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Myocardial perfusion imaging has limited sensitivity for the de-
tection of high-risk coronary artery disease (CAD). We tested the
hypothesis that a normal coronary flow reserve (CFR) would be
helpful for excluding the presence of high-risk CAD on angiography.
Methods: We studied 290 consecutive patients undergoing 82Rb
PET within 180 d of invasive coronary angiography. High-risk CAD
on angiography was defined as 2-vessel disease (=70% stenosis),
including the proximal left anterior descending artery; 3-vessel dis-
ease; or left main CAD (=50% stenosis). Patients with prior Q wave
myocardial infarction, elevated troponin levels between studies,
prior coronary artery bypass grafting, a left ventricular ejection frac-
tion of less than 40%, or severe valvular heart disease were ex-
cluded. Results: Fifty-five patients (19%) had high-risk CAD on
angiography. As expected, the trade-off between the sensitivity
and the specificity of the CFR for identifying high-risk CAD varied
substantially depending on the cutoff selected. In multivariable
analysis, a binary CFR of less than or equal to 1.93 provided in-
cremental diagnostic information for the identification of high-risk
CAD beyond the model with the Duke clinical risk score (>25%),
percentage of left ventricular ischemia (>10%), transient ischemic
dilation index (>1.07), and change in the left ventricular ejection
fraction during stress (<2) (P = 0.0009). In patients with normal
or slightly to moderately abnormal results on perfusion scans
(<10% of left ventricular mass) during stress (n = 136), a preserved
CFR (>1.93) excluded high-risk CAD with a high sensitivity (86%)
and a high negative predictive value (97%). Conclusion: A normal
CFR has a high negative predictive value for excluding high-risk
CAD on angiography. Although an abnormal CFR increases the
probability of significant obstructive CAD, it cannot reliably distin-
guish significant epicardial stenosis from nonobstructive, diffuse
atherosclerosis or microvascular dysfunction.
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Radionuclide myocardial perfusion imaging is one of the
most widely used tests for the evaluation of known or suspected
coronary artery disease (CAD). Extensive literature documents
its high sensitivity for diagnosing or ruling out the presence of
obstructive CAD ([/), risk stratification (2), and selection of
candidates for revascularization (3). However, in patients with
a high likelihood of CAD, Bayesian principles dictate that many
normal or slightly abnormal results on myocardial perfusion
scans will be false-negative and will underestimate the extent
of CAD on angiography. In those patients, a normal coronary
flow reserve (CFR) could help exclude high-risk disease on
angiography.

Previous studies focused on the role of an abnormal CFR in
identifying multivessel CAD on angiography and resulted in
conflicting information (4,5), likely because measures of the
CFR are confounded not only by the degree of epicardial coronary
stenosis (6,7) but also by the presence of diffuse atherosclerosis
(8) and the degree of microvascular dysfunction (9). Accordingly,
we reasoned that although the relatively low specificity of an
abnormal CFR would have modest incremental value for identi-
fying patients with high-risk CAD on angiography, a normal CFR
would be helpful for excluding the presence of such high-risk
disease.

MATERIALS AND METHODS

Study Population

The study cohort was selected from a pool of 3,629 patients
undergoing stress myocardial perfusion PET imaging during the study
period. Of these, 802 patients had both stress PET imaging and
coronary angiography performed within a 180-d interval. Patients with
known CAD (prior history of myocardial infarction or revasculariza-
tion; n = 379) were excluded, as were those with a left ventricular
ejection fraction (LVEF) of less than 40% (n = 86) and those for
whom technical issues with the dynamic PET imaging data precluded
the quantification of the CFR (n = 47). The remaining 290 patients
were included in the study. Some of the patients in the present study
were included in our prior prognostic analysis of the CFR (10). For
each patient, information about past medical history, coronary disease
risk factors, and medication use was collected at the time of the PET
study. The Partners Healthcare Institutional Review Board approved
the study, and all study procedures were in accordance with institu-
tional guidelines. Because the present study was retrospective, patient
informed consent was not required.
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82Rb PET/CT Scan

Patients were studied with a whole-body PET/CT scanner (Dis-
covery RX or STE LightSpeed 64; GE Healthcare) after an overnight
fast. Patients were instructed to avoid caffeine and methylxanthine-
containing substances for 24 h before the scan. Myocardial blood flow
(MBF) was measured at rest and at peak hyperemia with 32Rb as
a perfusion tracer as described previously (/7). In brief, after trans-
mission imaging and beginning with the intravenous bolus adminis-
tration of 32Rb (1,480-2,220 MBq), list-mode images were acquired
for 7 min. Then, intravenous dipyridamole (0.142 mg/kg/min for
4 min; n = 108), adenosine (0.142 mg/kg/min for 4 min; n = 24),
dobutamine (10-50 pg/kg/min; n = 17), or regadenoson (0.4-mg
bolus over 10 s; n = 141) was administered in accordance with stan-
dard protocols. At peak hyperemia, a second dose of $2Rb was
injected, and images were recorded in the same manner. Heart rate
and blood pressure were monitored throughout the infusion of the
stress agent and recovery. The average radiation exposure per study
was 4.6 mSv (12,13).

Coronary Angiography

All patients underwent coronary angiography with standard
techniques. Cineangiograms of the coronary arteries were obtained
in multiple projections. Stenoses on angiography were determined by
semiquantitative visual analysis like that used in clinical settings. The
percentage of luminal narrowing of the stenosed arterial segment
along with the adjacent reference segments was evaluated at the end

of diastole. Coronary vessels were grouped according to their most
severe stenosis into the following categories: angiographically normal
vessels, nonobstructive disease (stenosis of <70%), and obstructive
CAD (=70% stenosis in the native proximal to middle left anterior
descending artery, proximal to middle left circumflex artery, or prox-
imal to distal right coronary artery and =50% stenosis in the left main
coronary artery).

Data Analysis

Definition of High-Risk CAD on Angiography. For the purpose of
this analysis, high-risk CAD on angiography was defined as the
presence of left main CAD, 3-vessel disease, or 2-vessel disease with
proximal left anterior descending artery stenosis. This definition was
based on the fact that such patterns of disease on angiography have
been associated with an increased risk of adverse cardiac events (/4).

Semiquantitative Myocardial Perfusion Analysis. Myocardial per-
fusion PET studies were interpreted without knowledge of the results
of coronary angiography or MBF. A 17-segment, 5-point (0, normal
radiotracer uptake; 1, definite but slight reduction; 2, moderate
reduction; 3, severe reduction; and 4, absent radiotracer uptake)
scoring system was used to compute a summed stress score, a summed
rest score, and a summed difference score. These global scores were
converted into percentages of abnormal myocardium by dividing each
global score by 68 and multiplying the result by 100 to account for
defect size and defect severity. This combined score provided better
risk stratification than the use of defect size or defect severity alone

TABLE 1
Patient Characteristics

Patients with*:

All patients  Normal coronary  Nonobstructive 1- or 2-Vessel High-risk
Characteristic (n = 290)* arteries (n = 24) CAD (n = 87) disease (n = 124) CAD (n = 55) P
Age (y)T 5 (57-74) 57 (44-68) 63 (56-74) 66 (58-75) 69 (61-76) 0.0001
Male sex 155 (53%) 6 (25%) 47 (54%) 8 (55%) 34 (62%) 0.021
BMI (kg/m3)t 29.8 (26-34) 31.0 (27-39) 28.5 (25-33) 30 7 (27-36) 29 4 (25-32) 0.018
Hypertension 258 (89%) 13 (54%) 79 (91%) 115 (93%) 1 (93%) <0.0001
Dyslipidemia 213 (73%) 2 (50%) 1 (70%) 7 (78%) 3 (78%) 0.035
Diabetes 118 (41%) 10 (42%) 36 (41%) 54 (44%) 18 (33%) 0.59
Family history 3 (29%) 8 (33%) 22 (25%) 4 (27%) 19 (34%) 0.63
Tobacco use 8 (10%) 1 (4%) 5 (6%) 15 (12%) 7 (13%) 0.25
Duke clinical risk 52 0 (24-81) 20.9 (11-35) 49.3 (18-77) 56.2 (30-85) 62.4 (33-85)  <0.0001
scoref#
Medications
Aspirin 200 (69%) 0 (42%) 2 (71%) 0 (73%) 38 (69%) 0.035
B-blockers 204 (70%) 2 (50%) 4 (74%) 7 (70%) 41 (74%) 0.15
Lipid-lowering agents 204 (70%) 3 (54%) 6 (64%) 2 (74%) 43 (78%) 0.08
Insulin 3 (18%) 5 (21%) 8 (21%) 3 (19%) 7 (13%) 0.64
Hypoglycemia agents 5 (9%) 2 (8%) 9 (10%) 0 (8%) 4 (7%) 0.92
Calcium channel blockers 3 (29%) 5 (21%) 5 (29%) 6 (29%) 17 (31%) 0.82
ACE inhibitors 110 (38%) 4 (17%) 7 (42%) 8 (39%) 21 (38%) 0.11
Nitrates 5 (19%) 2 (8%) 9 (22%) 6 (21%) 8 (14%) 0.30
Test indication
Chest pain 163 (56%) 15 (63%) 50 (57%) 71 (57) 27 (49%) 0.65
Dyspnea 91 (31%) 8 (33%) 28 (32%) 38 (31%) 17 (31%) 0.99
Presurgery 33 (11%) 1 (4%) 8 (9%) 7 (14%) 7 (13%) 0.43

*Data are presented as numbers of patients, with percentages in parentheses, unless otherwise indicated.

TContinuous variables are presented as medians, with interquartile ranges in parentheses.

*Duke clinical risk score includes age, sex, angina, history of myocardial infarction, electrocardiogram Q wave and ST-T wave changes,
smoking, dyslipidemia, diabetes, age x sex, history of myocardial infarction x electrocardiogram Q wave, age x dyslipidemia, and sex x

smoking (interaction) (42).

BMI = body mass index; ACE = angiotensin-converting enzyme.
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TABLE 2

PET Findings by Extent of CAD on Angiography

Patients with*:

All patients ~ Normal coronary Nonobstructive  1- or 2-Vessel High-risk
Parameter (n = 290)* arteries (n = 24) CAD (n = 87) disease (n = 124) CAD (n = 55) P

Rest EDV (mL) 95 (73-123) 95 (71-143) 9 (75-120) 95 (72-117) 3 (77-128) 0.83
Rest LVEF (%) 58 (50-66) 65.5 (56-70) 57 (51-65) 57 (50-66) 9 (52-65) 0.09
ALVEF (%)t 3 (0-7) 6 (2-11) 4 (0.5-8) 3 (0-7) 2 (—3-6) 0.026
TID index 1.07 (0.98-1.20) 1.01 (0.96-1.05) 1.06 (0.96-1.05) 1.09 (0.98-1.21) 1. 16( 06 1.27)f  0.0016
SRS (% of LV volume) 0 (0-2.9) 0 (0-2.9) 0 (0-1.5) 0 (0-2.9) 0 (0-1.4) 0.16
SSS (% of LV volume) 10.3 (5-16) 5.9 (0-9) 5 9 (0-10) 13.2 (7-19) 13.2 (9 6)* <0.0001
SDS (% of LV volume) 8.8 (3-13) 2.9 (0-6) 4 (0-9) 8.8 (6-15) 13.2 (9-23)* <0.0001
Rest global MBF (mL/g/min)  0.99 (0.75-1.27) 1.13 (0.93-1.45) 0. 99 (0.81-1.25) 0.97 (0.71-1.18) 1.00 (0.75-1.30) 0.04
Rest global MBF corrected 0.96 (0.76-1.27) 1.19 (0.93-1.45) 0.97 (0.77-1.29) 0.92 (0.73-1.25) 0.97 (0.74-1.31) 0.011

by rate—pressure product

(mL/g/min)
Stress global MBF (mL/g/min) 1.63 (1.14-2.19) 2.09 (1.69-2.93) 1.72 (1.21-2.32) 1.61 (1.14-2.12) 1.44 (1.00-1.95) 0.0002
Global CFR 1.62 (1.30-2.06) 1.74 (1.31-2.48) 1.68 (1.41-2.23) 1.66 (1.30-2.06) 1.48 (1.15-1.78)*  0.0029
Segments with CFR of <1.5 7 (2-11) 5 (0-13) 6 (1-10) 6 (2-11) 9 (5-14)* 0.016

*Data (continuous variables) are presented as medians, with interquartile ranges in parentheses.

TCalculated as stress LVEF minus rest LVEF.
*High-risk CAD vs. 1- or 2-vessel-disease patients.

EDV = end-diastolic volume; LV = left ventricular; SRS = summed stress score; SSS = summed stress score; SDS = summed

difference score.

(2,15). A summed stress score of zero was considered normal. A de- transient ischemic dilation (TID) index were calculated with commer-
fect extent of 1%—20% was considered to represent a small to medium  cially available software. The change in the LVEF (ALVEF) was com-
perfusion defect. Similarly, scans were categorized as showing no puted as the stress LVEF minus the rest LVEF as described previously
(0%), slight (1%—5%), moderate (6%—10%), or severe (>10%) ische- Quantification of MBF and CFR. Commercially available software
mia or scar. Rest and stress left ventricular volumes, the LVEF, and the ~ was used to calculate rest and stress MBF and flow reserve (Corri-
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Model 1 Clinical risk score >25% 6.6 Reference 0.579 (0.027) Reference
Model 2 Model 1 + SSS >10% 17.5 0.0009 0.664 (0.036) 0.009
0.0005 vs. model 1 0.003 vs. model 1
Model 2 + TID >1.07 21.6 0.04 vs. model 2 0.682 (0.036) 0.21 vs. model 2
0.0018 vs. model 1 0.003 vs. model 1
| CLEIRE Model 3 + delta LVEF < 2 2186 0.13 vs. model 2 0.687 (0.039) 0.20 vs. model 2
0.98 vs. model 3 0.66 vs. model 3
<0.0001 vs. model 1 <0.0001 vs. model 1
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Model 5 Model 4 + CFR <1.93 32.6 0.004 vs. model 3 0.731 (0.034) 0.07.vs. model 3
0.0009 vs. model 4 0.17 vs. model 4

FIGURE 1. Multivariate ROC curves demonstrating ability of PET variables to detect high-risk
CAD. Model starts with binary category of Duke clinical risk score (CRS) of greater than 25% (red
line) and then adds %SSS (SSS) of greater than 10.2% (green line), binary of TID of greater than
1.07 (blue line), ALVEF (AEF) of less than 2 (orange line), and CFR of less than or equal to 1.93
(blue-green line). Table shows x? and area under curve (AUC) for each model as well as P values
for comparisons of models.

dordDM; Invia) as described previously (10,11).
In brief, list-mode images were unlisted and
then reconstructed into 27 frames. Right and
left ventricular blood-pool time—activity curves
were obtained with factor analysis. Regional
and global rest and peak MBF values (in
mL/min/g) were calculated by fitting the
82Rb arterial blood and tissue time—activity
curves with a 2-compartment tracer kinetic
model and a modeled extraction fraction as
described previously (/0,11). The regional
CFR and the global CFR were computed
as the ratio of peak MBF to rest MBF.

Statistical Analysis

Continuous variables are presented as
mean * SD or median and interquartile range,
as appropriate, and categoric variables are pre-
sented as simple proportions. Differences in
rest and stress MBF and CFR across groups
of disease severity on angiography were
assessed with a 1-way ANOVA. The Tukey—
Kramer method was used for post hoc tests of
the 1-way ANOVA. Univariate receiver operat-
ing characteristic (ROC) curves were con-
structed for the identification of high-risk
CAD on angiography for the Duke clinical
risk score (16), percentage SSS (%SSS), TID
index, ALVEF during stress, global CFR, and
the number of segments with a CFR of less
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than 1.5. This value was selected because it is a clinically meaningful
cutoff point for identifying patients at the highest risk of cardiac death
(10). The best cutoff value for each variable and the sensitivity and
specificity for %SSS and CFR were selected from these curves. The
incremental diagnostic value of clinical and PET variables was deter-
mined with the likelihood ratio test to assess the improved fit of a series
of nested multivariable logistic models in which binary categories be-
low and above the cutoff values of various imaging markers and CFR
are added to a model with the binary of the Duke clinical risk score.
The concordance index (c-index) was calculated for each model. A 2-
tailed P value of less than 0.05 was considered statistically significant.
Data analysis was performed with JMP 10.0 (SAS Institute Inc.).

RESULTS

Patient Characteristics

The baseline characteristics of the study cohort are summarized
in Table 1. The population consisted of patients referred for the
evaluation of chest pain, dyspnea, or both and was balanced for
sex. Dyslipidemia and hypertension were highly prevalent, and
diabetes was present in 41% of patients. The use of medications
to control blood pressure and cholesterol was widespread. PET
was performed before coronary angiography in 206 (71%) of the
290 patients in the study; the scan results were abnormal for 176
patients.

Twenty-four patients (8%) had angiographically normal coro-
nary arteries, 87 patients (30%) had nonobstructive disease, and
179 patients (62%) had obstructive CAD. Of the patients with
obstructive CAD, 124 had 1- or 2-vessel disease and 55 had high-
risk CAD on angiography, including 23 patients with left
main CAD. As expected, there was a stepwise increase in the
Duke clinical risk score with an increasing extent of CAD on
angiography.

Relationship Between Extent of CAD on Angiography
and PET

Table 2 summarizes the PET findings as a function of the extent
of CAD on angiography. With an increasing extent of CAD on
angiography, there were stepwise increases in the extent of stress-
induced perfusion abnormality and ischemia, the TID index, and
the number of segments with a severely reduced CFR (<1.5).
Likewise, an increasing extent of CAD was associated with a step-
wise reduction in the global peak MBF and CFR as well as the
ALVEF.

Incremental Value of CFR for Identification of High-Risk CAD
Multivariable analysis including a Duke clinical risk score of
greater than 25% (preimaging model) and binary categories of
an %SSS of greater than 10%, a TID index of greater than
1.07, a ALVEF of less than 2, and a CFR of less than or equal
to 1.93 demonstrated that the extent and severity of inducible
ischemia, the TID index, and the global CFR significantly im-
proved the detection of high-risk CAD on angiography beyond
the preimaging model (Fig. 1). Using a stepwise ROC curve
analysis, we next examined the contribution of each component
of the multiparametric PET approach to the identification of high-
risk CAD on angiography. Figure 1 demonstrates a modest in-
crease in the area under the ROC curve for the identification of
high-risk CAD on angiography with the addition of each compo-
nent of the multiparametric PET scan, with only the CFR adding
statistically significant information beyond the %SSS. Figure 2
demonstrates the trade-off between sensitivity and specificity for
different cutoft points of the %SSS and the CFR. Individual cutoff

CoroNARY FLow RESERVE AND CAD

points for each of these parameters are summarized in Table 3.
The case examples in Figures 3 and 4 illustrate the strengths and
limitations of quantitative CFR for predicting high-risk CAD on
angiography.

1.00
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0.25 =
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Coronary flow reserve

FIGURE 2. Univariate ROC curves showing sensitivity (blue curve) and
specificity (red curve) pairs for identification of patients with high-risk
CAD (2-vessel disease, including proximal left anterior descending ar-
tery; 3-vessel disease; and left main CAD) by use of %SSS (A) and
global CFR (B). This analysis demonstrated that %SSS of 10.2% and
global CFR of 1.93 had best trade-off, with sensitivities of 0.75 and 0.89
and specificities of 0.51 and 0.36, respectively, for identification of high-
risk CAD. Number of patients with high-risk CAD on angiography (truth
reference) was denominator of sensitivity—specificity pair calculations
illustrated by ROC curves. Results in A are consistent with notion that,
like SPECT, semiquantitative myocardial perfusion imaging with PET
often underestimates extent of CAD on angiography; this effect is likely
related to the issue of balance flow reduction. In fact, finding that per-
fusion defect involving at least 10% of left ventricular (LV) mass was
associated with sensitivity of approximately 60% for correctly identifying
high-risk disease on angiography was nearly identical to that reported
by Berman et al. using SPECT (56% sensitivity with same threshold) (20).
ROC curves also showed trade-offs in sensitivity—specificity with chang-
ing semiquantitative thresholds of ischemia. For example, perfusion de-
fect involving 40% of left ventricle would be expected to be associated
with multivessel CAD (specificity and positive predictive value near
100%). However, such a threshold would miss large numbers of patients
with smaller defects but high-risk CAD on angiography (low sensitivity).
Conversely, the opposite would be true if smaller semiquantitative thresh-
old for ischemia were used. Similar pattern can be observed with CFR in B.
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TABLE 3
Univariate ROC Curve Analysis for Identification of High-Risk CAD on Angiography

Parameter c-index (95% Cl) P Best cutoff value Sensitivity Specificity
Clinical risk score 0.589 (0.510-0.669) 0.04 25% 0.87 0.29
SSS (% of LV volume) 0.681 (0.601-0.761) <0.0001 10.2% 0.75 0.51
TID index 0.642 (0.557-0.726) 0.001 1.07 0.71 0.52
ALVEF 0.604 (0.518-0.689) 0.022 2.0% 0.58 0.60
Segments with CFR of <1.5 0.637 (0.561-0.713) 0.002 5.0 0.82 0.41
Global CFR 0.647 (0.572-0.721) 0.001 1.93 0.89 0.36

Cl = confidence interval; SSS = summed stress score; LV = left ventricular.

Because patients with severely abnormal results on scans
(%SSS of >10%) are likely to be referred for coronary angiogra-
phy regardless of the CFR, we turned our attention to patients with
slightly to moderately abnormal results on scans (%SSS of <10%;
n = 136) and assessed whether the addition of the global CFR
information could help increase the sensitivity of the myocardial
perfusion study for excluding high-risk CAD on angiography. Four-
teen of the 55 patients (25%) with high-risk CAD on angiography
had either normal results on scans (n = 4) or slightly to moderately
abnormal results on scans (n = 10). The presence of a preserved
CFR (>1.93) in this patient subgroup was associated with a high
sensitivity (86%) and a high negative predictive value (97%) for
excluding high-risk CAD on angiography (Figs. 5 and 6).

DISCUSSION

To our knowledge, this is the largest study examining the
interaction of the presence of inducible myocardial ischemia,

quantitative CFR, and the extent and severity of CAD on
angiography, and it yielded several important findings. First, the
presence of a normal global CFR in patients with normal or
slightly to moderately abnormal results on myocardial perfusion
scans was associated with a low likelihood of high-risk CAD on
angiography (negative predictive value, 97%). Second, although
an increasing extent of CAD on angiography was associated with
a larger magnitude of inducible myocardial ischemia and a re-
duced CFR, a significant proportion of patients with nonobstruc-
tive or even angiographically normal coronary arteries also
showed a reduced CFR. This finding explains why individual
cutoff values for CFR are associated with significant trade-offs
between sensitivity and specificity for predicting high-risk CAD
on angiography. Third, the addition of the CFR to a model
including a clinical risk score and the magnitude of inducible
myocardial ischemia contributed modestly to the identification of
high-risk CAD on angiography.

Earlier studies in patients with predom-
inantly single-vessel CAD demonstrated

Stress

Rest

Stress

a statistically significant but clinically
modest inverse relationship between MBF
or CFR and the degree of coronary stenosis
on angiography (6,7,17-19). These obser-
vations served as the basis for the proposed
use of noninvasive measures of CFR to
overcome the limitations of semiquantita-
tive myocardial perfusion imaging for
identifying patients with severe CAD on
angiography (20,21). However, the results
for relatively small numbers of patients in
the emerging literature have been mixed.
Ziadi et al. studied 120 patients, including
25 with angiographic evidence of severe
CAD involving the left main or all 3 major
epicardial coronary arteries (5). They dem-
onstrated that although a reduction in the
CFR increased the likelihood of extensive
CAD on angiography, the positive pre-
dictive value of the CFR was modest—
approximately 50% for a CFR of approx-

FIGURE 3.

quantitative global CFR was 1.0.
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Imaging results for 85-y-old woman who had history of hypertension and obesity
and was referred for evaluation of atypical chest pain. (A and B) Selected coronary angiographic
views of left (A) and right (B) coronary arteries. Images show extensive and severe CAD involving
left main (LM), proximal left anterior descending, and left circumflex coronary (LCx) arteries. (C)
Short-axis stress-rest myocardial perfusion images showing TID and medium but severe perfu-
sion defect that involved lateral left ventricular wall but was completely reversible. Patient’s

imately 1.0. In contrast, in a study of 73
patients, including 19 patients with 3-vessel
CAD, Fiechter et al. demonstrated that a de-
creased CFR (<2.0) was associated with
a much higher positive predictive value for
identifying extensive CAD on angiography
(89%) (4).
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specificity and positive predictive value for
the typical referral population in the pres-
ent study likely was multifactorial. In ad-
dition to fixed epicardial obstructive
lesions, abnormalities in CFR may be due
to underlying endothelial or smooth muscle
cell dysfunction in large epicardial or
downstream resistance vessels. Indeed, cor-
onary vascular dysfunction frequently
occurs in the absence of any angiograph-
ically significant CAD. In fact, 59% of
patients with nonobstructive CAD on angi-
ography in the present study had a reduced
CFR (=1.93), and the average CFR for the
group was moderately abnormal. These
observations suggest that factors other than
the degree of luminal narrowing in human
atherosclerosis—including diffuse disease
(8) and vasodilator dysfunction of resis-
tance vessels (22-30)—confound the tight
relationship between dimensions of steno-
sis and coronary flow in experimental mod-

FIGURE 4.

global CFR was 1.3.

The present study comprised a significantly larger patient
cohort than those 2 earlier reports (4,5), including 55 patients with
high-risk CAD on angiography. In line with the results of Ziadi et
al. (5), we found that although a stepwise reduction in the CFR
was clearly associated with an increased sensitivity for identifying
high-risk CAD, this finding was not specific and was associated
with a relatively low positive predictive value. The reasons for this
apparent discrepancy are not clear but are probably related to
significantly different risk factor burdens and underlying clinical
risk in these cohorts, leading to different frequencies and degrees
of abnormalities in coronary blood flow even in the absence of
epicardial coronary artery stenosis. The modest improvement in
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0.10 +

0.00 -

PPV NPV
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FIGURE 5. Sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) of abnormal CFR (=1.93) for detecting
high-risk CAD in patients with normal or small to medium stress myo-
cardial perfusion defects (%SSS of <10.2%) (n = 136).

CoroNARY FLow RESERVE AND CAD

Imaging results for 46-y-old woman who had history of diabetes mellitus, hyperten-
sion, high cholesterol, and smoking and was referred for evaluation of atypical chest pain and
dyspnea. (A and B) Selected coronary angiographic views of left (A) and right (B) coronary
arteries, without significant obstructive CAD. (C) Short-axis stress-rest myocardial perfusion
images showing TID without significant regional perfusion abnormalities. Patient’s quantitative

els of coronary artery obstruction (37). Our
data suggest that the differentiation of mul-
tivessel epicardial coronary stenosis from
diffuse, nonobstructive atherosclerosis or
microvascular dysfunction causing a global
reduction in MBF and CFR in a patient
with apparently normal myocardial perfu-
sion or small to moderate regional perfusion defects can be quite
challenging, especially because these conditions coexist in many
patients. Our findings also cast some doubt on the notion that this
distinction can be made reliably with a single severity threshold
of CFR. In the presence of a reduced CFR, the addition of coro-
nary CT angiography can be helpful for confirming or excluding
the presence of obstructive stenosis as the likely reason for the
reduced CFR (32).

Our findings have important implications for decisions re-
garding referral for cardiac catheterization. The presence of
a normal global CFR is associated with a high negative predictive
value for excluding high-risk CAD on angiography and, thus, can
be helpful, especially in patients with normal or slightly or
moderately abnormal results on myocardial perfusion scans.
Conversely, our data suggest that the addition of an abnormal
CFR to other high-risk findings on stress testing may improve the
identification of patients with high-risk CAD on angiography.
However, such an improvement in sensitivity is likely to be
associated with a loss of specificity, which may lead to an
increased rate of unnecessary catheterization. Therefore, the
incorporation of CFR data into clinical decision making for
catheterization referral must be carefully considered in the context
of clinical risk and imaging findings. As discussed earlier, the
addition of coronary CT angiography in selected cases may be
useful as a screen for identifying patients in whom the cause of
a low CFR is obstructive epicardial stenosis as opposed to diffuse
atherosclerosis or microvascular dysfunction (32). Nonetheless,
there is growing, consistent evidence that abnormalities in
CFR—probably a more accurate quantitative measure of ischemia—
from obstructive CAD, diffuse atherosclerosis, or microvascular
dysfunction are associated with an increased risk of adverse car-
diac events (/0,33-36).
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FIGURE 6. Imaging results for 66-y-old woman who had history of high cholesterol and family
history of CAD and was referred for evaluation of atypical chest pain. (A and B) Selected coronary
angiographic views of left (A) and right (B) coronary arteries. Images show severe disease in first
diagonal (Diag) branch, moderate stenosis in proximal right coronary artery (RCA), and diffuse
disease in posterior descending coronary artery (PDA). (C) Short-axis stress-rest myocardial
perfusion images showing small but severe perfusion defect that involved middle and apical
anterior wall but was completely reversible. Patient’s quantitative global CFR was 2.03.

established that dipyridamole, regadenoson,
and adenosine all induce maximal hyperemia
primarily through endothelium-independent
vascular smooth muscle relaxation (38,39).
Although dobutamine stress has a different
mechanism of action, the resulting hyper-
emic response is similar in magnitude to that
obtained with adenosine (40). More impor-
tantly, in the larger prognostic cohorts from
which the patients in the present study were
derived (10) and in other large cohorts (41),
the stressor used was not informative to the
multivariable model for predicting cardiac
events.

CONCLUSION

Our data suggest that a normal global
CFR, even in the presence of slightly or
moderately abnormal results on myocardial
perfusion scans, has a high negative pre-
dictive value for excluding the possibility
of high-risk CAD on angiography. Con-
versely, although an abnormal CFR
increases the probability of significant
obstructive CAD, this finding is not specific
because it cannot reliably distinguish
significant epicardial stenosis from non-
obstructive, diffuse atherosclerosis or mi-

The present study was a single-center, observational study and
had all of the inherent limitations of that study design. First, all of
the PET scans in the present study were performed on clinical
grounds, and reports of the semiquantitative myocardial perfusion
results were available to the referring clinicians. Therefore, it is
likely that the PET scan results affected the decisions about
referral for coronary angiography, at least in some of the patients.
Of note, quantitative CFR was not part of the clinical PET reports
and, thus, was not available for decision making. Consequently,
the relatively high sensitivity of semiquantitative measures of
inducible ischemia for identifying high-risk CAD likely is over-
estimated and a reflection of referral bias (i.e., patients with larger
defects are more likely to be referred for cardiac catheterization).
This scenario suggests that the incremental value of CFR over other
high-risk imaging findings may be underestimated. Although the
present study is the largest to date, our modest sample size
precluded precise estimates of the clinical impact of quantitative
CFR on decisions about coronary angiography. In addition, patients
with normal results on PET scans, as determined by semiquanti-
tative myocardial perfusion analysis, were underrepresented in the
present study. Given the high sensitivity of semiquantitative PET for
identifying patients with obstructive CAD (37), it is unlikely that
many such patients will have occult high-risk CAD on angiography
(i.e., left main CAD or 3-vessel disease). However, many of them
will have a reduced CFR because of a high burden of atheroscle-
rotic risk factors. This scenario, in turn, could affect (i.e., lower) the
specificity and positive predictive value of the quantitative CFR
measure for identifying high-risk CAD on angiography, as shown
in the present study and in the study of Ziadi et al. (5).

Second, the present study included multiple stress agents,
including vasodilators and dobutamine. However, it is well
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crovascular dysfunction. These findings
should be carefully considered in clinical decision making
regarding referral for cardiac catheterization.
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