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OBJECTIVES This study sought to determine the agreement between cardiac magnetic resonance (CMR) imaging and

invasive measurements of fractional flow reserve (FFR) in the evaluation of nonculprit lesions after ST-segment elevation

myocardial infarction (STEMI). In addition, we investigated whether fully quantitative analysis of myocardial perfusion is

superior to semiquantitative and visual analysis.

BACKGROUND The agreement between CMR and FFR in the evaluation of nonculprit lesions in patients with STEMI

with multivessel disease is unknown.

METHODS Seventy-seven patients with STEMI with at least 1 intermediate (diameter stenosis 50% to 90%) nonculprit

lesion underwent CMR and invasive coronary angiography in conjunction with FFR measurements at 1 month after pri-

mary intervention. The imaging protocol included stress and rest perfusion, cine imaging, and late gadolinium

enhancement. Fully quantitative, semiquantitative, and visual analysis of myocardial perfusion were compared against a

reference of FFR. Hemodynamically obstructive was defined as FFR #0.80.

RESULTS Hemodynamically obstructive nonculprit lesions were present in 31 (40%) patients. Visual analysis displayed

an area under the curve (AUC) of 0.74 (95% confidence interval [CI]: 0.62 to 0.83), with a sensitivity of 73% and a

specificity of 70%. For semiquantitative analysis, the relative upslope of the stress signal intensity time curve and the

relative upslope derived myocardial flow reserve had respective AUCs of 0.66 (95% CI: 0.54 to 0.77) and 0.71 (95% CI:

0.59 to 0.81). Fully quantitative analysis did not augment diagnostic performance (all p > 0.05). Stress myocardial blood

flow displayed an AUC of 0.76 (95% CI: 0.64 to 0.85), with a sensitivity of 69% and a specificity of 77%. Similarly, MFR

displayed an AUC of 0.82 (95% CI: 0.71 to 0.90), with a sensitivity of 82% and a specificity of 71%.

CONCLUSIONS CMR and FFR have moderate-good agreement in the evaluation of nonculprit lesions in patients with

STEMI with multivessel disease. Fully quantitative, semiquantitative, and visual analysis yield similar diagnostic performance.
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AUC = area under the curve

CAD = coronary artery disease

CI = confidence interval
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derived coronary flow reserve

CMR = cardiac magnetic

resonance
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enhancement

MBF = myocardial blood flow

MFR = myocardial flow reserve
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signal intensity time curve
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O ver the past few decades, cardiac
magnetic resonance (CMR) imag-
ing has emerged as a robust tool

to evaluate patients with suspected obstruc-
tive coronary artery disease (CAD). Among
the myriad of imaging techniques, CMR has
the advantages of being cost-effective (1),
widely available, and multiparametric (i.e.,
it allows to evaluate several pathological fea-
tures during a single session). In addition,
CMR does not expose patients to ionizing ra-
diation while permitting imaging at high
spatial resolution. Finally, patients with
normal CMR results have a reassuring low
risk of future cardiovascular events (2).
SEE PAGE 729
In the clinical setting, perfusion images
are typically assessed visually; however,
CMR can also quantify myocardial blood flow
(MBF) in relative (semiquantitative) (3) and
even absolute terms (fully quantitative) (4).
Conflicting evidence exists as to whether
quantification improves the diagnostic ac-
curacy of perfusion CMR. Although some
studies reported superiority of fully quanti-
tative analysis over semiquantitative and visual
analysis (5), others found no benefit of quantification
in the diagnosis of obstructive CAD (6–8). In patients
with stable CAD, invasive measurements of fractional
flow reserve (FFR) are considered the optimal index
for diagnosing hemodynamically obstructive CAD and
guiding revascularization (9). Although CMR and FFR
are reported to have a high concordance in the
assessment of patients with stable CAD (10), the
agreement between CMR and FFR in the evaluation of
nonculprit lesions after ST-segment elevation
myocardial infarction (STEMI) is still unknown.
Nonculprit lesions are present in approximately 50%
of patients with STEMI and, if left unattended, carry a
poor prognosis (11,12). In these patients, CMR is of
special interest as it allows for simultaneous assess-
ment of left ventricular function, infarction size, and
perfusion. CMR thus not only provides valuable
able by the Top Sector Life Sciences & Health to stimulate publi

ole in the study design; collection, analysis, or interpretation of

r publication. Dr. van Royen reports research grants from AstraZe

Health during the conduct of the study. Dr. van Leeuwen has rec

d research grants from Philips and Biotronik; and financial sup

nd Development (grant 9071544). Dr. Demirkiran has received a

llowship program of the Scientific and Technological Research

rs have reported that they have no relationships relevant to the

received May 28, 2019; accepted July 10, 2019.
prognostic information, but also identifies patients
with ischemia in nonculprit vascular territories who
may benefit from revascularization.

The aim of the present study was to determine
the agreement between CMR and invasive mea-
surements of FFR in the evaluation of nonculprit
lesions in patients with STEMI with multivessel
disease. Visual assessment of myocardial perfusion
images was compared to semi- and fully quantita-
tive analysis.

METHODS

STUDY POPULATION. This is a substudy of data from
patients enrolled in the REDUCE-MVI (Reducing Mi-
cro Vascular Dysfunction in Acute Myocardial
Infarction by Ticagrelor) trial in the Amsterdam UMC,
location VUmc. The main results of this trial have
been published previously (13). Briefly, patients with
a first STEMI and at least 1 intermediate lesion in a
nonculprit vessel were enrolled after successful
revascularization of the culprit. Intermediate was
defined as 50% to 90% diameter stenosis. The main
exclusion criteria were cardiogenic shock, decom-
pensated heart failure, left main disease, and chronic
total occlusion. Acute STEMI management and sub-
sequent medical care followed contemporary guide-
lines (14). Follow-up CMR and invasive assessment
were scheduled 1 month after the index event. CMR
always preceded invasive assessment. Patients were
instructed to refrain from products containing
caffeine or xanthine for 24 h before the follow-up
visit. To evaluate angina burden, patients completed
the Seattle Angina Questionnaire (SAQ) upon arrival
at the hospital (15). The study protocol was approved
by the institutional review committee of the
Amsterdam UMC, location VUmc. All patients gave
written informed consent.

CMR IMAGE ACQUISITION. All images were obtained
on a 1.5-T clinical scanner (Magnetom Avanto,
Siemens Healthineers, Erlangen, Germany). Perfusion
imaging was performed using a dual-sequence tech-
nique (16). High-resolution images of myocardial
perfusion were acquired using an echo planar
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imaging sequence in 3 parallel short-axis slices plan-
ned at the basal, mid and apical levels. To assess the
arterial input function, low-resolution turboFLASH
images were acquired at the basal level using a
sequence optimized for the high gadolinium concen-
tration. Perfusion images were obtained every heart-
beat for 50 to 70 cardiac cycles following intravenous
injection of a 0.075 mmol/kg bolus of a gadolinium-
based contrast agent (DOTAREM, Guerbet, Ville-
pinte, France). In-plane respiratory motion of the
heart was corrected using a nonrigid registration (17).
Perfusion images were corrected for surface coil
induced inhomogeneities through a separate prescan
normalization (18). Typical in-plane resolution of the
myocardial perfusion images was 2.5 � 2.5 mm, with a
slice thickness of 10 mm (prepulse 90�, repetition
time 5.6 ms, echo time 1.1 ms, saturation time 110 ms,
flip angle 18�, matrix 144 � 160). Stress was induced
by continuous infusion of adenosine at 140 mg/kg/min
through a second venous cannula, started 2 min
before image acquisition. Rest perfusion images were
obtained 15 min after stress imaging using identical
scanning parameters and slice location. Cardiac
function was assessed in between stress and rest
perfusion with steady-state free-precession cine
imaging. Late gadolinium enhancement (LGE) was
performed 12 to 15 min after rest perfusion using
a 2-dimensional segmented inversion-recovery
gradient-echo pulse sequence.

CMR IMAGE ANALYSIS. Perfusion images were
analyzed using dedicated research software (MASS
version 2017-Exp, Leiden, the Netherlands). Cine and
LGE images were analyzed using commercially
available software (QMASS version 7.6, Medis, Lei-
den, the Netherlands). The myocardium was divided
into 16 segments (true apex not included), which
were allocated to vascular territories using anatomic
information from the invasive angiogram. In addition
to this modified segmentation, myocardial segments
were allocated to vascular territories according to the
standard segmentation model of the American Heart
Association (19). Visual analysis of perfusion images
was performed by consensus of 2 expert observers
(R.N. and R.L.). First, quality of the images was
graded as 0 (not assessable), 1 (poor), 2 (moderate), or
3 (good). Next, the occurrence of splenic switch-off
was visually assessed by comparing the rest and
stress perfusion images. Thereafter, perfusion was
scored per segment as 0 (normal), 1 (mildly
abnormal), or 2 (severely abnormal). LGE images were
reviewed alongside perfusion images to evaluate
hyperenhancement. The transmural extent of hyper-
enhancement was scored per segment as: 0 (absent), 1
(1% to 25%), 2 (26% to 50%), 3 (51% to 75%), and 4
(>75%). Summation scores were calculated on a
per-vessel and per-patient basis by adding the
perfusion scores of the individual segments. Because
the region of hyperenhancement resulting from the
recent STEMI may exceed the segments allocated to
the culprit (20), all hyperenhanced segments were
excluded provided that the hyperenhancement was
clearly related to the index event. Segments with
hyperenhancement according to a nonischemic
pattern were also excluded (21); thus, segments in
nonculprit vascular territories with incidental
hyperenhancement were only included if the hyper-
enhancement was clearly unrelated to the index
event and demonstrated an ischemic pattern. Semi-
and fully quantitative analysis of perfusion were
performed by a single observer (H.E.), supervised by a
second observer (R.N.). Endocardial and epicardial
contours were manually drawn on the basal, mid, and
apical slices of both the stress and rest perfusion se-
ries. A region of interest was placed in the blood pool
of the perfusion series obtained for the arterial input
function. Semiquantitative analysis of myocardial
perfusion was performed by calculating the relative
upslope of the signal intensity time curve, as
described previously (3). Fully quantitative analysis
was performed by Fermi function constrained
deconvolution of the signal intensity time curves ac-
cording to previously described methods (4).
Myocardial flow reserve (MFR) was calculated as the
ratio of stress to rest perfusion parameters. Perfusion
in myocardium subtended by a nonculprit vessel was
calculated by averaging 2 adjacent segments with the
lowest perfusion values in the vascular territory of
the nonculprit vessel. In an additional analysis,
perfusion was calculated by averaging the entire
vascular territory of the nonculprit vessel. Remote
myocardium was defined as the myocardial segments
vascularized by a nonculprit vessel with <50%
diameter stenosis. LV end-diastolic volume, end-
systolic volume, and ejection fraction were calcu-
lated from the cine images. Infarct size was calculated
from the LGE images using the full width at half
maximum method. Additionally, the LGE images
were evaluated for presence of microvascular
obstruction. All CMR analyses were performed blin-
ded to clinical information, coronary angiography
results, and data obtained from invasive
measurements.

FOLLOW-UP INVASIVE CORONARY ANGIOGRAPHY

AND PHYSIOLOGICAL INTERROGATION. A guiding
catheter was advanced into the coronary ostium of the
stenotic nonculprit vessel. After regular coronary



FIGURE 1 Flowchart of Study Population

REDUCE-MVI study cohort
(n = 110)

90 patients

Deceased before follow-up (n = 3)

Withdrew consent (n = 1)

Refused CMR (n = 1)

Contra-indications to CMR (n = 4):
• 2: claustrophobia
• 1: intra-ocular metal foreign body
• 1: ferromagnetic cerebral implant

Adenosine stress perfusion CMR not
performed at the request of patient (n = 2)

Quality of perfusion images insufficient
for analysis (n = 2)

77 patients;
94 non-culprit vessels with

≥50% diameter stenosis

8 (9%) vessels;
FFR, CFRthermo and IMR not

obtained as vessel has
>90% diameter stenosis

18 (19%) vessels;
FFR available, CFRthermo and

IMR not obtained

68 (72%) vessels;
FFR, CFRthermo and IMR

available

Not enrolled in Amsterdam UMC,
location VUmc (n = 20)

CFRthermo ¼ thermodilution derived coronary flow reserve; CMR ¼ cardiac magnetic resonance; FFR ¼ fractional flow reserve; IMR ¼ index of

microcirculatory resistance.
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angiography, 200 mg of nitrates were administered
as an intracoronary bolus. A pressure/temperature
sensor-tipped guidewire (PressureWire X wired,
Abbott, Chicago, Illinois) was placed in the distal part
of the stenotic nonculprit vessel and connected to the
RadiAnalyzer interface (Abbott). Next, hyperemia was
induced through intravenous infusion of adenosine
using the same protocol as applied during CMR. FFR
was obtained after at least 2 min of infusion. Lesions
with FFR #0.80 were regarded as hemodynamically
obstructive. Lesions with $90% diameter stenosis
were not subjected to physiological interrogation and
were also regarded as hemodynamically obstructive.
In a subset of vessels, thermodilution derived coronary
flow reserve (CFRthermo) and index of microcirculatory
resistance (IMR) were determined as described
previously (22,23). Abnormal CFR was defined as
CFR#2.0. IMRwas considered abnormal if$25 U. In all
patients, the angiogram was visually assessed to
identify collateral pathways. Collateral vessels were
graded according to the collateral connection score
(24) and the Rentrop and Cohen classification (25).



TABLE 1 Baseline Characteristics (N ¼ 77)

Age (yrs) 60 � 10

Male 68 (86.0)

Body mass index (kg/m2) 28 � 4

Risk factors

Family history of CAD 27 (35.0)

Hypertension 23 (30.0)

Hypercholesterolemia 14 (18.0)

Diabetes mellitus 7 (9.0)

Smoking 42 (55.0)

Symptom-to-balloon time (min) 182 [114–400]

Killip class on admission

I 73 (95.0)

II 1 (1.0)

III 1 (1.0)

IV 2 (3.0)

GRACE risk score 114 � 22

TIMI risk score 2.7 � 1.7

Medication at discharge

ACE inhibitor or ATII antagonist 69 (90.0)

Aspirin 77 (100.0)

Beta-blocker 72 (94.0)

P2Y12 inhibitor 77 (100.0)

Statin 76 (99.0)

Values are mean � SD, n (%), or median [interquartile range].

ACE ¼ angiotensin-converting enzyme; ATII ¼ angiotensin II receptor;
CAD ¼ coronary artery disease; GRACE ¼ Global Registry of Acute Coronary
Events; TIMI ¼ Thrombolysis In Myocardial Infarction.

TABLE 2 Angiographic and CMR Characteristics (N ¼ 77)

Timing of follow-up CMR and ICA

Time between pPCI and CMR (days) 30 [28-33]

Time between pPCI and follow-up ICA (days) 31 [29-34]

Time between CMR and follow-up ICA (days) 0 [0–1]

Infarct-related artery

LAD/LCx/RCA 32/25/20

Nonculprit lesion location

LAD/LCx/RCA 35/33/26

Multivessel disease

Two vessel 60 (78)

Triple vessel 17 (22.0)

Nonculprit vessels

FFR 0.87 [0.75–0.92]

With FFR #0.80 36 (38.0)

With FFR >0.80 58 (62.0)

LV volumes and function

LV ED volume (ml/m2) 91 � 16

LV ES volume (ml/m2) 42 � 15

LV EF (%) 56 � 8

Infarct size (% of LV) 5.6 [2.7-10.1]

Microvascular obstruction 2 (3.0)

Values are median [interquartile range], n, n (%), or mean � SD.

CMR ¼ cardiac magnetic resonance; ED ¼ end-diastolic; EF ¼ ejection fraction;
ES ¼ end-systolic; FFR ¼ fractional flow reserve; ICA ¼ invasive coronary angi-
ography; LAD ¼ left anterior descending artery; LCx ¼ left circumflex artery;
LV ¼ left ventricle; pPCI ¼ primary percutaneous coronary intervention;
RCA ¼ right coronary artery.
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STATISTICAL ANALYSIS. Continuous variables are
presented as mean � SD or median (interquartile
range), whereas categorical variables are expressed as
frequency with percentage. Rest and stress perfusion
were compared using the paired sample Student’s t-
test. Means of perfusion indexes were compared be-
tween vessels using a mixed linear model with a
random effect for patient. Receiver-operatoring
characteristic (ROC) curve analysis and the Youden
index were used to define optimal cutoff values.
Comparison of ROC curves was performed by using
the method of DeLong. The McNemar test was used to
compare sensitivity and specificity between perfu-
sion indexes. All statistical tests were 2-tailed and a p
value of <0.05 was considered statistically signifi-
cant. Statistical analysis was done with SPSS version
22 for Windows (IBM, Armonk, New York).

RESULTS

PATIENT CHARACTERISTICS. Stress perfusion CMR
was successfully performed in 77 of the 90 patients
enrolled in the Amsterdam UMC, location VUmc
(Figure 1). Baseline characteristics of the study cohort
are listed in Table 1. Table 2 displays the angiographic
and CMR characteristics. Follow-up CMR and invasive
assessment were performed on the same day in 53
(69%) patients. Figure 2 depicts a case of concordance
between CMR and FFR. In the 77 patients, 94 non-
culprit vessels had $50% diameter stenosis and were
used for analysis. Hemodynamically obstructive
nonculprit lesions were present in 36 (38%) vessels of
31 (40%) patients. Collaterals pathways were identi-
fied in 5 (6%) patients (details listed in Supplemental
Table 1). At follow-up, angina burden of the patient
cohort was low, with mean SAQ scores of 84 � 19 for
physical limitation, 90 � 16 for angina frequency, and
84 � 28 for angina stability. LGE images revealed re-
sidual microvascular obstruction in 2 (3%) patients.
Furthermore, incidental hyperenhancement in non-
culprit vascular territories was observed in 6 seg-
ments of 3 vascular territories in 3 (4%) patients. In all
3 patients, the incidental hyperenhancement had an
ischemic pattern and was clearly unrelated to the
index event.

VISUAL ANALYSIS. The calculated summed stress
scores ranged from 0 to 14. ROC curve analysis
revealed an area under the curve (AUC) of 0.74 (95%
confidence interval [CI]: 0.62 to 0.83) for visual
analysis to detect hemodynamically obstructive

https://doi.org/10.1016/j.jcmg.2019.07.019
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FIGURE 2 Case Example

A

D E

B C

(98)
Pa mean

Pd mean

0,72
FFR

(70)

2
P L

P L

P L

P L

P L

1

0

0

2 3

2

2

7

8

9

12

11

10 2

3

130

120

110

100

90

80

70

60

50

40

30

20

10

0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80

P L
00

Short-axis images (A and B) on the mid-level acquired 1 month after acute myocardial infarction due to occlusion of the RCA. (A) The LGE image shows hyper-

enhancement of the inferior wall. (B) Stress perfusion imaging reveals hypoperfusion in the vascular territory of the RCA, but also in the territory of the LAD. Presence

of perfusion abnormalities and LGE are scored for each segment (C, only the results of the current slice are shown). In the scoring sheet, the left boxes indicate the

perfusion scores and the right boxes indicate the hyperenhancement scores. For the mid-slice of this patient, a summed stress score of 2 þ 1 ¼ 3 is calculated.

Segments 9 to 11 are excluded from summation because the hyperenhancement in these segments is clearly related to the index event. (D) Invasive angiography

demonstrates intermediate stenosis of the LAD, which is confirmed as (E) hemodynamically obstructive after measurement of FFR. LAD ¼ left anterior descending

artery; LGE ¼ late gadolinium enhancement; RCA ¼ right coronary artery; other abbreviation as in Figure 1.
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nonculprit lesions on a per-patient level (Figure 3,
top), with an optimal cutoff of $1. Using this cutoff,
visual analysis achieved a per-patient sensitivity of
73% and a specificity of 70% (Table 3, left column).
Lowering the FFR threshold from 0.80 to 0.75
resulted in an AUC of 0.76 (95% CI: 0.64 to 0.89) for
summed stress scores (Supplemental Table 2).
Splenic switch-off was present in 72 (94%) patients.
All 5 patients with absent splenic switch-off had
negative CMR results, although FFR was #0.80 in 1
(20%) patient. The agreement between of CMR and
FFR was unaltered by including only patients who
demonstrated splenic switch-off (Supplemental
Figure 1).
SEMIQUANTITATIVE ANALYSIS. The relative up-
slope of the stress signal intensity time curve (stress
rel upslope) and relative upslope derived flow reserve
(MFR rel upslope) were significantly lower in
myocardium supplied by stenotic nonculprit vessels
with FFR #0.80 compared with stenotic nonculprit
vessels with FFR >0.80 (10.0 � 3% vs. 8.6 � 2%;
p ¼ 0.04 for stress rel upslope and 1.7 � 0.6 vs. 1.4 �
0.5; p ¼ 0.009 for MFR rel upslope). ROC curve
analysis revealed an AUC of 0.66 (95% CI: 0.54 to

https://doi.org/10.1016/j.jcmg.2019.07.019
https://doi.org/10.1016/j.jcmg.2019.07.019
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FIGURE 3 Diagnostic Performance of Cardiac Magnetic Resonance
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TABLE 3 Diagnostic Performance of CMR for Diagnosing Angiographically Significant Nonculprit Lesions With FFR #0.80

Visual Semiquantitative Fully Quantitative

SSS Stress rel upslope MFR rel upslope Stress MBF MFR

Per vessel

Sensitivity (%) 65 (47–80) 67 (48–82) 63 (44–79) 67 (48–82) 75 (57–89)

Specificity (%) 82 (69–91) 63 (49–76) 76 (62–87) 76 (63–87) 69 (55–80)

PPV (%) 69 (54–80) 52 (42–63) 61 (47–73) 63 (50–74) 59 (48–69)

NPV (%) 79 (70–86) 76 (65–84) 77 (68–85) 79 (70–86) 82 (72–90)

Accuracy (%) 75 (65–84) 64 (54–74) 71 (60–80) 73 (62–82) 71 (60–80)

Per patient

Sensitivity (%) 73 (54–88) 76 (56–90) 61 (41–79) 69 (49–85) 82 (63–94)

Specificity (%) 70 (54–83) 65 (49–79) 83 (68–93) 77 (61–88) 71 (55–84)

PPV (%) 63 (51–74) 59 (48–70) 71 (54–84) 67 (52–78) 66 (54–76)

NPV (%) 79 (67–88) 80 (67–89) 76 (66–83) 79 (68–87) 86 (73–93)

Accuracy (%) 71 (59–81) 69 (57–80) 74 (62–84) 74 (62–83) 76 (64–85)

Values are % (95% confidence interval). Semi- and fully quantitative perfusion in myocardium subtended by a nonculprit vessel was calculated by averaging 2 adjacent
segments with the lowest perfusion values in the vascular territory of the nonculprit vessel. Vascular territories were defined using anatomical information from the invasive
angiogram.

MBF ¼ myocardial blood flow; MFR ¼ myocardial flow reserve; NPV ¼ negative predictive value; PPV ¼ positive predictive value; rel upslope ¼ relative upslope of the signal
intensity time curve; SSS ¼ summed stress score.
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0.77) for stress rel upslope and 0.71 (95% CI: 0.59 to
0.81) for MFR rel upslope for diagnosing nonculprit
vessels with FFR #0.80 on a per-patient basis
(Figure 3, middle). The optimal cutoff values of stress
rel upslope and MFR rel upslope for detecting he-
modynamically obstructive nonculprit lesions were
9.1% and 1.4, respectively. Using these cutoff values,
stress rel upslope achieved a per-patient sensitivity of
76% and a specificity of 65% (Table 3, central column).
MFR rel upslope had similar diagnostic performance
(p ¼ 0.50), with a sensitivity of 61% and a specificity
of 83%. When applying an FFR threshold of 0.75
instead of 0.80, ROC curve analysis displayed an AUC
of 0.68 (95% CI: 0.54 to 0.81) for stress rel upslope
and 0.75 (95% CI: 0.63 to 0.87) for MFR rel upslope
(Supplemental Table 2).

FULLY QUANTITATIVE ANALYSIS. Mean MBF in
remote myocardium was 1.11 � 0.30 ml/min/g at rest
and increased to 2.77 � 0.76 ml/min/g during stress
(p < 0.001), with a mean MFR of 2.84 � 1.12. In
myocardium vascularized by stenotic nonculprit
vessels, rest MBF was 0.91 � 0.28 ml/min/g and stress
MBF was 2.18 � 0.68 ml/min/g (p < 0.001), yielding a
mean MFR of 2.05 � 0.75. Stress MBF and MFR were
significantly lower in myocardium vascularized by
stenotic nonculprit vessels with FFR #0.80 compared
with stenotic nonculprit vessels with FFR >0.80 (2.38
� 0.69 ml/min/g vs 1.90 � 0.59 ml/min/g; p < 0.001 for
stress MBF and 2.31 � 0.77 ml/min/g vs 1.61 � 0.44 ml/
min/g; p < 0.001 for MFR; Central Illustration). In
contrast, rest MBF did not differ between stenotic
nonculprit vessels with and without hemodynami-
cally obstructive stenosis (0.91 � 0.29 ml/min/g vs
0.93 � 0.26 ml/min/g; p ¼ 0.77). On a per-patient
level, ROC curve analysis revealed an AUC of 0.76
(95% CI: 0.64 to 0.85) for stress MBF and 0.82
(95% CI: 0.71 to 0.90) for MFR (Figure 3, bottom).
There was no difference in the diagnostic perfor-
mance of stress MBF and MFR (p ¼ 0.50). The optimal
cutoff values for diagnosing nonculprit lesions with
FFR #0.80 were 1.98 ml/min/g for stress MBF and
2.10 for MFR. Using these cutoff values, stress MBF
and MFR, respectively, achieved per-patient sensi-
tivities of 69% and 82%, and specificities of 77% and
71% (Table 3, right column). Lowering the FFR
threshold from 0.80 to 0.75 resulted in an AUC of
0.74 (95% CI: 0.63 to 0.86) for stress MBF and 0.84
(95% CI: 0.74 to 0.93) for MFR (Supplemental
Table 2).

COMPARISON BETWEEN VISUAL, SEMIQUANTITATIVE,

AND FULLY QUANTITATIVE ANALYSIS. Visual, semi-
quantitative, and fully quantitative analysis yielded
similar diagnostic performances (all p > 0.05). Sensi-
tivity and specificity also did not significantly differ
between fully quantitative and visual analysis (all
p > 0.05) (Table 3). Supplemental Table 3 lists the
diagnostic performance of CMR using the standard
American Heart Association segmentation model.
Supplemental Table 4 lists the diagnostic performance
of CMR using the average myocardial perfusion in the
vascular territory of the nonculprit vessel. In both
models, semi- and fully quantitative analysis demon-
strated similar diagnostic performance (all p > 0.05).

INFLUENCE OF MICROVASCULAR FUNCTION ON

DIAGNOSTIC PERFORMANCE. CFRthermo and IMR
were obtained in 68 (72%) vessels of 66 (86%)

https://doi.org/10.1016/j.jcmg.2019.07.019
https://doi.org/10.1016/j.jcmg.2019.07.019
https://doi.org/10.1016/j.jcmg.2019.07.019
https://doi.org/10.1016/j.jcmg.2019.07.019
https://doi.org/10.1016/j.jcmg.2019.07.019


CENTRAL ILLUSTRATION Fully Quantitative Perfusion in Vascular Territories of
Nonculprit Vessels
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Stress MBF and MFR in myocardium supplied by stenotic non-culprit vessels and in myocardium supplied by vessels without significant

angiographic stenosis (remote). Stenotic vessels are further stratified according to FFR. NC ¼ nonculprit vessel; other abbreviations as in

Figures 1 and 3.
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patients. CFRthermo was #2.0 in 10 (15%) vessels, 7
(70%) of which had an FFR >0.80. IMR was $25 in 15
(22%) vessels, 13 (87%) of which had FFR >0.80.
Figure 4 displays the diagnostic performance of CMR
for diagnosing hemodynamically obstructive non-
culprit when only vessels with CFRthermo >2 or
IMR <25 U are included. The agreement between CMR
and FFR was unaltered in vessels with normal
CFRthermo or normal IMR.

DISCUSSION

This is the first study to investigate the agreement
between CMR and FFR in the evaluation of



FIGURE 4 Diagnostic Performance Of CMR In Patients With Normal Microvascular Function
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nonculprit lesions in reperfused patients with
STEMI with multivessel disease. The main findings
are summarized as follows: 1) CMR and FFR have
moderate-good agreement in the evaluation of
nonculprit lesions after STEMI; and 2) fully quanti-
tative analysis of myocardial perfusion is not su-
perior to semiquantitative or visual analysis.

AGREEMENT BETWEEN CMR AND FFR. Several
studies have investigated the diagnostic value of CMR
in stable CAD. Notably, the multicenter CE-MARC
(Cardiovascular Magnetic Resonance and Single-
Photon Emission Computed Tomography for Diag-
nosis of Coronary Heart Disease) trial documented a
sensitivity of 87% and specificity of 84% of CMR for
diagnosing obstructive CAD (26). In contrast to the
high agreement reported in stable patients with sus-
pected CAD, we observed a lower concordance be-
tween CMR and FFR in the evaluation of nonculprit
lesions after STEMI. This may be partially explained
by selection, although the applied selection is not
uncommon because patients with STEMI with multi-
vessel disease are currently more often referred for
FFR-guided revascularization of the nonculprit le-
sions. In our study, only vessels with $50% diameter
stenosis were included for analysis because non-
culprit vessels without significant angiographic ste-
nosis can be deferred based on the angiogram
obtained during primary intervention. Including only
vessels with angiographic stenosis will inevitably
result in a lower agreement with FFR because the
concordance between 2 continuous variables de-
creases when the investigated values are close to the
cutoff. Selection can therefore influence the agree-
ment between any 2 techniques. For instance, [15O]
H2O positron emission tomography, which is consid-
ered to be the gold standard for myocardial perfusion
imaging, is reported to be concordant with FFR in
86% of cases (27). When only vessels with angio-
graphic stenosis are included, the agreement drops to
72% (28), similar to our results. Second, hyperemic
perfusion and FFR show physiological discordance in
approximately 25% of cases (27), mainly because of
varying degrees of microvascular dysfunction (29).
After STEMI, microvascular dysfunction can be pre-
sent either concomitantly or as a result of acute
ischemic injury. Several studies have indicated that
in STEMI acute microvascular dysfunction is not
confined to the culprit area but also affects remote
myocardium (30,31). Given a certain geometric ste-
nosis, microvascular dysfunction limits maximal
achievable blood flow resulting in lower hyperemic
perfusion and elevated FFR. As the physiological
disturbances resulting from the acute ischemic injury
resolve over time, FFR decreases, whereas hyperemic
MBF and MFR increase (31,32). The agreement be-
tween CMR and FFR observed in the present study
therefore does not reflect failure of either technique
but rather underscores that FFR represents a different
measure of physiology than hyperemic MBF and
MFR. It is important to note, however, that ischemia
is driven by reductions in flow, not changes in coro-
nary pressure (33). One could therefore argue that in
combined epicardial and microvascular disease, hy-
peremic perfusion more accurately discerns diseased
vessels inducing ischemia than FFR.

OPTIMAL TREATMENT STRATEGY FOR NONCULPRIT

LESIONS IN STEMI. Patients with STEMI with multi-
vessel disease represent a complex patient group. A
wide spectrum of treatment options is available for
nonculprit lesions, ranging from complete multi-
vessel revascularization during primary intervention
to a conservative strategy of optimal medical therapy
alone. Four large randomized trials have thus far
compared preventive revascularization to a conser-
vative approach (12,34–36). All demonstrated lower
incidences of major adverse cardiovascular events in
the preventive revascularization group, indicating
that optimal medical therapy alone does not suffice.
Importantly, the results of these trials should not be
interpreted as preventive revascularization being the
optimal treatment strategy for nonculprit lesions af-
ter STEMI because no data exist demonstrating that
noninvasive imaging is inferior. Previous studies
have demonstrated that negative results of both CMR
and FFR are associated with a low risk of events
(2,37); however, the prognostic implications of dis-
cordancy between CMR and FFR are unknown.
Although the present study demonstrates moderate-
good agreement between CMR and FFR in the eval-
uation of nonculprit lesions after STEMI, it remains
uncertain whether CMR-guided treatment of non-
culprit lesions also translates into different outcome
than FFR-guided revascularization. Interestingly,
patients with STEMI with multivessel disease have a
low angina burden during follow-up. In the present
study, patients reported a mean SAQ score of 90 for
angina frequency, which corresponds to chest
discomfort experienced once a month or not at all.
This is in line with findings from previous studies,
which also reported that nonculprit lesions after
STEMI rarely cause angina (12,34–36). Silent ischemia
after myocardial infarction is nevertheless important
to diagnose and treat. In the SWISSI II (Swiss Inter-
ventional Study on Silent Ischemia Type II) trial,
patients with a previous myocardial infarction,
documented ischemia, and angiographic stenosis



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: This

single-center study demonstrated that in patients with

STEMI with multivessel disease, CMR and FFR have

moderate-good agreement in the assessment of non-

culprit lesions. Fully quantitative, semiquantitative,

and visual analysis showed equivalent diagnostic

performances.

TRANSLATIONAL OUTLOOK 1: Neither CMR

measurements of myocardial perfusion nor invasive

measurements of FFR have been established as the

optimal treatment strategy for nonculprit lesions after

STEMI. Multicenter trials randomizing patients with

STEMI with multivessel disease to a perfusion imaging

guided strategy or an invasive physiology guided

strategy are thus eagerly awaited.

TRANSLATIONAL OUTLOOK 2: Multicenter

studies using invasive physiology as reference should

answer the question if quantification of myocardial

perfusion improves the diagnostic performance of

CMR. Even if so, quantification of absolute MBF from

perfusion CMR is currently a laborious, time-

consuming process, in contrast to the more straight-

forward visual analysis. To implement perfusion

quantification into the clinic, image acquisition and

post-processing have to be accelerated and

automated.
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were randomly assigned to revascularization or
optimal medical therapy (38). Revascularization was
associated with a 56% reduction in cardiac events.
Randomized trials comparing imaging guided treat-
ment of nonculprit lesions to preventive revascular-
ization, such as the ongoing iMODERN (iFR Guided
Multi-vessel Revascularization During Percutaneous
Coronary Intervention for Acute Myocardial Infarc-
tion) trial (39), are thus eagerly warranted.
IS PERFUSION QUANTIFICATION WORTH THE

EFFORT? In recent years, increased focus has been
placed on absolute quantification of myocardial
perfusion using CMR. Quantification holds several
advantages over visual assessment. It is less depen-
dent on the experience of the reader and does not
require a myocardial region with normal perfusion for
comparison. Mordini et al. (5) compared the diag-
nostic performances of fully quantitative, semi-
quantitative, and visual assessment and reported
superiority of fully quantitative analysis over both
visual and semiquantitative analysis. In contrast to
the findings of Mordini et al. (5), 2 small studies found
no benefits of quantification over visual assessment
(6,7). In keeping with the results of these studies, a
recently published substudy of the CE-MARC trial
also reported similar diagnostic performance of
quantitative and visual assessment (8). This could be
in part because visual analysis already displayed
excellent accuracy. In the present study, visual
analysis had moderate agreement with FFR. Quanti-
fication nevertheless failed to demonstrate incre-
mental value.

STUDY LIMITATIONS. The present report is a sub-
study of the REDUCE-MVI trial, which was powered
to assess differences in IMR in the culprit vessel of
patients with STEMI randomized to a maintenance
therapy of ticagrelor or prasugrel. The current sub-
study may therefore be underpowered and the
limited sample size may have resulted in a type II
error in the comparative testing of AUC curves. In
addition, the limited sample size hindered analysis
on the diagnostic performance of CMR in patients
with abnormal microvascular function, as defined by
either CFRthermo or IMR; however, the agreement
between CMR and FFR in patients with STEMI with
multivessel disease has never been reported which
make the present data unique. Second, invasive
measurements of FFR were used as reference.
Although FFR is considered the gold standard for
guiding revascularization in patients with stable
CAD, it has not been established as such for the
management of nonculprit lesions after STEMI. The
results of the present study should therefore be
interpreted with caution. Finally, collateral connec-
tions from and to stenotic nonculprit vessels may
have influenced FFR measurements. In the present
study, visual collateral vessels were identified in 5
patients. Collateral pathways of smaller size that are
not visualized on coronary angiography may none-
theless have influenced the results.

CONCLUSIONS

CMR and FFR have moderate-good agreement in the
evaluation of nonculprit lesions in reperfused pa-
tients with STEMI with multivessel disease. Fully
quantitative analysis of myocardial perfusion is not
superior to semiquantitative or visual analysis.

ADDRESS FOR CORRESPONDENCE: Dr. Robin Nij-
veldt, Amsterdam University Medical Center, location
VUmc, Department of Cardiology, De Boelelaan 1117,
1081 HV, Amsterdam, the Netherlands. E-mail:
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