
he endothelium is the monolayer of the endothelial
cells lining the lumen of all blood vessels and func-
tions as a large autocrine, paracrine, and endocrine

organ that regulates vasoactivity, smooth-muscle-cell pro-
liferation, platelet aggregation, monocyte adhesion, hemo-
stasis, thrombolysis, inflammation, immune responses, and
free radical production.1,2 The term “endothelial dysfunc-
tion” is most often used to denote impairment of endothe-
lium-dependent vasodilation, but probably encompasses
those conditions leading to endothelial activation with
abnormalities in endothelial interactions with leukocytes,
platelets and regulatory substances.3 Recent insights into the
basic mechanisms involved in atherogenesis indicate that
deleterious alterations of endothelial physiology represent
a key early step in the development of atherosclerosis and
are also involved in plaque progression and the occurrence
of atherosclerotic complications.4–6 Several studies have
shown that risk factor modification improves endothelial
function, and therefore, the diagnosis of this clinical entity
has been gaining importance.7–11

Because it is a diffuse disease process, endothelial func-
tion can be assessed clinically either invasively or nonin-
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vasively in the coronary artery and peripheral circulation
by monitoring the vasodilatation produced by the adminis-
tration of endothelium-dependent agonists or by increased
blood-flow shear (flow-mediated vasodilation).12–16 Al-
though endothelial function testing is available in the
research setting, no technique yet exists that is simple, safe,
reproducible and easily performed as a screening method.
As a simple noninvasive test for endothelial dysfunction
would potentially have immediate clinical applicability,
there is growing interest in developing a noninvasive, relia-
ble method of assessment. Such a test might identify
presymptomatic subjects at high risk of atherosclerotic
complications and therefore allow specific “targeting” of
primary preventive strategies.

The aim of this prospective study was to design a new,
semiquantitative scintigraphic method of imaging the flow-
mediated vasodilation in the forearm, which represents the
functional characteristic of the endothelial dysfunction.

Methods
Patient Population

This study was designed to be part of the myocardial
perfusion single photon emission computed tomography
(SPECT) imaging (MPI) in order to decrease the patients’
radiation burden and to obviate another imaging session.
We studied 118 outpatients (72 men, 46 women; age range,
20–80 years; mean age±SD, 45.2±12.4) referred for MPI
because of risk factors for coronary artery disease. They
did not have known complicated cardiovascular disease.
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A structured interview was performed and clinical histo-
ry acquired, and cardiac risk factors were assessed before
nuclear testing. Patients were divided into subgroups ac-
cording to their risk factors described as follows. Hyperten-
sion was defined as repeated blood pressure measurements
>140/90mmHg or antihypertensive medication (17 patients
were on angiotensin converting enzyme inhibitor treatment,
9 patients were on calcium-channel blocker treatment and 
7 patients were on -blocker treatment). Diabetes mellitus
was defined as a fasting glucose level ≥7.8mmol/L or the
need for insulin or oral hypoglycemic agents. Hypercho-
lesterolemia was defined as a total cholesterol level
≥6.4mmol/L or treatment with lipid-lowering medication
(10 patients were on statin treatment). The diagnosis of
coronary artery disease was based on the standard criteria
of MPI, electrocardiographic changes, and clinical history.
The study population was also divided into 2 subgroups
according to the scintigraphic findings reported by 2 expe-

rienced observers in a blinded manner: patients in group 1
had normal perfusion patterns, and patients in group 2 had
perfusion defects on their scans.

Patients were fasted for at least 6h before the study, and
they were studied in a quiet, temperature-controlled room.
All vasoactive medications were withheld for at least 24h.
Patients with non-satisfactory injection into their dorsal
pedal veins and known bilateral lower extremity venous
disease were excluded. All patients were informed about
the procedure and verbal informed consent was given
before the test. The hospital ethics committee approved the
study protocol.

Technique, Acquisition Protocol and Instrumentation
All patients underwent 2-day (stress – rest technetium-

99m (99mTc)-sestamibi) MPI with exercise stress testing.
Following symptom-limited treadmill exercise test using
the standard Bruce’s protocol, 740–925MBq (20–25mCi)
of 99mTc-sestamibi (reconstituted from Cardio-SPECT kits,
Medi-Radiopharma, Budapest, Hungary) was injected
intravenously at peak stress. Stress SPECT imaging was
initiated 30–60 min later, using a 15% window centered
over the 140-keV photopeak. Acquisitions were performed
using a 2-detector 90° camera (Optima; GE, Milwaukee,
WI, USA) with 64 projections over 180° (right anterior
oblique 45° to left posterior oblique 45°).

Next day, while the patient remained seated both fore-
arms were placed on the gamma camera (Starcam; GE,
Milwaukee, WI, USA), equipped with low energy general-
purpose collimator. A sphygmomanometer cuff was placed
around the left arm just above the elbow and inflated to
supra systolic pressure for 4.5 min to induce forearm
ischemia by interrupting arterial blood supply. Then 740–
925 MBq (20–25 mCi) 99mTc methoxy-isobutyl isonitrile
(MIBI) prepared for rest MPI was injected into the dorsal
pedal veins of the patient. When activity was detected in
the right arm on the monitor, the cuff was deflated and
dynamic acquisition (2 s per frame/min) was initiated
simultaneously (Fig1). Rest SPECT imaging was carried
out 45–60min later in all cases.

Fig1. Sequential 1-s dynamic images after release of the tourniquet
and IV injection of 20mCi technetium-99m methoxy-isobutyl isonitril
demonstrate reactive hyperemia or flow-mediated vasodilatation in
the left arm of a patient.

Fig2. Regions of interest drawn in approximately similar locations on the reframed image (a). Increased perfusion in
the left arm of the patient can be easily seen. The left time–activity curve demonstrates dual phase; the early rapid and
late slow activity increase signifies flow-mediated vasodilation in the left arm of the patient (b), whereas the one on the
right shows approximately proportional activity increase, signifying normal perfusion pattern in the right arm of the same
patient.

a b
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Image Evaluation
The left and right arms of the patient were used as test

and control groups respectively to detect reactive hyperemia
in this study. Dynamic images were reframed as 1 image
and equivalent regions of interest (ROIs) were drawn in
approximately similar locations on both arms in order to
detect total activity counts during 1min (Fig2a). Counts
derived from the left forearm ROI were divided by the
counts derived from the right forearm ROI to calculate the
left arm/right arm perfusion ratio, showing the response to
shear stress of the test arm for comparative studies. Later,
time – activity curves were derived and injection quality
was assessed by observing the slopes and time-to-peak
times (Fig2b).

Statistical Analyses
Because many known and unknown factors affect endo-

thelial functions, we could not identify a normal group. The
counts derived from ROIs are presented as counts per min
(cpm) and the perfusion ratios of the risk groups are pres-
ented as the mean ± SD. The difference between counts
derived from the ROIs of the left and right arms and the
difference between the perfusion ratios of patients with or
without perfusion defects on their scans were tested for sig-
nificance by paired samples t-test. The difference between
the patients with or without same risk factor was tested for
significance by independent samples t-test, and the differ-
ence among groups of increasing risk factors was tested for
significance by one-way ANOVA test. Statistical analysis
was performed with the SPSS 10.0 Statistical Package
Program for Windows (SPSS Inc, Chicago, IL, USA).
Differences were considered significant at p<0.05.

Results
The means and standard deviations of the counts derived

from the ROIs of the left and right arms of the patients
were 22,203.3±12,372.7 and 9,980.9±5,931 respectively.
The left arm counts signifying increased perfusion second-
ary to flow-mediated vasodilation were significantly higher
than those of the right arms, which signify the baseline per-
fusion (p<0.001).

The perfusion ratios varied from 1.43 to 3.10. A signifi-
cant decrease in perfusion ratio was noted in the hyperten-
sion and hypercholesterolemia groups (Table 1).

The effect of an increase in the number of risk factors on

the perfusion ratio is shown in Table2. Although an in-
crease in the number of risk factors caused a decrease in
perfusion ratios generally, it was not statistically significant
(p=0.346).

According to the MPI results, 41 (35%) of 118 patients
had perfusion defects on their scans. There was not a statis-
tically significant difference between the perfusion ratios of
the patients with (2.37±0.64) and without (2.32±0.53)
perfusion defects (p=0.66).

Dynamic, reframed images and time – activity curves
derived from the ROIs of a representative case are shown
in Figs 1 and 2. The left arm curve was usually biphasic and
first steep increase was usually followed by a plateau or
slight increase (Fig2b). A proportional increase was usual-
ly detected in the time–activity curve of the right arm.

Discussion
The local release of nitric oxide (NO) in response to

shear stress and hypoxia causes reactive hyperemia by
dilating the distal microvasculature. In our study using a
perfusion tracer, we detected a significant increase in the
perfusion of the left arm of the patients after an ischemic
period and therefore, we consider that our scintigraphic
method is highly effective in demonstrating the vascular
dilator response to shear stress. Injection of 99mTc-MIBI
into dorsal pedal veins of the patient theoretically provides
standardization in the amount of radioactivity reaching
both brachial arteries by eliminating differences in the
amount of injected activity and injection volume. Because
activities were counted from ROIs of the same size drawn
on both forearms under the same conditions, quantitative
data derived from this scintigraphic method are compara-
ble. Furthermore, the calculated perfusion ratios indicating

Table 1 Scintigraphic Results

Perfusion ratios*

n (%) Positive n (%) Negative p value**

Risk factors
    Diabetes mellitus 13 (11) 2.20±0.52 105 (89) 2.36±0.59 0.355
    Hypertension 33 (28) 2.05±0.50   85 (72) 2.45±0.57 0.001
    Family history 18 (15) 2.41±0.50 100 (85) 2.33±0.59 0.619
    Hypercholesterolemia 13 (11) 2.04±0.47 105 (89) 2.38±0.58 0.044
    Smoking 70 (59) 2.36±0.58   48 (41) 2.31±0.58 0.575
Gender
    M 72 (61) 2.35±0.58

0.818
    F 46 (39) 2.33±0.59
Age (years)
    ≥60 23 (19) 2.10±0.56
    50–59 30 (25) 2.43±0.56
    40–49 29 (24) 2.24±0.51
    ≤39 36 (30) 2.52±0.57

*Mean ± SD, **independent samples t-test.

Table 2 Cumulative Effects of the Risk Groups

Group
Risk factors Patients Perfusion

p value**
(n) (n) ratios*

1 1 37 2.53±0.57
2 2 32 2.44±0.59
3 3 23 2.24±0.52 0.346
4 4 19 2.11±0.51
5 5   7 2.10±0.67

*Mean ± SD, **one-way ANOVA test.
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the endothelium-dependent vasodilation capacity of the test
arm of the patient enables comparison of risk groups.

Endothelial function is impaired by all the known coro-
nary risk factors, including advanced age, male gender,
dyslipidemia, hypertension, smoking and diabetes mellitus,
as well as other unknown risk factors.17,18 After the evalua-
tion of the risk groups in our study, it was noted that the
perfusion ratios were lower in the hypertension and hyperc-
holesterolemia groups. We also expected to find lower per-
fusion ratios in the other risk groups, but in reality it is did
not occur, because of individual differences in endothelial
function, which has been pointed out by studies showing
that individuals with normal endothelial function and pa-
tients with various stages of endothelial dysfunction do not
necessarily differ in their risk factor profiles.19–21 Besides,
the presence of established cardiovascular risk factors is
not the only determinant of endothelial function. Rather,
endothelial integrity depends on the balance of all cardio-
vascular risk factors and vasculoprotective elements in a
given individual, including as yet unknown variables and
genetic predisposition.22 This may also explain the absence
of a significant difference between the perfusion ratios of
patients with and without perfusion defects on their scans.
On the other hand, some studies have indicated that the risk
of developing endothelial dysfunction increases with the
number of risk factors present in an individual.23,24 Our
findings are also consistent with those results.

The brachial artery dilator response to shear stress has
been shown to be reproducible,12 caused mainly by endo-
thelial release of NO,25,26 and to correlate well with the
results of invasive testing of coronary endothelial func-
tion.27 Current methods of assessing endothelial function by
measuring brachial artery flow-mediated vasodilatation
vary significantly in terms of cost, invasiveness and stan-
dardization of the technique,12,13,18,28 but our method is
minimally invasive, relatively easy to perform and gives
objective quantitative results. It has also the potential to be
easily incorporated into any center with nuclear medicine
facilities.

Our study differs in a few points from a similar-aimed
study.29 First, we used the dorsal pedal veins instead of the
brachial veins and for this reason we did not need to use a
catheter for injection. Second, although we released the
cuff as soon as we detected activity in the control arm in
order to detect the actual effect of NO, there was a lag time
of 30s, which is important because the biologic half-life of
NO is approximately 5 s30,31 and flow-mediated vasodilata-
tion is mediated mainly by NO. Third, Dupuis et al used a
dynamic imaging time of 1 s frame for 10min and 99mTc-
tetrofosmin as the perfusion tracer. Probably for these
reasons our time–activity curves were different and we did
not detect the peak time points. Finally, they described a
control group with a negative symptom-limited exercise
stress test, and patients in that group had 1 known tradi-
tional risk factor for coronary artery disease, apart from
older age, and they did not undergo stress myocardial
perfusion imaging. However, endothelial function can be
affected by many known and unknown risk factors and
therefore we could not describe a control group. Probably
for these reasons, our results are different and we could not
find a significant difference between the results of patients
with and without detectable coronary artery disease.

Study Limitations
First, intravenous injection of the radiopharmaceutical

into the dorsal pedal veins was sometimes difficult but may
become easy in time in the hands of an experienced opera-
tor. Second, numerous factors affect flow-mediated vas-
cular reactivity, including temperature, food, drugs and
sympathetic stimuli, among others and these factors are im-
portant for the reproducibility of this method and it may not
always be possible to take all these confounding factors into
considering when preparing a subject for the study. Third,
because it was part of the myocardial perfusion SPECT
study, we used 99mTc-MIBI as a radiopharmaceutical, but
other perfusion tracers, such as 99mTc-diethylenetriamine
pentaacetic acid, may give better results regarding the
blood flow in the conduit and resistant vessels of the arm
without muscular uptake in a separate study. Fourth, our
study population was relatively young and therefore the
incidences of major risk were infrequent. Finally, because
the right arm of the patient was the control group, this gave
us an opportunity to overcome differences in injection
sites, bolus amount of activity, injection volume, route of
the radiopharmaceutical and arrival of the tracer to the
arms. At the same time, this approach may be the cause of
error because being right- or left-handed may change the
baseline blood flows in both arms.

The impaired endothelial function that occurs in athero-
sclerosis and in the presence of risk factors for atheroscle-
rosis plays an important role in the subsequent develop-
ment of acute coronary syndromes. It is also important in
microvascular ischemia syndromes, such as ‘Syndrome X’
which is characteristically found in individuals with chest
pain but no hemodynamically significant coronary artery
stenosis.32 Therefore, evaluation of endothelial function in
these patients may be helpful in differential diagnosis.
Although our method is an initial step and further charac-
terization is required, we believe that we have opened a
window to a new research area.

Conclusion
We imaged the flow-mediated-dilation in the forearm,

which represents the functional characteristic of endothe-
lial function, with a semiquantitative scintigraphic method
using perfusion tracer and obtained quantitative data. Fur-
ther correlative and comparative studies with other defined
methods are necessary to establish its efficacy in clinical
practice.
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