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Background. The aim of this study was to investigate the correlation of coronary flow
reserve (CFR) assessed by rest/stress myocardial perfusion imaging with dynamic single-photon
emission computed tomography (SPECT) with intracoronary pressure-derived fractional flow
reserve (FFR) in patients with single-vessel coronary artery disease (CAD).

Methods. Patients with suspected or known stable CAD who were referred for invasive
coronary angiography were prospectively enrolled. Both invasive FFR and SPECT were per-
formed in subjects with single-vessel intermediate coronary stenosis. A cutoff value of < 0.8 was
used to define abnormal FFR.

Results. A total of 34 patients were enrolled. The mean age of the subjects was
62.1 £ 6.7 years, and 79.4% were male. SPECT-derived CFR showed a significantly moderate
correlation with FFR (r = 0.505, P = .003). The diagnostic performance for the identification of
abnormal FFR in terms of sensitivity, specificity, and accuracy was 88.9%, 83.3%, and 87.9%,
respectively, for CFR, with an optimized cutoff value of 1.73.

Conclusion. In patients with single-vessel CAD, SPECT CFR was useful for the detection of
functionally significant stenosis. Our data support the use of this technique as an optional
method for hemodynamic assessment, especially when FFR results are in normal range. (J Nucl
Cardiol 2022;29:622-9.)
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Abbreviations

CFR Coronary flow reserve

FFR Fractional flow reserve

CAD Coronary artery disease

PCI Percutaneous coronary intervention
MBF Myocardial blood flow

CAG Coronary angiography

CZT Cadmium-zinc-telluride

ROI Region of interest

ATP Adenosine triphosphate

ROC Receiver operating characteristic

See related editorial, pp. 630-632

INTRODUCTION

The hemodynamic assessment of coronary lesions,
especially intermediate coronary artery stenosis, has
become increasingly important in patients with
stable coronary artery disease (CAD). There is accumu-
lating evidence that the functional significance of
coronary stenosis determines the potential benefit of
the revascularization procedure.’ Fractional flow reserve
(FFR), which is the distal-to-proximal pressure ratio
across a coronary stenosis, typically measured by a
pressure guidewire during invasive coronary angiogra-
phy (CAG), is considered the gold-standard method for
defining hemodynamically significant coronary steno-
sis.”  Although FFR-guided revascularization is
associated with improved clinical outcomes and is
strongly recommended by the established guidelines,’
FFR remains substantially underused for a variety of
practical reasons, such as its invasive nature and high
Costs.

To overcome these limitations, the quantification of
coronary flow reserve (CFR) using noninvasive imaging
techniques has emerged as an attractive tool in assessing
assessment of the functional significance of angio-
graphic coronary stenosis when evaluating the efficacy
of therapeutic intervention.*” Single-photon emission
computed tomography (SPECT) myocardial perfusion
imaging with technetium-99m-labeled (°*™Tc)-perfu-
sion agents is a well-established modality for the
screening and characterization of myocardial ischemia.®
However, SPECT perfusion quantitation was extremely
challenging because of the difficulty in achieving
dynamic acquisitions with classic Anger cameras. With
the advent of cardiac cameras equipped with cadmium-
zinc-telluride (CZT) detectors, allowing list-mode
recording and multiframe dynamic reconstructions with
high sensitivity and resolution, the measurement of CFR

with SPECT has been made feasible.” Although CFR
derived from dynamic SPECT was recently compared to
invasive angiographic findings in patients with multi-
vessel coronary disease, showing that global and
regional CFR was strongly correlated with the anatomic
extent and severity of CAD and the FFR measure-
ments, >’ the agreement between SPECT-based CFR and
invasive FFR in the evaluation of intermediate coronary
artery stenosis in patients with single-vessel CAD is still
unknown. The DEFER study has shown that patients
with single-vessel stenosis with an FFR > 0.75 who did
not undergo percutaneous coronary intervention (PCI)
had excellent outcomes.'” In these patients, the possi-
bility that chest pain/discomfort may be more related to
microvascular dysfunction rather than macrovascular
disease and cardiac SPECT is of special interest as it
permits simultaneous assessment of microvascular
status.

In the present study, we sought to investigate the
relation between CFR quantification by dynamic **™Tc-
perfusion SPECT and invasive FFR and the additional
diagnostic insights provided by dynamic SPECT to the
visual evaluation in the assessment of the severity of
intermediate single-vessel disease.

MATERIALS AND METHODS

Patient Population

A total of 236 patients with suspected or known
stable CAD who were referred for invasive CAG were
prospectively enrolled between June 2018 and April
2019 at Zhongshan Hospital, Fudan University. All
patients received invasive CAG. Seventy-eight patients
underwent FFR evaluation for lesions thought to be of
intermediate severity at the time of invasive CAG. One
hundred and twenty-one patients underwent a °°™Tc-
sestamibi (MIBI) SPECT imaging within 3 days before
or after invasive CAG. No revascularization was per-
formed between SPECT imaging and CAG. Among
these patients, patients with intermediate single-vessel
lesions who underwent both FFR and SPECT were
enrolled for further analysis. The exclusion criteria were
as follows': > 50% stenosis of > 2 coronary arteries at
invasive CAG,” stenosis of the left main coronary
artery,3 revascularization in the time between FFR and
SPECT,* previous myocardial infarction,’ nonischemic
cardiomyopathy,® previous PCI or coronary artery
bypass grafting (CABG), and’ left ventricular ejection
fraction < 35%. The study protocol was approved by the
local ethics committee, and informed consent was
obtained from all patients.



624 Li et al

Journal of Nuclear Cardiology®

Functional significance of intermediate coronary stenosis in patients

with single-vessel coronary artery disease

Dynamic Perfusion SPECT Imaging
and Analysis

SPECT imaging was performed using a single-day
rest/stress imaging protocol as previously published,'’
and image acquisition was achieved with a D-SPECT
cardiac scanner (Spectrum Dynamics, Caesarea, Israel)
equipped with nine individual CZT detector columns.
During the dynamic scanning process, the detectors
performed a continuous step and shoot scanning pattern
consisting of multiple sweeps forwards and backwards.
Each sweep comprised ten positions over approximately
3 seconds.

For rest imaging, prescanning was performed after
the administration of an initial dose of approximately
1 mCi MIBI to enable positioning of the heart in the
center of the field of view and establishment of the
scanning region of interest (ROI). Full scanning was
started immediately after the injection of the remaining
dose of approximately 15 mCi MIBI, and dynamic
images were acquired in list mode for over 6 minutes.
Following the rest dynamic scanning, rest perfusion
scanning was performed. For stress imaging, pharma-
cological stress was induced with an intravenous
infusion of adenosine triphosphate (ATP) disodium at
a rate of 140 pug-kg™'-min~"' for 5 minutes, and 25 mCi
MIBI was injected 3 minutes later from the start of ATP
injection, followed by dynamic image acquisition for
over 6 minutes. After that, stress perfusion scanning was
acquired. The workflow for dynamic perfusion SPECT
imaging is illustrated in Fig. 1.

For the dynamic perfusion analysis, rest and stress
dynamic images were reformatted and reconstructed into
32 time frames (21 x 3, 1 x9, 1 x 15, 1 x 21,
1 x 27, and 7 x 30 seconds). The reconstruction was
based on an ordered subset expectation maximization
algorithm with four iterations and 32 subsets. All
analyses of dynamic images and corresponding perfu-
sion values were performed using Corridor 4DM
software (INVIA, Ann Arbor, MI, USA). Residual
activity from the rest injection was corrected using the
early images (30-second frames) prior to the first pass of
the tracer bolus. Residual correction was achieved by
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calculating the mean pre-injection activity in each
sampled region and subtracting it from that region’s
time activity curve. The left ventricular (LV) endocar-
dial and epicardial surfaces were algorithmically
estimated from summed myocardial images beyond the
2-minute mark. Manual motion correction was applied
on the dynamic sequences as necessary. A midwall
surface, determined equally distant between the endo-
cardial and epicardial surfaces, was sampled at the
center of each polarmap sector across all time frames to
produce global and regional LV myocardial tissue time
activity curves (TAC). A box-shaped ROI sampled LV
blood pool centered at the basal valve plane across all
time frames to produce the LV blood TAC. Myocardial
blood flow (MBF) was extrapolated from uptake rate K1
using the previously established Renkin—Crone equation
for MIBL.'? CFR was then calculated as the ratio of the
stress MBF to the rest MBF. The global myocardial ROI
was divided into 3 regional ROIs corresponding to
coronary territories (left anterior descending coronary
artery, right coronary artery, and left circumflex coro-
nary artery), and each regional CFR was also calculated.
Images were analyzed by two experienced nuclear
physicians who were blinded to the CAG and FFR
results.

Invasive Coronary Angiography
with Fractional Flow Reserve

Invasive CAG was performed according to standard
clinical protocols. Intermediate stenosis was defined as
40%-70% diameter stenosis by visual assessment.
Before invasive FFR measurements, all patients
received 5000 IU of intravenous heparin and intracoro-
nary nitroglycerin. A 0.014-inch coronary pressure wire
(Pressure Wire X; Abbott Vascular, Santa Clara, CA)
was calibrated outside the body and then equalized to
the guiding catheter pressure with the sensor positioned
just outside the ostium of the guiding catheter. The wire
was then advanced to the distal portion of the study
lesion. Distal coronary pressure (Pd) and aortic pressure
(Pa) were recorded at baseline and at maximal

1 mCi 15 mCi 25 mCi
. Pharmacologic
Patient Rest_ Delay Restu_lg Patient stress agent Stress_ Delay Stres_s
. dynamic perfusion| Delay 3-4 ] n o dynamic perfusion
positioning T 90-120 positioning infusion hgageses 90-120
. acquisition . scan h . . acquisition . scan
1 min . min . 0.5 min (ATP 140 ug/kg/min) H min .
~ 6 min ~ 6 min 6 min ~ 6 min ~ 6 min

Figure 1. Myocardial perfusion SPECT workflow.
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hyperemia. Maximal hyperemia was induced through
intravenous administration of ATP using the same
protocol as applied during SPECT imaging. FFR was
calculated as the mean Pd divided by the mean Pa during
maximal hyperemia. After all recordings, a subsequent
measure of the FFR value at the aorta site was conducted
to routinely check that drift did not occur. If the value
was beyond the range of 0.97-1.03, the FFR measure-
ment was repeated. FFR values < 0.8 were considered
positive for ischemia.

Statistical Analysis

The qualitative data were described as numbers and
percentages. The quantitative data are reported as the
mean + standard deviation and were tested by Student’s
t test. All tests were two-tailed, and a P value < .05 was
considered to be statistically significant. Linear regres-
sion analysis was used to clarify the relationship
between CFR and FFR. A receiver operating character-
istic (ROC) curve analysis was performed by using
easyROC version 1.3 to evaluate the accuracy of MPR
in the detection of functionally significant stenosis
defined by FFR. Statistical analyses were performed
with SAS software (SAS Institute Inc., Cary, NC),
version 9.3.

RESULTS

Patient Characteristics

The baseline clinical data of the patients are
summarized in Table 1. A total of 34 patients with
intermediate single-vessel CAD were included. One
case was excluded from further analysis because of poor
image quality. The mean age of the patients was
62.1 = 6.7 years, 27 (79.4%) were male, and the mean
body mass index was 24.6 +2.5kg-m 2 Only 4
patients (11.8%) had typical effort angina. With regard
to coronary risk factors, 19 patients (55.9%) had
hypertension, 7 (20.6%) had dyslipidemia, 6 (17.6%)
had diabetes mellitus, 11 (32.4%) were current smokers,
and 2 (5.9%) had a familial history of premature CAD.

SPECT, CAG, and FFR Data

The hemodynamic parameters during the rest and
stress SPECT procedure and the global and regional
MBF and CFR estimates resulting from the processing
of the dynamic SPECT images are detailed in Table 2.
The baseline heart rate and blood pressure were signif-
icantly increased and decreased, respectively, during
ATP administration. ATP infusion was well tolerated in
all patients, and no complications during the procedure

Table 1. Baseline characteristics of patients

Characteristics Value
Demographic data

Age, years 62.1 + 6.7
Male, n (%) 27 (79.4)
Body mass index, kg-m~2 24.6 2.5
Clinical symptoms

Dyspnea, n (%) 15 (44.1)
Angina, n (%) 4 (11.8)
Atypical chest pain, n (%) 9 (26.4)
Asymptomatic, n (%) 6 (17.6)
Cardiovascular risk factors

Hypertension, n (%) 19 (55.9)
Dyslipidemia, n (%) 7 (20.6)
Diabetes mellitus, n (%) 6 (17.6)
Smoking, n (%) 11 (32.4)

Familial history of premature CAD, n (%) 2 (5.9)
History

Peripheral artery disease, n (%) 0 (0.0)

Previous stroke, n (%) 1(2.9)

Chronic kidney disease 1(2.9)

Medical therapy on admission

Aspirin, n (%) 32 (94.1)

Clopidogrel/Ticagrelor, n (%) 12 (35.3)

Statins, n (%) 33 (97.1)

B blockers, n (%) 14 (41.2)

Calcium channel blockers, n (%) 14 (41.2)

ACE inhibitors or AT-II receptor 16 (47.1)
antagonist, n (%)

Nitrates, n (%) 18 (52.9)

Trimetazidine, n (%) 5 (14.7)

Renal function

Serum creatinine, pmol-L~! 72.9 + 16.6

eGFR, mL-min~'/1.73 mm? 87.6+ 12.4

UCG parameters

LVEF, % 649 + 4.8

LVESd, mm 29.2 + 3.1

LVEDd, mm 455 + 4.5

CAD, coronary artery disease; ACE, angiotensin converting
enzyme; AT, angiotensin; eGFR, estimated glomerular
filtration rate; UCG, ultrasoundcardiography; LVEF, left
ventricular ejection fraction; LVESd, left ventricular end-
systolic diameter; LVEDd, left ventricular end-diastolic
diameter

were reported. Pharmacological stress significantly
increased global MBF and regional MBF of both
stenotic and nonstenotic arteries. As expected, the
regional CFR of the stenotic vessels was lower than
that of the nonstenotic vessels, although the difference
was not statistically significant (2.12 £ 0.53 vs
2.19 + 0.68, P = .535). However, an interesting finding
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Table 2. Hemodynamic conditions and coronary flow reserve estimates from dynamic SPECT

MBF, mL-min~-g™!

BP, mmHg

Nonstenotic
artery (n = 60)

Stenotic artery
(n = 33)

Global
(n=33)

Rate-pressure
product

Diastolic

Systolic

HR, bpm

1.25 + 0.73
2.54 + 1.06

< .001

1.36 + 0.68
2.70 £ 0.97
< .001

1.31 £ 0.66
2.62 £+ 0.92
<.001

66.5 + 12.8 9080.5 + 1967.9

130.4 £ 19.2

69.6 £ 10.6
77.8 £ 10.3

< .001

Rest
Stress

9539.3 + 1726.6

.240

59.7 + 12.0
<.001

122.3 £ 189
< .001

P value*
CFR

2.19 + 0.68

2.12 £ 0.53

2.15 + 0.55

FFR, fractional flow reserve; LAD, left anterior descending artery; LCx, left circumflex artery; RCA, right coronary artery
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Table 3. Quantitative coronary angiographic
and FFR measurement characteristics of the
intermediate lesions (n = 33)

Characteristics Value
Target intermediate lesion

LAD, n (%) 25 (75.8)
LCx, n (%) 5 (15.1)
RCA, n (%) 3 (9.1)
Minimum lumen diameter, mm 1.44 + 0.25
Reference vessel diameter, mm 3.27 £ 0.36
Diameter stenosis, % 558+ 7.3
Lesion length, mm 186 +55
FFR 0..86 + 0.08
Lesion with FFR < 0.8, n (%) 6 (18.2)
LAD, n (%) 2 (3.0)

LCx, n (%) 1(6.1)
RCA, n (%) 3 (9.1)

HR, heart rate; BP, blood pressure; MBF, myocardial blood
flow; CFR, coronary flow reserve
*Rest vs stress

was that there was a trend towards higher MBF in
coronary arteries with stenosis than in vessels without
stenosis at both rest and stress. The reasons may be
related to the fact that the coronary artery with the most
stenosis was the left anterior descending artery (LAD),
which supplies the largest territory of epicardial coro-
nary arteries.

Table 3 shows the quantitative coronary angio-
graphic and FFR findings. The LAD was the most
commonly affected vessel (75.8%), followed by the
right coronary artery (RCA), 15.1%, and 3 patients
(9.1%) had circumflex artery involvement. The mean
stenosis by quantitative coronary arteriography of all
patients was 55.8 + 7.3%, and the mean FFR was
0.85 £+ 0.08. There were no cardiac events between the
time of dynamic SPECT imaging and the date of CAG.

Correlation of CFR with FFR in Single-Vessel
CAD

As depicted in Fig. 2, regional CFR was signifi-
cantly positively correlated with FFR value (» = 0.505,
P = .003). Patients with FFR < 0.8 (n = 6) had signif-
icantly lower corresponding regional CFR (1.62 + 0.32
vs 2.22 + 0.49, P = .008), when compared with those
with FFR > 0.8. The area under the ROC curve of CFR
for the diagnosis of abnormal FFR was 0.864
(P < .001), which was larger than that for stress MBF
(0.673, P =.034) and diameter stenosis (0.432,
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Figure 2. Correlation between regional CFR and FFR. (A) Regional MPR shows a significant
correlation with the FFR value. (B) ROC curves of regional CFR, stress MBF, and diameter
stenosis for the diagnosis of functionally significant coronary stenosis by FFR.

P = 431). The diagnostic performance in terms of
sensitivity, specificity, and accuracy was, respectively,
88.9%, 83.3%, and 87.9% for SPECT-derived CFR with
a ROC-optimized cutoff value of 1.73. Discrepancies
between FFR and SPECT-derived regional CFR were
found in 4 patients. All of these patients have normal
FFR but low regional CFR value corresponded to the
coronary territories.

DISCUSSION

In the present study, we performed a prospective
trial to examine the diagnostic performance of dynamic
cardiac SPECT for functional significance in patients
with single-vessel CAD and intermediate stenosis sever-
ity using invasive FFR as the reference standard. The
main findings of our study are as follows': regional
SPECT-derived CFR was moderately correlated with
FFR, which reflects the functional significance of
coronary stenosis; and’> CFR exhibited much better
diagnostic value than stress MBF in defining significant
hemodynamic coronary stenosis.

Noninvasive CFR equals the ratio of absolute
coronary flow or myocardial perfusion between hyper-
emia and rest and can be accomplished using a range of
technologies.'*™'> Previous studies exploring the quan-
tification of CFR with conventional SPECT systems
documented the limitations of gamma cameras for the
dynamic collection of data.'® With dedicated cardiac
CZT cameras, dynamic SPECT offers great promise for
MBF and CFR quantification, although 99mTc-labeled
tracers are not ideal flow agents, and their myocardial
uptake is low at high flow rates.'” The feasibility of CFR
quantitation using CZT-SPECT has been validated by a

variety of studies, although the absence of attenuation
correction in CZT-SPECT could results in overestima-
tion of MBF compared to positron emission tomography
(PET),'* which is considered the gold standard for
noninvasive assessment of MBF. In our study, the
difference in the AUC of CFR and stress MBF values
could be partially attributed to missing attenuation
correction. Developed as a relative CFR, invasive FFR
practically equals the ratio of distal coronary to aortic
pressure during hyperemia and is documented to be the
gold standard for relative CFR measurement. FFR-
guided revascularization, which has been demonstrated
to be associated with a better outcome compared with
revascularization based on angiographic stenosis sever-
ity alone, is given the highest recommendation in the
guidelines. In patients with multivessel coronary dis-
ease, global SPECT CFR has been shown to
significantly negatively correlate with the severity of
coronary lesions assessed by the Gensini score on
invasive angiographic findings,'® and the diagnostic
accuracy of regional SPECT CFR for the detection of
functionally significant stenosis confirmed by FFR was
85%.% In our study, we focused on patients with single-
vessel CAD. Compared with multivessel CAD, there
would be more variability in the correlation between
FFR and CFR in patients with single-vessel CAD. The
major factor that may contribute to the variability in the
correlation may be the presence of visible or invisible
coronary collateral circulation. The presence of coronary
collateral circulation can cause the overestimation of
CFR, especially in patients with single-vessel CAD."
There is evidence that collateral blood flow is much
more augmented in response to stress in patients with
nonstenotic donor coronary arteries than in patients with
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stenosed donor coronary arteries.”’ This may partially
explain why the correlation between FFR and CFR was
weaker in our study than that reported in studies of
multivessel CAD patients.

In patients with intermediate coronary stenosis, the
CFR may be more considerably affected by the state of
microcirculation than by the collateral circulation.’
CFR is an assessment of coronary vasomotor dysfunc-
tion determined as a result of the complex interaction of
epicardial stenosis and microvascular resistance on
myocardial tissue perfusion at hyperemia. In contrast
to hemodynamically significant stenosis of the epicardial
coronary artery, which results in a decrease in both FFR
and CFR, the impairment of microcirculation, which
leads to increased microvascular resistance, diminishes
CFR but does not affect (or even increase) FFR.>?
Therefore, based on the range of microvascular function,
discordance between FFR and CFR can be expected in
intermediate coronary lesions.”>** In the present study,
discordance between FFR and CFR was observed in
12% of patients. All of these patients displayed pre-
served FFR but considerable impairments in both global
and regional CFR. It has been suggested that preserved
FFR and low CFR are associated with microvascular
disorders and increased microvascular resistance.”> Dif-
ferent from focal epicardial stenosis in patients with
single-vessel CAD, microvascular dysfunction is pre-
dominantly diffused through the myocardial tissue and
causes decreased CFR of all coronary territories. Here,
we found that although there was a trend toward lower
CFR value of stenotic coronary arteries than that of
nonstenotic vessels, the difference was not significant
between the two groups, which could be partially
attributed to the possible presence of microvascular
dysfunction. Furthermore, CFR is thought to have a
significant advantage over FFR in the prediction of
prognosis in some studies. It has been shown that similar
to patients with diminished FFR, those with preserved
FFR but impaired CFR also have a higher incidence of
adverse cardiac outcomes compared with those with
preserved FFR and CFR.?®?’ Therefore, in patients with
intermediate coronary lesions, an additional SPECT
CFR measurement should be helpful in making clinical
decisions, especially when the FFR result is in the
normal range.

Limitations

There are several limitations that need to be
considered when interpreting our results. First, this
study is based on a relatively small number of patients,
although a significant correlation was found between
invasive FFR and SPECT-derived CFR. With our
sample size, it was not possible to perform subanalyses
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in specific patients, such as those with normal FFR but
abnormal CFR. Second, the study patients were domi-
nantly male and had relatively low body mass index.
Heterogeneous attenuation effects in large individuals
may complicate evaluation. Third, stenosis of the LAD
accounted for over 70% of the intermediate coronary
artery stenosis in the trial and resting MBF was not
adjusted to compensate for physiological variance, both
of which may cause potential bias. Fourth, myocardial
perfusion PET, which is considered to be the gold
standard of noninvasive CFR, was not performed to
validate the method of dynamic SPECT, even though
good correlation has been verified between PET and
SPECT CFR measurements. Finally, the prognostic
value of SPECT-derived CFR was not investigated,
particularly in patients with discrepant SPECT and FFR
findings. Further studies with larger samples and long-
term follow-up are needed.

CONCLUSION

In summary, the high diagnostic accuracy of
SPECT CFR for the detection of functionally significant
stenosis supports the use of this technique as an optional
method for hemodynamic assessment in patients with
single-vessel CAD. In patients with discrepancies
between FFR and CFR, an abnormal CFR may indicate
microvascular dysfunction, which calls for further
investigations.

NEW KNOWLEDGE GAINED

In patients with single-vessel CAD and intermediate
stenosis severity, SPECT-derived CFR showed a signif-
icantly correlation with FFR and was a reliable
noninvasive method for hemodynamic assessment.
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