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Hypertension impairs myocardial blood perfusion
reserve in subjects without regional myocardial
ischemia

Hiroshi Nakajima1, Katsuya Onishi1, Tairo Kurita1, Masaki Ishida2, Motonori Nagata2, Kakuya Kitagawa2,
Kaoru Dohi1, Mashio Nakamura1, Hajime Sakuma2 and Masaaki Ito1

Quantitative analysis of myocardial perfusion MRI can provide noninvasive assessments of myocardial perfusion reserve (MPR),

which is associated with endothelial function. Endothelial function is influenced by various factors, including hypertension,

diabetes, dyslipidemia, renal dysfunction and anemia. The purpose of this study was to evaluate which risk factor is the

strongest effector of MPR in subjects without regional myocardial ischemia. We studied 110 patients (66 years ±10, male

68%, hypertension 76%, diabetes mellitus (DM) 40% and dyslipidemia 65%) without regional myocardial ischemia. Adenosine

triphosphate (ATP) stress and rest first-pass perfusion magnetic resonance (MR) images were acquired with a 1.5-T MR system,

and MPR was calculated as the ratio of stress to rest myocardial blood flow (MBF). Average rest MBF in 110 patients was

1.07±0.62mlmin�1 g�1, whereas stress MBF was 3.15±1.93mlmin�1 g�1 and the MPR was 3.33±1.82. Rest MBF

correlated significantly with hematocrit, whereas stress MBF showed a strong correlation with estimated glomerular filtration rate

(e-GFR). MPR was associated with hypertension, age, e-GFR, hematocrit and left ventricular mass index (LVMI). In multiple

regression analysis, hypertension (P¼0.003, b¼�0.274) showed the strongest correlation with MPR among other risk factors,

such as diabetes (P¼ns), dyslipidemia (P¼ns), e-GFR (P¼ns), LVMI (P¼0.007, b¼�0.248) and hematocrit (P¼ns) after

adjusting age and gender. Hypertension is the most important effector of MPR in subjects without myocardial ischemia.
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INTRODUCTION

Myocardial perfusion reserve (MPR) is affected by endothelial dys-
function and micro-circulation status. It is not surprising that MPR is
often abnormal in individuals without evidence of coronary heart
disease but with risk factors, including hypertension, diabetes and
dyslipidemia.1–4 The search for impaired MPR may add valuable
information to the cardiovascular risk assessment of hypertensive
patients. Which risk factor is the most important contributor to
impaired MPR is not yet clear. In the Multi-Ethnic Study of Athero-
sclerosis (MESA) trial, it was reported that reduced MPR was
independently associated with high blood pressure and high low-
density lipoprotein cholesterol, but was not associated with cigarette
smoking, obesity, physical activity or diabetes.5 Although substantial
evidence supported the contention that coronary risk factors are
associated with reduced MPR, the association between MPR and
various factors relating to endothelial dysfunction, including aging,
anemia, renal dysfunction and left ventricular (LV) mass index
(LVMI), have not been evaluated. To evaluate the relationship between
MPR and risk factors for endothelial dysfunction, MPR was assessed

by using stress first-pass myocardial perfusion MRI, which has been
shown as a promising noninvasive method to evaluate myocardial
blood flow (MBF) without ionizing radiation.6 Both relative and
absolute blood flow can be reproducibility quantified using a first-
pass magnetic resonance perfusion MRI approach.7–9 The high spatial
resolution of MRI allows quantification of regional transmural flow
gradients.10 MPR can be calculated from the ratio of adenosine
triphosphate (ATP) during stress and rest MBF, which is determined
using myocardial and blood signal intensity time curves.11–15

Accordingly the purpose of this study was to evaluate which risk
factor is the strongest effector of MPR in subjects without regional
myocardial ischemia.

METHODS

Study subjects
Study subjects were recruited from 708 participants who underwent contrast

enhanced myocardial perfusion MRI with stress in our hospital. Following were

the inclusion criteria: (1) normal LV function without LV asynergy on cine

MRI; (2) no regional myocardial ischemia on stress myocardial perfusion MRI;
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and (3) no myocardial infarction on late gadolinium-enhanced MRI. Patients

with a history of cardiomyopathy, amyloidosis, previous coronary bypass

grafting, irregular heart rhythm, such as atrial fibrillation, chronic renal failure

(estimated glomerular filtration rate (e-GFR) o30 ml min�1 1.73m�2), includ-

ing hemodialysis and valvular heart disease, were excluded from this study.

Patients with pacemakers, intracranial clips or a contraindication to receiving

ATP were also excluded from this study. As a result, 110 subjects (65.7±10.2

years of age, 68% male) were recruited to this study (Figure 1). In the recruited

subjects, 84 patients were asymptomatic patients and 26 patients had chest

pain. Coronary angiography and/or thallium single-photo emission-computed

tomography were performed in these 26 patients, and no evidence of ischemic

heart disease was found in 20 of 26 patients with chest pain. The study protocol

was approved by the Institutional Ethics Committee and written informed

consent was obtained from all subjects.

MRI acquisition
Participants were asked to abstain from caffeine intake for 12 h before their

cardiac MR exam. First-pass contrast-enhanced myocardial perfusion MR

images were obtained during ATP stress and in the resting state by using a

1.5-T clinical MR scanner (Achieva 1.5 T, Philips Medical Systems, Best, the

Netherlands) and a 5-channel cardiac receiver coil. Initial scout MR images

were obtained to determine the position of the heart and diaphragm. Then,

steady-state cine MRIs on the short axis imaging planes of the LV were

acquired. Myocardial perfusion MR images were acquired with steady-state

perfusion MR sequence with non-slice-selective saturation recovery preparation

(four short-axis imaging slices, two images per heart beat, 3.0 ms repetition

time, 1.2 ms echo time, 45 degree flip angle and 150 ms between the saturation

preparation pulse and the center of k-space acquisition, 36�32 cm field of view,

128�128acquisition matrices and 8 mm section thickness). For both stress and

rest perfusion MRIs, gadolinium contrast medium (gadopentetate dimeglu-

mine, Magnevist, Schering, Berlin, Germany) was injected into the right

antecubital vein at a dose of 0.05 mmol kg�1 with a power injector at a flow

rate of 4 ml s�1, followed by a 20-ml saline flush. Dynamic MR images were

acquired for 1 min. The patients were instructed to begin holding their breath

at the start of the image acquisition and to maintain the breath hold as long as

possible. To correct the nonlinear relationship between the blood concentration

of MR contrast medium and MR blood signal intensity during first-pass, a dual

bolus method was used by injecting a bolus of diluted contrast medium

(0.005 mmol kg�1) before perfusion MRI that does not exhibit saturation of the

blood signal.16

Pharmacological stress was performed by injecting ATP (160mg kg�1 min�1)

in the left antecubital vein for 4 min. Symptoms, blood pressure, heart rate and

ECG were monitored while the patients were in the magnet, and any serious

adverse reaction caused by the pharmacologic stress was recorded throughout

the MRI examination. At 3 min after starting ATP administration, the acquisi-

tion of stress myocardial perfusion MR images were initiated and ATP was

continuously injected during the acquisition of the stress perfusion MRI. Rest

myocardial perfusion MRIs were acquired at least 10 min after finishing the

stress myocardial perfusion MRI.

Assessment of MBF and MPR
Rest-stress, first-pass myocardial perfusion MR images were analyzed using an

image analysis workstation (Virtual Place, Aze, Tokyo, Japan). Epicardial and

endocardial contours of the LV myocardium were manually determined to

obtain myocardial time–intensity curves, and the region of interest was placed

in the LV chamber to generate a blood time–intensity curve. The LV

myocardium was divided into 16 segments, consisting of 6 basal segments,

6 mid-ventricular segments and 4 apical segments on the basis of the AHA 17-

segment model, excluding the apical segment. Signal saturation of the LV blood

signal was corrected using a dual bolus method. Patlak plot analysis was

performed using blood the time–intensity curve as an input function and the

regional myocardial time–intensity curve as an output function.8 The range of

the least square fitting for Patlak plot analysis was automatically optimized

using an algorithm that maximizes the correlation coefficient of the least square

fitting. After calculating perfusion parameter K1 in 16 myocardial segments,

MBF was calculated as K1 divided by the extraction fraction of Gd-DTPA,

using the extraction fraction values in the previous studies. MPR was

determined as stress MBF divided by rest MBF. Several recent studies including

our studies have found a good correlation between adenosine stress perfusion

MR results and the invasively measured coronary fractional flow reserve.6,17

Definition and measurement of risk factors
Hypertension was defined as resting seated systolic blood pressure

X140 mm Hg, diastolic blood pressure X90 mm Hg using an oscillometric

sphygmomanometer in the hospital and/or self-reported history of hypertension

All subjects
(N=708)

Inclusion criteria Exclusion criteria

Retrospective evaluation
Inclusion

Normal LV function
on echocardiography and cine MRI
No regional myocardial ischemia
on stress perfusion MRI 
No myocardial infarction
on Late Gadolinium Enhancement 
(LGE) MRI

Previous Myocardial infarction

Valvular disease 

Arrhythmia

Cardiomyopathy

Renal failure  (E-GFR <30 l/min/1.73m2)

Subjects
(N=110)

Figure 1 Flow diagram of patients for enrollment and reasons for exclusion. For study enrollment, the subjects were selected from 708 subjects who

underwent echocardiography and cardiac MRI. We selected 110 subjects who satisfied the inclusion and exclusion criteria.
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on at least two different occasions and/or taking anti-hypertensive medications.

Blood samples were obtained from participants after 12 h of fasting and analyzed

at a central laboratory in our hospital for glucose, total cholesterol, low-density

lipoprotein (LDL) cholesterol and high-density lipoprotein (HDL) cholesterol.

Dyslipidemia was defined as total cholesterol X220 mg per 100 ml and/or

triglyceride X150 mg per 100 ml and/or LDL cholesterol X140 mg per 100 ml

and/or HDL cholesterol p40 mg per 100 ml. DM was defined as fasting glucose

X126 mg per 100 ml, and/or a self reported history of diabetes, and/or taking

diabetes medications. Smoking was defined as lifetime consumption for cigarettes.

Statistical analysis
All data were expressed as the mean±the standard deviation. Analysis was

performed using SPSS version 11.5 (SPSS Inc, Chicago, IL, USA).

The perfusion and hemodynamic measurements were compared across

categories of risk factors using a Student’s t-test. Spearman correlation

coefficients were calculated between continuous risk factors and perfusion

measurements. Stepwise multiple linear regression analysis was performed to

estimate the difference in MBF and MPR predicted by a given difference in risk

factor. A value of Po0.05 was considered statistically significant.

RESULTS

Patient background and characteristics
Patients’ backgrounds are summarized in Table 1. Mean hemoglobin
levels were 13.5±1.6 mg per 100 ml (range: 8.9–17.1), mean hemato-
crit levels were 41.1±4.4% (range: 28.3–41.1) and mean e-GFR were
62.2±15.6 l min�1 per 1.73 m2 (range: 31.9–121.9).

Example of myocardial perfusion maps
All patients tolerated the cardiac MR procedures and there were no
complications. Figure 2 illustrates a typical example of MBF maps in

the resting state and during stress, in a subject without risk factor and
in another subject with hypertension, LVH and low e-GFR. In the
resting state, MBF was approximately 1 ml min�1 g�1 of the myo-
cardial tissue in both cases. By contrast, during ATP stress, MBF
increased to 3 ml min�1 g�1 in a subject without risk factors, whereas
the augmentation of MBF by stress was impaired in this case with
hypertension, LVH and low e-GFR.

The mean value of rest and stress MBF
Average global rest MBF was 1.07±0.62 ml min�1 g�1 (range: 0.34–
2.72 ml min�1 g�1). ATP stress raised MBF to 3.15±1.93 ml min�1 g�1

(range: 0.33–12.10), resulting in an average MPR of 3.33±1.82 (range
0.34–11.8).

Univariate analysis investigating the relation between MBF and
multiple risk factors is summarized on Table 2. Both the rest (0.96 vs.
1.31; P¼0.015) and stress MBF (2.74 vs. 4.03; P¼0.004) were sig-
nificantly lower in males than in females. However, there was no
significant difference in MPR between males and in females (3.19 vs.
3.63; P¼0.239). As for the hypertension, there was no difference in
resting MBF between the two groups (1.09 vs. 0.99; P¼0.436), whereas
the MPR was significantly lower in the hypertension group compared
with that in non-hypertension group (3.01 vs. 4.35; P¼0.01). All other
risk factors, including diabetes, smoking, dyslipidemia, family history
and obesity, showed no significant differences between the two groups.

Spearman correlation analysis between myocardial perfusion mea-
surements and risk factors are shown in Table 3. Although the rest
MBF and stress MBF did not exhibit significant association with
age, MPR shows a weak but significant correlation with age. Hema-
tocrit correlated negatively with rest MBF and e-GFR correlated
positively with stress MBF. Finally, LVMI showed a significant associa-
tion with MPR.

In addition to the univariate analysis, we performed multivariate
adjusted linear regression analysis. Age was not significantly associated
with MBF or MPR. Gender correlated with rest MBF and ATP stress
MBF, but not with MPR. LVMI also showed a negative correlation
with MPR (P¼0.007, b¼�0.248). Among these risk factors, hyperten-
sion showed the most significant negative correlation with ATP stress
MBF (P¼0.013, b¼�0.226,) and MPR (P¼0.003, b¼�0.274). The
other risk factors showed no significant correlation with the perfusion
parameters by multivariate analysis (Table 4).

DISCUSSION

In the present study, we demonstrated that hypertension is most
strongly associated with MPR among risk factors.

The presence of an abnormal MPR despite angiographically normal
coronary arteries has been demonstrated.18,19 Possible mechanisms
included a structural remodeling of the coronary microvasculature
and the accumulation of fibrillar collagen in the myocardium that
might increase minimal resistance, an increase in the extravascular
component of coronary resistance due to an augmentation of myo-
cardial tissue pressure during diastole, and a functional increase in the
tonus of the coronary resistance vessels with reduced endothelium-
dependent relaxation in response to adenosine diphosphate.19,20

Therefore, detecting the impairment of global MPR would provide
valuable information for cardiovascular risk assessment. Lu Wang
et al. demonstrated that reduced MPR was independently associated
with hypertension, higher diastolic blood pressure and higher total
cholesterol and LDL cholesterol after adjusting for age, gender and
race. They also demonstrated the cross sectional relationship between
myocardial perfusion and age, gender, race and physical activity, in
addition to coronary disease risk factors.21 However, the MBF and

Table 1 Clinical characteristics data of patients

n¼ 110

Age, yrs 66±10

Gender (male), n (%) 75 (68%)

Systolic blood pressure (SBP), mmHg 135±22

Diastolic blood pressure (DBP), mmHg 76±13

Heart rate (HR), bpm 67±11

Left ventricular ejection fraction (EF), % 62.7±7.7

Left ventricular mass index (LVMI), gm�2 61.5±19.0

Hemoglobin (Hb), mg per 100 ml�1 13.5±1.6

Hematocrit (Ht), % 41.1±4.4

Body Mass Index (BMI), kgm�2 24.2±3.5

Estimated glomerular filtration ratio

(e-GFR: MDRD), l min�1 per 1.73m2

62.2±15.6

Coronary risk factor

Hypertension, n (%) 84 (76%)

Diabetes, n (%) 44 (40%)

Dyslipidemia, n (%) 72 (65%)

Smoking, n (%) 35 (32%)

Obesity, n (%) 41 (37%)

Family history, n (%) 16 (15%)

Medication

Beta blocker, n (%) 24 (22%)

ACE-I/ARB, n (%) 48 (44%)

Diuretics, n (%) 9 (8%)

HMG-CoA inhibitor, n (%) 26 (24%)

Abbreviations: ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor
blocker; HMG-CoA, hydroxymethylglutaryl-CoA reductase inhibitor; MDRD, modification of diet
in renal disease.
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MPR were affected by not only these factors but also by anemia, LV
wall thickness and renal dysfunction, which are related to endothelial
dysfunction.22–24 Therefore, in the present study, we evaluated the
relationship of MPR with anemia, LVMI and e-GFR, in addition to the
traditional coronary risk factors that may affect endothelial function.
In the current study, the stress MBF and MPR correlated more
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Figure 2 Examples of MBF images and maps in the resting state and during stress; the top row shows rest MBF images and the bottom row shows

stress MBF images. (a) Rest MBF in a subject without risk factors was approximately 1.1 mlmin�1 g�1. (b) And stress MBF increased to 2.9mlmin�1 g�1.
(c) Rest MBF in a patient with hypertension, low e-GFR was 1.2 mlmin�1 g�1. (d) Augmentation of MBF by stress was impaired (1.6 mlmin�1 g�1) in

this case.

Table 2 Unadjusted mean perfusion measurements and

hemodynamic parameters across categories of participant

characteristics

Risk factors n¼ Rest MBF Stress MBF MPR

Gender

Male 75 0.95790 2.73885 3.18529

Female 35 1.30758 4.02793 3.62555

P¼ 0.015 0.004 0.239

Hypertension

Yes 84 1.09491 2.91165 3.00747

No 26 0.98596 3.91588 4.35246

P¼ 0.436 0.077 0.010

Diabetes

Yes 44 1.06969 3.08214 3.28279

No 66 1.06881 3.19360 3.35377

P¼ 0.994 0.769 0.842

Smoking

Yes 35 1.00326 3.19132 3.63489

No 75 1.09992 3.12927 3.18093

P¼ 0.448 0.876 0.224

Dyslipidemia

Yes 72 1.12460 3.23101 3.30270

No 38 0.96412 2.99365 3.36834

P¼ 0.197 0.543 0.858

Abbreviations: MBF, myocardial blood flow; MPR, myocardial perfusion reserve.

Table 3 Spearman correlation analysis between myocardial perfusion

measurements and risk factors

Rest MBF Stress MBF MPR

Risk factors r P r P r P

Age 0.11 0.241 -0.07 0.478 -0.23 0.011

Hematocrit �0.32 o0.001 �0.05 0.555 0.25 0.006

e-GFR �0.15 0.869 0.19 0.042 0.20 0.030

LVMI 0.15 0.103 �0.17 0.081 �0.34 o0.001

SBP 0.100 0.298 �0.122 0.203 �0.241 0.011

DBP �0.097 0.312 �0.091 0.343 0.036 0.707

Abbreviations: DBP, diastolic blood pressure; e-GFR, estimated glomerular filtration rate; LVMI,
left ventricular mass index; SBP, systolic blood pressure.

Table 4 Results for stepwise multiple adjusted linear regression

models of myocardial blood flow and myocardial perfusion

measurements with risk factors

Rest MBF ATP stress MBF MPR

Risk factors b P¼ b P¼ b P¼

Gender (male) �0.200 0.035 �0.315 0.001 �0.088 NS

Age 0.087 NS �0.018 NS �0.148 NS

e-GFR 0.034 NS 0.113 NS 0.057 NS

Hypertension 0.036 NS �0.226 0.013 �0.274 0.003

Diabetes 0.052 NS 0.008 NS �0.001 NS

Dyslipidemia 0.132 NS 0.014 NS �0.028 NS

Smoking �0.003 NS 0.033 NS 0.116 NS

Obesity �0.164 NS �0.057 NS 0.099 NS

LVMI 0.111 NS �0.122 NS �0.248 0.007

Hematocrit �0.245 0.010 �0.088 NS 0.084 NS

Abbreviations: ATP, adenosine triphosphate; e-GFR, estimated glomerular filtration rate; LVMI,
left ventricular mass index; MBF, myocardial blood flow; MPR, myocardial perfusion reserve;
NS, not significant variables were eliminated in Stepwise analysis (P40.05).
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significantly with hypertension after adjusting for age and gender in
multivariate analysis.

The mechanisms underlying microvascular dysfunction, leading to
myocardial ischemia, in patients with hypertension without coronary
artery disease is not yet clear. In patients with hypertension, rest MBF was
adapted to not only the higher myocardial oxygen consumption25 but
also increments in the tone of coronary resistance vessels due to higher
blood pressure and extravascular compression in the presence of LV
hypertrophy.23 Thus, structural changes in the coronary vasculature may
be the major contributors to impaired MPR. Abnormalities in coronary
reactivity may also exist in asymptomatic hypertensive individuals.2,26

Hypertension reduces endothelial responses with relaxation to acetyl-
choline, ADP and thrombin in large vessels,27,28 which reduces MPR.

Di Carli et al. demonstrated that the increase in ATP stress MBF was
similar in subjects with type 1 and type 2 DM, but lower than in the
controls group, although basal MBF was similar among these three
groups.29 Inconsistent with the study, the present result shows that
DM was not associated with MPR. The severity of DM in the present
study (HbA1c 6.7±1.3 mg per 100 ml) was less than that study (type 1
DM: 10.7±2.8 mg per 100 ml), which may explain the discrepancy of
the results. Pitkanen et al. demonstrated that coronary flow reserve
was reduced in young men with familial hypercholesterolemia and
consequently coronary resistance during hyperemia is increased.4

However, in the present study, dyslipidemia was not associated with
MPR probably because of the difference in severity of the disease
(mean total cholesterol levels: 298±73 vs. 208.7±32 mg per 100 ml).

Limitations
There are several limitations in this study. First, it should be pointed
out that the present study is not a real epidemiological study. The
participants were the patients who had undergone cardiac MRI in
hospital. Second, exclusion of significant coronary artery disease was
on the basis of the absence of regional heterogeneity of MBF on rest
perfusion MRI. The influence of anti-hypertensive medication on
MPR should be considered. In the present study, 65 in 84 hypertensive
patients took medication for hypertension. No difference was found in
MPR between the groups with and without calcium-channel blocker,
or between those with and without beta-blocker. However, MPR in
groups with angiotensin converting enzyme inhibitors or angiotensin
receptor blocker was significantly lower than that without those
medicines (Figure 3). It has been reported that angiotensin converting

enzyme inhibitors/angiotensin receptor blocker improved MPR,30 so
that in the present study angiotensin converting enzyme inhibitors or
angiotensin receptor blocker might be dispensed for patients with
hypertension and impaired coronary micro-circulation.

CONCLUSION

We evaluated MPR in patients without myocardial ischemia using
perfusion MR images. Hypertension was the most important effector
of MPR and may be the most important factor for cardiovascular disease
from the viewpoint of MPR in subjects without myocardial ischemia.
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