facilitated by abrupt 
restoration of intracoronary pressure and flow triggered by primary percutaneous coronary intervention. We investigated 
whether pressure- controlled reperfusion via gradual reopening of the infarct- related artery may limit microvascular injury in 
patients undergoing primary percutaneous coronary intervention.

METHODS AND RESULTS: A total of 83 patients with ST- segment– elevation myocardial infarction were assessed for eligibility and 53 who 
did not meet inclusion criteria were excluded. The remaining 30 patients with totally occluded infarct- related artery were randomized 
to the pressure- controlled reperfusion with delayed stenting (PCRDS) group (n=15) or standard primary percutaneous coronary inter-
vention with immediate stenting (IS) group (n=15) (intention- to- treat population). Data from 5 patients in each arm were unsuitable to 
be included in the final analysis. Finally, 20 patients undergoing primary percutaneous coronary intervention who were randomly as-
signed to either IS (n=10) or PCRDS (n=10) were included. In the PCRDS arm, a 1.5- mm balloon was used to achieve initial reperfusion 
with thrombolysis in myocardial infarction grade 3 flow and, subsequently, to control distal intracoronary pressure over a 30- minute 
monitoring period (MP) until stenting was performed. In both study groups, continuous assessment of coronary hemodynamics with 
intracoronary pressure and Doppler flow velocity was performed, with a final measurement of zero flow pressure (primary end point 
of the study) at the end of a 60- minute MP. There were no complications associated with IS or PCRDS. PCRDS effectively led to lower 
distal intracoronary pressures than IS over 30 minutes after reperfusion (71.2±9.37 mm Hg versus 90.13±12.09 mm Hg, P=0.001). 
Significant differences were noted between study arms in the microcirculatory response over MP. Microvascular perfusion progres-
sively deteriorated in the IS group and at the end of MP, and hyperemic microvascular resistance was significantly higher in the IS arm 
as compared with the PCDRS arm (2.83±0.56 mm Hg.s.cm−1 versus 1.83±0.53 mm Hg.s.cm−1, P=0.001). The primary end point 
(zero flow pressure) was significantly lower in the PCRDS group than in the IS group (41.46±17.85 mm Hg versus 76.87±21.34 mm Hg, 
P=0.001). In the whole study group (n=20), reperfusion pressures measured at predefined stages in the early reperfusion period 
showed robust associations with zero flow pressure values measured at the end of the 1- hour MP (immediately after reperfusion: 
r=0.782, P<0.001; at the 10th minute: r=0.796, P<0.001; and at the 20th minute: r=0.702, P=0.001) and peak creatine kinase MB level 
(immediately after reperfusion: r=0.653, P=0.002; at the 10th minute: r=0.597, P=0.007; and at the 20th minute: r=0.538, P=0.017). 
Enzymatic myocardial infarction size was lower in the PCRDS group than in the IS group with peak troponin T (5395±2991 ng/mL 
versus 8874±1927 ng/mL, P=0.006) and creatine kinase MB (163.6±93.4 IU/L versus 542.2±227.4 IU/L, P<0.001).

CONCLUSIONS: In patients with ST- segment– elevation myocardial infarction, pressure- controlled reperfusion of the culprit ves-
sel by means of gradual reopening of the occluded infarct- related artery (PCRDS) led to better- preserved coronary micro-
vascular integrity and smaller myocardial infarction size, without an increase in procedural complications, compared with IS.
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The primary goal in the treatment of ST- segment– 
elevation myocardial infarction (STEMI) is to ter-
minate ongoing ischemic damage as soon as 

possible. Although the most effective method to 
achieve this goal is reperfusion with primary percu-
taneous coronary intervention (pPCI), microvascular 
damage worsens in about half of patients with STEMI 
following this procedure, indicating further tissue loss 
and a poor prognosis.1,2 Major randomized trials ad-
dressing potential causes of microcirculatory dam-
age during pPCI, including aspiration thrombectomy,3 
distal protection devices, mesh- covered stents,4 and 
deferred stenting,5 have failed to show any benefit in 
limiting final infarct size and improving patient out-
come. Adjunctive pharmacological therapies in this 
setting have also proven controversial and inconsis-
tent.6,7 Moreover, important attempts to reduce myo-
cardial reperfusion injury by mechanical (ischemic) and 
pharmacologic postconditioning with different agents 
have failed to show any benefit in terms of coronary 
microvascular protection or improvement in clini-
cal outcomes, although it was initially perceived as a 
promising concept and rapidly supported by several 
positive clinical studies.8– 10

In the interim, intraluminal microvascular obstruction 
and extravascular compression of microcirculation have 
been identified as key mechanisms involved in the de-
velopment of post- pPCI microvascular injury.11 There is 
evidence suggesting that prompt and full restoration of 
distal coronary flow and pressure in the infarct- related 

CLINICAL PERSPECTIVE

What Is New?
• This study shows for the first time that pressure- 

controlled reperfusion by stepwise reopening of 
the occluded infarct- related artery with delayed 
stenting performed at 30 minutes after success-
ful reperfusion in patients with thrombosis in 
myocardial infarction grade 3 flow was associ-
ated with significantly better preserved coronary 
microvascular integrity and lower peak enzyme 
estimates of infarct size compared with standard 
immediate stenting in patients with ST- segment– 
elevation myocardial infarction undergoing pri-
mary percutaneous coronary intervention.

• In addition, for the first time, the time course 
of the evolution of coronary microvascular 
injury over 1 hour after successful reperfu-
sion established by primary percutaneous 
coronary intervention has been elucidated in 
humans.

• Our findings demonstrate that abrupt reopen-
ing of the occluded infarct- related artery and 
immediate and full reconstitution of distal in-
tracoronary pressure by successful primary 
percutaneous coronary intervention as per 
standard practice may paradoxically aggravate 
microvascular injury and is associated with a 
progressive deterioration of the microvascular 
perfusion.

What Are the Clinical Implications?
• In patients with ST- segment– elevation myocar-

dial infarction undergoing primary percutane-
ous coronary intervention, pressure- controlled, 
gradual reperfusion modulating initial reperfu-
sion pressure might be a new and promising 
reperfusion strategy aiming to limit vascular 
reperfusion injury in the subtended coronary 
microcirculation.

• Moreover, pressure- controlled reperfusion with 
gradual reopening of any given acutely occluded 
artery supplying different organ parts (eg, lung, 
leg, brain, and small intestine) may also be a new 
promising player in the protection of architectural 
integrity of microcirculation in the jeopardized 
perfusion territory.

Nonstandard Abbreviations and Acronyms

APV average peak velocity
APVh hyperemic average peak velocity
ARI arteriolar resistance index
hMR hyperemic microvascular resistance
IS immediate stenting
MP monitoring period
PCRDS pressure- controlled reperfusion with 

delayed stenting
Pd, mean distal pressure
Pzf zero flow pressure

See Editorial by Yong et al.

https://www.clinicaltrials.gov
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artery (IRA) is a major contributor to the generation of 
microvascular damage. This may be related to the joint 
effect of increased capillary permeability downstream of 
the occlusion caused by ischemia- induced endothelial 
disruption12,13 and overpressurization following abrupt 
reperfusion. To date, there is no reported therapeutic 
modality exclusively aimed to prevent or limit extravas-
cular compression of the microcirculation by alleviating 
the surrounding myocardial edema and intramyocardial 
hemorrhage (IMH), both of which are inevitable results 
of reperfusion after prolonged ischemia. At this point, 
avoiding a sudden and full- pressure reperfusion may 
play a key role in the solution. Interventions geared at 
modulating initial reperfusion pressure may, therefore, 
attenuate the initial reperfusion- driven wave of edema 
and consequently IMH.

In this study, we propose that pressure- controlled 
(low pressure), gradual reopening of the acutely oc-
cluded coronary artery allowing adequate time for 
temporarily malfunctioned (stunned) arterioles to re-
gain adaptive vasoconstrictor response may prevent 
an abrupt pressure rise in downstream microvascu-
lar bed during the early reperfusion phase and may, 
therefore, limit the formation of edema and hemor-
rhage compressing microvascular bed externally in 
the surrounding myocardium. To test this hypothesis, 
we evaluated the effect of mechanically modulated, 
pressure- controlled (low pressure) reperfusion on cor-
onary microcirculation in patients undergoing pPCI in a 
randomized proof- of- concept pilot trial. The secondary 
objective of the study was to elucidate the time course 
of the evolution of microvascular injury over 1 hour after 
reperfusion established by pPCI.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Study Design
We performed a single- center, prospective, rand-
omized, open- label, parallel- arm study. The study 
was conducted in accordance with the Declaration 
of Helsinki and the study protocol was approved by 
Istanbul University’s Istanbul Faculty of Medicine eth-
ics committee. The clinical trial registration number is 
NCT02732080 (https://www.clini caltr ials.gov).

Patients
Patients presenting with their first STEMI undergoing 
pPCI within 6 hours of symptom onset were consid-
ered for trial enrollment. Inclusion criteria were ongoing 
chest pain, ST- segment elevation on ECG, and total 
occlusion (thrombolysis in myocardial infarction [TIMI] 

flow grade of 0) of a major coronary artery at the proxi-
mal or mid region on angiography. The main exclusion 
criteria were spontaneously recanalized IRA with a 
TIMI flow grade of 1 to 3 and hemodynamic instability.

Study Protocol
Immediately after diagnostic angiography showing 
proximal or mid occlusion of a major coronary artery, 
patients were asked for oral informed consent at the 
catheterization laboratory, which was witnessed by an 
independent person. Written informed consent was 
obtained in the coronary care unit within 24 hours of 
the procedure. After oral informed consent was ob-
tained, patients were randomized to either immediate 
stenting (IS; standard balloon angioplasty followed by 
immediate stent implantation) or the delayed stenting 
(gradual, pressure- controlled reperfusion with delayed 
stenting [PCRDS]) groups according to a computer- 
generated random sequence.

In both groups, in the first attempt, a 0.014- inch 
guidewire equipped with a dual sensor (pressure and 
Doppler sensors) on the tip (ComboWire XT, Philips, 
Volcano) was used to cross the fresh thrombotic oc-
clusion. When the attempt was successful, balloon 
angioplasty and stenting were performed over the 
dual- sensor coronary guidewire. When the attempt 
was not successful (2 patients in each group), a stan-
dard floppy wire was used to cross the occluded 
segment, and it was immediately replaced with the 
dual- sensor guidewire after balloon angioplasty. The 
stenting procedure was performed over the dual- 
sensor guidewire.

In the IS group, standard balloon angioplasty (the 
balloon size was left to the operators’ discretion) was 
followed by IS over the dual- sensor guidewire. In the 
reopened IRA, intracoronary pressure and flow veloc-
ity signals were continuously followed during a 1- hour 
monitoring period (MP) by means of the same dual- 
sensor guidewire, which was kept in place distal to the 
stented coronary segment.

In the PCRDS group, after establishing TIMI grade 
3 flow in the IRA by means of balloon angioplasty 
performed using a 1.5- mm balloon inflated at nomi-
nal pressure and after ensuring TIMI grade 3 flow with 
complete resolution of chest pain, stent implantation 
was delayed for 30 minutes until autoregulatory vaso-
constrictor tonus of the arterioles was expected to be 
recovered. To avoid capillary overpressurization and 
reocclusion, patients with a residual stenosis were 
carefully followed with continuous distal pressure and 
flow monitorization in these 30 minutes. IRA was then 
stented after these 30 minutes of low- pressure reper-
fusion with TIMI grade 3 flow. Intracoronary pressure 
and flow were monitored for a further 30  minutes 
via the dual- sensor guidewire, which was kept in the 
same position distal to the reopened coronary artery. 

https://www.clinicaltrials.gov
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Activated coagulation time was kept between 260 
seconds and 300 seconds during the procedure in all 
patients.

Real- time monitorization by continuous pressure 
and flow signals obtained from the intracoronary dual- 
sensor wire for a 1- hour period were performed in 
each patient. Resting pressure and flow data were re-
corded immediately after establishing initial reperfusion 
by angioplasty with a 1.5- mm balloon in the PCRDS 
group and after stent implantation in the IS group. 
Measurements were repeated at every 10th minute 
thereafter (7 recordings). In the same way, hyperemic 
pressure and flow data were recorded immediately 
after establishing initial reperfusion by angioplasty with 
a 1.5- mm balloon in the PCRDS group and by stent im-
plantation in the IS group. Recordings were repeated 
at every 20th minute thereafter (4 recordings) until the 
end of the 1- hour monitorization period (Figure S1). At 
each of these specified timepoints, resting and hy-
peremic pressure and flow recordings were repeated 
three times and averaged.

Venous blood samples were collected from all pa-
tients at 6- hour intervals within the first 24 hours after 
pPCI to determine peak troponin T and creatine kinase 
MB (CK- MB) levels. All patients received optimal medi-
cal therapy in accordance with the most recent guide-
lines14 (Table 1).

Intracoronary Hemodynamic 
Measurements
Intracoronary pressure and flow velocity data were 
obtained simultaneously and continuously with a dual- 
sensor– equipped guidewire (ComboWire XT, Philips 
Volcano). The tip of the dual- sensor guidewire was po-
sitioned just distal to the reopened segment in the IRA 
and manipulated until clear Doppler velocity envelopes 
were obtained. Doppler average peak velocity (APV), 
mean aortic pressure, and mean distal pressure (Pd) 
were simultaneously and continuously monitored with 
the ComboMap console (ComboMap console, Philips, 
Volcano). All hemodynamic signals were recorded 
during resting and maximum hyperemia induced by 
a bolus of intracoronary papaverine (15  mg for the 
right coronary artery and 20 mg for the left system). 
Three consecutive recordings were obtained at each 
prespecified timepoint for the calculations. All intrac-
oronary hemodynamic data acquired during the pro-
cedure were analyzed offline by one of the authors 
blinded to the randomization group (C.J.B.). Baseline 
stenosis resistance was calculated as the ratio of 
the stenosis pressure gradient to resting flow veloc-
ity. Hyperemic stenosis resistance was calculated as 
the ratio of the stenosis pressure gradient to hyper-
emic flow velocity. Baseline microvascular resistance 
was calculated as resting Pd divided by resting APV. 

Table 1. Baseline Demographic, Clinical, and 
Angiographic Characteristics in the PCRDS and IS Arms

PCRDS
(n=10)

IS
(n=10) P value

Main characteristics

Age, y 55.30±11.73 50.40±12.44 0.377

Men, n 9 10 0.90

Smoking, n 7 8 1

Diabetes, n 3 1 0.354

Hypertension, n 4 5 0.211

Dyslipidemia, n 7 7 1

History of preinfarct 
angina, n

2 3 0.255

Anterior infarct 
location, n

6 7 0.921

Initial ST- segment 
elevation, mm

15.85±9.55 17.50±10.93 0.456

Concomitant medication used during pPCI and in the coronary care 
unit

Aspirin, n 10 10 1

β- Blocker, n 9 10 0.920

P2Y12 antagonists, 
n

10 10 1

Statins, n 10 10 1

ACEIs, n 8 9 0.915

Angiographic characteristics

Infarct- related coronary artery, n

Left anterior 
descending 
artery

6 7 0.921

Right coronary 
artery

3 2 0.554

Circumflex artery 1 1 1

No. of diseased vessels, n

1 7 8 1

2 3 2 0.554

3 0 0

Periprocedural findings

Pain- to- balloon 
time, min

167±61 159±75 0.809

Needle- to- TIMI 
grade 3 flow time, 
min

5.25±0.72 5.45±0.64 0.672

Peak myocardial enzyme levels

Peak troponin T, 
ng/mL

5395±2991 8874±1927 0.006

Peak CK- MB, U/l 163.6±93.4 542.2±227.4 <0.001

Procedural findings

Reference vessel 
size, mm

2.9±0.4 3.0±0.4 0.910

Lesion length, mm 13. 5±3.8 12.3±3.1 0.851

TIMI grade

0/1 3 4 0.83

2 5 4 0.83

 (Continued)



J Am Heart Assoc. 2022;11:e024172. DOI: 10.1161/JAHA.121.024172 5

Sezer et al Pressure- Controlled Reperfusion During Primary PCI

Hyperemic microvascular resistance (hMR) was calcu-
lated under maximal hyperemia as Pd/APVh. Arteriolar 
resistance index (ARI) was expressed as baseline mi-
crovascular resistance –  hMR. Zero- flow pressure (Pzf) 
was calculated from the pressure- flow relationship in 
mid- late diastole using bespoke MATLAB software 
(version R2015a, the MathWorks). Individual cardiac 
cycles were delineated according to the R- R interval 
and ensemble averaging was performed. Each cardiac 
cycle was manually inspected to ensure accuracy, in 
particular of the automated flow tracking system of 
the ComboMap console; subjectively poor- quality cy-
cles were excluded. Mid- to- late diastole was identified 
manually with reference to the flow and pressure sig-
nals. Pzf was taken to be the linear intercept of the 
x- axis from this section (Figure S2).

Study End Points
The primary end point of this study was the Pzf at the 
end of a 1- hour MP. The secondary end point was the 
hMR at the same time end.

Statistical Analysis
The estimated mean value for the Pzf was obtained 
from the published literature.15,16 Using GraphPad Instat 
software, we then calculated the number of patients 
necessary to detect a difference of 50% between the 
immediate and delayed stenting group for Pzf with an 
α of 0.05 and a β of 0.20 and a statistical power of 
0.80. The necessary number of patients per group was 
10. All statistical analyses were performed with SPSS 
software (version 21; IBM). Group percentages were 
compared with the use of Fisher exact test. Group 
means for variables with normal and non- normal dis-
tributions were compared using Student t test and 
Mann- Whitney U test, respectively. Correlations be-
tween continuous parameters were analyzed using 
Pearson correlation analysis. The effects of potential 
confounding factors (pain- to- balloon time and culprit 

coronary artery [left anterior descending artery and 
nonleft anterior descending artery]) on primary and 
secondary end points were analyzed using univariate 
ANOVA. Two- tailed P values of <0.05 were considered 
to indicate statistical significance.

RESULTS
Study Patients
A total of 83 patients were screened for enrollment in 
the study (Figure 1). Thirty patients were enrolled and 
randomly assigned to the PCRDS (n=15) or IS group 
(n=15). In the PCRDS group, Doppler recordings were 
uninterpretable for the Pzf calculation in 3 patients and 
initial angioplasty with 1.5- mm balloon involuntarily 
caused an uncontrolled high distal pressure reperfu-
sion in 2 patients. Therefore, the remaining 10 patients 
were included in the analysis. In the IS group, Doppler 
recordings were found ineligible for Pzf calculation in 
4 patients and a significant distal lesion detected after 
establishing flow in IRA by angioplasty in 1 patient. 
Therefore, the remaining 10 patients constituted the 
IS group. Patients’ demographic, clinical, and angio-
graphic characteristics are listed in Table 1.
IRA was successfully reopened in all patients, each of 
whom received 1 stent. There were no differences be-
tween groups in terms of lesion length and thrombus 
burden (Table 1) No major complication occurred in any 
patients. In 1 patient assigned to the PCRDS group, a 
subtotal reocclusion occurred at the site of primary in-
tervention at the first 15 minutes of the MP after angio-
plasty but before stenting. A decline in distal pressure 
was immediately detected by means of a dual- sensor 
guidewire kept distal to the reopened segment, and 
TIMI grade 3 flow was immediately reestablished by 
angioplasty with a 1.5- mm balloon inflated at nominal 
pressure before the patient developed chest pain. The 
MP was completed in all patients in accordance with 
the protocol without any problems.

Peak troponin T (5395±2991 ng/mL versus 
8874±1927 ng/mL, P=0.006) and CK- MB (163.6±93.4 
IU/L versus 542.2±227.4  IU/L, P<0.001) values were 
significantly lower in the PCRDS group than in the IS 
group (Table 1).

Assessment of Microcirculation
Distal Intracoronary Pressure Values 
Throughout a 1- Hour MP

Mean resting pressures distal to the intervention 
site immediately after reperfusion initiated with 
angioplasty by a 1.5- mm balloon in the PCRDS 
group and with angioplasty and prompt stent-
ing in the IS group were 69.50±9.62 mm  Hg and 
89.50±8.94 mm Hg, respectively, (P<0.001). During 

PCRDS
(n=10)

IS
(n=10) P value

3 2 2 1

4 0 0 1

Residual stenosis 
after PTCA, %

60±9 … …

Stent diameter, mm 3±0.6 3.1±0.5 0.911

Inflation pressure, 
atm

17±3 16±3 0.859

ACEI indicates angiotensin- converting enzyme inhibitor; CK- MB, creatine 
kinase MB; IS, immediate stenting; PCRDS, pressure- controlled reperfusion 
with delayed stenting; pPCI, primary percutaneous coronary intervention; 
PTCA, percutaneous transluminal coronary angioplasty; and TIMI, 
thrombosis in myocardial infarction.

Table 1. Continued
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the first 30 minutes of the MP, resting Pd remained 
significantly lower in the PCRDS group than in the 
IS group at all prespecified timepoints. Resting dis-
tal pressures became comparable between the 2 
groups after stenting performed at the 30th min-
ute in the PCRDS group (Figure  2A and Table  2). 
Reperfusion began with a mean hyperemic distal 
pressure of 61.70±13.80  mm  Hg in the PCRDS 
group and with 82.00±7.28 mm Hg in the IS group 
(P=0.001). In the PCRDS group, hyperemic Pd 
remained significantly lower at all prespecified 
timepoints when measurements were performed 
during the first 30 minutes of the MP than in the IS 
group. After stenting performed at the 30th min-
ute in the PCRDS group, distal hyperemic pres-
sures became comparable between the 2 groups 
(Figure 2B and Table 2). Aortic pressures remained 
stable and comparable in the 2 groups throughout 
the procedure.

Time Course of Arteriolar and Epicardial 
Resistance After Reperfusion
In the IS group, ARI measured immediately after full- 
pressure reperfusion was 0.10±0.51  mm  Hg.cm−1.s, 
indicating exhausted coronary autoregulation when 
stenting was performed (Figure  3A). In the PCRDS 
group, coronary autoregulation was observed to be 
already recovered, as evidenced by a significantly 
increased ARI, when full- pressure reperfusion was 
initiated by stenting at 30  minutes after establish-
ing initial reperfusion (Figure  3A, Table  2). Although 
ARI increased immediately after reperfusion in both 
groups, it was significantly higher in the PCRDS arm 
throughout the period beginning from establishment of 
full- pressure reperfusion (1.11±0.37 versus 0.62±0.75, 
P=0.048) until the end of the 60- minute MP (1.16±0.46 
versus 0.58±0.49, P=0.015), which indicated mark-
edly better arteriolar protection of microcirculation in 
this group of patients (Table 2). In the first 30 minutes 

Figure 1. Assessment of eligibility, enrollment, randomization, and final groups.
IRA indicates infarct- related artery; PTCA, percutaneous transluminal coronary angioplasty; and TIMI, 
thrombosis in my- ocardial infarction.
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of MP, before recovery of autoregulation, baseline ste-
nosis resistance remained significantly higher (high 
enough to protect microcirculation from overpressuri-
zation and low enough not to produce ischemia) in the 
PCRDS than in the IS group. After stent implantation in 
the PCRDS group at the 30th minute, the difference in 
baseline stenosis resistance between the groups dis-
appeared (Figure 3B, Table 2).

Time Course of Microvascular Resistance and 
Coronary Flow After Reperfusion

In both groups, following the initial postocclusive reac-
tive increase, a progressive decrease was observed in 
resting APV values during first 30 minutes of the MP. 
Notably, resting APV values were comparable between 
the 2 groups during the first 30 minutes of the MP de-
spite remaining residual stenosis in the PCRDS group 
(Table 2, Figure S3A). In accordance with these find-
ings, a steep increase was observed in baseline mi-
crovascular resistance during the first 30  minutes of 
reperfusion in both groups and, thereafter, a steady 
state stabilization occurred (Figure 4A).
In the IS group, a progressive increase in hMR (Figure 4B) 
and a corresponding progressive decrease in APVh 
(Figure S3B) were observed throughout the 1- hour MP. 
In the PCRDS group, APVh remained relatively stable 

until stenting was performed at 30 minutes (Table 2, 
Figure S3B). A transient but significant increase in hMR 
and a corresponding decrease in APVh were observed 
after stenting in the PCRDS group (Figure 4B, Table 2). 
However, at the end of the 1- hour MP, hMR was sig-
nificantly lower and APVh was significantly higher in 
the PCRDS group than in the IS group (2.83±0.56 
mm  Hg.s.cm−1 versus 1.83±0.53  mm  Hg.s.cm−1, 
P=0.001) (Table 2, Figure S4). Effects of potential con-
founders (pain- to- balloon time [P=0.743] and culprit 
artery [P=0.774]) on hMR measured at 1 hour were not 
significant in univariate ANOVA.

Time Course of Pzf Values After Reperfusion

In the IS group, a progressive and significant increase 
was observed in Pzf over the 1- hour MP. In the PCRDS 
group, although an insignificant increase was observed 
in Pzf following stenting performed at 30  minutes, it 
then decreased significantly between 40 and 60 min-
utes. At the end of the 1- hour MP, Pzf was signifi-
cantly lower in the PCRDS group than in the IS group 
(41.46±17.85  mm  Hg versus 76.87±21.34  mm  Hg, 
P=0.001) (Figure  5A and 5B, Table  2). In univariate 
ANOVA, the effects of potential confounders (pain- to- 
balloon time [P=0.873] and culprit artery [P=0.791]) on 
Pzf measured at 1 hour were not significant.

Figure 2. Time course of the mean resting (Pdr) (A) and hyperemic (B) distal pressure (Pdh) values (mm Hg) recorded distal 
to the intervention site in the delayed (pressure- controlled reperfusion with delayed stenting [PCRDS]) and immediate 
stenting (IS) groups.
In each group, initial measurements were performed immediately after establishing reperfusion. Thereafter, resting pressures were 
recorded at every 10th minute and hyperemic pressures were recorded at every 20th minute throughout a 1- hour monitoring period. 
Mean initial reperfusion pressure was ≈90 mm Hg in the IS and 70 mm Hg in the PCRDS groups (A).
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Relationship Between Reperfusion 
Pressure Values in the Early Reperfusion 
Period and Pzf Measured at the End of 
the 1- Hour MP
Overall data combining both groups (n=20) showed 
robust associations between reperfusion pressures 
measured at the predefined stages in the early rep-
erfusion period and Pzf values measured at the 
end of the 1- hour MP (immediately after reperfu-
sion: r=0.782, P<0.001; at the 10th minute: r=0.796, 
P<0.001; and at the 20th minute: r=0.702, P=0.001) 
(Figure 6A).

Relationship Between Reperfusion 
Pressure Values in the Early Reperfusion 
Period and Postmyocardial Infarction 
Peak CK- MB Levels
Likewise, in the whole data set combining both groups 
(n=20), there were significant correlations between 
resting distal coronary pressure values (reperfusion 
pressures) measured at the predefined stages in the 
early reperfusion period and peak CK- MB levels (im-
mediately after reperfusion: r=0.653, P=0.002; at the 
10th minute: r=0.597, P=0.007; and at the 20th minute: 
r=0.538; P=0.017) (Figure 6B).

DISCUSSION

In this pilot trial, we found that mechanically modulated 
myocardial reperfusion by stepwise reopening of the 
occluded IRA in STEMI was associated with signifi-
cantly better preserved coronary microvascular perfu-
sion and lower peak enzyme estimates of infarct size, 
compared with standard IS. We also obtained valuable 
insights on the temporal course of coronary hemody-
namics in the first hour after successful pPCI. In this re-
spect, our results revealed a progressive deterioration 
in microvascular perfusion in patients undergoing pPCI 
as per standard practice. These in vivo observations 
provide new evidence, obtained from the standpoint 
of coronary hemodynamics, on the development of 
microvascular injury associated with coronary reperfu-
sion in patients with STEMI.

Microvascular injury associated with reperfusion 
constitutes one of the unmet needs in the manage-
ment of patients with STEMI. There is ample evidence 
that this phenomenon, which occurs in up to 40% 
of patients undergoing successful pPCI, has major 
long- term prognostic implications.1,2,15,16 Experimental 
models have revealed that the cardiac magnetic reso-
nance (CMR) imaging findings correlating microvascu-
lar injury and obstruction is predominantly formed by 

Figure 3. Time course of the arteriolar resistance in relation to changes in stenosis resistance in PCRDS and IS groups.
A, In the delayed stenting group (pressure- controlled reperfusion with delayed stenting [PCRDS], green lines), complete distal 
repressurization was established at 30 minutes after reperfusion by the time the arteriolar resistance index (ARI) was close to its 
highest value, which indicates almost totally recovered autoregulation. In the PCRDS group, mean baseline stenosis resistance (BSR) 
values were high enough to protect distal microcirculation from the overpressurization after initial balloon angioplasty until the ARI 
was recovered but low enough not to produce ischemia. B, In the immediate stenting (IS) group (blue lines), reperfusion pressure was 
completely and abruptly reestablished by stenting at the beginning of the reperfusion by the time ARI value was ≈0, which indicated 
totally exhausted autoregulation. BSR values became comparable between the 2 arms after stenting was performed in the delayed 
arm at 30 minutes.
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erythrocyte extravasation with microvascular destruc-
tion17 and not by intraluminal obstruction by thrombi. 
The latter finding explains why strategies aimed to pre-
vent microembolization during pPCI fail in demonstrat-
ing clinical benefit in randomized trials.3– 5

The rationale of performing controlled- pressure 
reperfusion of the IRA in patients with STEMI, aimed to 
preserve microvascular integrity, stems from previous 
research on the sequence of events associated with 
myocardial reperfusion injury. Arteriolar function down-
stream the occluded IRA, which controls myocardial 
blood flow by modulating microvascular resistance and 
protects the capillary network from excessive intralumi-
nal pressure, is transiently lost (arteriolar stunning).18,19 
At the same time, capillary endothelium becomes vul-
nerable, fragile, and permeable because of hypoxia- 
induced damage.12,13 Concurrently, venous drainage 
of the microcirculation can be blocked as a result of 
vascular insult caused by intraluminal microvascu-
lar obstruction and by free radicals generated during 
hypoxia. In the specific milieu described, the sudden 
and substantial rise in intraluminal pressure associated 
with abrupt coronary reopening20 may be followed by 
the development of intramyocardial edema and hem-
orrhage formation. Of key importance for the treatment 
strategy of controlled reperfusion, myocardial blood 

flow in the area at risk is stabilized within ≈30 minutes 
of reopening the occluded coronary artery.21,22 This im-
plies that, in spite of an initial ischemic insult, coronary 
autoregulation in the reperfused myocardial territory 
might recover over 30 minutes after reperfusion starts. 
The treatment strategy tested in our trial aimed at pro-
tecting the coronary microcirculation from pressure 
overload until the above- described recovery of arte-
riolar control had taken place. Our approach is sup-
ported by experimental data in animal models showing 
that a gradual increase in intracoronary pressure at the 
time of initial reperfusion was associated with strikingly 
less interstitial edema and better ventricular function, 
as compared with abrupt and full- pressure myocardial 
reperfusion.23

The first set of observations made in the 2 arms of 
our study are aligned with the pathophysiological se-
quence outlined above. As Figures 3 and 4A show, in 
patients with STEMI, arteriolar resistance and baseline 
microcirculatory resistance shift in a significant manner 
over the next hour following vessel reopening, being 
lowest at the beginning and maximal at 30 to 40 min-
utes after reperfusion (increasing by 6 times for ARI and 
1.9 times for baseline stenosis resistance, on average). 
The figures show the entirely different resistive envi-
ronment in which full- pressure reperfusion took place 

Figure 4. Temporal course of the baseline (resting) microvascular resistance (BMR) and hyperemic microvascular 
resistance (hMR) values during a 1- hour monitoring period (MP) after reperfusion.
A, Seven BMR values were measured with 10- minute intervals beginning from the initial reperfusion until the end of the 1- hour MP 
in the delayed (pressure- controlled reperfusion with delayed stenting [PCRDS]) and immediate stenting (IS) groups. In the IS group, 
when full- pressure reperfusion was established by stenting, the BMR value was at its lowest level. However, in the PCRDS group, the 
BMR value was close to its highest value when stenting was performed at the 30th minute of reperfusion (B) Four hMR values were 
measured with 20- minute intervals beginning from initial reperfusion until the end of the 1- hour MP in the PCRDS and IS groups. A 
progressive increase in hMR is seen in the IS group.
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in the 2 treatment strategies: over the most vulnerable 
period (denoted by low ARI [Figure 3A] and baseline 
microvascular resistance [Figure  4A]), mean intracor-
onary pressure reached 90  mm  Hg in the IS group, 
while it was kept below 75 mm Hg in the PCRDS group 
(Figure 2A). The second set of observations refers to 
the consequences of performing full- pressure reperfu-
sion in the scenarios of impaired or recovered arteriolar 
control. After pPCI, the initial peak of edema associ-
ated with initial overperfusion (hyperfiltration) seems to 
occur rapidly, with IMH in 30% to 45% of patients with 
STEMI undergoing reperfusion.24 Interstitial hemor-
rhage heralds the development of no- reflow perfusion 
defects, as shown in an animal model.17,25,26 Critically, 
both edema and IMH may, in turn, decrease myocardial 
blood flow by creating an external compressive force 
on capillaries via increasing intramyocardial interstitial 
pressure.11,27,28 As revealed in the above- mentioned 
experimental study,23 initial reperfusion pressure is the 
main determinant of the myocardial edema develop-
ing after reperfusion. In our study, since we primarily 
aimed to limit the initial wave of edema and consequent 
IMH by modulating initial reperfusion pressure, Pzf was 
chosen as the primary end point. Because, first, from 
a conceptual standpoint, Pzf is the index that should 
better integrate the pathophysiological consequences 
of the process discussed above, which ultimately 

include IMH and edema exerting extravascular com-
pression over collapsible elements of microcirculation 
(capillaries and venules)28,29; and, second, because 
previous studies have identified Pzf as an optimal index 
to establish the magnitude of microvascular injury after 
pPCI.30,31 In patients undergoing PCRDS, values of 
measures of microvascular integrity (hyperemic cor-
onary flow and microvascular resistance) displayed a 
rather stable course and were lower at all time points 
than in the IS group, which implies better- preserved 
microvascular structural integrity. However, we found 
that the IS strategy was associated with a steady in-
crease of Pzf, potentially reflecting a time- dependent 
evolution of microvascular compression resulting from 
the above- described mechanisms (Figure 5A). Notably, 
in the whole study population (n=20), reperfusion pres-
sure values measured at prespecified stages during 
the early reperfusion period (first 30 minutes of reper-
fusion) displayed robust associations with Pzf mea-
sured at 60 minutes and peak CK- MB levels (Figure 6). 
These findings strongly imply that, during pPCI, the 
magnitude of distal intracoronary repressurization in 
early reperfusion steps can be a pivotal determinant of 
microvascular integrity (Figure 7) and final infarct size 
and, therefore, modulation of distal reperfusion pres-
sure with PCDRS may result in significantly improved 
patient outcome in the long term.

Figure 5. Temporal course of zero- flow pressure (Pzf) during a 1- hour monitoring period (MP) after reperfusion.
A, Four Pzf values were calculated 20 minutes apart beginning from initial reperfusion until the end of the 1- hour MP in the delayed 
(pressure- controlled reperfusion with delayed stenting [PCRDS]) and immediate stenting (IS) groups. In the IS arm, progressively 
increased Pzf values indicate progressively evolved external compression on microcirculation in this group of patients. (B) Comparison 
of the mean Pzf values at the end of the 1- hour MP between the study groups.
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The described pathophysiology mirrors extracar-
diac conditions, such as intracerebral hemorrhage 
after stenting of high- grade carotid stenosis,32,33 
compartment syndrome after abrupt reopening 
of the occluded limb arteries,34,35 and pulmonary 
edema developing after pulmonary angioplasty 
performed for chronic thromboembolic pulmonary 
hypertension.36 Most likely, these clinical scenarios 
share some background mechanisms with myo-
cardial edema and IMH developing after abrupt re-
opening of the acutely occluded IRA. As a matter 
of fact, and similar to that proposed in our study, 
pressure- controlled or low- pressure reperfusion has 
also been shown to be beneficial in coronary artery 
bypass grafting,37,38 solid organ transplantations,39,40 
pulmonary angioplasty for chronic thromboembolic 
pulmonary hypertension,41 and in an acute cerebral 
ischemia model.42

Several limitations of our study should be noted. 
First, being a pilot trial, and because of the complex-
ity of the study protocol, only 20 patients were en-
rolled. However, the robustness of the obtained data, 

sequentially acquired over the first hour of myocardial 
reperfusion with 2 treatment modalities, provide ini-
tial support to our hypothesis, supporting the design 
and launching of larger trials. Second, PCI operators 
could not be blinded to which arm patients were al-
located. This could have potentially led to investigator 
bias. Third, CMR imaging was not performed as part 
of the study. However, the focus of our research was 
the temporal evolution of coronary hemodynamics 
over the 1 hour after reperfusion and this could not 
be addressed using CMR imaging. Fourth, although 
pressure- controlled (low pressure) reperfusion deliv-
ered under 70 mm Hg of distal perfusion pressure in the 
PCRDS group was shown to be associated with better 
microvascular protection than full- pressure reperfusion 
established immediately by standard pPCI, the value 
for distal perfusion pressure, which would be optimal 
for protecting capillaries from overpressurization with-
out leading to re- ischemia remains unknown. Fifth, the 
degree of control over distal perfusion pressure pro-
vided by a small PCI balloon might be suboptimal; in 
future studies, better control of distal pressure may 

Figure 6. The relationship between initial reperfusion pressure (distal intracoronary pressure at the beginning of 
reperfusion) and zero flow pressure measured at the end of the 1- hour MP (primary endpoint) and peak CKMB values.
 A, Correlations between resting distal intracoronary pressure values (reperfusion pressure) in the early reperfusion period: (1) 
immediately after reperfusion, (2) at the 10th minute, and (3) at the 20th minute after reperfusion; and zero flow pressure (Pzf) measured 
at the 60th minute of reperfusion in the study groups. B, Correlations between reperfusion pressure values in the early reperfusion 
period: (1) immediately after reperfusion, (2) at the 10th minute, and (3) at the 20th minute after reperfusion; and peak creatine kinase 
MB (CK- MB) levels.
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be obtained with more sophisticated mechanical de-
vices, which remains to be developed. Last, we used 
the peak values of cardiac enzymes to estimate final 
infarct size. Although high correlations were shown be-
tween peak level of troponin and CK- MB with single- 
photon emission computed tomographic infarct size 
(r>0.70),43,44 scintigraphic infarct size remains a better 
correlate of 1- year mortality than either biomarker.44 In 

addition, we were not able to show reflections of im-
proved microvasculature on cardiac function by CMR 
imaging or echocardiography. This is a single- center 
study and unfortunately our center is not capable of 
performing CMR. Although echocardiographic evalua-
tion was performed routinely in all patients and showed 
slightly better ejection fraction in the PCRDS group 
as compared with the IS group (P<0.05), we did not 

Figure 7. Coronary microcirculatory response to different myocardial reperfusion strategies: (1) immediate stenting (IS), 
and (2) pressure- controlled reperfusion with direct stenting (PCRDS).
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provide these data, which may be misleading, con-
sidering the limited number of patients included in this 
pilot study.

In conclusion, in patients with STEMI, abrupt re-
opening of the occluded IRA may paradoxically ag-
gravate microvascular injury in patients undergoing 
pPCI. Immediate reconstitution of coronary blood 
flow by pPCI performed as per standard practice was 
associated with a progressive deterioration of the mi-
crovascular perfusion over the course of a 1- hour MP. 
Mechanical modulation of reperfusion pressure with 
delayed stenting was associated with significantly 
better- preserved microvascular integrity, as compared 
with standard pPCI. Modulation of initial reperfusion 
pressure might, therefore, prove to be a promising 
reperfusion strategy in order to limit vascular reperfu-
sion injury.

ARTICLE INFORMATION
Received October 29, 2021; accepted December 22, 2021.

Affiliations
Department of Cardiology, Istanbul Faculty of Medicine, Istanbul University, 
Istanbul, Turkey (M.S., B.U., Z.B., M.R.S., A.O., A.A., S.U.); Acibadem 
International Hospital, Istanbul, Turkey (M.S.); Hospital Clínico San Carlos, 
Instituto de Investigación Sanitaria San Carlos, Universidad Complutense 
de Madrid, Madrid, Spain (J.E.); The Prince Charles Hospital, Chermside, 
Brisbane, Australia (C.J.B.); Department of Cardiovascular Medicine, Mayo 
Clinic, Rochester, MN (I.O.); Marmara University, School of Medicine, 
Istanbul, Turkey (E.A.); Acibadem Atakent Hastanesi, Halkali, Istanbul, 
Turkey (Z.I.S.); Hammersmith Hospital, Imperial College London, London, 
United Kingdom (J.E.D.); and Radboud University Medical Center, Nijmegen, 
Netherlands (N.v.R.).

Sources of Funding
None.

Disclosures
None.

Supplemental Material
Figures S1– S4

REFERENCES
 1. Niccoli G, Scalone G, Lerman A, Crea F. Coronary microvascular ob-

struction in acute myocardial infarction. Eur Heart J. 2016;37:1024– 
1033. doi: 10.1093/eurhe artj/ehv484

 2. Van Kranenburg M, Magro M, Thiele H, de Vaha S, Eitel I, Cochet A, 
Yves C, Atar D, Buser P, Wu E, et al. Prognostic value of microvas-
cular obstruction and infarct size, as measured by CMR in STEMI 
patients. JACC Cardiovasc Imaging. 2014;7:930– 939. doi: 10.1016/j.
jcmg.2014.05.010

 3. Jolly SS, James S, Džavík V, Cairns JA, Mahmoud KD, Zijlstra F, 
Yusuf S, Olivecrona GK, Renlund H, Gao P, et al. Thrombus aspira-
tion in ST- segment- elevation myocardial infarction: an individual pa-
tient meta- analysis: thrombectomy trialists collaboration. Circulation. 
2017;135:143– 152. doi: 10.1161/CIRCU LATIO NAHA.116.025371

 4. Stone GW, Abizaid A, Silber S, Dizon JM, Merkely B, Costa RA, 
Kornowski R, Abizaid A, Wojdyła R, Maehara A, et al. Prospective, 
randomized, multicenter evaluation of a polyethylene terephthalate mi-
cronet mesh- covered stent (MGuard) in ST- segment elevation myocar-
dial infarction: the MASTER trial. J Am Coll Cardiol. 2012;60:1975– 1984. 
doi: 10.1016/j.jacc.2012.09.004

 5. Kelbæk H, Høfsten DE, Køber L, Helqvist S, Kløvgaard L, Holmvang L, 
Jørgensen E, Pedersen F, Saunamäki K, De Backer O, et al. Deferred 
versus conventional stent implantation in patients with ST- segment el-
evation myocardial infarction (DANAMI 3- DEFER): an open- label, ran-
domized controlled trial. Lancet. 2016;387:2199– 2206. doi: 10.1016/
S0140 - 6736(16)30072 - 1

 6. Sezer M, Oflaz H, Gören T, Okcular I, Umman B, Nisanci Y, Bilge AK, 
Sanli Y, Meric M, Umman S. Intracoronary streptokinase after pri-
mary coronary intervention. N Engl J Med. 2007;356:1823– 1834. doi: 
10.1056/NEJMo a054374

 7. McCartney PJ, Eteiba H, Maznyczka AM, McEntegart M, Greenwood 
JP, Muir DF, Chowdhary S, Gershlick AH, Appleby C, Cotton JM, et al. 
for T- TIME Group. Effect of low- dose intracoronary alteplase during pri-
mary percutaneous coronary intervention on microvascular obstruction 
in patients with acute myocardial infarction: a randomized clinical trial. 
JAMA. 2019;321:56– 68. doi: 10.1001/jama.2018.19802

 8. Engstrøm T, Kelbæk H, Helqvist S, Høfsten DE, Kløvgaard L, 
Clemmensen P, Holmvang L, Jørgensen E, Pedersen F, Saunamaki 
K, et al, Third Danish Study of Optimal Acute Treatment of Patients 
With ST Elevation Myocardial Infarction- Ischemic Postconditioning 
(DANAMI- 3– iPOST) Investigators. Effect of ischemic postcondition-
ing during primary percutaneous coronary intervention for patients 
with ST- segment elevation myocardial infarction: a randomized 
clinical trial. JAMA Cardiol. 2017;2:490– 497. doi: 10.1001/jamac 
ardio.2017.0022

 9. Hausenloy DJ, Kharbanda RK, Møller UK, Ramlall M, Aarøe J, Butler 
R, Bulluck H, Clayton T, Dana A, Dodd M, et al. CONDI- 2/ERIC- 
PPCI Investigators. Effect of remote ischaemic conditioning on clini-
cal outcomes in patients with acute myocardial infarction (CONDI- 2/
ERIC- PPCI): a single- blind randomized controlled trial. Lancet. 
2019;394:1415– 1424. doi: 10.1016/S0140 - 6736(19)32039 - 2

 10. Wu Y, Liu H, Wang X. Cardioprotection of pharmacological post-
conditioning on myocardial ischemia/reperfusion injury. Life Sci. 
2021;264:118628. doi: 10.1016/j.lfs.2020.118628

 11. Sezer M, van Royen N, Umman B, Bugra Z, Bulluck H, Hausenloy DJ, 
Umman S. Coronary microvascular injury in reperfused acute myo-
cardial infarction: a view from an integrative perspective. J Am Heart 
Assoc. 2018;7:e009949. doi: 10.1161/JAHA.118.009949

 12. French CJ, Zaman AK, Kelm RJ Jr, Spees JL, Sobel BE. Vascular rhexis: 
loss of integrity of coronary vasculature in mice subjected to myocardial 
infarction. Exp Biol Med (Maywood). 2010;235:966– 973. doi: 10.1258/
ebm.2010.010108

 13. Gao XM, Wu Q, Kiriazis H, Su Y, Han L, Pearson JT, Taylor AJ, Du XJ. 
Microvascular leakage in acute myocardial infarction: characterization 
by histology, biochemistry, and magnetic resonance imaging. Am J 
Physiol Heart Circ Physiol. 2017;312:H1068– H1075. doi: 10.1152/ajphe 
art.00073.2017

 14. Jneid H, Addison D, Bhatt DL, Fonarow GC, Gokak S, Grady KL, Green 
LA, Heidenreich PA, Ho PM, Jurgens CY, et al. 2017 AHA/ACC clini-
cal performance and quality measures for adults with ST- elevation and 
non- ST- elevation myocardial infarction: a report of the American College 
of Cardiology/American Heart Association Task Force on Performance 
Measures. Circ Cardiovasc Qual Outcomes. 2017;10:e000032. doi: 
10.1161/HCQ.00000 00000 000032

 15. De Waha S, Desch S, Eitel I, Fuernau G, Lurz P, Leuschner A, Grothoff 
M, Gutberlet M, Schuler G, Thiele H. Relationship and prognostic value 
of microvascular obstruction and infarct size in ST- elevation myocar-
dial infarction as visualized by magnetic resonance imaging. Clin Res 
Cardiol. 2012;101:487– 495. doi: 10.1007/s0039 2- 012- 0419- 3

 16. Durante A, Camici PG. Novel insights into an "old" phenome-
non: the no- reflow. Int J Cardiol. 2015;187:273– 280. doi: 10.1016/j.
ijcard.2015.03.359

 17. Robbers LF, Eerenberg ES, Teunissen PF, Jansen MF, Hollander MR, 
Horrevoets AJ, Knaapen P, Nijveldt R, Heymans MW, Levi MM, et al. 
Magnetic resonance imaging- defined areas of microvascular obstruc-
tion after acute myocardial infarction represent microvascular destruc-
tion and hemorrhage. Eur Heart J. 2013;34:2346– 2353.

 18. Pomblum VJ, Korbmacher B, Cleveland S, Sunderdiek U, Klocke 
RC, Schipke JD. Cardiac stunning in the clinic: the full picture. 
Interact Cardiovasc Thorac Surg. 2010;10:86– 91. doi: 10.1510/
icvts.2009.205666

 19. Garcia SC, Pomblum V, Gams E, Langenbach MR, Schipke JD. 
Independency of myocardial stunning of endothelial stunning? Basic 
Res Cardiol. 2007;102:359– 367. doi: 10.1007/s0039 5- 007- 0657- 0

https://doi.org/10.1093/eurheartj/ehv484
https://doi.org/10.1016/j.jcmg.2014.05.010
https://doi.org/10.1016/j.jcmg.2014.05.010
https://doi.org/10.1161/CIRCULATIONAHA.116.025371
https://doi.org/10.1016/j.jacc.2012.09.004
https://doi.org/10.1016/S0140-6736(16)30072-1
https://doi.org/10.1016/S0140-6736(16)30072-1
https://doi.org/10.1056/NEJMoa054374
https://doi.org/10.1001/jama.2018.19802
https://doi.org/10.1001/jamacardio.2017.0022
https://doi.org/10.1001/jamacardio.2017.0022
https://doi.org/10.1016/S0140-6736(19)32039-2
https://doi.org/10.1016/j.lfs.2020.118628
https://doi.org/10.1161/JAHA.118.009949
https://doi.org/10.1258/ebm.2010.010108
https://doi.org/10.1258/ebm.2010.010108
https://doi.org/10.1152/ajpheart.00073.2017
https://doi.org/10.1152/ajpheart.00073.2017
https://doi.org/10.1161/HCQ.0000000000000032
https://doi.org/10.1007/s00392-012-0419-3
https://doi.org/10.1016/j.ijcard.2015.03.359
https://doi.org/10.1016/j.ijcard.2015.03.359
https://doi.org/10.1510/icvts.2009.205666
https://doi.org/10.1510/icvts.2009.205666
https://doi.org/10.1007/s00395-007-0657-0


J Am Heart Assoc. 2022;11:e024172. DOI: 10.1161/JAHA.121.024172 15

Sezer et al Pressure- Controlled Reperfusion During Primary PCI

 20. Sezer M, Nisanci Y, Umman B, Yilmaz E, Olcay A, Erzengin F, 
Ozsaruhan O. New support for clarifying the relation between ST seg-
ment resolution and microvascular function: degree of ST segment res-
olution correlates with the pressure- derived collateral flow index. Heart. 
2004;90:146– 150. doi: 10.1136/hrt.2002.009985

 21. Ambrosio G, Weisman HF, Mannisi JA, Becker LC. Progressive impair-
ment of regional myocardial perfusion after initial restoration of pos-
tischemic blood flow. Circulation. 1989;80:1846– 1861. doi: 10.1161/01.
CIR.80.6.1846

 22. Reffelmann T, Kloner RA. Microvascular reperfusion injury: rapid ex-
pansion of anatomic no- reflow during reperfusion in the rabbit. Am J 
Physiol Heart Circ Physiol. 2002;283:H1099– H1107. doi: 10.1152/ajphe 
art.00270.2002

 23. Ueno T, Yamada T, Yoshikai M, Natsuaki M, ltoh T. Effect of gradual 
reperfusion on ventricular function after 6- h preservation. Cardiovasc 
Surg. 1993;1:695– 700.

 24. Betgem RP, de Waard GA, Nijveldt R, Beek AM, Escaned J, van Royen 
N. Intramyocardial hemorrhage after acute myocardial infarction. Nat 
Rev Cardiol. 2015;12:156– 167. doi: 10.1038/nrcar dio.2014.188

 25. Kloner RA, King KS, Harrington MG. No- reflow phenomenon in the 
heart and brain. Am J Physiol Heart Circ Physiol. 2018;315:H550– H562. 
doi: 10.1152/ajphe art.00183.2018

 26. Kloner RA. New observations regarding post- ischemia/reperfusion 
myocardial swelling. J Am Coll Cardiol. 2015;4:324– 326. doi: 10.1016/j.
jacc.2014.11.006

 27. Van Herck PL, Carlier SG, Claeys MJ, Haine SE, Gorissen P, Miljoen 
H, Bosmans JM, Vrints CJ. Coronary microvascular dysfunction after 
myocardial infarction: increased coronary zero flow pressure both in 
the infarcted and in the remote myocardium is mainly related to left 
ventricular filling pressure. Heart. 2007;93:1231– 1237. doi: 10.1136/
hrt.2006.100818

 28. Bellamy RF. Diastolic coronary artery pressure- flow relations in the dog. 
Circ Res. 1978;43:92– 101. doi: 10.1161/01.RES.43.1.92

 29. Ito H, Terai K, Iwakura K, Kawase I, Fujii K. Hemodynamics of mi-
crovascular dysfunction in patients with anterior wall acute myocar-
dial infarction. Am J Cardiol. 2004;94:209– 212. doi: 10.1016/j.amjca 
rd.2004.03.066

 30. Patel N, Petraco R, Dall’Armellina E, Kassimis G, De Maria GL, Dawkins 
S, Lee R, Prendergast BD, Choudhury RP, Forfar JC, et al. Zero- flow 
pressure measured immediately after primary percutaneous coronary 
intervention for ST- segment elevation myocardial infarction provides the 
best invasive index for predicting the extent of myocardial infarction at 
6 months: an OxAMI study (Oxford Acute Myocardial Infarction). JACC 
Cardiovasc Interv. 2015;8:1410– 1421. doi: 10.1016/j.jcin.2015.04.029

 31. Teunissen PFA, de Waard GA, Hollander MR, Robbers LFHJ, Danad 
I, Biesbroek PS, Amier RP, Echavarría- Pinto M, Quirós A, Broyd C, et 
al. Doppler- derived intracoronary physiology indices predict the occur-
rence of microvascular injury and microvascular perfusion deficits after 
angiographically successful primary percutaneous coronary interven-
tion. Circ Cardiovasc Interv. 2015;8:e001786. doi: 10.1161/CIRCI NTERV 
ENTIO NS.114.001786

 32. Xu Y, Wanga Y, Feng L, Miao Z, Ling F. Treatment and outcome of intra-
cranial hemorrhage after carotid artery stenting. A ten year single center 

experience. Interv Neuroradiol. 2009;15:316– 324. doi: 10.1177/15910 
19909 01500309

 33. Okamura A, Nakaoka M, Ohbayashi N, Yahara K, Nabika K. 
Intraoperative idiopathic subarachnoid hemorrhage during carotid ar-
tery stenting: a case report and literature review. Interv Neuroradiol. 
2015;21:592– 597. doi: 10.1177/15910 19915 594332

 34. von Keudell AG, Weaver MJ, Appleton PT, Bae DS, Dyer GSM, Heng 
M, Jupiter JB, Vrahas MS. Diagnosis and treatment of acute extremity 
compartment syndrome. Lancet. 2015;386:1299– 1310. doi: 10.1016/
S0140 - 6736(15)00277 - 9

 35. Wilhelm MP, Schlensak C, Hoh A, Knipping L, Mangold G, Rojas 
DD, Beyersdorf F. Controlled reperfusion using a simplified perfusion 
system preserves function after acute and persistent limb ischemia: 
a preliminary study. J Vasc Surg. 2005;42:690– 694. doi: 10.1016/j.
jvs.2005.05.055

 36. Inami T, Kataoka M, Shimura N, Ishiguro H, Yanagisawa R, Taguchi H, 
Fukuda K, Yoshino H, Satah T. Pulmonary edema predictive scoring 
index (PEPSI), a new index to predict risk of reperfusion pulmonary 
edema and improvement of hemodynamics in percutaneous translumi-
nal pulmonary angioplasty. JACC Cardiovasc Interv. 2013;6:725– 736. 
doi: 10.1016/j.jcin.2013.03.009

 37. Beyersdorf F. The use of controlled reperfusion strategies in cardiac 
surgery to minimize ischemia/reperfusion damage. Cardiovasc Res. 
2009;83:262– 268. doi: 10.1093/cvr/cvp110

 38. Ferrera R, Benhabbouche S, Da Silva CC, Alam MR, Ovize M. Delayed 
low pressure at reperfusion: a new approach for cardioprotection. 
J Thorac Cardiovasc Surg. 2015;150:1641– 1648. doi: 10.1016/j.
jtcvs.2015.08.053

 39. Haab F, Julia P, Nochy D, Cambillau M, Fabiani JN, Thibault P. 
Improvement of postischemic renal function by limitation of initial reper-
fusion pressure. J Urol. 1996;155:1089– 1093.

 40. Alvarado CG, Poston R, Hattler BG, Keenan RJ, Dauber J, Griffith B, 
McCurry KR. Effect of controlled reperfusion techniques in human 
lung transplantation. J Heart Lung Transplant. 2001;20:183– 184. doi: 
10.1016/S1053 - 2498(00)00377 - 6

 41. Inami T, Kataoka M, Shimura N, Ishiguro H, Yanagisawa R, Fukuda K, 
Yoshino H, Satoh T. Pressure- wire- guided percutaneous translumi-
nal pulmonary angioplasty: a breakthrough in catheter- interventional 
therapy for chronic thromboembolic pulmonary hypertension. JACC 
Cardiovasc Interv. 2014;7:1297– 1306. doi: 10.1016/j.jcin.2014.06.010

 42. Xu WW, Zang Y, Su J, Liu A, Wang K, Li C, Liu Y, Zhang Y, Lv J, Jiang W. 
Ischemia reperfusion injury after gradual versus rapid flow restoration 
for middle cerebral artery occlusion rats. Sci Rep. 2018;8:1638.

 43. Tzivoni D, Koukoui D, Guetta V, Novack L, Cowing G, CASTEMI Study. 
Comparison of Troponin T to creatine kinase and to radionuclide car-
diac imaging infarct size in patients with ST- elevation myocardial infarc-
tion undergoing primary angioplasty. Am J Cardiol. 2008;101:753– 757. 
doi: 10.1016/j.amjca rd.2007.09.119

 44. Chia S, Senatore F, Raffel OC, Lee H, Wackers FJTh, Jang IK- K. Utility 
of cardiac biomarkers in predicting infarct size, left ventricular function, 
and clinical outcome after primary percutaneous coronary intervention 
for ST- segment elevation myocardial infarction. JACC Cardiovas. Interv. 
2008;1:415– 423. doi: 10.1016/j.jcin.2008.04.010

https://doi.org/10.1136/hrt.2002.009985
https://doi.org/10.1161/01.CIR.80.6.1846
https://doi.org/10.1161/01.CIR.80.6.1846
https://doi.org/10.1152/ajpheart.00270.2002
https://doi.org/10.1152/ajpheart.00270.2002
https://doi.org/10.1038/nrcardio.2014.188
https://doi.org/10.1152/ajpheart.00183.2018
https://doi.org/10.1016/j.jacc.2014.11.006
https://doi.org/10.1016/j.jacc.2014.11.006
https://doi.org/10.1136/hrt.2006.100818
https://doi.org/10.1136/hrt.2006.100818
https://doi.org/10.1161/01.RES.43.1.92
https://doi.org/10.1016/j.amjcard.2004.03.066
https://doi.org/10.1016/j.amjcard.2004.03.066
https://doi.org/10.1016/j.jcin.2015.04.029
https://doi.org/10.1161/CIRCINTERVENTIONS.114.001786
https://doi.org/10.1161/CIRCINTERVENTIONS.114.001786
https://doi.org/10.1177/159101990901500309
https://doi.org/10.1177/159101990901500309
https://doi.org/10.1177/1591019915594332
https://doi.org/10.1016/S0140-6736(15)00277-9
https://doi.org/10.1016/S0140-6736(15)00277-9
https://doi.org/10.1016/j.jvs.2005.05.055
https://doi.org/10.1016/j.jvs.2005.05.055
https://doi.org/10.1016/j.jcin.2013.03.009
https://doi.org/10.1093/cvr/cvp110
https://doi.org/10.1016/j.jtcvs.2015.08.053
https://doi.org/10.1016/j.jtcvs.2015.08.053
https://doi.org/10.1016/S1053-2498(00)00377-6
https://doi.org/10.1016/j.jcin.2014.06.010
https://doi.org/10.1016/j.amjcard.2007.09.119
https://doi.org/10.1016/j.jcin.2008.04.010


 
 
 

Supplemental Material  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S1.   Hemodynamic measurements made at prespecified time points during the 1-hour MP in patients undergoing full 

pressure (IS) and controlled-pressure (PCRDS) reperfusion.   

 



 
 
 

Figure S2. Examples of zero flow pressure (Fzp) calculated in patients who randomized in PCRDS (22.2 mmHg) and in IS (66.1 mmHg) groups. 
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Figure S3. Time course of the resting and hyperemic average peak velocity (APV) in PCRDS and IS groups during 1‐hour MP. 
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Figure S4. Hyperemic microvascular resistance (hMR) measured at the end of the 1‐hour MP in patients undergoing PCRDS and IS. 
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