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Abstract
Purpose Arrhythmogenic right ventricular cardiomyopathy
(ARVC) is a nonischaemic cardiomyopathy and leading
cause of sudden death in the young. It has been shown
that microvascular dysfunction reflected by an impaired
myocardial blood flow (MBF) response to stress is

present in patients with other forms of nonischaemic
cardiomyopathy, e.g. dilated cardiomyopathy, and that
the reduced MBF may be related to a poor prognosis.
Therefore, we quantified MBF, coronary flow reserve
and coronary vascular resistance in patients with non-
failing ARVC using H2

15O and PET.
Methods In ten male patients with ARVC (mean age 49±
14 years), MBF was quantified at rest and during
adenosine-induced hyperaemia using H2

15O PET. Results
were compared with those obtained in 20 age-matched
healthy male control subjects (mean age 46±14 years).
Results Resting MBF was not significantly different
between patients with ARVC and controls (MBFrest 1.19±
0.29 vs. 1.12±0.20 ml/min/ml). However, hyperaemic
MBF was significantly lower in patients with ARVC
than in controls (2.60±0.96 vs. 3.68±0.84 ml/min/ml;
p=0.005). Consequently, patients with ARVC had a
significantly lower coronary flow reserve than control
subjects (2.41±1.34 vs. 3.39±0.93; p=0.030). In addi-
tion, hyperaemic coronary vascular resistance was
increased in patients with ARVC (36.79±12.91 vs.
26.31±6.49 mmHg×ml-1×min×ml; p=0.007), but was
found to be unchanged at rest.
Conclusion In this small well-characterized cohort of
patients with nonfailing ARVC, we found a significantly
reduced hyperaemic MBF and increased coronary vascular
resistance. Further studies are necessary to corroborate this
potential new functional aspect of the pathophysiological
mechanisms underlying ARVC.
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Introduction

Arrhythmogenic right ventricular cardiomyopathy (ARVC)
is a myocardial disease frequently associated with
recurrent ventricular tachycardia and sudden cardiac
death in a young population [1]. Studies of the
myocardial sympathetic nervous system in patients with
ARVC have revealed left ventricular involvement [2]
which could result in an impairment of vascular
reactivity. In addition, microvascular dysfunction has
been detected in patients with other non-ischaemic
cardiomyopathies, in whom it is an independent predictor
of clinical deterioration and death [3, 4]. Therefore, we
investigated myocardial perfusion reserve in patients
with ARVC.

Methods

Study population

Ten male patients with well-characterized definite ARVC
(49±14 years) were prospectively enrolled in this study.
The diagnosis of ARVC was established in accordance with
the proposed diagnostic criteria [1] with major criteria
counting as 2 and minor criteria as 1 score point. At least 4
points from different diagnostic groups were required for
the diagnosis of ARVC. None of the study patients had
hypertension, clinical signs or symptoms of coronary artery
disease, or heart failure.

All patients underwent detailed noninvasive (12-lead ECG
at rest and two-dimensional transthoracic echocardiography)
and invasive investigations (including right/left ventricu-
lography and coronary angiography). Upon transthoracic
echocardiography, left ventricular end-diastolic and end-
systolic diameters were measured in the parasternal long
axis view and indexed to the body surface area. In
addition, fractional shortening was used to evaluate left
ventricular function. All aforementioned parameters were
calculated without knowledge of the PET results according to
published recommendations [5], and were normal in all
patients (Table 1) with no evidence of valvular stenoses or
higher degree of valvular regurgitation. Patients and controls
alike were in sinus rhythm. Thyroid disease, diabetes
mellitus and familial hypercholesterolaemia were excluded
prior to the PET scan. The clinical characteristics of the
patients are summarized in Table 1.

Control group

The control group comprised 20 healthy age- and sex-matched
subjects (46±14 years) without structural heart disease. No
control subject had clinical signs or symptoms suggestive of
coronary artery disease. In addition, exercise stress tests
and two-dimensional transthoracic echocardiography were
performed prior to study entry and were normal in all subjects.

All patients and control subjects gave written informed
consent to the study protocol approved by the local ethics
committee of the Medical Faculty of the University of
Münster, Germany.

Table 1 Individual clinical and echocardiographic characteristics of the patients with ARVC

Patient no. Age
(years)

Diagnosisa Body surface
area (m2)

Left ventricular
end-diastolic
diameter indexb

Left ventricular
end-systolic
diameter indexc

Fractional
shortening (%)d

Score Major criteria Minor criteria

1 54 9 4 (A, B, D, F) 1 (E) 1.8 31 16 49

2 55 4 1 (A) 2 (B, E) 2.2 23 13 42

3 51 9 4 (A, B, C, F) 1 (E) 2.1 23 13 48

4 39 8 3 (A, B, F) 2 (C, D) 2.2 21 14 33

5 57 6 2 (A, B) 2 (D, E) 2.2 25 20 30

6 67 6 2 (B, F) 2 (A, C) 1.9 26 16 39

7 28 9 3 (A, B, D) 3 (C, E, F) 1.9 27 17 39

8 24 6 2 (A, F) 2 (C, E) 1.9 25 14 44

9 63 9 3 (A, B, F) 3 (C, D, E) 1.9 27 17 35

10 50 7 3 (A, B, F) 1 (C) 2.4 25 15 41

Mean±SD 49±14 7±2 3±1 2±1 2.1±0.2 25±3 15±2 40±6

a According to the modified Task Force criteria [1]. Adapted diagnostic categories: A structural alterations, B tissue characteristics, C
repolarization abnormalities, D depolarization abnormalities, E arrhythmias, F family history. See text for details.
b Indexed to body surface area; normal range 20–32 mm/m2 .
c Indexed to body surface area; normal range 13–21 mm/m2 .
d Normal range 25–35%.
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Noninvasive measurement of myocardial perfusion in vivo

PET scans were performed after fasting for at least 12 h,
particularly in relation to caffeine-containing beverages,
chocolate and smoking to avoid interference with
adenosine, according to a previously published protocol
[6]. In brief, myocardial blood flow (MBF) was assessed
after intravenous bolus injection of 500 MBq H2

15O
over 20 s while performing a 26-frame dynamic PET scan
(ECAT-921; Siemens/CTI, Knoxville, TN) over 5 min.
The emission data were reconstructed (Hanning filter,
FWHM 7.3 mm, zoom factor 2.3, 47 planes, matrix size
128×128). Factor images were generated from the
dynamic H2

15O scans and resliced into short-axis images
perpendicular to the long axis of the left ventricle. This
transformation matrix was also used to reslice the dynamic
water images. Regions of interest (whole left ventricular
myocardium and four-wall analysis) were placed manually
on the short-axis planes of the factor images encompassing
myocardial tissue, the left atrial cavity and the right
ventricular cavity. Arterial, venous and tissue time–
activity curves were fitted to a single-compartment
model to quantify regional and global MBF (millilitres
per minute per millilitre) and perfusable tissue fraction
[7]. To eliminate potential interindividual differences in
cardiac workload, MBF at rest was corrected for the rate–
pressure product (RPP; MBFcorrected = MBF/RPP ×10,000
[8]). Coronary flow reserve was calculated as the ratio of
hyperaemic MBF and the RPP-corrected baseline MBF.
Coronary vascular resistance (CVR) was calculated by
dividing mean arterial pressure by the respective MBF in
different settings (at baseline and under adenosine stress).

Statistical analysis

Data are expressed as means±standard deviation. Student's
t-tests were used for comparison of continuous variables.
The two-sided Spearman’s correlation coefficient was
calculated to investigate associations between possible
confounders and observed outcome data (SPSS, version
16.0 for Windows; SPSS, Chicago, IL). A p-value <0.05
was considered significant.

Results

Resting MBF corrected for the RPP was comparable
between patients with ARVC and controls (p=0.42) and
not correlated with left ventricular diameter (p=0.197).
However, the response of MBF to adenosine was severely
blunted in patients with ARVC when compared to controls
(p=0.005; Fig. 1) and associated with a lower hyperaemic
coronary flow reserve (p=0.030; Fig. 2). Consequently, a

significantly increased CVR under hyperaemic conditions
was found in patients with ARVC compared to controls
(p=0.007; Fig. 3), while baseline CVR was unchanged
(p=0.66). In addition, both groups had similar regional

Fig. 1 MBF in patients with ARVC and control subjects as measured
by H2

15O PET at baseline and under adenosine stress. Baseline
MBF is corrected for the RPP. a Mean values (±SD) for each group,
b individual patient results

Fig. 2 CFR in patients with ARVC and control subjects (boxplots for
the group and scatter plots of individual data)
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myocardial perfusion patterns at rest and under adenosine
stress (data not shown). Importantly, the tissue fraction
calculated from the dynamic H2

15O PET scans, being a
measure of perfusable myocardial tissue in a region-of-
interest, was similar between patients with ARVC and
controls at baseline (0.65±0.08 g/ml in patients vs. 0.64±
0.07 g/ml in controls; p=0.74), excluding significant
myocardial fibrosis in patients with ARVC potentially
influencing the quantification of MBF.

Discussion

In the present study investigating microvascular function in
well-characterized patients with nonfailing ARVC, we
demonstrated for the first time a significantly blunted
MBF response to adenosine, which resulted in a decrease
in coronary flow reserve of approximately 50% compared
to control subjects.

The ratio of MBF during maximal coronary vasodilation
to baseline, defined as the coronary flow reserve, is an
integrated measure of coronary blood flow through both the
large epicardial arteries and the microcirculation, and thus
facilitates a functional evaluation of the coronary circula-
tion. Hence, a reduction in coronary flow reserve can result
from either angiographically demonstrable coronary artery
stenoses, which were ruled out in the study population, or
reflect an impairment in coronary microcirculation. Micro-
vascular dysfunction in turn could arise from structural and/
or functional impairment on different levels of the coronary
arteries – the endothelium, the smooth muscle cells, the
autonomic nerves, and others. Since MBF and CVR at
baseline were found to be unchanged in our study,
impairment of the dilatory responsiveness of the arteries is
a likely explanation. Using adenosine to trigger an increase

in hyperaemic blood flow allows gross assessment of the
endothelium-independent vasodilatory capacity because
only a minor fraction of the blood flow increase can be
explained by endothelium-dependent mechanisms [9].

Apart from the endothelium-independent vasodilation of
microvessels, adenosine infusion typically results in a drop
in blood pressure and, in turn, drives the sympathetic tone,
as can be seen by an increased heart rate under adenosine
stress. In a normal heart this further enhances coronary
blood flow through β-adrenoceptor stimulation at the
arterial vascular tree resulting in coronary vasodilation at
the level of the large artery and arterioles, an effect
which “overrides” the parallel α-adrenoceptor-mediated
vasoconstriction [10]. However, in a condition such as
ARVC, in which MIBG defects and increased washout
suggest an impairment of the sympathetic nervous system,
this effect might be blunted. Given the inefficiency of
the uptake-1 transporter and increased release of
catecholamines at the presynaptic sympathetic nerves,
the concentration of catecholamines at the synaptic cleft
is increased resulting in downregulated β-adrenoceptors.
We have previously shown a decrease of about 50% in
β-adrenoceptor density in patients with ARVC using
11C-CGP 12177 PET [11]. Downregulation of β-adrenoceptors
would in turn result in a blunted β-adrenoceptor-mediated
flow response to an adenosine-stimulated increased
sympathetic tone while α-adrenoceptor-mediated vaso-
constriction is preserved, impairing the maximal MBF
under adenosine stress in patients with ARVC. This
hypothesis would be in line with the not completely
blunted but significant decrease of about 30% in
adenosine flow reserve in patients with ARVC as
compared to controls observed in this study. In six
patients with ARVC in this cohort, 123I-MIBG SPECT
was additionally available from clinical diagnostics, and in
five of these patients a reduced tracer uptake in the
inferoseptal region of the left ventricle on the MIBG scan
4 h after injection was present. Interestingly, the mean
peak MBF under adenosine stress was severely reduced
in the five patients with MIBG defects (MBF 2.64±
1.31 ml/min/g), whereas the single patient with normal
MIBG uptake had a normal adenosine-triggered MBF
response of 4.25 ml/min/g. This finding could support an
association between sympathetic function and microvascular
function in patients with ARVC, but obviously the group
studied in parallel by MIBG-SPECT and H2

15O PET was
far too small, so prospective larger scale studies on this
topic are necessary.

Study limitations

The relatively small number of patients with a rare cardiac
disease without left ventricular involvement enrolled in this

Fig. 3 CVR in patients with ARVC and control subjects as measured
by H2

15O PET at baseline and under adenosine stress (means ±
standard deviation). Baseline CVR is corrected for the RPP
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study, although well characterized and selected, might not
have represented the wide spectrum of disease manifesta-
tion among patients with ARVC. Due to the limited spatial
resolution of the PET scanner, quantitative perfusion
measurements within the thin right ventricular wall were,
and still are, impossible.

Conclusion

In conclusion, this study demonstrated an impairment ofMBF
and hyperaemic flow reserve associated with an increase in
minimal coronary resistance in male patients with ARVC.
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