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Abstract
Background and aims  Although treatment of ischemia-causing epicardial stenoses may improve symptoms of ischemia, 
current evidence does not suggest that revascularization improves survival. Conventional myocardial ischemia imaging does 
not uniquely identify diffuse atherosclerosis, microvascular dysfunction, or nonobstructive epicardial stenoses. We sought 
to evaluate the prognostic value of integrated myocardial flow reserve (iMFR), a novel noninvasive approach to distinguish 
the perfusion impact of focal atherosclerosis from diffuse coronary disease.
Methods  This study analyzed a large single-center registry of consecutive patients clinically referred for rest-stress myo-
cardial perfusion positron emission tomography. Cox proportional hazards modeling was used to assess the association of 
two previously reported and two novel perfusion measures with mortality risk: global stress myocardial blood flow (MBF); 
global myocardial flow reserve (MFR); and two metrics derived from iMFR analysis: the extents of focal and diffusely 
impaired perfusion.
Results  In total, 6867 patients were included with a median follow-up of 3.4 years [1st–3rd quartiles, 1.9–5.0] and 1444 
deaths (21%). Although all evaluated perfusion measures were independently associated with death, diffusely impaired per-
fusion extent (hazard ratio 2.65, 95%C.I. [2.37–2.97]) and global MFR (HR 2.29, 95%C.I. [2.08–2.52]) were consistently 
stronger predictors than stress MBF (HR 1.62, 95%C.I. [1.46–1.79]). Focally impaired perfusion extent (HR 1.09, 95%C.I. 
[1.03–1.16]) was only moderately related to mortality. Diffusely impaired perfusion extent remained a significant independ-
ent predictor of death when combined with global MFR (p < 0.0001), providing improved risk stratification (overall net 
reclassification improvement 0.246, 95%C.I. [0.183–0.310]).
Conclusions  The extent of diffusely impaired perfusion is a strong independent and additive marker of mortality risk beyond 
traditional risk factors, standard perfusion imaging, and global MFR, while focally impaired perfusion is only moderately 
related to mortality.

Keywords  Coronary artery disease · Microvascular disease · Cardiac PET · Absolute myocardial blood flow · Myocardial 
flow reserve
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Introduction

Myocardial perfusion is determined by the net hemodynamic 
impact of focal flow-limiting epicardial arterial stenoses, dif-
fuse atherosclerosis, and microvascular disease. Ischemic symp-
toms arise when perfusion is insufficient for myocardial needs. 
Although treatment of ischemia-causing epicardial stenoses may 
improve symptoms [1, 2], current evidence does not suggest that 
revascularization of epicardial stenoses improves survival [3–5], 
even in the presence of moderate to severe regional myocardial 
ischemia. Conversely, large pooled studies have demonstrated 
a consistent link between the presence of ischemia and adverse 
outcomes [6]. Further, studies of animal models have demon-
strated that ischemia may precipitate life-threatening cardiac 
arrhythmias [7], myocardial systolic and diastolic dysfunc-
tion [8], and myocardial fibrosis [9], all of which contribute to 
adverse cardiac outcomes. However, conventional myocardial 
ischemia imaging typically only detects moderate to severe focal 
stenoses but does not uniquely identify diffuse atherosclerosis, 
microvascular dysfunction, or mild focal epicardial stenoses. 
Consequently, it remains unclear whether focal ischemia is 
causal to major adverse cardiac events, or if it is simply cor-
related with the presence and extent of coronary atherosclerosis 
and thus with the potential for acute plaque rupture.

We have developed a novel quantitative approach, integrated 
myocardial flow reserve (iMFR), for separating focal impairment 
of myocardial perfusion, typically due to focal epicardial steno-
sis, from diffuse impairment of myocardial perfusion, which may 
result from diffuse atherosclerosis and/or microvascular dysfunc-
tion. Our method uses regional data from quantitative rest-stress 
myocardial perfusion imaging (MPI) using positron emission 
tomography (PET). Nearly all prior PET studies of quantitative 
myocardial perfusion focused only on global measures of perfu-
sion [10–15] and did not disambiguate focal and diffuse compo-
nents. To our knowledge, only two prior studies [16, 17] evalu-
ated the prognostic importance of focally abnormal quantitative 
measures of perfusion combining MBF and MFR into coronary 
flow capacity (CFC). However, these studies did not examine or 
compare measures of focal and diffusely impaired perfusion and 
thus could not resolve the ischemia-prognosis paradox. In this 
study, we sought to evaluate the prognostic value of these two 
distinct components of iMFR (i.e., focally and diffusely impaired 
myocardial perfusion) in a large clinical registry of 6867 patients 
and 25,420 person-years of follow-up.

Methods

Study population

All consecutive patients referred for rest-stress PET-CT 
assessment of myocardial perfusion at the University of 

Michigan Cardiovascular Center between March 1, 2011, 
and July 31, 2020, were considered for inclusion in the 
registry. Exclusion criteria included history of heart trans-
plantation and missing or uninterpretable PET data. For 
patients who underwent serial PET imaging, only the 
first evaluable PET exam was included. All data were 
anonymized, and informed consent was waived under an 
exemption from the University of Michigan Institutional 
Review Board.

Positron emission tomography

All patients were instructed to fast for at least 4 h and 
to refrain from caffeine consumption for 24 h prior to 
the imaging exam. Patients underwent 82Rb PET-CT 
imaging in 3D mode on a PET scanner with lutetium 
oxyorthosilicate (LSO) detectors (Biograph mCT, Sie-
mens Healthineers, Malvern, PA). An initial low-dose 
CT scan was acquired for attenuation correction. List-
mode ECG-gated time-of-flight (TOF) PET data were 
acquired at rest for 7 min, beginning with intravenous 
bolus administration of 82Rb (Cardiogen-82, Bracco 
Diagnostics, Monroe Township, NJ USA; or RubyFill, 
Jubilant Radiopharma, Montréal, Québec Canada) using 
either a weight-adjusted (12 MBq/kg, N = 2473 (36%) 
patients) or BMI-adjusted (33.3 MBq/kg/m2, N = 4397 
(64%) patients) dosing protocol. Pharmacologic stress 
was initiated with bolus administration of regadenoson 
intravenously (0.4 mg); this was followed 60 s later by 
administration of the same 82Rb dose and a second list-
mode ECG-gated TOF PET acquisition of 7 min. Heart 
rate and systolic and diastolic blood pressure were moni-
tored during PET scans.

Image reconstruction

PET data were corrected for normalization, dead time, 
attenuation, decay, scattered, and random coincidence 
events as part of the scanner vendor’s image reconstruc-
tion software. The relative position of the heart in PET and 
CT images for attenuation correction was examined and 
manually corrected, when necessary, before final image 
reconstruction. Static and 16-frame ECG-gated images were 
reconstructed from 82Rb PET list-mode data using the ven-
dor’s 3D OSEM reconstruction (3 iterations, 21 subsets) 
with TOF and point-spread function modeling when avail-
able; this was followed by smoothing with a 7-mm full-
width half-maximum Gaussian filter. Static and gated 82Rb 
images excluded the first 2 min of list-mode data to allow 
blood pool clearance of the tracer. Dynamic PET images 
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were reconstructed (30 frames: 16 × 5 s, 6 × 10 s, 3 × 20 
s, 4 × 30 s, 1 × 90 s) using the full list-mode data without 
post-reconstruction filtering. A subset of static images was 
also routinely reconstructed with a dual respiratory and 
cardiac gated option provided by the PET vendor; these 
static images were prioritized for analysis at the discretion 
of the reading physician. The matrix size for all images was 
128 × 128 × 75, with an in-plane voxel size of 3.2 × 3.2 mm 
and a slice thickness of 3 mm.

Outcomes assessment

The primary outcome was mortality from all causes. The 
vital status of each patient was determined by integrating 
data from death certificates and hospital records. A second-
ary outcome of mortality from any cardiac cause was also 
considered in the analysis.

Measures of myocardial perfusion

Patient images were clinically processed using the Corri-
dor4DM software (INVIA Medical Imaging Solutions, Ann 
Arbor, MI). PET images of the heart were rotated into short-
axis orientation, and the myocardium of the left ventricle 
(LV) was segmented using an automated algorithm [18]. 
The LV contours were checked for quality and manually 
adjusted by experienced operators as necessary. Left ven-
tricular ejection fraction (LVEF) was estimated from stress 
and rest 16-frame gated PET images, as previously described 
[18], and the change in LVEF from rest to stress was com-
puted (LVEF reserve).

For the present analysis, saved result files from the origi-
nal clinical reading of PET exams by board-certified nuclear 
cardiologists were batch processed in a blinded fashion 
without user interaction to generate results for all perfusion 
measures described below. This allowed uniform application 
of automated dynamic motion correction [19] and consistent 
kinetic model settings.

Relative myocardial perfusion

Conventional semi-quantitative myocardial perfusion was 
assessed in each patient. Static PET images were normal-
ized to peak tracer uptake in the LV myocardium, and 
perfusion polar maps of myocardial uptake were generated 
[18]. Each pixel of the perfusion polar map was compared 
to matched 82Rb normal databases derived from low-like-
lihood patients in order to automatically quantify regional 
perfusion defect severity in terms of the number of stand-
ard deviations below the normal database regional mean. 
Total perfusion deficit (TPD) at rest and during hyperemia 
was estimated as a summary measure of defect severity 

and extent, and ischemic TPD was computed as hyperemic 
minus rest TPD [20].

Myocardial blood flow (MBF) and flow reserve

Myocardial blood flow was estimated by fitting a 1-tissue-
compartment kinetic model to myocardial time activity 
curves sampled from dynamic PET images, as previously 
described [21, 22]. The arterial input function was deter-
mined from the regional mean of a three-dimensional 
region of interest automatically placed near the mitral 
valve plane in each frame of the dynamic image series. 
Myocardial flow reserve (MFR) was calculated as the ratio 
of hyperemic to rest MBF. Global stress MBF and MFR 
were averaged over the whole left ventricle for subsequent 
assessment, individually and in combination, as predictors 
of outcome [10].

Integrated myocardial flow reserve (iMFR)

A novel quantitative perfusion analysis was developed to 
integrate regional MFR and MPI (Fig. 1). A perfusion defect 
blackout map was created using the relative stress perfusion 
polar map with a defect severity threshold of 2.5 standard 
deviations below the normal database regional mean, cat-
egorizing each pixel as being within (black) or outside focal 
perfusion defects. Each pixel was then further categorized 
by MFR using a threshold of 2.0 [11, 12], yielding up to 
four LV regions: (1) normal perfusion (MFR ≥ 2.0 outside 
focal defects); (2) diffusely impaired perfusion (MFR < 2.0 
outside focal defects); (3) focally impaired perfusion 
(MFR < 2.0 within defects); and (4) focally preserved per-
fusion (MFR ≥ 2.0 within defects). The extent of each region 
was computed as the fraction of LV myocardial pixels, and 
the diffusely and focally impaired perfusion extents (regions 
2 and 3) were evaluated as predictors of outcome.

Statistical analysis

The four perfusion measures, global stress MBF, global 
MFR, and extents of diffusely and focally impaired MFR 
(iMFR regions 2 and 3), were individually evaluated as both 
continuous and categorical variables to assess their associa-
tion with risk of outcomes. For each continuous measure, 
two Cox proportional hazards models were constructed, 
unadjusted and adjusted for clinical risk factors and standard 
MPI findings. Baseline covariates were selected on the basis 
of clinical judgment and prior work [10, 11] and included 
patient age, sex, body mass index (BMI), race, diabetes, 
hypertension, hyperlipidemia, smoking status, history of 
myocardial infarction (MI), previous percutaneous coro-
nary intervention (PCI), previous coronary artery bypass 
graft (CABG), family history of coronary artery disease 
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(CAD), LVEF at rest, difference between stress and rest 
LVEF, and stress total perfusion deficit (TPD) as a combined 
relative measure of ischemia or scar. Nonlinear effects were 
evaluated using ANOVA tests of models with continuous 
variables modeled as restricted cubic splines with 3 knots 
[23], which were found to be necessary for stress MBF and 
MFR, but not necessary for diffusely or focally impaired 
perfusion extent. Time to revascularization was modeled 
as a time-dependent covariate for patients that underwent 
revascularization after the PET scan. The hazard ratio for 
each perfusion measure was standardized to 1 × interquartile 
range (IQR) in the direction of increasing impairment. A 
secondary analysis was also performed to evaluate standard 
adjustment for the product of heart rate and systolic blood 
pressure during the rest PET scan (rate-pressure product, 
RPP) by multiplying rest MBF by the ratio of a reference 
RPP (9000 mm Hg bpm) to rest RPP in models with global 
MFR [24].

For each perfusion measure treated as a categorical vari-
able, patients were assigned to groups based on quintiles of 
the perfusion measures, except for focally impaired extent. 
In this case, the lowest category (focally impaired extent 
equal to zero) contained 48% of patients and the remaining 
patients were assigned to quartiles. Annualized event rates 
were evaluated among the quintiles of each perfusion meas-
ure using Poisson modeling. Cox proportional hazards mod-
els were constructed as described above to evaluate the risk 
of outcomes with reference to the most normal group (lowest 
quintile), and unadjusted and adjusted survival curves were 
computed for each group.

Proportional hazards for Cox models were verified 
with scaled Schoenfeld residuals. Model calibration was 
assessed using bootstrap resampling validation of calibra-
tion slope. Model discrimination was assessed using model 
likelihood ratio χ2 and Gönen and Heller’s concordance 
measure, K, which, unlike Harrell’s c-index, is insensi-
tive to the rate of censoring [25, 26]. The change in dis-
crimination after adding the extent of diffusely impaired 
perfusion to individual Cox models of the other perfusion 
measures was assessed with continuous net reclassification 
improvement [27]. Sensitivity analyses included additional 
multivariable Cox models to evaluate: (1) replacing the 
time-dependent revascularization with a binary variable 
indicating early revascularization (within 90 days after the 
PET scan) and (2) including an additional covariate for 
the time interval from the beginning of the study period 
(March 1, 2011) to each PET exam, and then testing its 
interaction with each perfusion measure to account for 
potential variations in patient referral, reporting, PET dos-
ing protocol, and software during the study period.

Continuous variables are summarized as mean ± SD 
or median [1st–3rd quartiles]. Welch’s unequal variances 
t-test or Wilcoxon rank sum tests were used as appropri-
ate for comparisons of continuous parameters, and chi-
squared tests were used to compare categorical variables. 
Two-sided p-values less than 0.05 were considered statisti-
cally significant. Statistical analyses were performed using 
R version 4.1 [28] with packages survival [29], rms [23], 
and survminer [30].

Fig. 1   Example of integrated 
myocardial flow reserve (iMFR) 
polar map creation from stress 
myocardial perfusion imag-
ing (MPI) perfusion blackout 
and MFR maps. Four iMFR 
regions are defined in terms of 
the presence or absence of a 
regional stress perfusion defect 
and normal or abnormal MFR 
(lower right)
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Results

Patient characteristics

Out of 7227 unique patients referred for rest-stress PET dur-
ing the study period, we excluded those evaluated for cardiac 
allograft vasculopathy (N = 333, 4.6%), those with missing 
or uninterpretable dynamic PET images (N = 25, 0.35%), 
and those with missing clinical covariates (LVEF) (N = 2, 
0.03%). After these exclusions, a total of 6867 patients 
remained in the study cohort. Overall mean patient age was 
63 ± 12 years, and 3043 (44%) were women. Known CAD 
(history of MI or previous revascularization) was present in 
2114 (31%), and 425 (6%) underwent subsequent revascu-
larization within 90 days after the PET exam. The median 
follow-up time was 3.4 [1.9–5.0] years. Patient characteris-
tics at baseline stratified by the extent of diffusely impaired 
MFR (iMFR region 2) are shown in Table 1 and stratified 
by mortality in Supplementary Table S1. The incidence of 
hypertension, diabetes, and hyperlipidemia increased with 
increasing extent of diffusely impaired MFR (Table 1).

Measures of myocardial perfusion

The median global MFR was 2.03 [1.57–2.55], and global 
stress MBF was 2.06 [1.56–2.64] ml/min/g. Among patients 
with diffusely impaired perfusion extent > 0, the median 
extent was 42% [13–76%], and likewise, the median extent 
of focally impaired perfusion was 9% [2–25%].

Myocardial perfusion and outcomes

All quantitative perfusion measures were significantly asso-
ciated with the risk of death and cardiac death in individual 
Cox models (Table 2, model 1). However, after adjusting 
for demographic covariates, clinical risk factors, and stand-
ard MPI findings, both global MFR and diffusely impaired 
perfusion extent were consistently stronger predictors of pri-
mary and secondary outcomes, and the corresponding Cox 
models had consistently higher χ2 and concordance K than 
those of global stress MBF and focally impaired perfusion 
extent (Table 2, model 2) (Fig. 2). Similar results were seen 
when comparing the highest versus lowest quintiles (Sup-
plementary Table S3). The association of focally impaired 
perfusion extent (iMFR region 3) with risk of outcomes was 
substantially weaker than the other three perfusion meas-
ures, which has important physiologic and clinical impli-
cations. An interaction between diffusely impaired perfu-
sion extent and transient ischemic dilation was marginally 
significant (p = 0.034) with minimal effect size (HR 0.98). 
Models are summarized in Supplementary Figs. S1–S12. 

Secondary analyses evaluating the adjustment of rest MBF 
for the rate-pressure product yielded inferior risk models 
with MFR (Supplementary Results and Figs. S13 and S14). 
Sensitivity analyses yielded results largely similar to the pri-
mary analysis (Supplemental Results and Figs. S15–S18).

In Cox models evaluating combinations of perfusion 
measures, diffusely impaired perfusion extent remained 
a significant independent predictor of all-cause and car-
diac death when combined with global MFR (p < 0.0001 
and p = 0.0311, respectively), or with global stress MBF 
(p < 0.0001 for both outcomes) (Table 3). Diffusely impaired 
perfusion extent was also a significant additive predictor 
when combined with focally impaired perfusion extent 
(p < 0.0001). Conversely, focally impaired perfusion extent 
did not add significant prognostic value in combination with 
global MFR or stress MBF. Global stress MBF was not sig-
nificantly associated with outcomes when combined with 
global MFR (Supplementary Table S3). Significant increases 
in overall net reclassification improvement between 0.25 and 
0.48 were observed when combining the extent of diffusely 
impaired perfusion with each of the other perfusion meas-
ures (Table 4).

The annualized rate of all-cause death across quintiles 
of each myocardial perfusion measure increased steadily 
with increasing degree of impairment (Fig. 3, Supplemen-
tary Fig. S19). Similarly, incidence plots demonstrated that 
successive quintiles of each myocardial perfusion measure 
were associated with worse prognosis, both before and after 
adjusting for demographic covariates, clinical risk factors, 
and standard MPI findings (Supplementary Figs. S11 and 
S12). Among patients without any diffusely impaired MFR 
(N = 437), the annualized rates of all-cause and cardiac death 
were 1.1% and 0.25%, respectively.

Predicted risk of all-cause mortality as a function 
of global MFR and diffusely impaired perfusion extent 
(Table 3, model 1) is shown in Fig. 4, indicating that at 
any given global MFR less than 2.5, an increase in diffusely 
impaired perfusion extent was associated with progressively 
increased risk of mortality. Two case examples are shown 
in Fig. 5.

Discussion

In this large single-center registry of consecutive patients 
undergoing comprehensive myocardial perfusion assessment, 
we have demonstrated that the impact of diffuse atherosclero-
sis and microvascular dysfunction, as quantified by integrated 
myocardial flow reserve (iMFR) analysis, is a powerful predic-
tor of mortality, independent of risk factors and relative MPI 
assessment of hemodynamically obstructive disease and sys-
tolic LV function. The association of diffusely impaired per-
fusion extent with diffuse nonobstructive atherosclerosis and/
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Table 1   Patient characteristics at baseline stratified by extent of diffusely impaired MFR

Extent of diffusely impaired MFR

None (n = 437) 1–42% (n = 3212) 43–100% (n = 3218) Total (n = 6867) p-value

Demographics, N (%)
  Age (years) † 55 (11) 61 (12) 66 (12) 63 (12)  < 0.001
  Male sex 241 (55) 1795 (56) 1788 (56) 3824 (56) 0.941

Race, N (%)
  White 329 (75) 2601 (81) 2631 (82) 5561 (81) 0.008
  Black 73 (17) 417 (13) 372 (12) 862 (13)
  Other 35 (8) 194 (6) 215 (7) 444 (6)

Cardiovascular risk factors, N (%)
  Hypertension 281 (64) 2346 (73) 2579 (80) 5206 (76)  < 0.001
  Diabetes 100 (23) 1031 (32) 1581 (49) 2712 (39)  < 0.001
  Hyperlipidemia 262 (60) 2060 (64) 2161 (67) 4483 (65) 0.002
  BMI (kg/m2) † 31.6 (8) 33.5 (9.1) 33.5 (9.7) 33.4 (9.3)  < 0.001
  Family history of CAD 271 (62) 2112 (66) 2126 (66) 4509 (66) 0.244
  Current smoker 80 (18) 315 (10) 235 (7) 630 (9)  < 0.001
  History of MI 53 (12) 586 (18) 599 (19) 1238 (18) 0.004
  Prior PCI 57 (13) 651 (20) 598 (19) 1306 (19) 0.001
  Prior CABG 14 (3) 302 (9) 378 (12) 694 (10)  < 0.001

Symptoms, N (%)
  Angina 278 (64) 1640 (51) 1236 (38) 3154 (46)  < 0.001
  Dyspnea 69 (16) 557 (17) 512 (16) 1138 (17) 0.274

Medications, N (%)
  Antiplatelet 204 (47) 1550 (48) 1629 (51) 3383 (49) 0.089
  ACE inhibitor 86 (20) 767 (24) 872 (27) 1725 (25)  < 0.001
  Beta blocker 137 (31) 1272 (40) 1664 (52) 3073 (45)  < 0.001
  Insulin 47 (11) 570 (18) 1166 (36) 1783 (26)  < 0.001
  Diuretic 95 (22) 1006 (31) 1475 (46) 2576 (38)  < 0.001
  Statin 134 (31) 1199 (37) 1470 (46) 2803 (41)  < 0.001

Hemodynamics †
  Rest
    Heart rate (bpm) 69 (12) 71 (13) 76 (14) 73 (14)  < 0.001
    Systolic BP (mm Hg) 127 (20) 131 (23) 136 (25) 133 (24)  < 0.001
    Diastolic BP (mm Hg) 75 (15) 75 (31) 71 (19) 73 (25)  < 0.001
    RPP (mm Hg × bpm) 8698 (1990) 9286 (2360) 10,387 (2624) 9765 (2539)  < 0.001
  Stress
    Heart rate (bpm) 99 (18) 93 (18) 91 (25) 92 (22)  < 0.001
    Systolic BP (mm Hg) 117 (28) 118 (31) 118 (33) 118 (32) 0.824
    Diastolic BP (mm Hg) 68 (36) 66 (33) 61 (38) 64 (36)  < 0.001

PET measurements †
  Rest
    LVEF (%) 60 (12) 56 (16) 56 (16) 56 (15)  < 0.001
    TPD (%) 4 (6) 6 (10) 5 (7) 5 (9)  < 0.001
    Global MBF (ml/min/g) 0.85 (0.24) 0.96 (0.32) 1.22 (0.43) 1.08 (0.40)  < 0.001
  Stress
    LVEF (%) 66 (13) 60 (17) 59 (16) 60 (16)  < 0.001
    TPD (%) 4 (7) 8 (13) 7 (9) 7 (11)  < 0.001
    Global MBF (ml/min/g) 2.98 (0.83) 2.32 (0.82) 1.87 (0.73) 2.15 (0.84)  < 0.001
    LVEF reserve (%) 6 (4) 4 (4) 2 (4) 3 (4)  < 0.001
    Ischemic TPD (%) 2 (4) 4 (6) 4 (5) 4 (6)  < 0.001



129European Journal of Nuclear Medicine and Molecular Imaging (2023) 51:123–135	

1 3

or microvascular dysfunction is consistent with prior studies 
[31, 32] and our own data in a large clinical cohort (N = 1044) 
with invasive angiography correlation [33]. Conversely, focally 
impaired perfusion extent, also derived from iMFR analysis, 
may be a powerful predictor of focal atherosclerotic lesions on 
angiography. However, in this study, focally impaired perfusion 
extent was only minimally related to survival and was not a 
significant additive predictor of mortality when combined with 
other perfusion measures. This combination is in accord with 
previous findings that the risk of serious adverse events in CAD 
typically arises from mild to moderate stenoses, which tradi-
tionally have not been considered to cause focal abnormalities 
in myocardial perfusion [34, 35]. Microvascular dysfunction 

may further augment the risk of death [36, 37], although the 
exact mechanisms for this are unclear. Our data presented in 
this work align with prior randomized studies indicating revas-
cularization of focal atherosclerotic lesions does not generally 
modify prognosis [3–5, 38, 39].

The extent of diffusely impaired myocardium reflects the 
quantitative mismatch between regionally reduced MFR 
and apparently normal relative MPI. Diffusely impaired 
myocardium is defined as being free of relative stress perfu-
sion defects while having regionally impaired MFR < 2.0 
[11, 12]. Similarly, focally impaired and focally preserved 
myocardium are defined by the presence of relative perfu-
sion defects with either regionally impaired or preserved 

Table 1   (continued)

Extent of diffusely impaired MFR

None (n = 437) 1–42% (n = 3212) 43–100% (n = 3218) Total (n = 6867) p-value

    Global MFR 3.59 (0.58) 2.48 (0.56) 1.56 (0.33) 2.12 (0.75)  < 0.001
    Diffusely impaired MFR ‡ – 1.78 (0.16) 1.48 (0.23) 1.53 (0.46)  < 0.001
    Focally impaired MFR extent (%) 0.5 (3.7) 7.7 (15.8) 9.5 (13.6) 8.1 (14.4)  < 0.001

Outcomes, N (%)
  All-cause mortality 21 (5) 437 (14) 986 (31) 1444 (21)  < 0.001
  Cardiac-related mortality 5 (1) 149 (5) 278 (9) 432 (6)  < 0.001

† Mean (SD)
‡ Mean MFR within the diffusely impaired region (iMFR region 2)
BMI, body mass index; BP, blood pressure; CABG, coronary artery bypass graft; CAD, coronary artery disease; LVEF, left ventricular ejec-
tion fraction; MBF, myocardial blood flow; MFR, myocardial flow reserve; MI, myocardial infarction; PCI, percutaneous coronary intervention; 
RPP, rate-pressure product; TPD, total perfusion deficit

Table 2   Individual models of myocardial perfusion measures as continuous variables and risk of outcomes*

* Hazard ratios were standardized to 1 × IQR in the direction of increasing impairment
† Model 2 was adjusted for age, sex, BMI, race, hypertension, diabetes, hyperlipidemia, current smoking, history of MI, previous PCI, previous 
CABG, revascularization after PET, family history of CAD, LVEF at rest, LVEF reserve, and stress TPD
§ Concordance probability K is a measure of a model’s discriminative power and ranges between 0.5 (no discrimination) and 1 (perfect discrimi-
nation) [25]
HR, hazard ratio; MBF, myocardial blood flow; MFR, myocardial flow reserve

Outcome Model 1 (unadjusted) Model 2 (fully adjusted) †

   Perfusion measure HR (95% C.I.) p value HR (95% C.I.) p value χ2 (d.f.) K § (95% C.I.)

All-cause mortality
  Focally impaired perfusion extent (%) 1.24 (1.21–1.27)  < 0.0001 1.09 (1.03–1.16) 0.0034 774.2 (18) 0.679 (0.668–0.689)
  Global stress MBF (ml/min/g) 2.23 (2.07–2.39)  < 0.0001 1.62 (1.46–1.79)  < 0.0001 853.3 (19) 0.687 (0.677–0.698)
  Global MFR 2.73 (2.51–2.96)  < 0.0001 2.29 (2.08–2.52)  < 0.0001 1067.6 (19) 0.709 (0.699–0.720)
  Diffusely impaired perfusion extent (%) 2.82 (2.55–3.12)  < 0.0001 2.65 (2.37–2.97)  < 0.0001 1063.9 (18) 0.714 (0.704–0.724)

Cardiac-related mortality
  Focally impaired perfusion extent (%) 1.41 (1.35–1.46)  < 0.0001 1.12 (1.02–1.24) 0.0232 546.4 (18) 0.733 (0.719–0.747)
  Global stress MBF (ml/min/g) 3.20 (2.76–3.71)  < 0.0001 1.61 (1.33–1.94)  < 0.0001 568.8 (19) 0.739 (0.724–0.755)
  Global MFR 3.03 (2.64–3.49)  < 0.0001 1.99 (1.68–2.36)  < 0.0001 611.4 (19) 0.743 (0.729–0.758)
  Diffusely impaired perfusion extent (%) 2.31 (1.93–2.77)  < 0.0001 2.26 (1.82–2.81)  < 0.0001 596.8 (18) 0.758 (0.743–0.772)
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MFR. Among these three measures, the extent of diffusely 
impaired perfusion was the most predictive of the risk of 
outcomes. Diffusely impaired myocardium was identified in 
94% of patients in this study and likely represents a spectrum 

of diffuse nonobstructive epicardial disease of low to inter-
mediate severity and/or microvascular dysfunction. Impor-
tantly, patients without any diffusely impaired myocardium 
had a very low annualized rate of cardiac mortality (0.25%).

In secondary analyses, we observed that the adjustment of 
rest MBF for rate-pressure product [24] reduced the associa-
tion of global MFR with risk of outcomes. This is consistent 
with previous studies [11] and suggests that such variations 
in myocardial workload may carry important prognostic 
information.

Several prior studies have demonstrated that quantita-
tive measures of global myocardial perfusion with PET 
and cardiac magnetic resonance imaging are associated 
with prognosis [10–15, 40, 41]. We also found that these 
metrics carry prognostic value. Prognostic association was 
consistently stronger and model concordance consistently 
higher for global MFR and diffusely impaired extent than 
for global stress MBF and focally impaired extent (Table 2). 
This finding accords with previous PET findings that global 
MFR is a stronger predictor of mortality risk than global 
stress MBF [10, 11]. Importantly, diffusely impaired perfu-
sion extent adds prognostically to global MFR and signifi-
cantly improves risk stratification, as shown by a significant 
increase in both event and non-event net reclassification 
improvement (Table 4). Prior studies that investigated global 
metrics have not been able to combine metrics for additive 
prognostic value [10]. Global perfusion measures, which are 
averaged over the entire LV, inherently blend the effects of 
focal reductions in flow associated with epicardial disease 
and impairments associated with diffuse atherosclerosis or 
microvascular dysfunction. While global metrics may be 
convenient for analyses, they may overlook relevant regional 
information [17].

Few prior studies have validated prognostic value for 
regional or segmental measures. In a recent observational 
study of 314 patients undergoing 15O-water PET analyzed 

Fig. 2   Variable importance as measured by Wald χ2 for individual 
models of myocardial perfusion measures. (A) Models of all-cause 
mortality risk; (B) models of cardiac mortality risk. All models were 
fully adjusted, as in model 2 of Table 2. The χ2 values represent the 
increase in model likelihood contributed by each perfusion measure 
to the base model of demographic covariates, clinical risk factors, and 
standard MPI findings

Table 3   Combined models of perfusion measures as continuous variables and risk of outcomes*

* Results were standardized to 1 × IQR in the direction of increasing impairment. Models were fully adjusted as in model 2 of Table 2

Outcome Diffusely impaired extent 
(%)

Global MFR Global stress MBF (ml/
min/g)

   Model HR (95% C.I.) p value HR (95% C.I.) p value HR (95% C.I.) p value χ2 (d.f.) K (95% C.I.)

All-cause mortality
  Combined model 

1
1.71 (1.41–2.08)  < 0.0001 1.57 (1.34–1.85)  < 0.0001 – – 1096.9 (20) 0.714 (0.704–0.724)

  Combined model 
2

2.49 (2.20–2.81)  < 0.0001 – – 1.18 (1.06–1.32) 0.0015 1075.2 (20) 0.714 (0.704–0.724)

Cardiac-related mortality
  Combined model 

1
1.46 (1.03–2.06) 0.0311 1.58 (1.21–2.06) 0.0001 – – 616.0 (20) 0.750 (0.735–0.765)

  Combined model 
2

2.04 (1.61–2.58)  < 0.0001 – – 1.27 (1.04–1.55) 0.0064 604.8 (20) 0.754 (0.739–0.770)
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Table 4   Continuous net 
reclassification improvement 
(NRI) at the median follow-up 
time of 3.4 years after adding 
the extent of diffusely impaired 
perfusion (iMFR region 2) to 
fully adjusted Cox models in 
combination with each of the 
other perfusion measures

Models were fully adjusted as in model 2 of Table 2; 95% confidence intervals are provided in parenthe-
ses. Event NRI is the net percentage of patients with an event who were correctly assigned a higher pre-
dicted risk after adding diffusely impaired extent (range − 100 to 100). Non-event NRI is the net percent-
age of patients without an event who were correctly assigned a lower predicted risk after adding diffusely 
impaired extent. Overall NRI is sum of event and non-event NRI (range − 2 to 2)

Outcome Overall NRI Event NRI (%) Non-event NRI (%)
   Perfusion measure

All-cause mortality
  Focally impaired perfusion extent (%) 0.484 (0.423–0.542) 25.2 (19.8–30.5) 23.2 (20.5–25.7)
  Global stress MBF (ml/min/g) 0.404 (0.343–0.464) 16.8 (11.3–22.5) 23.5 (20.9–25.9)
  Global MFR 0.246 (0.183–0.310) 12.1 (6.2–17.5) 12.5 (10.1–15.0)

Cardiac-related mortality
  Focally impaired perfusion extent (%) 0.397 (0.291–0.497) 23.6 (13.5–33.2) 16.2 (13.9–18.7)
  Global stress MBF (ml/min/g) 0.290 (0.193–0.393) 12.4 (3.0–22.5) 16.6 (14.2–19.0)
  Global MFR 0.263 (0.162–0.367) 11.5 (2.1–21.7) 14.8 (12.6–17.2)

Fig. 3   Adjusted annualized event rates and 95% confidence intervals 
for all-cause mortality across quintiles of each myocardial perfusion 
measure. (A) Focally impaired perfusion extent (%), (B) global stress 
MBF (ml/min/g), (C) global MFR, and (D) diffusely impaired perfu-

sion extent (%). For focally impaired extent (A), the lowest subgroup 
(mean extent = 0) contained 3317 patients, and the remaining 3550 
patients were divided into quartiles. Individual Poisson models of 
each perfusion measure were fully adjusted as in model 2 of Table 2
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using a CFC-like approach, increased CFC at the vascular 
level was associated with reduced risk of death or non-fatal 
MI after revascularization [42]. Two other large PET stud-
ies (N = 3774 and 4995 patients) have demonstrated that 
the presence of severely impaired CFC is associated with 
prognosis [16, 17]. CFC analysis combines both stress MBF 
and MFR into an integrated measure of regional LV per-
fusion abnormality which quantifies the extent of six CFC 
categories and scar, each of which combines the severity 
and extent of regional abnormality [43]. These studies have 
only demonstrated independent prognostic value for the 
most impaired CFC category (severely reduced CFC extent), 
leaving unanswered questions as to the clinical implications 
of the remaining six categories (including scar).

The iMFR analysis approach differs in several important 
respects from CFC analysis. By using MFR and not stress 
MBF, iMFR is expected to be more robust against technical 

Fig. 4   Predicted risk of all-cause mortality from an adjusted Cox pro-
portional hazards model (Table 3, combined model 1) combining the 
extent of diffusely impaired MFR (iMFR region 2) and global MFR. 
The results were fully adjusted as in model 2 of Table 2

Fig. 5   Case examples with polar maps of PET-derived myocardial 
perfusion measures. (A) Male, 66  years old, global MFR 1.49 and 
diffusely impaired MFR extent 97%, experienced cardiac-related 
death 2.7 years after PET exam. (B) Male, 64 years old, global MFR 

1.77 and diffusely impaired MFR extent 7%, still surviving after 
8 years follow-up. The bottom right indicates the predicted risk of all-
cause mortality for each patient (black dot), as shown in Fig. 4
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and methodologic sources of variability, such as differences 
in radiotracer characteristics, kinetic modeling approaches, 
and potential PET scanner saturation [44–47]. iMFR analy-
sis integrates regional MFR with conventional relative MPI 
processing and relies on a single nominal MFR threshold 
of 2.0 to yield four possible categories of perfusion impair-
ment. By focusing on quantitative perfusion abnormalities 
beyond discrete hemodynamically significant defects, the 
extent of diffusely impaired perfusion identifies the com-
bined effects of nonobstructive coronary disease and/or 
microvascular dysfunction that are prognostically important.

Limitations

There are a few limitations of our study that should be con-
sidered. iMFR was derived from a specific software, and it 
remains to be demonstrated whether it can be reproducibly 
obtained using other platforms. Although the thresholds 
used in iMFR are well validated [11, 12, 48], other combi-
nations of methodologies for each component may generate 
more discordant results than using single criteria. MFR and 
perfusion defect data were known to clinicians and thus may 
have influenced downstream decision-making which in turn 
may have affected clinical outcomes.

Coronary vasomotor function, as measured by MFR, inte-
grates the effects of microvascular dysfunction with diffuse 
and focal epicardial CAD. These entities share risk factors 
and have overlapping pathogenic mechanisms and thus fre-
quently co-exist within the same patient. In this study, we 
differentiated between focal and diffuse impairments in MFR 
but did not evaluate epicardial coronary anatomy. The cor-
relation of these findings to epicardial CAD anatomy has 
been undertaken in a separate study of two large groups of 
patients [33]. In some individuals, high resting MBF also 
contributes to diffusely impaired iMFR and is associated 
with adverse events through mechanisms which may be 
independent of both epicardial and microvascular disease.

Clinical implications

Conventional myocardial perfusion imaging can detect per-
fusion abnormalities that are typically associated with mod-
erate-to-severe focal epicardial stenoses but cannot identify 
diffuse epicardial disease or microvascular dysfunction. 
Integrated myocardial flow reserve is a novel quantitative 
approach that extends MPI with the capability to uniquely 
distinguish focal and diffuse disease components. Our results 
support a risk assessment approach that considers both 
global MFR and regional extent of diffusely impaired per-
fusion. In the presence of abnormal global MFR, an increas-
ing extent of diffusely impaired perfusion confers increasing 
mortality risk (Fig. 4).

Conclusion

The extent of diffusely impaired perfusion characterizes 
the burden of diffuse nonobstructive CAD and/or micro-
vascular dysfunction and is a strong independent and addi-
tive marker of mortality risk beyond traditional risk fac-
tors and standard MPI assessment of hemodynamically 
obstructive disease and systolic LV function.
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