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ABSTRACT
OBJECTIVES The aim of this study was to compare the changes of fractional ﬂow reserve (FFR) or instantaneous wavefree ratio (iFR) with severity of epicardial coronary stenosis between nonculprit vessel of acute myocardial infarction
(AMI) and stable ischemic heart disease (SIHD).
BACKGROUND There has been debate regarding the reliability of FFR or iFR for nonculprit stenosis in the acute stage
of AMI.
METHODS A total of 100 AMI patients underwent comprehensive physiologic assessment including FFR, iFR, coronary
ﬂow reserve (CFR), and index of microcirculatory resistance (IMR) for nonculprit vessel stenosis after primary percutaneous coronary intervention (PCI) for culprit vessel. The changes in FFR and iFR for diameter stenosis (%DS) of nonculprit
vessel stenosis were compared with FFR and iFR measured in 203 patients with SIHD.
RESULTS From 40% to 80% stenosis, FFR and iFR measured in nonculprit vessel of AMI patient showed signiﬁcant
decrease with worsening stenosis severity (all p values < 0.001). Nonculprit vessels of AMI patients showed lower CFR
than SIHD; however, IMR was not different between the nonculprit vessel of AMI and SIHD patients. FFR and iFR were not
signiﬁcantly different between the nonculprit vessel of AMI and SIHD patients in all %DS groups from 40% to 80%
(all p values > 0.05). In addition, percent difference of FFR and iFR according to the increase in %DS was also not
signiﬁcantly different between nonculprit vessel of AMI or SIHD. There was no signiﬁcant interaction between clinical
presentation and the changes of FFR and iFR for worsening %DS (interaction p value ¼ 0.698 and 0.257, respectively).
CONCLUSIONS Changes in FFR and iFR for the nonculprit stenosis of AMI patients were not signiﬁcantly different
from those in SIHD patients. These data support the use of invasive physiological parameters to guide treatment of
nonculprit stenoses in the acute stage of successfully revascularized AMI. (J Am Coll Cardiol Intv 2018;11:1848–58)
© 2018 by the American College of Cardiology Foundation.
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A

mong acute myocardial infarction (AMI) pa-
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METHODS

ABBREVIATIONS
AND ACRONYMS

tients, about 50% present with an accompanying nonculprit vessel stenosis and have

STUDY POPULATION. Between April 2016

been shown to experience worse clinical outcomes

and November 2017, consecutive AMI pa-

than do those AMI patients who present without. Pre-

tients who underwent physiologic assess-

vious consensus based on nonrandomized observa-

ment

tional studies was to revascularize only the culprit

prospectively enrolled to the Institutional

lesion in patients with AMI (1). However, recent ran-

Registry of Samsung Medical Center were

domized trials showed better clinical outcomes

included for the current analysis. AMI was

when both culprit and nonculprit vessels underwent

deﬁned as third universal deﬁnition of MI

revascularization in contrast to culprit vessel only

(17). Brieﬂy, AMI including non–ST-segment

IMR = index of microcirculatory

(2–5). Based on these results, the recent update of

elevation MI (NSTEMI) was deﬁned as a

resistance

the American College of Cardiology/American Heart

combination

NSTEMI = non–ST-segment

Association/Society for Cardiovascular Angiography

elevation of a cardiac biomarker, preferably

elevation myocardial infarction

and Interventions guideline for acute ST-segment

high-sensitive cardiac troponin, and at least 1

PCI = percutaneous coronary

elevation MI (STEMI) changed the recommendations

of the following: symptoms of ischemia, sig-

regarding nonculprit revascularization in AMI pa-

niﬁcant ST–T-wave changes, pathological Q

tients from Class III to IIb, yet debate remains

waves, imaging evidence of new regional wall

for

nonculprit

of

stenosis

criteria

with

and

mandated

%DS = percent diameter
stenosis

AMI = acute myocardial
infarction

CFR = coronary ﬂow reserve
FFR = fractional ﬂow reserve
iFR = instantaneous wave-free
ratio

intervention

Pd/Pa = distal coronary
pressure to aortic pressure

SIHD = stable ischemic heart

regarding the optimal treatment strategy for noncul-

motion

prit stenosis in AMI patients, especially for optimal

thrombus. Acute STEMI was deﬁned as

criteria and modality to decide nonculprit vessel

elevation of ST-segment more than 0.1 mV in

myocardial infarction

revascularization (6).

2 or more contiguous electrocardiography

Tmn = mean transit time

SEE PAGE 1859

abnormality,

or

intracoronary

disease

STEMI = ST-segment elevation

leads or new left bundle branch block with
elevated cardiac biomarker.

Two invasive pressure-derived physiologic indices,

In AMI patients, nonculprit stenoses ranging from

fractional ﬂow reserve (FFR) and instantaneous

40% to 80% visual stenosis underwent invasive

wave-free ratio (iFR), have become standard methods

physiologic assessment. The SIHD population was

to evaluate the functional signiﬁcance of epicardial

derived from a prospective registry which enrolled

coronary artery stenosis in patients with stable

consecutive patients who underwent clinically indi-

ischemic heart disease (SIHD) (7–10). However, both

cated invasive coronary angiography and measure-

pressure-derived indices can be inﬂuenced by alter-

ments of FFR, coronary ﬂow reserve (CFR), and index

ations in coronary ﬂow velocity and microvascular

of microcirculatory resistance (IMR) for at least

resistance as in cases of AMI, especially for culprit

1 coronary artery from 5 university hospitals in Korea

vessels. Previous studies evaluating changes of cor-

(Seoul National University Hospital, Samsung Medical

onary blood ﬂow in the culprit vessel and nonculprit

Center, Inje University Ilsan Paik Hospital, Keimyung

vessel territories showed globalized depression of

University Dongsan Medical Center, and Ulsan Uni-

hyperemic coronary blood ﬂow in both territories

versity Hospital) (NCT02186093). A part of this reg-

(11–14). Other studies also showed clinical applica-

istry population was included in another published

bility of FFR and iFR measured in nonculprit vessels

study (18). The study protocol was approved by the

at index procedure and follow-up in patients with

Institutional Review Board or Ethics Committee at

AMI (15,16). The greatest concern in measuring FFR or

each participating center and all patients provided

iFR for nonculprit stenosis in an acute stage of AMI is

written informed consent. The study protocol was in

the possibility of underestimation or overestimation

accordance with the Declaration of Helsinki.

of stenosis severity due to various changes in coronary circulatory indices in AMI patients.

ANGIOGRAPHIC

ANALYSIS

AND

QUANTITATIVE

Therefore, clariﬁcation as to whether invasive

CORONARY ANGIOGRAPHY. Coronary angiography

physiologic indices would show similar changes ac-

was performed using standard techniques. Angio-

cording to worsening stenosis between the nonculprit

graphic views were obtained following the adminis-

vessel of AMI patients compared with vessels in SIHD

tration of intracoronary nitrate (100 or 200 m g). All

patients is indicated. In this regard, the current study

angiograms were analyzed at a core laboratory in a

compared changes in FFR or iFR with the severity of

blinded fashion. Quantitative coronary angiography

epicardial coronary stenosis and other invasive

was performed in optimal projections with validated

physiologic indices between the nonculprit vessel of

software (CAAS II, Pie Medical Imaging, Maastricht,

AMI patients and vessels of SIHD patients.

the Netherlands). Percent diameter stenosis (%DS),

1850

Choi et al.

JACC: CARDIOVASCULAR INTERVENTIONS VOL. 11, NO. 18, 2018
SEPTEMBER 24, 2018:1848–58

FFR and iFR for Nonculprit Stenosis in AMI Patients

minimum lumen diameter, reference vessel size, and

STATISTICAL ANALYSIS. Categorical variables were

lesion length were measured. The atherosclerotic

expressed as number and relative frequency (per-

burden in epicardial coronary arteries was assessed

centage) and continuous variables as mean  SD or

by SYNTAX score.

median (interquartile range), according to their

CORONARY

PHYSIOLOGIC

MEASUREMENTS. All

coronary physiologic measurements were performed
as previously described (18). A guide catheter (5-F to
7-F) without side holes was used to engage the coronary artery, and a pressure-temperature sensor
guidewire (St. Jude Medical [Abbott Vascular], St.
Paul, Minnesota) was used. Measurement protocols
for resting distal coronary pressure to aortic pressure
(Pd/Pa), FFR, CFR, and IMR were standardized among
the participating centers before the beginning of this
study, and all coronary physiologic data were
collected and validated at a core laboratory in a
blinded fashion.
The pressure sensor was positioned at the distal
segment of a target vessel, and intracoronary nitrate
(100 or 200 mg) was administered before each physiologic measurement. To derive resting mean transit
time (Tmn), a thermodilution curve was obtained by
using 3 injections (4 ml each) of room-temperature
saline. Hyperemia was induced by intravenous infusion of adenosine (140 m g/kg/min) through a peripheral or central vein or intracoronary bolus injection of
nicorandil (2 mg) to avoid hypotension. Hyperemic
Pa, Pd, and hyperemic Tmn were measured during
sustained

hyperemia.

After

measurements

were

complete, the guidewire was pulled back to the guide
catheter, and the presence of pressure drift was
checked.
Resting Pd/Pa was calculated as the ratio of mean
Pa to mean Pd. iFR was calculated as the mean pressure distal to the stenosis divided by the mean aortic
pressure during the diastolic wave-free period. The
resting tracing data were extracted and the iFR was
calculated using automated algorithms acting over
the wave-free period over a minimum of 5 beats as
previously

described

(19).

CFR

was

calculated

as resting Tmn/hyperemic Tmn. FFR was calculated
as the lowest average of 3 consecutive beats during
hyperemia. IMR was calculated by Pd  Tmn during
hyperemia. For lesions with signiﬁcant FFR (#0.80),
IMR values were corrected by Yong’s formula (corrected IMR ¼ Pa  Tmn  ([1.35  Pd/Pa]  0.32).
In SIHD patients and nonculprit vessel of AMI
patients, all coronary physiologic measurements were
performed after diagnostic angiography or after PCI

distribution, which was checked by KolmogorovSmirnov test. Data were analyzed on a per-patient
basis for clinical characteristics and on a per-vessel
basis for comparison of lesion characteristics and
physiologic

indices.

For

per-vessel

analyses,

a

generalized estimating equation was used to adjust
intrasubject variability among vessels from the
same patient. Estimated mean  SD are presented
as summary statistics. The comparisons of pre-PCI
invasive physiologic indices between SIHD and
AMI nonculprit vessels were adjusted by %DS and
lesion

length.

No

post

hoc

adjustment

was

performed. In addition, as a sensitivity analysis,
multivariable

generalized

estimating

equation

models, including clinical presentation (NSTEMI or
STEMI), were constructed to explore independent
predictors of FFR or iFR. All probability values were
2 sided and p values <0.05 were considered statistically signiﬁcant.

RESULTS
PATIENT

AND

LESION

CHARACTERISTICS.

Table 1 shows the characteristics of the study population.

Among

100

patients

with

AMI,

66.0%

presented with NSTEMI and 34.0% presented with
STEMI. There were no signiﬁcant differences in clinical characteristics between SIHD and AMI patients
except age. Although systolic or diastolic blood
pressure were not different between SIHD and AMI
patients, AMI patients showed slightly lower left
ventricular ejection fraction. All AMI patients underwent culprit vessel PCI and were discharged on a dual
antiplatelet regimen. Among the AMI population,
patients with STEMI showed signiﬁcantly higher
cardiac enzyme release and lower left ventricular
ejection fraction (Online Table 1). In AMI patients, the
nonculprit vessel showed higher %DS and longer
lesion length than in SIHD patients. There was no
signiﬁcant difference in resting Pd/Pa, iFR, or FFR
between SIHD and nonculprit vessel of AMI after
adjustment of %DS and lesion length (Table 2). All
culprit vessels of AMI patients were successfully
revascularized with no signiﬁcant residual stenosis in
the target vessel (Table 2).

for the culprit vessel, respectively. For the culprit

COMPARISON OF CFR AND IMR AMONG SIHD AND

vessel of AMI patients, PCI was performed according

THE NONCULPRIT AND CULPRIT VESSELS OF AMI

to current guidelines and invasive physiologic data

PATIENTS. Figure 1 demonstrates the distribution of

were obtained after PCI for the culprit lesion.

invasive physiologic indices among total patients and
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Online Figure 1 presents the distribution of invasive
physiologic indices, according to clinical presenta-

T A B L E 1 Baseline Clinical Characteristics

tion. The culprit vessel of AMI patients showed
signiﬁcantly lower CFR and higher IMR compared
with SIHD or nonculprit vessel. Compared with CFR in
SIHD, depressed CFR in the culprit vessel originated
from statistically insigniﬁcant 11.5% increase of
resting Tmn than SIHD (p ¼ 0.301), and signiﬁcant
73.3%

increase

of

hyperemic

Tmn

than

SIHD

(p < 0.001). Although CFR in the nonculprit vessel was
slightly lower than that of SIHD, the difference was
not signiﬁcant (2.88  1.38 vs. 3.16  1.31; p ¼ 0.208).
In addition, there were no signiﬁcant differences in
resting and hyperemic Tmn and IMR between nonculprit vessel and SIHD (Figure 2 and Table 2).
CHANGES IN FFR AND iFR FOR NONCULPRIT VESSEL
IN AMI PATIENTS. Figure 3 and Table 3 present

changes in FFR and iFR according to worsening stenosis severity in nonculprit vessel of AMI or SIHD
patients. In both nonculprit vessel of AMI and SIHD
patients, FFR and iFR showed signiﬁcant decrease
along with worsening stenosis severity from <40% to
>80% of %DS (all p values < 0.001). In every stratum
of %DS, FFR and iFR were not signiﬁcantly different
between nonculprit vessel of AMI and SIHD patients
(all p values > 0.05) (Table 3). In addition, percent
difference of FFR and iFR according to the increase in
%DS was not signiﬁcantly different between nonculprit vessel of AMI and SIHD patients (Figure 3).
Furthermore, there was no signiﬁcant interaction
between clinical presentation and the changes of
FFR

and

iFR

for

worsening

%DS

(interaction

p value ¼ 0.698 and 0.257 for FFR and iFR, respec-

Demographics
Age, yrs
Male
Body mass index, kg/m2
Cardiovascular risk factors
Hypertension
Diabetes mellitus
Hyperlipidemia
Chronic kidney disease*
Current smoker
Previous myocardial infarction
Previous percutaneous coronary
intervention
Complexity of CAD
Clinical presentation
SIHD
NSTEMI
STEMI
SYNTAX score

Total
(N ¼ 303)

SIHD
(n ¼ 203)

AMI
(n ¼ 100)

60.8  13.2
230 (75.9)
24.2  3.3

59.6  13.7
150 (73.9)
24.0  3.6

63.3  11.8
80 (80.0)
24.7  2.6

0.020
0.305
0.078

160 (52.8)
109 (36.0)
175 (57.8)
47 (15.5)
59 (19.5)
20 (6.6)
48 (15.8)

100 (49.3)
74 (36.5)
129 (63.5)
36 (17.7)
34 (16.7)
14 (6.9)
37 (18.2)

60
35
46
11
25
6
11

0.101
0.904
0.005
0.176
0.121
0.960
0.146

203 (67.0)
66 (21.8)
34 (11.2)
11.2  8.6

203 (100.0)
0 (0.0)
0 (0.0)
8.8  8.0

123.3  17.0
73.1  11.6
61.3  9.5

123.0  16.2
73.0  11.3
62.9  8.5

124.0  18.5
0.641
73.3  12.1
0.838
58.2  10.4 <0.001

NA
NA
7,628.9 
2,824.5
1.1  1.3
101.7  40.8
133.5  56.8
0.51  1.76

NA
NA
7,056.6 
2,592.3
1.2  1.4
94.6  39.5
121.9  42.6
0.41  1.55

26.1  48.8
NA
55.1  106.6
NA
8,767.9 
<0.001
2,933.3
1.1  0.8
0.561
115.2  40.1 <0.001
156.5  72.9 <0.001
0.69  2.10
0.255

PHYSIOLOGIC

INDICES

IN

Hemodynamic parameters
Systolic blood pressure, mm Hg
Diastolic blood pressure, mm Hg
Left ventricular ejection fraction, %
Laboratory proﬁles
Peak troponin I, ng/ml
Peak CK-MB, ng/ml
White blood count, /mm3
Creatinine, mg/dl
Low-density lipoprotein, mg/dl
Glucose, mg/dl
High sensitivity CRP, mg/dl

0 (0.0)
66 (66.0)
34 (34.0)
16.2  7.7

<0.001

Values are mean  SD or n (%). *Chronic kidney disease was deﬁned as estimated glomerular ﬁltration
rate <60ml/min/m2 or serum creatinine >1.4 mg/dl.
AMI ¼ acute myocardial infarction; CAD ¼ coronary artery disease; CK-MB ¼ creatine kinase-myocardial band;
CRP ¼ C-reactive protein; NA ¼ not applicable; NSTEMI ¼ non–ST-segment elevation myocardial infarction;
SIHD ¼ stable ischemic heart disease; STEMI ¼ ST-segment elevation myocardial infarction.

THE

worsening %DS did not show signiﬁcant interaction

NONCULPRIT VESSEL OF STEMI PATIENTS. In STEMI

according to SIHD, NSTEMI, and STEMI patients

patients, the culprit vessel showed the lowest CFR

(interaction p value ¼ 0.625 and 0.257 for FFR and

and the highest IMR compared with SIHD and the

iFR,

nonculprit vessel. Although the resting Tmn was not

changes in FFR and iFR did not show any difference

signiﬁcantly different among SIHD and the nonculprit

in accordance with nonculprit vessel location (Online

and culprit vessels of STEMI patients, the culprit

Table 2). In addition, although %DS, lesion length,

vessel showed a signiﬁcant increase in hyperemic

hyperemic Tmn, and IMR were independently asso-

Tmn compared with the other groups. For nonculprit

ciated with FFR or iFR, neither STEMI or NSTEMI

vessel of STEMI patients, IMR and hyperemic Tmn

were independently associated with FFR or iFR in

were similar with SIHD; however, CFR was signiﬁ-

multivariable models (Online Table 3).

respectively)

(Online

Figure

3).

Likewise,

cantly lower than SIHD (Online Figure 2).
Nevertheless, FFR and iFR in the nonculprit vessel

(60.0)
(35.0)
(46.0)
(11.0)
(25.0)
(6.0)
(11.0)

p Value

<0.001

tively) (Figure 3).
INVASIVE
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DISCUSSION

of STEMI patients also showed signiﬁcant changes
according to worsening stenosis severity, and neither

The current study compared the changes in FFR and

FFR nor iFR were signiﬁcantly different in all strata of

iFR for worsening nonculprit vessel stenosis in AMI

%DS compared with SIHD or NSTEMI patients (Online

patients with those in SIHD patients. The main ﬁnd-

Table 2). Similarly, changes in FFR and iFR for

ings were as follows. First, the culprit vessel of AMI
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T A B L E 2 Baseline Lesion Characteristics Among SIHD and AMI Nonculprit and Culprit Lesions

SIHD
(n ¼ 329)

AMI Nonculprit
(n ¼ 128)

AMI Culprit
(n ¼ 110)

203 (61.7)
65 (19.5)
61 (18.5)

56 (43.8)
40 (31.2)
32 (25.0)

43 (39.1)
21 (19.1)
46 (41.8)

Quantitative coronary angiography, pre-PCI
Reference diameter, mm
Minimal lumen diameter, mm
Diameter stenosis, %
Lesion length, mm

3.11  0.66
1.51  0.76
51.57  20.62
14.22  9.60

3.10  0.69
1.35  0.76
61.61  15.44
16.46  9.25

Quantitative coronary angiography, post-PCI
Diameter stenosis, %

NA
0.93  0.08
0.89  0.11
0.82  0.11
0.87  0.42
0.30  0.16
3.16  1.31
18.5  11.4

Lesion location
LAD
LCX
RCA

Invasive physiologic indices*
Resting Pd/Pa
Instantaneous wave-free ratio
Fractional ﬂow reserve
Resting mean transit time
Hyperemic mean transit time
Coronary ﬂow reserve
Index of microcirculatory resistance

p Value
SIHD vs. AMI Nonculprit

SIHD vs. AMI Culprit

0.001
0.012
0.158

<0.001
0.989
<0.001

3.22  0.65
0.56  0.65
85.29  13.76
19.93  10.83

0.821
0.044
<0.001
0.027

0.173
<0.001
<0.001
<0.001

NA

16.8  15.4

NA

NA

0.91  0.10
0.86  0.13
0.80  0.11
0.80  0.41
0.30  0.16
2.88  1.38
17.9  10.5

0.94  0.06†
0.93  0.08†
0.89  0.08†
0.97  0.59†
0.52  0.33†
2.04  1.05†
33.0  21.0†

0.801
0.375
0.406
0.218
0.971
0.208
0.693

NA
NA
NA
0.301
<0.001
<0.001
<0.001

Values are n (%) or mean  SD. *The comparisons of pre-PCI invasive physiologic indices between SIHD and acute coronary syndrome nonculprit were adjusted by diameter
stenosis and lesion length. †Invasive physiologic indices in the culprit vessel were measured after percutaneous coronary intervention (PCI) for the culprit lesion.
LAD ¼ left anterior descending artery; LCX ¼ left circumﬂex artery; Pd/Pa ¼ distal coronary to aortic pressure; RCA ¼ right coronary artery; other abbreviations as in Table 1.

patients showed signiﬁcantly depressed CFR and

regulated by microvascular resistance (20), the pres-

signiﬁcantly increased IMR compared with SIHD or

ence of local myocardial damage in the culprit vessel

nonculprit vessel of AMI patients. Second, although

territory of AMI patients could inﬂuence pressure-

the nonculprit vessel showed slightly lower CFR than

derived physiologic indices such as FFR and iFR (22).

SIHD patients, IMR and hyperemic Tmn were similar

In this regard, signiﬁcant microvascular dysfunction

with SIHD patients. Third, FFR and iFR measured in

or damage can increase FFR values given the same

nonculprit vessel during acute stage of AMI showed

stenosis, especially for the culprit vessel, and was

signiﬁcant changes according to increased stenosis

demonstrated by patient data (23) as well as porcine

severity and those changes were not signiﬁcantly

microvascular injury model testing (22). As with the

different compared with SIHD. In addition, in every

previous studies, the current study demonstrated

stratum of %DS, FFR and iFR values were similar

signiﬁcantly lower CFR, mainly driven by signiﬁcantly

between the nonculprit vessel of AMI patients and

increased hyperemic Tmn and higher IMR value in the

SIHD patients. Fourth, although the nonculprit vessel

culprit vessel compared with SIHD and the nonculprit

in STEMI patients showed depressed CFR, IMR and

vessel of AMI patients. Although the derangement in

hyperemic Tmn were similar with SIHD and changes

coronary circulation and microvascular resistance can

of FFR and iFR for nonculprit stenosis did not differ

be transient and recover over time in some patients,

with those in SIHD patients.

these results imply the limited role of FFR and iFR in

CHANGES OF CORONARY FLOW AND CFR IN AMI

stenosis, especially at the acute stage of AMI.

evaluating the functional signiﬁcance of culprit vessel
PATIENTS. Previous studies demonstrated the rela-

Conversely, in the nonculprit vessel in AMI pa-

tionship between absolute coronary ﬂow assessed by

tients, there was no signiﬁcant difference in CFR or

positron emission tomography or surrogate index of

IMR compared with that of SIHD. Although CFR in the

ﬂow,

ﬂow

velocity

nonculprit vessel was slightly lower than that of

measured by Doppler wire, and pressure gradient

SIHD, the difference was not signiﬁcant and was

across epicardial coronary stenosis (20,21). As absolute

mainly due to decreased resting Tmn rather than

coronary ﬂow or coronary ﬂow velocity is also

increased hyperemic Tmn. It should be noted that

absolute

coronary

coronary
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F I G U R E 1 Distribution of Invasive Physiologic Indices

Distributions of invasive physiologic indices: (A) fractional ﬂow reserve (FFR), (B) instantaneous wave-free ratio (iFR), (C) coronary ﬂow
reserve (CFR), and (D) index of microcirculatory resistance (IMR) are shown among the study population.

STEMI patients showed more prominent changes in

microvascular injury model (22). In that study, Lee

resting and hyperemic Tmn and CFR in both culprit

et al. (22) selectively injected microspheres into the

and nonculprit vessels. In STEMI patients, the non-

left anterior descending artery and serially evaluated

culprit vessel also showed depressed CFR originated

the physiologic parameters of a remote vessel, the left

from a 18.4% decrease of resting Tmn and a 23.3%

circumﬂex artery. With selective injection of micro-

increase of hyperemic Tmn compared with SIHD

spheres into the left anterior descending artery, both

patients. Nevertheless, IMR in the nonculprit vessel

IMR and FFR were signiﬁcantly increased in the left

was not different than that in SIHD patients, even

anterior

among STEMI population. These results are in line

circumﬂex artery did not show any change in FFR or

with the recent animal experiment using a porcine

IMR values, despite signiﬁcant microvascular damage

descending

artery.

However,

the

left
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F I G U R E 2 Comparison of Thermodilution-Derived Physiologic Indices Among AMI Culprit and Nonculprit Vessels and SIHD

Thermodilution-derived physiologic indices were compared among culprit and nonculprit vessels of both acute myocardial infarction (AMI) and stable ischemic heart
disease (SIHD) patients: (A) CFR, (B) IMR, (C) resting mean transit time (Tmn), and (D) hyperemic Tmn. The boxplot shows numerical data through the 25th quartile,
median, and 75th quartile, and the whiskers represent the minimum and maximum observations. Abbreviations as in Figure 1.

in the left anterior descending artery (22). These re-

for evaluation of nonculprit vessel stenosis, conﬂict-

sults suggest that microvascular damage may be

ing results, especially during the acute stage of AMI,

predominantly localized in the culprit vessel terri-

have been reported. Uren et al. (12) evaluated 13 AMI

tory, even in STEMI patients.

patients with single-vessel culprit lesions using
15

[H2 O] positron emission tomography and showed

RELEVANCE OF MEASURING PRESSURE-DERIVED

that coronary vasodilator response (ratio of hyper-

INDICES

STENOSIS.

emic to resting myocardial blood ﬂow, conceptually

Regarding the relevance of pressure-derived indices

equivalent to CFR) was depressed in both the infarct

FOR

NONCULPRIT

VESSEL
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and remote regions supplied by the normal artery at 1
week and 6 months after AMI (12). The depression of

F I G U R E 3 Changes in FFR and iFR in the Nonculprit Vessel of AMI Patients Compared

With SIHD Patients

nonculprit vessel CFR in AMI patients was similarly
reported in previous studies. Teunissen et al. (13)
evaluated 44 patients with AMI using

1855
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15

[H 2O] posi-

tron emission tomography. In their study, CFR were
1.81  0.66, 2.51  0.81, and 4.16  1.45 for culprit,
nonculprit, and age- and sex-matched control groups,
respectively (13). Bax et al. (14) evaluated 73 anterior
wall AMI patients using Doppler wire and similarly
reported that both culprit and nonculprit vessels
showed signiﬁcant increase of CFR after 6 months
from acute stage, suggesting depressed CFR due to
disturbed autoregulation, even in the nonculprit
vessel territory, during the acute stage of MI. A more
recent study by de Waard et al. (11) reported that CFR
was lower in both culprit and nonculprit vessels in
STEMI patients compared with control vessels in
propensity score–matched stable patients. In their
results, the depressed CFR was derived from both a
12% increase in resting average peak velocity and a
16% decrease in hyperemic average peak velocity.
Based on these results, the possibility of underestimation of lesion severity by FFR measured in
nonculprit vessels has been raised due to decreased
hyperemic coronary ﬂow or ﬂow velocity in the acute
stage of AMI, due to limited coronary ﬂow and
decreased pressure gradient across the same degree
of stenosis. However, when Ntalianis et al. (15)
measured FFR in the nonculprit vessels of 101 AMI
patients in the acute phase and at 1-month follow-up,
there was no change in FFR during follow-up.
Furthermore, 79% of IMR values measured in nonculprit vessels were within normal range (<30 U).
The current study also presented the changes of
resting and hyperemic Tmn as surrogate marker of
resting and hyperemic coronary ﬂow velocity in
nonculprit vessels of AMI patients. CFR in the non-

The changes in (A) FFR and (B) iFR measured in the nonculprit vessel of AMI patients (red

culprit vessel of AMI patients was lower than SIHD

lines) and SIHD patients (blue lines) according to diameter stenosis are shown. The circle

patients, numerically in the total AMI population and

represents estimated mean by generalized estimating equation, and the vertical line

signiﬁcantly in the STEMI population. Although lower

represents 95% SE. There was no signiﬁcant interaction between clinical presentation

CFR in the nonculprit vessel originated from numer-

and the changes in FFR and iFR for worsening diameter stenosis. The bar graph rep-

ically lower resting Tmn and higher hyperemic Tmn,

resents the percent differences of FFR or iFR, measured in the nonculprit vessel of AMI
patients (red bars) and SIHD patients (blue bars) between the 2 successive subgroups

those numerical differences were not signiﬁcant,

(arrow). The p value represents the signiﬁcance in comparison of percent differences

even in the STEMI population. Conversely, IMR was

between AMI and SIHD. Abbreviations as in Figures 1 and 2.

similar between the nonculprit vessel and SIHD patients, even in the STEMI patients. Furthermore, FFR
showed similar changes according to worsening %DS

pressure and increased FFR value in the nonculprit

in the nonculprit vessel compared with SIHD patients.

vessel, unless microvascular resistance in the non-

These results indirectly suggest the larger inﬂuence

culprit vessel is signiﬁcantly elevated (22). In this

of CFR value from hemodynamic status (24) and also

regard, the current results support the clinical beneﬁt

suggest that a small reduction in hyperemic coronary

of an FFR-guided strategy for nonculprit vessel

blood ﬂow in the nonculprit vessel might not trans-

stenosis, even in the acute phase, as supported by

late to signiﬁcant overestimation of distal coronary

2 recent randomized controlled trials (3,5).
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T A B L E 3 Changes of Pressure-Derived Physiologic Indices According to Angiographic Stenosis Severity Stratiﬁed by Clinical Presentation

Angiographic Diameter Stenosis
<40%

40%–50%

50%–60%

60%–70%

70%–80%

>80%

p Value*

Fractional ﬂow reserve
SIHD

0.88  0.08

0.86  0.07

0.83  0.09

0.78  0.12

0.72  0.14

0.65  0.13

<0.001

AMI nonculprit

0.92  0.05

0.84  0.09

0.82  0.11

0.81  0.09

0.76  0.11

0.65  0.15

<0.001

0.140

0.471

0.417

0.285

0.393

0.970

0.92  0.07
0.96  0.05
0.080

0.93  0.05
0.90  0.09
0.140

0.91  0.09
0.88  0.12
0.150

0.87  0.12
0.87  0.08
0.990

0.80  0.18
0.80  0.17
0.993

0.72  0.20
0.71  0.17
0.896

p value†
Instantaneous wave-free ratio
SIHD
AMI nonculprit
p value†

<0.001
<0.001

Values are mean  SD. *For overall difference of instantaneous wave-free ratio or fractional ﬂow reserve values among strata of diameter stenosis. †For comparison between
SIHD and AMI nonculprit values in each stratum of diameter stenosis.
Abbreviations as in Table 1.

Considering limited evidence for resting pressure-

pressure-derived indices according to worsening

derived indices, previous observations of increased

stenosis severity in the nonculprit vessel of AMI pa-

resting coronary blood ﬂow or resting average peak

tients compared with those in SIHD patients. When

velocity in the nonculprit vessel raised concern about

comparing resting and hyperemic Tmn, CFR, and IMR

overestimation of lesion severity by iFR due to

among the culprit and nonculprit vessels and SIHD,

increased resting coronary pressure gradient across

only the culprit vessel showed signiﬁcant changes.

the stenosis. The recent study compared nonculprit

Although STEMI patients showed more prominent

vessel iFR measured at the time of primary PCI and at

changes of CFR in both culprit and nonculprit vessels,

follow-up (median follow-up time 16 days) (16). In

there was no signiﬁcant difference in resting and

this study, the absolute difference between acute iFR

hyperemic Tmn of nonculprit vessel and IMR was also

and follow-up iFR was 0.01 (interquartile range: –0.01

preserved in the nonculprit vessel. More importantly,

to 0.06; paired test p value < 0.001). Although the

the responses of FFR and iFR for the nonculprit ste-

difference was statistically signiﬁcant, classiﬁcation

nosis of AMI patients did not differ with those in SIHD

agreement between initial and follow-up iFR value

patients. These results support the clinical applica-

was 78% and negative predictive value of acute iFR

bility of FFR and iFR to evaluate the functional

was 89%. As with previous studies, the current study

signiﬁcance of nonculprit stenosis, even in the acute

also demonstrated decreased resting Tmn, suggesting

stage of AMI.

increased resting coronary ﬂow, in the nonculprit

Considering the knowledge gap regarding FFR or

vessel compared with SIHD patients (8.0% and 18.4%

iFR-guided complete revascularization in AMI multi-

decrease of resting Tmn than SIHD in all AMI patients

vessel disease patients, 2 studies currently underway

and STEMI patients, respectively); however, those

should offer further clariﬁcation: 1) FRAME-AMI

numerical differences were not statistically signiﬁ-

(FRactional Flow Reserve versus Angiography-Guided

cant. In addition, iFR in the nonculprit vessel showed

Strategy for Management of Non-Infarction RElated

similar changes for worsening %DS with those in

Artery Stenosis in Patients with Acute Myocardial

SIHD patients. These results suggest that iFR could be

Infarction) trial (NCT02715518), comparing 2-year

another option for guiding clinical decision making

clinical outcomes between acute FFR-guided com-

for nonculprit vessel stenosis, especially for the

plete

insigniﬁcant range of iFR (>0.90). Nevertheless,

guided complete revascularization in AMI multi-

iFR-guided nonculprit vessel treatment during the

vessel disease patients; and 2) iMODERN (iFR Guided

acute stage of AMI patient needs to be validated by

Multi-vessel Revascularization During Percutaneous

future trials.

Coronary Intervention for Acute Myocardial Infarc-

revascularization

versus

angiography-only

tion) trial (NCT03298659), comparing 1-year clinical
CLINICAL IMPLICATIONS. The current study evalu-

outcomes between acute iFR-guided complete revas-

ated the changes of invasive physiologic indices

cularization versus staged stress perfusion cardiac

among culprit, nonculprit vessel of AMI patients, and

magnetic resonance-guided revascularization within

SIHD patients and focused on the changes of

6 weeks in STEMI multivessel disease patients.
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STUDY LIMITATIONS. First, we evaluated the inva-

the

ADDRESS FOR CORRESPONDENCE: Dr. Joo Myung

acute stage of AMI patients and lacked data from

Lee, Division of Cardiology, Department of Medicine,

follow-up physiologic assessment. Second, although

Heart Vascular Stroke Institute, Samsung Medical

the current study comprehensively explored both

Center, Sungkyunkwan University School of Medi-

thermodilution-derived and pressure-derived physi-

cine, 81 Irwon-ro, Gangnam-gu, Seoul 06351, Republic

ologic indices, the relatively small number of the

of Korea. E-mail: drone80@hanmail.net.

sive

physiologic

indices

measured

during

STEMI population warrants future study with a larger
number of STEMI patients. Third, although the asso-

PERSPECTIVES

ciation between infarct size and degree of microvascular damage measured by culprit vessel IMR or other

WHAT IS KNOWN? There have been concerns in measuring

measures are well validated by previous studies (25),

FFR or iFR for nonculprit stenosis in patients in the acute stage of

the current results might not represent patients with

AMI. Clariﬁcation is needed as to whether invasive physiologic

larger infarctions, as most AMI patients showed pre-

indices would show similar changes according to worsening

served left ventricular ejection fraction and modest

stenosis between the nonculprit vessel of AMI patients and

elevation

vessels in SIHD patients.

of

cardiac

enzymes.

Considering

the

possible association between left ventricular enddiastolic pressure and fractional ﬂow reserve (26),

WHAT IS NEW? The current study compared the changes in

huge anterior wall infarction with extremely elevated

FFR or iFR to the severity of epicardial coronary stenosis with

LV end-diastolic pressure might inﬂuence nonculprit

other invasive physiologic indices between nonculprit vessels of

vessel FFR or iFR. Fourth, in the current study,

AMI patients and vessels of SIHD patients. Although the non-

resting and hyperemic Tmn derived by thermodilu-

culprit vessel of AMI patients showed lower CFR than SIHD, IMR

tion methods were used as surrogate markers for

was not different between the nonculprit vessel of AMI and SIHD

resting

and

hyperemic

coronary

ﬂow

velocity,

respectively. Fifth, coronary wedge pressure was not

patients. More importantly, in every stratum of %DS, FFR and
iFR were not signiﬁcantly different between nonculprit vessel of

systematically collected. Sixth, iFR was calculated

AMI and SIHD patients, and there was no signiﬁcant interaction

off-line using the resting pressure tracing data.

between clinical presentation and the changes in FFR and iFR for
worsening %DS, supporting the clinical applicability of FFR and
iFR to evaluate the functional signiﬁcance of nonculprit stenosis,

CONCLUSIONS

even in the acute stage of AMI.

Changes in FFR and iFR for the nonculprit stenosis of
AMI patients were not signiﬁcantly different from
those in SIHD patients. These data support the use of
invasive physiological parameters to guide treatment

WHAT IS NEXT? The prognostic implications of FFR- or iFRguided complete revascularization in AMI multivessel disease
patients needs further validation in future randomized controlled
trials.

of nonculprit stenoses in the acute stage of successfully revascularized AMI.
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