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Abstract. Purpose: Myocardial flow reserve (MFR)
measurement has an important role in assessing the
functional severity of coronary artery stenosis. However,
a discrepancy between the anatomical severity of coronary
artery stenosis and MFR is often observed. Such a
discrepancy may be explained by coronary risk factors.
In this study, we aimed to investigate the influence of
coronary artery stenosis severity and risk factors on MFR.
Methods: Seventy-four patients suspected to have coro-
nary artery disease and seven age-matched healthy
volunteers were enrolled. Myocardial blood flow (MBF)
and MFR were measured using 15O-labelled water PET.
Regional MFR was calculated in regions with significant
coronary artery stenosis (stenotic regions) and in regions
without significant stenosis (remote regions). The con-
tributions of coronary artery stenosis severity and coronary
risk factors were assessed using univariate and multivar-
iate analyses.
Results: In stenotic regions, MFR correlated inversely with
coronary artery stenosis severity (r=−0.50, p<0.01).
Univariate analysis did not show any significant difference
in MFR between the patients with and the patients without
each risk factor. In remote regions, however, MFR was
significantly decreased in the diabetes and smoking groups
(each p<0.05). By multivariate analysis, diabetes and
smoking were independent predictors of MFR (each
p<0.05). In the group with more than one risk factor,

MFR was significantly lower (2.78±0.79) than in the other
group (3.40±1.22, p<0.05).
Conclusion: MFR is influenced not only by coronary
stenosis severity but also by coronary risk factors. In
particular, the influence of risk factors should be
considered in regions without severe coronary stenosis.
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Introduction

Coronary artery disease (CAD) continues to be a major
cause of death in modern industrialised societies. Tech-
niques for measuring myocardial blood flow (MBF) have
an important role in identifying patients with CAD and
determining their prognosis. Positron emission tomogra-
phy (PET) is the most accurate non-invasive imaging
technique for measuring regional MBF. The measurement
of regional myocardial perfusion permits measurement of
myocardial flow reserve (MFR) and evaluation of the
physiological significance of coronary lesions. However, a
discrepancy is often observed between the anatomical
severity of coronary stenosis and MFR. Such a discrepancy
may be explained by coronary risk factors, such as
diabetes, hypertension, hyperlipidaemia, smoking, left
ventricular hypertrophy, gender and age [1–17]. Many
risk factors associated with atherosclerosis may cause a
decrease in MFR despite angiographically normal coronary
arteries. The aim of this study was to assess the influence of
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coronary stenosis severity and risk factors on MFR in
patients suspected to have CAD.

Materials and methods

Study population

This study included patients suspected to have CAD who underwent
both coronary angiography and PET with 15O-labelled water within
an interval of 2 months. No clinical events or changes in medication
occurred between the two studies. Patients with a history of
myocardial infarction (MI) or coronary artery bypass grafting were
excluded. This study enrolled 74 patients (53 men and 21 women,
mean age 63.0±9.8 years) who matched all the criteria.

Seven age-matched normal volunteers served as controls for the
MBF and vasodilator measurements. They were selected because
their history and physical examinations placed them at low risk for
CAD; all had a normal resting electrocardiogram (ECG) and no
coronary risk factors.

Cardiac medications were not withdrawn before the study
because of the severity of anginal symptoms. All patients were
carefully instructed to refrain from caffeine intake and smoking
during the 24 h before the PET study. All of them gave written
informed consent. This study was approved by the Ethics Committee
of Hokkaido University Hospital.

Coronary angiography

All patients underwent coronary angiography. Selective angiography
of the right and left coronary arteries in multiple views was
performed using the Judkins technique. Multiple manual injections
of contrast medium were performed. Using the computerised
quantitative coronary angiography analysis system (CAASII System;
Pie Medical Imaging, The Netherlands), coronary stenosis severity
was assessed. Coronary artery stenosis was considered significant
when there was a reduction of more than 50% in the diameter of the
main branch.

PET protocol

The PET scan protocol has been described previously [18, 19].
Pharmacological stress was induced by adenosine triphosphate (ATP)
infusion at a rate of 0.16 mg kg−1 min−1 for 8 min through the left
antecubital vein [20, 21]. MBF at rest and during ATP infusion was
calculated by 15O-labelled water PET (Fig. 1). All the PET scans were
obtained with an ECAT EXACT HR+ (Siemens/CTI).

In brief, a transmission scan was performed to correct photon
attenuation for 6 min with a 68Ge source. Next, all the subjects inhaled
15O-labelled CO for 1 min to obtain the blood volume image. The total
inhaled dose was 2,000 MBq. Then 15O-labelled water was infused
into an antecubital vein to obtain the blood flow image. The

administered dose was 1,000 MBq. Twelve minutes after the first
infusion of 15O-labelled water, intravenous ATP infusion (0.16 mg kg−1

min−1) was started and PETacquisition was commenced 3 min after the
beginning of ATP infusion. ATP infusion was continued until the end
of the second 15O-labelled water PET scan. Heart rate, blood pressure
and 12-lead ECG were recorded at rest and at 1-min intervals during
and after the ATP administration.

All the emission sinograms were reconstructed with filtered back-
projection using a Hann filter (cut-off frequency, 0.3 cycles/pixel). The
in-plane resolution was 4.5 mm in full-width at half-maximum in the
images reconstructed into a 128×128 matrix. All the data were
corrected for dead time, decay and measured photon attenuation.

MBF was quantified using the single tissue compartment model
developed by Katoh et al. [22]. The left ventricle was divided into three
regions according to coronary artery regions (Fig. 2) and regional MBF
was calculated in each region. Regional MFR was calculated as the
ratio of regional hyperaemic MBF to regional MBF at rest. Two
experienced doctors blind to the patients’ clinical data analysed all the
PET data.

Data analysis

To compare the influence of risk factors on MFR in regions with and
without significant coronary artery stenosis, the myocardial regions
of the patients were divided into two groups: regions with significant
coronary artery stenosis (stenotic region, n=47) and regions without
significant stenosis (remote regions, n=67). Because we had to select
one region from stenotic regions per person for univariate and
multivariate analyses, we chose the region with the most severe
coronary stenosis in the patients with multivessel disease. We
analysed regional MBF and MFR in stenotic regions and also in the
remote regions. In addition, the influence of coronary artery stenosis
severity and coronary risk factors [e.g. diabetes, hypertension,
hyperlipidaemia, smoking, left ventricular hypertrophy (LVH),
gender, age and body mass index (BMI)] was assessed by univariate
and multivariate analysis. In remote regions, the influence of
coronary artery stenosis severity was excluded from the analyses.

Statistical analysis

All the data were expressed as mean±SD. Regression analysis was
performed using a linear regression method. Differences in values
were evaluated using a two-tailed unpaired t test. Multivariate

Fig. 1. PET protocol

Fig. 2. Segmentation of myocardium according to coronary artery
region. The left ventricle was divided into 16 segments. White,
black and grey areas were assigned to left anterior descending artery
(LAD), right coronary artery (RCA) and left circumflex artery (LCX)
regions, respectively
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analysis was performed using multiple regression analysis to assess
the influence of coronary artery stenosis and of risk factors on MFR.
A p value of <0.05 was used to determine statistical significance.

Results

Patient characteristics

Clinical variables are described in Table 1. Twenty-five
patients had one-vessel disease, 15 had two-vessel disease
and seven had three-vessel disease. Twenty-seven patients
had no significant coronary stenosis. Thirty-five patients
had previously been diagnosed as having hypertension and
32 of them (92%) had been treated with anti-hypertensive
drugs. Forty-eight patients had previously been diagnosed
with hyperlipidaemia and 36 of them (75%) had been
treated with lipid-lowering drugs. Twenty-five patients had
previously been diagnosed as having type 2 diabetes and
19 of them (76%) had been treated with anti-diabetic drugs
or insulin. Twenty-five patients had a history of smoking.
Ten patients had LVH assessed by echocardiography (wall
thickness >12 mm). Eighteen patients were more than 70
years old. We included the patients who had already
received specific medication for each risk factor.

MBF and MFR in control group

In the control group, the mean global MBF at rest was
0.91±0.16 ml min−1 g−1. The mean hyperaemic global
MBF was 3.66±0.81 ml min−1 g−1 and the mean global
MFR was 4.06±0.81 (Table 2).

MBF and MFR in stenotic regions

In stenotic regions, the mean MBF at rest was 0.96±
0.22 ml min−1 g−1 (p=NS vs control). The mean
hyperaemic MBF was 2.19±0.96 ml min−1 g−1 (p<0.001
vs control) and the mean MFR was 2.35±0.89 (p<0.001 vs
control) (Table 2).

Correlation between stenosis severity and MFR
in stenotic regions

In stenotic regions, the correlation between coronary artery
stenosis severity and MFR was relatively weak, but
statistically significant. MFR progressively decreased as
the degree of stenosis increased (y=4.12−0.26x, r=−0.50,
p<0.01, Fig. 3).

Univariate and multivariate analyses in stenotic regions

In stenotic regions, there was no significant difference in
MFR between the patients with and those without any risk
factor in univariate analysis (Table 3). MFR did not
correlate with age (r=0.20, p=NS) or BMI (r=0.14, p=NS).
In the multivariate analysis, coronary artery stenosis
severity was the only significant predictor for MFR
(R=−0.55, t=−3.78, p<0.001). None of the risk factors
were significant predictors (Table 4).

MBF and MFR in remote regions

In remote regions, the mean MBF at rest was 0.94±
0.22 ml min−1 g−1 (p=NS vs control). The mean

Table 1. Patient characteristics

Age (years) 63.0±9.8
Gender: (male/female) 53/21
Coronary angiography
Without stenosis 27 (36.5%)
1-vessel disease 25 (33.8%)
2-vessel disease 15 (20.3%)
3-vessel disease 7 (9.5%)
Risk factors
Diabetes 25 (33.8%)
Hypertension 35 (47.3%)
Hyperlipidaemia 48 (64.9%)
Smoking 23 (31.1%)
LVH 10 (13.5%)

Table 2. MBF at rest, hyperaemic MBF and MFR in each group

MBF at rest
(ml min−1 g−1 )

Hyperaemic MBF
(ml min−1 g−1 )

MFR

Control 0.91±0.16 3.66±0.81 4.06±0.81
Stenotic
regions

0.96±0.22 2.19±0.96* 2.35±0.89*

Remote
regions

0.94±0.22 2.66±0.93**,*** 2.99±0.99**,***

*p<0.001 vs control
**p<0.01 vs control
***p<0.01 vs stenotic regions

Fig. 3. Correlation between coronary artery stenosis severity and
MFR in stenotic regions
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hyperaemic MBF was 2.66±0.93 ml min−1 g−1 (p<0.01 vs
control) and the mean MFR was 2.99±0.99 (p<0.01 vs
control) (Table 2). Hyperaemic MBF and MFR in the
remote regions were significantly higher than those in the
stenotic regions (each p<0.01).

Univariate and multivariate analyses in remote regions

In remote regions, MFR was significantly decreased in the
diabetes group (2.60±0.83 vs 3.19±1.02, p<0.05) and the
smoking group (2.65±0.70 vs 3.17±1.08, p<0.05) in
univariate analysis. MFR also tended to be decreased in
the hypertension group (2.88±1.02 vs 3.09±0.98, p=0.38)
and the hyperlipidaemia group (2.90±0.89 vs 3.16±1.18,
p=0.31) (Table 5). MFR in remote regions did not correlate
with age (r=0.14, p=NS) or BMI (r=0.16, p=NS). By
multivariate analysis, diabetes (R=−0.27, t=−2.29, p<0.05)
and smoking (R=−0.30, t=−2.32, p<0.05) were indepen-
dent predictors of MFR (Table 6).

MFR and number of risk factors in remote regions

To assess the effects of coronary risk factors, including
diabetes, hypertension, hyperlipidaemia and smoking, on
MFR, the total number of coronary risk factors causing the
decrease in MFR were compared. MFR in remote regions
with two or more risk factors (n=41) was significantly
lower than that in remote regions with one or no risk factors
(n=26) (2.72±0.78 vs 3.43±1.15, p<0.01, Fig. 4). Although
the MFR in remote regions with one or no risk factors was
preserved (p=NS, vs control), that in remote regions with

two or more risk factors was significantly lower than that in
the control group (p<0.001, vs control). In stenotic regions,
there was no significant difference in MFR between those
with and those without multiple risk factors (2.31±0.96 vs
2.43±0.73, p=0.67).

Discussion

These results indicate that while reduction in MFR in
stenotic regions correlated significantly with coronary
artery stenosis severity rather than with the risk factors, in
remote regions the reduction in MFR was influenced by the
risk factors, such as diabetes or smoking. Furthermore, the
MFR in remote regions was significantly decreased in
patients with multiple risk factors as compared with those
who had one or no risk factors.

Abnormal MFR can be due to narrowing of the
epicardial coronary arteries or, in the absence of angio-
graphically demonstrable atherosclerotic disease, may
reflect dysfunction of the coronary microcirculation. Uren
et al. first reported PET data describing the relationship
between MFR and the severity of epicardial coronary
stenosis [23]. It has been reported that MFR decreases
according to coronary artery stenosis severity. Hyperaemic
response decreases at >40% diameter coronary artery
stenosis and is abolished at >80% stenosis [23, 24]. In our
study, MFR correlated inversely with stenosis severity in
regions with significant coronary artery stenosis, but the
risk factors did not influence MFR. Risk factors injure the
endothelium-dependent relaxation of the coronary arteries.
These changes play an important role in the development
of early atherosclerotic lesions, characterised by functional
alterations before morphological changes can be detected.

Table 3. MFR in stenotic regions with or without risk factor

+ − p value

Diabetes 2.39±0.90 2.32±0.90 0.81
Hypertension 2.31±0.87 2.39±0.93 0.76
Hyperlipidaemia 2.35±0.89 2.34±0.93 0.98
Smoking 2.37±1.08 2.34±0.77 0.90
LVH 2.36±0.76 2.35±0.76 0.98
Gender (male) 2.38±0.85 2.27±1.03 0.70

Table 4. Results of multiple regression analysis regarding potential
predictors of MFR in stenotic regions

Standardised coefficient t value p value

Stenosis severity −0.55 −3.78 <0.001
Diabetes −0.019 −0.13 0.90
Hypertension 0.15 0.91 0.37
Hyperlipidaemia −0.031 −0.22 0.83
Smoking 0.081 0.52 0.61
LVH −0.19 −1.10 0.28
Gender (male) 0.21 1.34 0.19

Table 5. MFR in remote regions with or without each risk factor

+ − p value

Diabetes 2.60±0.83 3.19±1.02 <0.05
Hypertension 2.88±1.02 3.09±0.98 0.38
Hyperlipidaemia 2.90±0.89 3.16±1.18 0.31
Smoking 2.65±0.70 3.17±1.08 <0.05
LVH 2.98±0.95 2.99±1.01 0.98
Gender (male) 2.98±0.87 3.01±1.27 0.90

Table 6. Results of multiple regression analysis regarding potential
predictors of MFR in remote regions

Standardised coefficient t value p value

Diabetes −0.27 −2.29 <0.05
Hypertension −0.15 −1.27 0.21
Hyperlipidaemia −0.10 −0.88 0.38
Smoking −0.30 −2.32 <0.05
LVH 0.11 0.90 0.37
Gender (male) 0.10 0.80 0.43
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As atherosclerotic changes progress, the structural changes
are established and may overrun the functional changes
induced by risk factors. Therefore, in regions with
significant coronary artery stenosis, the influence of
severity of coronary artery stenosis is likely to be greater
than that of the risk factors. Accordingly, risk factors were
not determinants of MFR in the stenotic regions.
Kaufmann et al. reported that coronary vasomotion in
response to physical exercise was correlated with risk
factors in normal coronary arteries but not in stenotic
arteries [25]. Our results are concordant with their report.

Recently, Vicario et al. demonstrated the influence of
risk factors on MFR in patients with one-vessel disease
[26]. In their study, MFR was inversely related to the
number of risk factors in regions with intermediate
coronary stenosis (50%–70%). As already mentioned, in
our study there was no significant correlation between
MFR and the number of risk factors in stenotic regions.
When we divided stenotic regions according to coronary
artery stenosis (50–70%, >70%), the results did not change.
The major cause of the discrepancy may be the fact that we
included patients with multivessel disease and then ana-
lysed only one stenotic region per person, i.e. the most
severely stenotic. It may in fact be the case that coronary
risk factors do have a greater influence on patients with
multivessel disease than on those with one-vessel disease,
but that this was obscured in the present study by the
disregarding of second and third stenotic regions in many
patients.

By contrast, in remote regions the risk factors did
significantly affect MFR. It has been reported that patients
with MI have attenuated MBF in the regions without
coronary artery stenosis, so we excluded patients with a
history of MI [27]. The finding of decreased MFR in the
remote regions in patients without MI may be due to an
abnormality in the microcirculation attributable to the
coronary risk factors. In other studies, MFR has been found
to be decreased in patients with coronary risk factors, such
as diabetes mellitus, hypertension, hypercholesterolaemia

and smoking [1–12]. These data suggest that decreased
MFR may be due to an abnormality in the regulation of
coronary flow and preclinical atherosclerosis. Therefore,
MFR measurements are useful in assessing the functional
significance of coronary artery stenosis and in predicting
coronary artery atherosclerosis and microcirculation
abnormality.

Fujiwara et al. found that MFR is preserved in regions
supplied by angiographically normal coronary arteries
without conventional risk factors. On the other hand, MFR
was significantly decreased in patients with multiple risk
factors [28]. This report is consistent with our finding that
MFR in the remote regions was significantly attenuated in
patients with multiple risk factors as compared with those
who had one or no risk factors. Furthermore, we analysed
the influence of each risk factor on MFR and found
diabetes and smoking to be independent significant
predictors of MFR. Because we included patients who
received specific medication for each risk factor, the
treatment may have influenced the results. Previous reports
have shown that cholesterol-lowering therapy can improve
myocardial perfusion and MFR [29–34]. Similarly, anti-
hypertensive treatments (e.g. angiotensin-converting en-
zyme inhibitors, beta-blockers and calcium antagonists)
have been found to improve MFR in hypertensive patients
[35–39]. Therefore the small influence of hyperlipidaemia
or hypertension on MFR in our patient population may
have been due to the fact that these conditions had been
well controlled by medications.

The importance of using 15O-labelled water is that the
calculation of MBF is independent of the partial volume
effect [40]. The elimination of the partial volume effect
minimises the global underestimation of myocardial
radioactivity [41]. 15O-labelled water is a metabolically
inert, freely diffusible tracer whose incorporation into
myocytes is independent of the myocardial metabolic state
[42]. Therefore 15O-labelled water PET can measure MBF
even in the high flow range, and MBF can accordingly be
measured accurately during hyperaemia.

Clinical implications

Flow reserve provides a way of documenting how the risk
factors cause measurable damage to the coronary circula-
tion. PET is a non-invasive and accurate tool for estimating
and monitoring regional absolute MBF and MFR. By this
method, we were able not only to determine physiological
estimates of the severity of coronary artery stenosis but also
to assess preclinical atherosclerotic changes.

Impaired coronary vasodilator capacity has been shown
to be an independent predictor of long-term prognosis in
patients with hypertrophic and dilated cardiomyopathies
[43, 44]. MFR may be important for long-term prognosis in
patients with CAD or multiple risk factors.

p<0.01
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Fig. 4. Comparison of MFR in remote regions with multiple risk
factors and in those with one or no risk factors
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Limitations

Several limitations of the present study need to be
mentioned. First, the number of subjects in this study
was small (n=74). It is necessary to increase the number of
subjects, particularly for multivariate analysis.

Second, in this study, as mentioned above, patients
continued taking their usual medications. We cannot rule
out the possibility that the medications selectively affected
coronary vasodilator reserve. The decision to continue
administering patients’ usual medications was taken
because most of the patients had severe CAD and received
several different medications, and continued medication
ensured stable conditions during the study.

Third, we did not consider the coronary artery stenoses
in the distal part or minor branches or collateral flow in the
occluded vessels. Because there is much individual vari-
ation in the anatomy of coronary arteries, it is difficult to
consider these effects. Furthermore, stenosis in the distal
part or minor branches usually has little influence on MBF.

Conclusion

MFR is determined not only by coronary artery stenosis
severity but also by coronary risk factors. In particular, the
influence of risk factors should be considered in regions
without significant coronary artery stenosis.
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