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Background: Although coronary artery disease (CAD) is characterized by epicardial atherosclerosis and

microvascular disease, the importance of evaluating microvascular dysfunction has not been sufficiently

recognized in clinical practice. We estimated microvascular disease severity by assessing hyperemic mi-

crovascular resistance (MVR), as determined by absolute quantification of myocardial blood flow (MBF)

with 13N-ammonia positron emission tomography-myocardial perfusion imaging (PET-MPI).

Methods: We retrospectively collected data for 23 CAD patients who underwent both stress/rest PET-

MPI and invasive coronary angiography (CAG) with fractional flow reserve (FFR) measurement.

Among 30 vessels for which FFR measurement was performed, 13 had a low FFR (FFR ≤0.75). For each

patient, myocardial segments of a standard 17-segment model were assigned to the stenotic myocardial

area perfused by the FFR-measured vessel and a reference normal-perfusion area based on PET-MPI

and the coronary distribution on CAG. Hyperemic MVR was calculated by using the formula, hypere-

mic MVR = hyperemic mean blood pressure × FFR/hyperemic MBF of the stenotic vessel.

Results: A strong negative correlation was observed between hyperemic MVR and hyperemic MBF in

the reference normal-perfusion area (R = −0.758, P<0.001).

Conclusion: Microvascular disease severity in chronic CAD can be estimated by hyperemic MBF of the

normal-perfusion area with 13N-ammonia PET-MPI. (J Nippon Med Sch 2023; 90: 228―236)

Key words: coronary artery disease, coronary microvascular dysfunction, positron emission tomogra-
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Introduction

Coronary artery disease (CAD) comprises 2 main ele-

ments: epicardial atherosclerosis with flow-limiting steno-

sis and coronary microvascular dysfunction (CMD). Al-

though epicardial stenosis has been considered the main

target of percutaneous coronary intervention (PCI) and

coronary artery bypass grafting in patients with CAD,

multiple recent studies have reported that CMD is re-

lated to cardiovascular outcomes and have focused on

the importance of coronary microcirculation1―5. Several

studies have suggested invasive or noninvasive tech-

niques for indirect evaluation of microvascular function,

but these techniques are not common in clinical prac-

tice6,7.

Coronary flow reserve (CFR) acquired from myocardial

perfusion positron emission tomography (PET) reflects

the degree of epicardial stenosis and CMD3. CFR in a

myocardial area without significant epicardial stenosis is

regulated by microvascular function6. In contrast, hypere-

mic myocardial blood flow (MBF) varies among healthy

persons without epicardial stenosis8, and the normal

range and clinical value of hyperemic MBF have not
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Table　1　Patient characteristics

Variable n = 23

Male 15 (65%)

Age (years) 74.3 ± 8.1

Body mass index (kg/m2) 23.3 ± 3.9

Hypertension 20 (87%)

Diabetes mellitus  6 (26%)

Dyslipidemia 21 (91%)

Smoking 14 (61%)

Obesity*  6 (26%)

Previous PCI 10 (43%)

Coronary stenosis

1VD 10 (43%)

2VD 11 (48%)

3VD 2 (9%)

Data are presented as mean ± SD or number 

(%). 

*Obesity was defined as a BMI greater than 

or equal to 25. 

PCI, percutaneous coronary intervention; 

1VD, one-vessel disease; 2VD, two-vessel 

disease; 3VD, three-vessel disease

been determined. Moreover, although the COURAGE

(Clinical Outcomes Utilizing Revascularization and Ag-

gressive Drug Evaluation) and ISCHEMIA (International

Study of Comparative Health Effectiveness with Medical

and Invasive Approaches) trials found that invasive

reperfusion therapy for a stenotic lesion with myocardial

ischemia did not reduce the incidence of cardiac events,

the pandemic of heart failure has arrived worldwide con-

cern9,10. Because CMD is considered a primary reason for

heart failure with preserved ejection fraction (HFpEF)

and ischemia with no obstructive coronary artery

(INOCA), evaluation of CMD is gaining importance in

routine clinical practice. Therefore, there is a need for a

simple, noninvasive method to evaluate CMD.

We hypothesize that variation in hyperemic MBF in

normal areas is mostly defined by differences in vasodi-

latory capacity, and that the vasodilatory capacity of

coronary arterioles similarly deteriorates in myocardial

areas, with and without significant stenosis, because of

aging and disease. To develop a noninvasive method to

determine CMD severity, this study examined the asso-

ciation between vasodilator capacity and hyperemic MBF

or CFR by using quantitative perfusion data derived

from 13N-ammonia PET and invasively measured frac-

tional flow reserve (FFR).

Materials and Methods

Study Population

Data were retrospectively collected from the medical

records of patients with suspected or known CAD who

underwent 13N-ammonia myocardial perfusion PET (PET-

MPI) between November 1, 2012, and December 31, 2017.

Among these patients, data from 23 patients (15 males;

mean age 74.3 ± 8.1 years) with at least 1 stenosis (1-

vessel disease, 10 patients; 2-vessel disease, 11 patients; 3-

vessel disease, 2 patients), as determined by invasive

coronary angiography with FFR measurement within 6

months before or after 13N-ammonia PET-MPI, were ana-

lyzed. Patients with a history of coronary bypass surgery,

heart transplantation, or moderate or severe valvular dis-

ease were excluded. In addition, patients with severe

atrioventricular block, sick sinus syndrome, long QT syn-

drome, severe hypotension, and bronchial asthma were

excluded because they could not be loaded with adeno-

sine. The baseline characteristics of the patients are sum-

marized in Table 1. Among the 23 patients with chronic

CAD, 6 had typical chest pain, 7 had atypical chest pain,

and 10 were asymptomatic. In addition, 20 had arterial

hypertension, 6 had diabetes mellitus, 21 had dyslipide-

mia, and 14 were present or past smokers. Previous coro-

nary angioplasty was performed in 10 patients. Written

informed consent was obtained from all included pa-

tients. This study was approved by the relevant ethics

committee (Ethics Committee of Nippon Medical School

Clinical Imaging Center for Healthcare, reference num-

ber: K-02) and performed in accordance with the ethical

standards of the Declaration of Helsinki.

Image Acquisition

PET scanning was performed with a GEMINI TF-16

(Philips Medical Systems) hybrid time-of-flight PET/CT

scanner, and PET acquisition was performed in the three-

dimensional list mode. Scatter correction was performed

with a time-of-flight single-scatter simulation algorithm,

while attenuation correction was based on CT scans. All

participants were carefully instructed to refrain from caf-

feine intake for 24 h before the PET study. Each partici-

pant was injected with 370 MBq (10 mCi) of 13N-

ammonia into the right antecubital vein, irrespective of

body weight, followed by a 30-mL saline flush at rest.

After a 40-50-min interval, the same doses were injected

during pharmacological stress with less than 5 min of

continuous intravenous infusion of adenosine (120-144

μg/kg/min), which started 3 min before ammonia injec-

tion. Dynamic imaging was initiated just before injection

and extended for 10 min. Heart rate, blood pressure, and
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a 12-lead electrocardiogram were recorded every minute

during and after adenosine infusion, along with continu-

ous electrocardiogram monitoring. Twenty-three dynamic

frames were reconstructed (20 × 6 s, 2 × 30 s, and 1 × 60

s). For visual analysis, short-axis, horizontal long-axis,

and vertical long-axis images were reconstructed with

frames between 4 and 10 min. The reconstruction pa-

rameters for time-of-flight ordered subset expectation

maximization were set at 3 iterations, and 33 subsets

were optimized for clinical application.

Quantification of Absolute MBF

Quantitative analyses of absolute MBF (mL/min/g)

were performed using the PMOD software package (ver-

sion 3.4, PMOD Technologies Ltd., Zurich, Switzerland).

Regions of interest were semi-automatically placed on

the myocardium and the biventricular blood pool in each

slice. Myocardial and blood-pool time-activity curves,

generated from the dynamic frames, were fitted with the

tracer kinetic model. We adopted the DeGrado 1-

compartment model, which assumes that there is no

metabolic trapping11. Data for the first 4 min (24 frames)

were used for curve fitting. The estimated stress MBF

was expressed in coronary territories and myocardial

segments by using a standard 17-segment model of the

American Heart Association (Fig. 1B). The CFR was cal-

culated as the ratio of hyperemic MBF to rest MBF in

each myocardial segment.

Invasive Coronary Angiography and FFR Measure-

ment

Invasive coronary angiography was performed to as-

sess epicardial stenosis and evaluate the severity of the

stenosis by measuring the FFR. Before the estimation of

stenosis, intracoronary nitroglycerin was administered to

enlarge coronary diameters. Stenosis was evaluated from

at least 2 orthogonal directions with quantitative coro-

nary angiography, and significant stenosis was defined as

>50% diameter stenosis. To induce maximal coronary hy-

peremia, adenosine or intracoronary papaverine was ad-

ministered intravenously for estimation of FFR, which

was calculated as the ratio of mean distal intracoronary

pressure to mean arterial pressure. Evaluation of the se-

verity of stenosis and assessment of FFR signals were

performed by experienced interventional cardiologists.

Image Analysis

Two of the authors (S.I. and T.K.), nuclear medicine

specialists with 5 and 13 years of experience, respectively,

identified stenotic coronary myocardial segments per-

fused by the stenotic vessel for which FFR had been

measured by referring to static PET images and coronary

angiography (CAG). The 17 myocardial segments were

assigned to the coronary arteries on the basis of individ-

ual coronary distribution. The averaged hyperemic MBF

of the stenotic myocardial segments was regarded as the

MBF in stenotic coronary territory (MBFstenotic). Figure 1

shows a CAD patient with mid left ascending coronary

artery stenosis, which decreased the FFR by 0.78. In this

case, the area perfused by the mid left ascending coro-

nary artery consisted of myocardial segments #7, 8, 13,

14, 15, and 17 (red area in Fig. 1C). Myocardial segments

#2 and #3 (gray diagonal stripes in Fig. 1C), which repre-

sent the basal interventricular septum, were excluded in

the estimation because of low counts in the membranous

septum. Myocardial segments with apparently erroneous

MBF (a hyperemic MBF of ≥4.0 and a difference of ≥0.5

between adjacent segments with no visual difference)

were also excluded from the analysis. Myocardial seg-

ments #3 and #9 (yellow area in Fig. 1C) were excluded

because of erroneous values for this patient. The average

hyperemic MBF of the myocardial segments with the 3

highest MBF values was used as the normal reference hy-

peremic MBF (MBFremote). In Figure 1, the normal-

perfusion area was defined as myocardial segments #5,

11, and 16 (blue area in Fig. 1C).

Microvascular resistance (mm Hg・min・g/mL) in the

hyperemic state was calculated by using a previously

published equation12: Hyperemic microvascular resistance

= (hyperemic mean blood pressure ・ FFR)/hyperemic

MBF (Fig. 1D). Microvascular resistance (MVR) was ex-

pressed as the value obtained by dividing the distal coro-

nary pressure (Pd) by absolute MBF. Pd was considered

identical to the value obtained by multiplying FFR by the

brachial blood pressure measured during an adenosine

stress PET scan, because FFR is the ratio of Pd to aortic

pressure (Pa) during maximal hyperemia and Pa is as-

sumed to be equal to peripheral mean blood pressure

measured in the limbs.

Hyperemic MVR in stenotic and remote areas was cal-

culated with the above equation, and the results were la-

beled Est.MVRstenotic and Est.MVRremote, respectively. In calculat-

ing Est.MVRremote, the FFR was assumed to be 1. Thus, the

equations to calculate each of them were:

Est.MVRstenotic = (hyperemic mean blood pressure ・
FFR)/hyperemic MBFstenotic

Est.MVRremote = hyperemic mean blood pressure/hypere-

mic MBFremote.

Statistical Analysis

Categorical variables are expressed as numbers and

relative frequencies (percentages), and continuous vari-
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Fig. 1 Definition of the target territory and normal reference area and calcu-

lation of microvascular resistance (MVR)

(A) Polar map of myocardial perfusion image (MPI) in the hyperemic 

state, (B) the American Heart Association 17-segment model, and (C) 

the quantification value of hyperemic absolute myocardial blood flow 

(MBF). The major coronary artery territories are shown with standard 

myocardial model segmentation (A), and the left ascending coronary 

artery territory is shown with a green line. The red segments in (C) 

were the stenotic coronary territory adjusted by referring to MPI and 

coronary angiography. Thus, the mean hyperemic MBF in the stenotic 

coronary territory (MBFstenotic) was 2.61 mL/min/g. The normal-per-

fusion area was defined as the 3 segments with the highest hyperemic 

MBFs, which were segments #5, 11, and 16 in this case (blue area in 

(C) ), and the mean hyperemic MBF of these normal-perfusion area 

(MBFremote) was 3.21 mL/min/g.

Formula (D) shows how MVR was calculated from the fractional flow 

reserve, absolute MBF, and mean blood pressure. The hyperemic 

MVR in the normal-perfusion area (Est.MVRremote) calculations as-

sumed that FFR = 1. The hyperemic MVR in the stenotic coronary ter-

ritory (Est.MVRstenotic) and Est.MVRremote were 21.6 and 22.5 mm Hg·

min·g/mL, respectively, with this formula.

Myocardial segments #2 and 3 (the gray diagonal stripes in (C) ) and 

myocardial segments #3 and #9 (the yellow area in (C) ) were not used 

to calculate hyperemic MBFremote.

Pd, distal pressure; BP, blood pressure; MBFstenotic, MBF in stenotic 

coronary territory; MBFremote, MBF in normal-perfusion area; 

Est.MVRstenotic, hyperemic MVR in stenotic coronary territory; 

Est.MVRremote, hyperemic MVR in normal-perfusion area 
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Table　2　Angiographic data

All vessels

 (n = 30) 

FFR ≤0.75

 (n = 13)

LAD 22 (73%) 11 (50%)

RCA  6 (20%)  2 (33%)

LCx 2 (7%) 0 (0%)

Stenosis

≤ 50%  8 (27%) 0 (0%)

51–75% 18 (60%) 11 (61%)

76% ≤  4 (13%)  2 (50%)

Data are presented as mean ± SD or number (%). 

LAD, left anterior descending coronary artery; 

RCA, right coronary artery; LCx, left circumflex 

coronary artery

Table　3　Quantitative analysis of PET and fractional flow reserve (FFR) measurements during invasive 

angiography

Acquisition data Average Median Q1, Q3 Range

PET Perfusion Analysis

Global rest MBF (mL/min/g) 1.02±0.41 1.02 0.87, 1.11 0.71―1.68

Global hyperemic MBF (mL/min/g) 2.14±1.05 2.07 1.75, 2.44 1.30―3.41

Global CFR 2.14±1.08 2.00 1.76, 2.57 1.36―3.31

Hyperemic MBFremote (mL/min/g) (n=23) 2.55±1.08 2.47 2.18, 3.07 1.60―3.55

CFR of normal region (n=23) 2.71±1.40 2.63 2.11, 3.32 1.61―4.35

Hyperemic MBFstenotic (mL/min/g) (n=30) 2.04±1.21 1.84 1.68, 2.34 1.04―3.28

Invasive Coronary Angiography

FFR (n=30) 0.80±0.22 0.78 0.72, 0.90 0.56―1.00

Est.MVRstenotic (mm Hg·min·g/mL) 33.2±10.5 32.1 25.5, 41.0 15.1―59.1

Est.MVRremote (mm Hg·min·g/mL) 33.3±8.0 31.7 27.9, 38.3 20.3―54.2

Mean blood pressure (mm Hg) 78.6±26.1 75.3 71, 85  60―108

Data are presented as mean ± SD or number (%). 

Q1 indicates the first quartile; Q3, third quartile; MBF, myocardial blood flow; MBFstenotic, MBF in stenotic 

coronary territory; MBFremote, MBF in normal-perfusion area; CFR, coronary flow reserve; FFR, fractional 

flow reserve; MVR, microvascular resistance; Est.MVRstenotic, hyperemic MVR in stenotic coronary territo-

ry; Est.MVRremote, hyperemic MVR in normal-perfusion area.

ables as means and SDs, or medians and interquartile

ranges, according to their distribution. Categorical vari-

ables were presented as count (%). The correlation be-

tween the absolute hyperemic MBF and MVR was as-

sessed by using Pearson correlation coefficients (Pear-

son’s r). A P value <0.05 was considered statistically sig-

nificant. All statistical analyses were performed using

SPSS version 19 (IBM Corp., Armonk, NY, USA).

Results

Among 69 vessels in 23 patients, visually significant

stenosis was observed in an average of 4.8 (range, 3-8)

myocardial segments, and FFR measurement was per-

formed for 30 vessels (left ascending coronary artery, 22;

left circumflex coronary artery, 6; and right coronary ar-

tery, 2). Table 2 shows the breakdown of angiographic

and FFR measurement results. A total of 22 vessels had

visually significant stenosis (>50% stenosis) by CAG, and

an FFR ≤0.75 was recorded in 13 vessels. Table 3 shows

the quantitative results for MBF, CFR, FFR, and MVR.

The mean global MBF at rest and during hyperemia and

mean global CFR were 1.02 ± 0.41 mL/min/g, 2.14 ±

1.05 mL/min/g, and 2.14 ± 1.08, respectively. The mean

Est.MVRstenotic and Est.MVRremote were 33.2 ± 10.5 mm Hg・
min・g/mL and 33.3 ± 8.0 mm Hg・min・g/mL. Twelve

patients (52%) had a global CFR <2.0. The breakdown of

the distribution of FFR and global CFR measurements is

presented in Figure 2. The normal-perfusion area, which

was composed of the 3 myocardial segments with the

highest MBFs, most commonly included myocardial seg-

ment #8, followed by myocardial segments #9 and #11.

Relationship between Est.MVRstenotic and Est.MVRremote Hy-

peremic MBFremote or CFR of the Normal Region

Figure 3A shows scatterplots illustrating the relation-

ship between Est.MVRstenotic and Est.MVRremote. Figures 3B and

3C shows scatterplots illustrating the relationship be-

tween the hyperemic MBFremote or CFR of the normal re-

gion and Est.MVRstenotic. Est.MVRstenotic and Est.MVRremote were

strongly positively correlated (r = 0.810, P < 0.01). Hy-

peremic MBFremote and Est.MVRstenotic were strongly nega-

tively correlated (r = −0.758, P < 0.01), while the CFR of

the normal region and Est.MVRstenotic were moderately corre-

lated (r = −0.587, P < 0.01). The equation below repre-

sents the estimated MVR calculated by the hyperemic

MBFremote and is based on the results of the correlation
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Fig. 2 Distribution of fractional flow reserve (FFR) and coronary flow reserve (CFR).

The distribution of FFR is presented as per-vessel analysis (A), and the distribution of the global CFR is 

presented as per-patient analysis (B). 

scatterplots in Figure 3B.

Est.MVRstenotic = 69.9 − 14.8 × hyperemic MBFremote.

Discussion

We found that Est.MVRstenotic calculated from mean blood

pressure, FFR and hyperemic MBFstenotic was strongly

correlated with Est.MVRremote. Although Est.MVRstenotic and

Est.MVRremote were MVRs calculated from MBF of different

regions, they are nearly equivalent and Est.MVRstenotic can be

considered the MVR of the individual. These results sug-

gest that deterioration of vasodilatory capacity is equiva-

lent, with or without epicardial stenoses. In addition,

Est.MVRstenotic showed a strong correlation with hyperemic

MBFremote. These results suggest that hyperemic MBFremote

indicates CMD severity and can be used as an indicator

of CMD severity. Thus, using quantitative MBF measure-

ment with myocardial perfusion PET alone, physicians

can detect early CMD, which could help prevent HFpEF

or INOCA. However, the association between CFR in re-

mote areas and Est.MVRstenotic was weaker, perhaps because

nonsignificant epicardial coronary atherosclerosis and

some cardiac medications can affect rest MBF, which

could weaken the correlation between CFR and

Est.MVRstenotic.

The advantage of global CFR derived from perfusion

PET is mainly in discriminating multivessel disease and

estimating the risk of adverse cardiac events, in addition

to traditional MPI with visual analysis, as has been re-

ported in many studies13―15. Nevertheless, PET-MPI ac-

counts for only a small percentage of all MPI procedures

worldwide, and traditional visual analysis of MPI has

been predominantly performed in routine clinical moni-

toring, even with PET. Most cardiologists and radiolo-

gists do not pay much attention to absolute myocardial

blood flow values in clinical practice. Löffler et al. stated

that global CFR is affected by epicardial flow-limiting

stenosis and CMD, 2 major elements of ischemic heart

disease, and they and Naya et al. state that it is difficult

to evaluate these parameters separately in MPI15,16. More-

over, it appears that the normal range of MBF is difficult

to determine. Sunderland et al. studied absolute MBF

values in healthy individuals and reported that normal

values for hyperemic MBF varied widely8. However, the

present results suggest that variations in global hypere-

mic MBF might be explained simply as differences in

coronary vasodilatation capability among individuals,

which is easily estimated by MBFremote areas, even in CAD

patients. The concern that estimates of global CFR may

be worse than is actually the case, because of reduced

CFR in the stenotic area for coronary artery stenosis, is

avoidable. Thus, the results of this and further studies

may enhance the clinical usefulness of PET and improve

understanding of the pathological mechanisms underly-

ing chronic CAD. In addition, evaluation of atheroscle-

rotic epicardial stenosis and CMD would deepen under-

standing of the pathological features of CAD and could

modify standard decision-making regarding treatment

strategy and risk stratification in patients with ischemic
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Fig. 3

Correlation between hyperemic microvascular resistance in stenotic coronary territory (Est.MVRstenotic) and hyperemic mi-

crovascular resistance in normal-perfusion area (Est.MVRremote) (A), the correlation between Est.MVRstenotic and hyperemic 

myocardial blood flow of the normal-perfusion area (MBFremote) (B), and the correlation between Est.MVRstenotic and coro-

nary flow reserve (CFR) of the normal-perfusion area (C). A strong positive correlation was observed between 

Est.MVRstenotic and Est.MVRremote (r = 0.810, P<0.01), as shown in (A). There was a strong negative correlation between 

Est.MVRstenotic and hyperemic MBFremote (r = –0.758, P<0.01), but only a moderate correlation between Est.MVRstenotic and 

CFR in the normal area (r = –0.587, P<0.01), as shown in (B) and (C). The estimated linear regression is shown as a 

straight red line in (B); Est.MVRstenotic = 69.9 – 14.8 × hyperemic MBFremote. 

heart disease.

Recently, the ISCHEMIA trial illustrated the limitations

of PCI for patients with chronic coronary disease10. This

suggests that addressing imbalances in myocardial perfu-

sion resulting from epicardial coronary stenosis with

healed hard plaques was less meaningful than previously

thought. Accordingly, detection of myocardial ischemia

by MPI as an indicator of the need for elective PCI will

be less relevant in the near future. This may have been

largely influenced by the development of medical ther-

apy, such as the use of strong statins, to prevent plaque

formation, which reduces the morbidity and prevalence

of acute coronary syndrome. In fact, the morbidity of

acute coronary syndrome has decreased in developed

countries worldwide. Therefore, evaluation of the sever-

ity of microvascular dysfunction, as well as assessment of

imbalances in myocardial perfusion caused by atheroscle-

rotic stenosis, should be a focus; however, in daily clini-

cal practice much more attention should be paid to the

prevalence of heart failure that is possibly related to mi-

crovascular dysfunction.

There are some inherent limitations in this study. First,

it was conducted retrospectively at a single center. Sec-

ond, MBFstenotic, which was used to calculate Est.MVRstenotic,

was overestimated because the definition of the stenotic

coronary territory in this study was not identical to the

actual stenotic coronary territory. Additionally, MVR esti-

mated from PET acquisition data was not compared to

MVR calculated by other modalities. Nevertheless, we

believe that the estimated MVR in this study was mean-

ingful because coronary microvascular function can be

directly compared between patients. In the future, use of
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Fig. 4 Case

High hyperemic myocardial blood flow (MBF) and low microvascular resistance (MVR) were observed in a case 

of mid left anterior descending coronary artery stenosis in a 74-year-old woman with dyspnea on exertion. Inva-

sive angiography was performed because of recent abnormal findings on an exercise stress electrocardiogram 

and coronary CT angiography. (A) Invasive coronary angiography demonstrated significant stenosis in the mid 

left anterior descending coronary artery (#7), and fractional flow reserve of the stenosis was 0.78. (B) Myocardial 

perfusion PET in hyperemia and the rest state showed ischemia of the mid-anteroseptal, apical, and distal inferi-

or walls, which were considered to be perfused by the stenotic mid-left anterior descending coronary artery. The 

stenotic coronary territory is contoured as the red area in (C) by referring to angiography and perfusion PET im-

age, which explains why the distal inferior wall was included the stenotic coronary territory. The normal-perfu-

sion area was set in the 3 highest MBF segments as the blue area in (C). Mean blood pressure was 72.3 mm Hg in 

the hyperemic state PET scan. The hyperemic microvascular resistance in stenotic coronary territory was calcu-

lated as 21.6 mm Hg·min·g/mL.

a Voronoi diagram based on CT angiography will prob-

ably improve the accuracy of myocardial segmenta-

tion17,18. Third, the graph in Figure 3B shows the

Est.MVRstenotic estimating equation as a linear function; how-

ever, the relationship between resistance and flow should

theoretically be inversely proportional. Because of the

small sample size, our study may have predicted MVR

using the linear equation. Finally, because this study in-

cluded patients with multivessel disease, the area set as

the remote may have included regions perfused by the

stenotic epicardial arteries and may not be a true remote.

However, mild stenosis does not reduce blood flow, and

since pre-arterioles, arterioles, and capillaries are mainly

involved in coronary resistance, stenosis of epicardial ar-

teries has little effect on coronary resistance19. Despite

these limitations, our findings are useful for diagnosis

and development of treatment strategies.

Conclusions

The Est. MVRstenotic was strongly associated with

Est.MVRremote and with hyperemic MBFremote in 13N-ammonia

PET-MPI. The severity of microvascular disease in CAD

patients with and without coronary artery stenosis might

be estimated by determining the hyperemic MBFremote of

the normal-perfusion area with PET scans.
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