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Introduction. Our aim was to estimate the probability of obstructive CAD (oCAD) for an
individual patient as a function of the myocardial flow reserve (MFR) measured with Rubid-
ium-82 (Rb-82) PET in patients with a visually normal or abnormal scan.

Materials and Methods. We included 1519 consecutive patients without a prior history of
CAD referred for rest-stress Rb-82 PET/CT. All images were visually assessed by two experts
and classified as normal or abnormal. We estimated the probability of oCAD for visually
normal scans and scans with small (5%–10%) or larger defects (> 10%) as function of MFR.
The primary endpoint was oCAD on invasive coronary angiography, when available.

Results. 1259 scans were classified as normal, 136 with a small defect and 136 with a larger
defect. For the normal scans, the probability of oCAD increased exponentially from 1% to 10%
when segmental MFR decreased from 2.1 to 1.3. For scans with small defects, the probability
increased from 13% to 40% and for larger defects from 45% to > 70% when segmental MFR
decreased from 2.1 to 0.7.

Conclusion. Patients with > 10% risk of oCAD can be distinguished from patients with
< 10% risk based on visual PET interpretation only. However, there is a strong dependence of
MFR on patient’s individual risk of oCAD. Hence, combining both visual interpretation and
MFR results in a better individual risk assessment which may impact treatment strategy.
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Abbreviations
oCAD Obstructive Coronary artery disease

CABG Coronary artery bypass grafting

ICA Invasive coronary angiography

LAD Left anterior descending

LCX Left circumflex

LV Left ventricle

MBF Myocardial blood flow

MFR Myocardial flow reserve

MPI Myocardial perfusion imaging

PCI Percutaneous coronary intervention

PET Positron emission tomography

Rb-82 Rubidium-82

RCA Right coronary artery

TAC Time activity curve

INTRODUCTION

The use of myocardial blood flow (MBF) quantifi-

cation using Rubidium-82 (Rb-82) in myocardial

perfusion imaging (MPI) with positron emission tomog-

raphy (PET) is rapidly increasing.1–3 This is mainly

caused by the availability of Strontium-82/Rb-82 gen-

erators and the better accuracy of PET in comparison to

SPECT imaging.4,5 Global myocardial flow reserve

(MFR) values provide incremental prognostic value

over visual interpretation of the PET scans and help

better identify patients at risk of cardiac events.6,7 To

prevent the development of cardiac events, a patient-

tailored risk assessment of obstructive CAD (oCAD) is

essential for choosing an appropriate treatment strategy.

PET-based MFR in combination with visual assessment

can be used for this purpose, as in clinical practice, PET

is used to assess the presence, extent, and functional

importance of oCAD.7,8 However, in assessing patient’s

risk of oCAD, it is unclear how MFR should be

combined with visual assessment, especially when they

are discordant. How should the readers interpret patients

with a normal scan and low MFR, or patients with an

abnormal scan but high MFR? Hence, our aim was to

estimate the probability of oCAD for an individual

patient as a function of the MFR in patients with a

visually normal scan as well as in patients with a

visually abnormal scan.

MATERIALS AND METHODS

Study population

We retrospectively included 1519 patients referred

for rest and regadenoson-induced stress Rb-82 PET/CT

(GE Discovery 690, GE Healthcare) without a prior

history of CAD and of whom at least one-year follow-up

was available. As this study was retrospective, approval

by the medical ethics committee was, therefore, not

required according to Dutch law. Nevertheless, all

patients provided written informed consent for the use

of their data for research purposes.

Patient preparation, data acquisition,
and reconstruction

All subjects were asked to refrain from caffeine

containing substances for 24 h and to discontinue

dipyridamole containing medication for 48 h prior to

imaging. All patients underwent a rest scan followed by

a regadenoson-induced stress scan. The PET/CT acqui-

sition and reconstruction protocol have been described

previously.9 In short, we acquired a low-dose CT scan

prior to MPI during free breathing to provide an

attenuation map of the chest. PET list-mode data were

acquired in rest during 7 min directly after administra-

tion of 740 MBq Rb-82. Ten minutes after the first

activity bolus, we induced pharmacological stress by

administrating 400 lg (5 mL) of regadenoson over 10 s.

Subsequently, a second dose of 740 MBq Rb-82 was

administered, followed by another PET acquisition.

Attenuation correction was applied to all data on the

PET system after semi-automatic registration of CT and

PET data. We reconstructed the dynamic PET datasets

using 26 time frames (12 9 5 s, 6 9 10 s, 4 9 20 s and

4 9 40 s). Static rest and stress images were recon-

structed from PET data acquired between 2:30 and

7:00 min after Rb-82 administration.

Data analysis

We used Corridor4DM (v2016.02.64) software to

post-process the dynamic images.10 All static Rb-82 PET

images were visually assessed by two expert readers and

classified as normal or as abnormal, where abnormal was

defined as images showing a reversible and/or irre-

versible perfusion defect. In addition, perfusion defects

were either rated as small (5%–10% of the left ventricle)

or larger ([ 10% of the left ventricle).11 The one-tissue

compartment model of Lortie et al12 was used to

calculate the MBF from the time activity curves (TACs)

of the image-derived left ventricle blood pool and the

myocardium. The dynamic images were visually

inspected for the presence of myocardial creep and

manually corrected if necessary.9 MFR was calculated as

the ratio of stress MBF to rest MBF. In our previous

study, we showed the added diagnostic value for

regional MFR over global MFR.13 In addition to the

global MFR (globMFR), we therefore also determined
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MFR in each of the 17 left ventricular myocardial

segments.13 We defined regional MFR as the lowest

flow reserve in all 17 segments (segMFR).

Next, we estimated the patient’s probability of

having oCAD for visually normal and abnormal scans

and for visual vs. small and larger defects as a function

of both globMFR and segmMFR. To obtain proper

statistics for calculating the probability of oCAD, we

divided patients into quintiles based on globMFR and

segmMFR for the patient group with visually normal

scans and for either the patient group with visually

abnormal scans or patient groups with small or larger

defects. For each quintile, we calculated the mean

globMFR and mean segmMFR, and corresponding

standard error. Next, we fitted the mean MFR of the

quintiles to the probability of oCAD (PoCAD) using a

power law:

PoCAD ¼ a � x�k;

where x is either globMFR or segMFR, and a and k are

fit parameters.

Follow-up

Patient follow-up was obtained by use of medical

records. Our endpoint was the presence or absence of

oCAD, as the purpose of Rb-82 PET is to assess the

presence, extent, and functional importance of oCAD in

order to tailor treatment. Patients were classified as

having oCAD if they were clinically referred for

invasive coronary angiography (ICA) during follow-up

which was also classified as positive. It was to the

discretion of the treating cardiologist whether a patient

was sent for ICA or not, primarily based on a combi-

nation of (persistent) complaints, low MRF values, and

high coronary calcium score. A positive ICA was

defined by an intermediate or severe stenosis with a

fractional flow reserve\ 0.8 or[ 70% stenosis in the

left anterior descending (LAD), left circumflex (LCX) or

right coronary artery (RCA), or[ 50% stenosis in the

left main coronary artery.

Statistical analysis

Patient characteristics and continuous variables

were expressed as mean ± standard deviation (SD) or

median [interquartile range] as appropriate. Statistical

analysis was performed using IBM SPSS (IBM SPSS

Statistics for Windows, Version 26.0. Armonk, NY:

IBM Corp). To assess differences between patient

characteristics with visually normal and abnormal scans,

the t test, Mann–Whitney U test, or v2-test were

performed. To determine goodness of fit between the

probability function and our MFR data, we used v2. The

level of statistical significance was set to 0.05 for all

statistical analyses.

RESULTS

Of all 1519 patients, 83% (1259) had a scan which

was classified as normal and the remaining patients had

a scan which was classified as abnormal. These two

groups did not differ in weight, body mass index (BMI),

and the risk factors such as smoking, hypertension,

dyslipidaemia, diabetes, and family history (P C .07), as

shown in Table 1. Yet patients with abnormal scans

were older, taller, and more often male (P B .01). The

median follow-up was 23 months [interquartile range:

18–27].

Of the 1259 patients with normal scans, 3.7% (46)

had oCAD during follow-up. These 46 patients were

older (66 vs. 71 years) and more often male (47 vs.

70%) than the other 1213 patients who had a visual

normal PET. Of the 260 patients with visually abnormal

scans, 39% (102) had oCAD during follow-up. Of these

260 patients, 136 patients had a small defect and 124

patients had a larger defect. The percentage of patients

with oCAD was lower in the patients with a small defect

(19%, 26/136) than in the patients with a larger defect

(61%, 67/125 P\ .001).

Looking at MBF and MFR, we found lower

segMBFstress (2.1 vs 1.4), segMBFrest (0.8 vs 0.9),

segMFR (1.4 vs. 1.8), and also lower globMBFstress (2.6

vs. 2.0), globMBFrest (1.1 vs. 1.0), and globMFR (2.0 vs.

2.4) in patients with visually abnormal scans than in

patients with visually normal scans (P\ .001), as shown

in Table 1. Moreover, the same tendency in MBFstress

and MFR decrease was observed comparing normal with

small and small with larger defects (P\ .001).

Combining segmentalMFR with visual scan results,

the patient’s probability of having oCAD increased with

decreasing segMFR for both visually normal and

abnormal scans, as well as for visually normal versus

small and small versus larger defects, as shown in

Fig. 1a and b. For the normal scans, the probability of

oCAD increased from\ 1% in patients with a segMFR

C 2.1% to 10% in patients with a segMFR of 1.3. For

visually abnormal scans, the probability of oCAD

increased from 10% in patients with a segMFR of

2.7% to[ 70% for the patient group with a segMFR of

0.7. Moreover, the probability of oCAD increased from

10 to 40% in patients with a small defects versus 37% to

74% for patients with a larger defect for segMFR 0.7 to

2.7, respectively, as shown in Fig. 1b. The probability of

oCAD can be described for visually normal scans by

PoCAD ¼ 0:31 � segMFR�4:47(R2 = 0.93), for visually

abnormal scans by PoCAD ¼ 0:47 � segMFR�1:15
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(R2 = 0.97), for small defects

PoCAD ¼ 0:27 � segMFR�1:06 (R2 = 0.52), and larger

defects PoCAD ¼ 0:98 � segMFR�0:42 (R2 = 0.84).

When combining global MFR with visual assess-

ment, we also observed an increase in the probability of

oCAD with decreasing globMFR for both visually

normal and abnormal Rb-82 PET scans, as shown in

Fig. 2. For the normal scans, the probability of oCAD

increased from 1% in patients with a globMFR

of C 3.4% to 13% in patients with a globMFR of 1.5.

For visually abnormal scans, the probability of oCAD

increased from 21% in patients with a globMFR of 3.4%

to [ 70% in patients with a globMFR of C 1.1.

Moreover, the probability of oCAD increased from 6%

to 36% in patients with a small defects versus 46% to

76% for patients with a larger defect for globMFR 1.5 to

3.4, respectively, as shown in Fig. 2b

The probability of oCAD can be described for

visually normal scans by

PoCAD ¼ 0:44 � globMFR�3:07(R2 = 0.95), for visually

abnormal scans by PoCAD ¼ 0:77 � globMFR�1:07

(R2 = 0.80), for small defects PoCAD ¼ 0:83 �
globMFR�2:10 (R2 = 0.93), and larger defects PoCAD ¼
0:80 � globMFR�0:47 (R2 = 0.90).

DISCUSSION

In this study, we estimated the patient’s probability

of having oCAD based on the combination of visual

assessment of Rb-82 PET scans and MFR values.

Although a visual interpretation seems to be sufficient

to discriminate patients with a probability[ 10% from

patients with a probability\ 10% patients, our study

showed that MFR can be used for a more patient-

tailored risk assessment, as the probability of an indi-

vidual patient having oCAD strongly depends on MFR

(as shown in Figs. 1 and 2). Combining MFR measure-

ments with visual interpretation of Rb-82 PET to

estimate patient’s risk of having oCAD may, therefore,

impact the treatment strategy.

Table 1. Baseline characteristics of the patient population (N = 1519)

Characteristic
Visual normal
(N = 1259)

Visual abnormal
(N = 260)

P
values

Age (years) 66 ± 11 69 ± 10 \ .001

Male gender (%) 48 65 \ .001

Weight (kg) 88 ± 20 90 ± 19 .07

Height (cm) 173 ± 10 175 ± 10 .01

BMI (kg�m2) 29 ± 6 30 ± 6 .47

Current smoking (%) 13 13 .99

Hypertension (%) 63 63 .98

Dyslipidemia (%) 42 45 .42

Diabetes (%) 20 23 .34

Family history (%) 52 48 .22

Segmental stress MBF 2.1 ± 0.6 1.4 ± 0.6 \ .001

Segmental rest MBF 0.9 ± 0.3 0.8 ± 0.3 \ .001

Segmental MFR 1.9 ± 0.5 1.4 ± 0.6 \ .001

Global stress MBF 2.6 ± 0.7 2.0 ± 0.7 \ .001

Global rest MBF 1.1 ± 0.4 1.1 ± 0.4 .024

Global MFR 2.5 ± 0.6 2.1 ± 0.7 \ .001

Time to follow-up (months) 23 [18–28] 23 [18–26] .18

ICA performed 7.9 (99) 50 (131) \ .001

Obstructive CAD (%) 3.7 (46) 39 (102) \ .001

Time to Obstructive CAD

(months)

1.1 [0.7–1.8] 4.9 [1.4–11.3] \ .001

PCI during follow-up (%) 2.2 (28) 20 (52) \ .001

CABG during follow-up (%) 1.6 (20) 16 (41) \ .001

All-cause mortality (%) 2.7 (34) 5.8 (15) .01

Data are presented as mean ± SD, median [interquartile range] or percentage
ICA invasive coronary angiography, PCI percutaneous coronary intervention, CABG coronary artery bypass graft
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Our results are in line with a previous study

performed by Murthy et al who reported that the global

MFR provides prognostic information in addition to

only visual assessment.6 Murthy et al used cardiac

mortality as primary endpoint, instead of oCAD as

chosen in this study, and included a large number of

patients with a prior history of CAD. They found that

patients with a visually normal Rb-82 PET scan and low

global MFR (\ 1.5) had a higher annualized mortality

rate (3.6%) as compared to patients with visually

abnormal scans and high global MFR (1%). These

results are in line with the ones presented in this study as

the probability on oCAD for a normal interpreted scan

with low globMFR or segMFR exceeded that of an

abnormal scan with high globMFR or segMFR.

This study has several limitations. First, we only

included patients without prior history of CAD. There-

fore, the derived probability of a patient having oCAD

Figure 1. Plot of the mean of each quintile (dot with error bars) and the lines showing the patient’s
probability (solid line) of having obstructive CAD for A) visually normal (blue) and abnormal
(orange) scans and B) visually normal (blue), small defects (orange), and larger defects (brown)
combined with the lowest measured segmental MFR. Each quintile contained 52 patients in the
visual abnormal group, 27–28 patients in the small defect group, 24–25 patients in the larger defect
group, and 251–252 patients in the visual normal group (Color figure online).

Figure 2. Plot of the mean of each quintile (dot with standard error bars) and the lines showing the
patient’s probability (solid line) of having A) visually normal (blue) and abnormal (orange) scans
and B) visually normal (blue), small defects (orange), and larger defects (brown) combined with the
global MFR. Each quintile contained 52 patients in the visual abnormal group, 27–28 patients in the
small defect group, 24–25 patients in the larger defect group, and 252 or 251 patients in the visual
normal group (Color figure online).
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might not be generalizable to patients with a prior

history of CAD. However, as mentioned above, Murthy

et al showed results that are in line with ours while

including a large number of patients with a prior history

of oCAD.6 We expect that the probability of oCAD also

increases with decreasing (global or segmental) MFR

and decreases with increasing (global or segmental

MFR) for both visually normal and abnormal Rb-82

PET scans in patients with a prior history.

Second, it is possible that in some patients, the

progression of CAD eventually resulted in obstructive

CAD during the follow-up period of two years. These

patients were, therefore, labeled as oCAD in this study

while oCAD may not have been present at the time of

the PET scan. However, only 3 out of the 102 patients

diagnosed with oCAD in the visual abnormal group and

8 out of the 45 patients diagnosed with oCAD in the

normal group were diagnosed after 12 months, limiting

this effect.

Third, the probability of oCAD as a function of

(global or segmental) MFR as derived in our study may

not be similar for other centers. Both patient population

and acquisition, reconstruction, and post-processing

protocols may differ which can result in different

MFR values14–17 and, hence, in a different probability

function. However, we do not expect its shape to be

different: patient’s probability to have oCAD is likely to

depend strongly on MFR, for both visually normal and

abnormal scans. Ideally, each center should derive its

own relation between MFR and probability of oCAD.

Finally, the retrospective study design may have led

to some bias in our study population, as only patients

who were clinically indicated underwent ICA. We

classified patients as having oCAD if follow-up included

a conclusive ICA for oCAD. Inherently, we might have

missed patients with oCAD as not all were referred for

ICA, patients with small-moderate stenosis were not

classified as having oCAD, and some of the deceased

patients (n = 49) may have died from oCAD. This bias

may have led to an underestimation of patients with

oCAD and, consequently, to an underestimation of the

probability of oCAD. This could partly explain the

relatively low percentage of patient (39%) with an

abnormal PET who were diagnosed with obstructive

CAD. Yet previous studies show a comparable percent-

age of obstructive CAD after positive stress testing.

Patel et al reported that that only 41% of the patients

(n = 398.978) with a positive stress test did have oCAD

([ 50% stenosis).18 These patients might suffer from

functional abnormalities such as vasospastic angina or

coronary microvascular disease (CMD) rather than

obstructive CAD.19 However, we did not perform

invasive coronary flow reserve or microvascular resis-

tance measurements and could not confirm this.

Nevertheless, we do not expect that the shape of the

derived probability functions will change strongly due to

this bias.

NEW KNOWLEDGE GAINED

In clinical practice, Rb-82 PET-based MFR in

combination with visual assessment is used to diagnose

oCAD as recently recommended by guidelines.7,8 How-

ever, in diagnosing oCAD, it is unclear how visual

assessment can be combined best with MFR, especially

when MFR is discrepant from the qualitative interpre-

tation. We provided a probability function that can be

used in clinical practice and is of particular value for

patients with a normal PET scan and low MFR and vice

versa. In these cases, the probability of a patient having

oCAD is altered when compared to the probability when

solely using visual or MFR assessment, possibly affect-

ing treatment strategy. Hence, estimating patient’s risk

on oCAD should be based on both MFR and visual

interpretation of Rb-82 PET.

Ideally, other centers should recreate the probability

function for their own settings as absolute values may

differ from ours due to difference in patient population,

PET scanner, acquisition, reconstruction, and post-pro-

cessing techniques.14–17 However, we do expect to see a

similar shape of this function with a strong dependence

on MFR, for both visually normal and abnormal scans.

CONCLUSION

In estimating the probability of a patient having

oCAD using Rb-82 PET, both visual interpretation and

MFR measurements are essential. Patients with a prob-

ability[ 10% can be distinguished from patients with a

probability\ 10% based on visual interpretation only.

However, there is a strong dependence of MFR on

patient’s individual probability of having oCAD: these

probabilities may range from\ 1% to[ 80%. Hence,

combining both visual interpretation and MFR results in

a better individual risk assessment which may impact

treatment strategy.
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