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Abstract. Purpose: Percutaneous transluminal coronary
angioplasty (PTCA) is one of the main therapy options for
patients with coronary artery disease (CAD), resulting in an
improvement in myocardial perfusion and exercise capac-
ity. Nevertheless, studies have also demonstrated a positive
effect of regular exercise training on myocardial perfusion
and maximum exercise capacity. The aim of this study
was to evaluate changes in myocardial stress perfusion after
1 year of exercise training in comparison with the effects of
PTCA in patients with CAD.
Methods: In 66 male patients with angiographically con-
firmed significant coronary artery stenosis in one target
vessel, myocardial perfusion scintigraphy was performed at
baseline and 12 months after randomisation into either a
physical exercise group or a PTCA group. Circumferential
count rate profiles in 16 wall segments were classified ac-
cording to their relative count rate and localisation within or
outside the area supplied by the stenosed vessel.
Results: Ischaemic segments showed a significant improve-
ment in myocardial count rate within the target area after
12 months in both the PTCA and the training group (PTCA
group: from 76.8±4.9% to 86.6±10.9%, p=0.03; training
group: from 74.0±7.3% to 83.7±10.8%, p<0.01). Outside
the target area only the training group showed a significant
improvement (from 77.7±4.4% to 91.7±4.8%, p<0.01).
Conclusion: Our data indicate a significant improvement
in stress myocardial perfusion in the training group after
12 months. The ischaemia is reduced not only in the target
region of the leading stenosis but also in other ischaemic
myocardial areas. In contrast, after PTCA stress perfusion
improves only in the initially ischaemic parts of the target
area.
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Introduction

Coronary revascularisation by percutaneous techniques is
widely used in the treatment of patients with stable corona-
ry artery disease (CAD). Studies comparing percutaneous
transluminal coronary angioplasty (PTCA) with medical
treatment suggested that patients who underwent revascu-
larisation had an improvement in their quality of life,
exercise performance or both [1–3]. However, the effect of
percutaneous intervention as compared with medical treat-
ment on the incidence of ischaemic events and the need for
subsequent revascularisation was less certain. Lipid-low-
ering treatment has been shown to significantly reduce the
incidence of cardiovascular events, overall mortality and
the need for revascularisation [4, 5]. Furthermore, in low-
risk patients with stable CAD, aggressive lipid-lowering
therapy is at least as effective as angioplasty and usual care
in reducing the incidence of ischaemic events [6]. A pos-
itive effect on lipoprotein levels, stress-induced myocardial
ischaemia, maximum exercise capacity and myocardial
perfusion could be achieved by a low-fat diet and regular
physical exercise [7–9].

The aim of this study was to evaluate the change in
myocardial stress perfusion after 1 year of exercise training
in comparison with the effects of PTCA in patients with
stable CAD.

Materials and methods

Eighty-six male patients aged �70 years with stable CAD and one
angiographically confirmed coronary artery stenosis of �75% by
visual assessment that was amenable to percutaneous coronary inter-
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vention were randomly assigned to a training group or a PTCA group.
Patients with an indication for coronary bypass surgery, unstable
CAD, insulin-dependent diabetes mellitus, hypertension resistant to
therapy, significant organic heart defect or high-grade arrhythmia and
patients with previous PTCA or bypass surgery were excluded from
the study. Inclusion criteria were male gender, willingness to parti-
cipate in the study for at least 12 months, good angiographic docu-
mentation of at least one coronary artery stenosis amenable to PTCA/
stent implantation and the ability to exercise daily. After an intro-
ductory session during which the patients were familiarised with the
aims of the study, the randomisation process and alternative
therapeutic approaches, their written consent was obtained. Sealed
envelopes were used to randomise the patients between the groups.

Patients assigned to the training group stayed in hospital for the
first 2 weeks and exercised on a bicycle ergometer six times per day
for 10min each under close supervision. Individual anti-anginal med-
ical treatment (including lipid-lowering drugs) was provided. After
discharge the patients were asked to exercise daily on a provided
bicycle ergometer for a minimum of 20 min. The patient's target heart
rate was determined as 75% of the individual symptom-limited heart
rate. In addition there were weekly supervised exercise sessions.

The patients assigned to the revascularisation group underwent a
standard PTCAwith stent implantation followed by usual care.

Myocardial perfusion scintigraphy was performed at baseline and
after 12 months.

The ethical committee for human studies at the University of
Leipzig approved the investigational protocol

Scintigraphic protocol

Stress and rest myocardial perfusion scintigraphy was performed
using a 2-day protocol. Exercise consisted of a symptom-limited
maximal upright treadmill test in all patients. Upon reaching the
highest attainable workload, 400 MBq 99mTc-methoxyisobutyliso-
nitrile (MIBI) or alternatively 400 MBq 99mTc-tetrofosmin was
administered intravenously and exercise was continued for another
1–2 min at the same level. b-Blockers, nitrates and other anti-
anginal medications were discontinued 24 h before the test. Exercise
was terminated only when patients experienced progressive anginal
chest pain or exhaustion, or when pathological ECG changes were
observed. Maximum pressure frequency product (double product)
was calculated from maximal, simultaneously recorded heart rate
and systolic blood pressure during exercise. This variable has been
shown to correlate reliably with myocardial oxygen consumption
(MVO2) over a wide range of exercise levels [10]. Since the exer-
cise level affects the results of single-photon emission computed
tomography (SPECT) imaging [11], we sought to achieve at least
the same double product in the follow-up scintigraphy, thus guaran-
teeing the same exercise capacity. After 15–20 min of recovery, a
fatty meal was provided to accelerate hepatobiliary clearance of the
99mTc-MIBI. One hour after injection, tomographic images were
obtained.

In the rest protocol all individual anti-anginal medication was
taken. In addition, sublingual nitrogen was given before injection of
the radiopharmaceutical.

Data acquisition

For details of the data acquisition and quantification, see Kluge et al.
[12]. Briefly, transmission and emission data were acquired using a
standard protocol and a dual-head camera with detectors positioned
at an angle of 90° (ADAC Laboratories, Vertex). For reconstruction
and reorientation, a visually controlled software program (ADAC
Laboratories, Autospect Plus, Dual Vantage Version 4.2) was used. A

polar plot was generated and circumferential count rates were cal-
culated by a standard software program (ADAC Laboratories, Polar
Plot Generation Version 4.2).

The wall segments were allocated to the territories of the main
coronary arteries: left anterior descending artery (LAD) = antero-
lateral, anterior, anteroseptal and midseptal wall regions; left circum-
flex artery (LCx) = midlateral and posterolateral regions; right
coronary artery (RCA) = inferior, inferoseptal regions. The individual
supply type, according to coronary angiography, was considered. To
guarantee anatomical matching between the baseline and the follow-
up acquisition, the junction of the right ventricle was used as an
anatomical landmark. All four acquisitions were quantified to an
individual reference region (=100%), which was obtained by averag-
ing the maximum counts in all normal segments outside the area
supplied by the stenosed artery.

According to Ficaro et al. [13], the relative count rates of seg-
ments with perfusion defects were classified as: fully reversible (<82%
of max. under stress, >82% of max. under rest), partly reversible
(<82% of max. under stress, more than 7% improvement under rest)
or fixed (<82% of max. under stress, less than 7% improvement under
rest). For each patient, segments were analysed and compared with
baseline individually. Thereby, two main regions were investigated:
segments supplied by the coronary artery with the angiographically
confirmed significant stenosis and segments with perfusion defects
outside this target area.

Statistics

After verifying normal distribution of data within the group, two-
tailed Student' s t test for paired values was used for significance
testing between baseline and follow-up and two-tailed Student' s t
test for non-paired values was used for significance testing between
the groups. If data were not normally distributed, Wilcoxon' s test or
the Mann-Whitney U test was used. The significance level was set at
p<0.05.

Results

We conducted a large exercise study, which focussed
mainly on clinical symptoms, angina-free exercise capac-
ity, cost-effectiveness and frequency of a combined clinical
end point (death from a cardiac cause, stroke, bypass sur-
gery and acute myocardial infarction). The results have
been published recently [14]. In the course of this large
exercise training study including 101 patients, the first 85
patients received myocardial scintigraphy. In this paper, we
focus on the scintigraphic results. Of the 85 patients (43
in the training group and 42 in the PTCA group), 66 (36
in the training group and 30 in the PTCA group) were
available for final analysis. Five acquisitions were lost due
to a hard drive crash. Nine patients (seven in the PTCA and
two in the training group) had to undergo a (second) PTCA
or bypass surgery due to relevant angina. In one patient
PTCAwas not successful, and four patients could not par-
ticipate in a follow-up ergometer stress test owing to pre-
vious ischaemic stroke, severe joint disorder or acute
tachyarrhythmia.

There was no significant difference between the two
groups with respect to age, body mass index, ejection frac-
tion, previous acute myocardial infarction, systolic and
diastolic blood pressure, heart rate at rest, total cholesterol,
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high-density lipoproteins, low-density lipoproteins or smok-
ing. Both groups were comparable with regard to medical
therapy (ACE inhibitors/AT1-receptor antagonists, b-HMG-
CoA reductase inhibitors,b-receptor antagonists and acetyl-
salicylic acid), which remained unchanged during follow-up.
There was no significant difference between the two groups
with respect to the baseline parameters of the stenosed tar-
get vessel. In the training group, the reference diameter of
the stenosed vessel was 2.85±0.56 mm, the minimal lumi-
nal diameter was 0.60±0.37 mm and the relative stenosis
diameter was 73.9±11.1%, while in the PTCA group the
corresponding values were 2.74±0.28mm, 0.52± 0.24mm

and 80.8±8.7%. There was no significant difference be-
tween the two groups for reference diameter (p=0.822),
minimal luminal diameter (p=0.511) or relative stenosis
(p=0.723) (Mann-Whitney U test).

The distribution of significant stenoses was similar in
the two groups: the target lesion was located in the LAD in
six patients in the training group and in three patients in the
PTCA group, the RCA was affected in 13 patients in the
training group and in eight patients in the PTCA group and
the LCX was the target vessel in 17 patients in the training
group and 19 patients in the PTCA group.

There was no significant difference between the groups
regarding the Gensini score [15] (PTCA group: 14±11;
training group: 17±16; p=0.928; Mann-Whitney U test).

As mentioned previously, the individual workload was
quantified by using the double product to gain a reproduci-
ble parameter formaximum exercise capacity. In the follow-
up study, exercise was truncated at the previously achieved
double product, thus guaranteeing the same value of indi-
vidual stress at both times. Double product was 2.38±0.70
at baseline versus 2.45±0.58 at follow-up (p=0.561) in the
training group and 2.27±0.62 at baseline versus 2.42±0.68
at follow-up (p=0.447) in the PTCA group (Wilcoxon's
test). Inter-group testing showed no significant difference
between the two groups [p=0.708 (baseline) and p=0.750

Table 1. Changes in exercise capacity and double product for the
training and PTCA groups

Double product Power (W)

Training group, baseline 2.38±0.70 133±28
Training group, follow-up 2.45±0.58 163±32*,**
PTCA group, baseline 2.27±0.62 121±24
PTCA group, follow-up 2.42±0.68 128±30

Results are mean±SD
*p<0.01 vs baseline, **p<0.01 vs PTCA group
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n.s.Fig. 1. a, b Inside the target
area: changes in relative count
rates in segments with fully
reversible perfusion defects in
the training group (a) and the
PTCA group (b). c, d Outside
the target area: changes in
relative count rates in segments
with fully reversible perfusion
defects in the training group (c)
and the PTCA group (d)
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(follow-up); Mann-Whitney U test]. However, the patients
in the training group achieved a significantly higher exer-
cise capacity, measured by the power in Watts, to gain their
baseline double product: 133±28 at baseline versus 163±
32 at follow-up (p<0.01; Wilcoxon's test) (Table 1). This
change was also significant if compared with the PTCA
group (p<0.01; Mann-Whitney U test).

Comparing baseline and follow-up data, segments with
fully reversible perfusion defects within the target area
showed a significant increase in relative activity (Figs. 1, 2),
from 76.8±4.9% to 86.6±10.9% (p=0.03; Student' s t test
for paired values) in the PTCA group and from 74.0±7.3%
to 83.7±10.8% (p<0.01; Student' s t test for paired values)
in the training group. There was no significant difference
between the groups (p=0.793; Student' s t test for non-
paired values). Regarding fully reversible perfusion defects
outside the target area, there was a significant increase in
the training group, from 77.4±4.4% to 91.7±4.8% (p<0.01;
Student' s t test for paired values), but not in the PTCA
group (non-significant increase from 75.9±5.5% to 83.0±
16.2%; p=0.194; Student' s t test for paired values) (Fig. 1).
The difference between the two groups was significant (p=
0.002; Student' s t test for non-paired values).

In addition to fully reversible perfusion defects, some
segments with perfusion defects under stress showed only
partial remission under rest; these segments were classified
as segments with partly reversible perfusion defects. Taking
these segments into account, and thus comparing follow-up
and baseline data of all segments with partly reversible as
well as fully reversible perfusion defects within the target
area, significant increases in relative activitywere observed in
both groups: from 65.1±10.5% to 77.8±11.5% in the PTCA
group and from 68.1±9.8% to 76.6±10.1% in the training
group (p<0.01 in both groups; Student' s t test for paired
values) (Table 2). There was no significant difference
between the groups (p=0.918; Student' s t test for non-paired
values). Outside the target area these segments showed a
significant increase in the training group, from 72.5±11.9%
to 87.9±10.5% (p<0.01; Student' s t test for paired values)
but not in the PTCA group (non-significant increase from
66.2±17.2% to 74.3±24.2%; p=0.064; Student' s t test for

paired values) (Table 2). There was a significant differ-
ence between the groups outside the target area (p=0.026;
Student' s t test for non-paired values).

After PTCA, segments with fixed perfusion defects in-
dicating scars showed a small but significant improvement
in relative count rate within the target area, from 69.3±9.7%
to 73.8±12.3% (p=0.032;Wilcoxon' s test); by contrast, there
was no significant change within the target area for the ex-
ercise training group (non-significant increase from 71.6±
11.1% to 72.8±8.6%; p=0.493; Wilcoxon' s test) (Table 2).
Outside the target area, no significant changes in such seg-
ments could be documented in either group [training group:
from 75.2±8.4% to 79.6±13.9% (p=0.198;Wilcoxon' s test);
PTCA group: from 74.0±10.8% to 75.3±14.3% (p=0.345;
Wilcoxon' s test)] (Table 2). Inter-group testing showed no
significant differences eitherwithin or outside the target area
(p=0.052 and 0.254 respectively; Mann-Whitney U test).

When baseline and follow-up data were compared with
regard to extent of perfusion defects, i.e. number of seg-
ments with perfusion defects, the training group showed a
significant reduction in the extent of the area with perfusion
defect both inside the target area, from 154 to 134 segments
(p<0.05; Wilcoxon' s test), and outside the target area, from
59 to 44 segments (p<0.05; Wilcoxon' s test). In contrast,
the PTCA group showed a significant reduction only in-
side the target area, from 131 to 113 segments (p<0.05;

Fig. 2. Stress vertical long-axis slices of a training group patient
with a 75% RCA stenosis at baseline and follow-up (400 MBq
99mTc-tetrofosmin)

Table 2. Changes in myocardial perfusion for the training and
PTCA groups

Fully
reversible

Fully
or partly
reversible

Fixed

Perfusion defects inside the target area
Training
group,
baseline

74.0±7.3 68.1±9.8 71.6±11.1

Training
group,
follow-up

83.7±10.8* 76.6±10.1* 72.8±8.6

PTCA group,
baseline

76.8±4.9 65.1±10.5 69.3±9.7

PTCA group,
follow-up

86.6±10.6** 77.8±11.5* 73.8±12.3**

Perfusion defects outside the target area
Training
group,
baseline

77.7±4.4 72.5±11.9 75.2±8.4

Training
group,
follow-up

91.7±4.8*,*** 87.9±10.5*,*** 79.6±13.9

PTCA group,
baseline

75.9±5.5 66.2±17.2 74.0±10.8

PTCA group,
follow-up

83.0±16.2 74.3±24.2 75.3±14.3

Results are mean±SD
*p<0.01 vs baseline, **p<0.05 vs baseline, ***p<0.05 vs PTCA
group
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Wilcoxon' s test); outside the target area no significant
change was found (reduction from 54 to 51 segments)
(Table 3).

Discussion

The significant improvement in myocardial perfusion
(from 76.8±4.9% to 86.6±10.9%; p=0.03) caused by PTCA
within the area supplied by the stenosed vessel, as indi-
cated by our data, is easily explained and has been reported
by previous observers [16]. Outside this target area a non-
significant increase in myocardial perfusion (from 75.9±
5.5% to 83.0±16.2%; p=0.194) was observed, possibly due
to better perfusion in the vicinity of the target vessel after
PTCA.

Regarding the training group, our data indicated a highly
significant increase in myocardial perfusion in ischaemic
areas after 1 year of daily exercise training, which was not
limited to the area perfused by the coronary artery with the
leading stenosis (increase from 74.0±7.3% to 83.7±10.8%;
p<0.01) but rather was also documented in othermyocardial
areas (increase from 77.7±4.4% to 91.7±4.8%; p<0.01).

Several clinical and haemodynamic investigations have
shown that continuous physical exercise can improve qual-
ity of life parameters and exercise capacity in patients with
CAD [17–20]. Due to the strictly aerobic pattern of cardiac
metabolism, and the near-maximal oxygen extraction, even
under basal conditions, an increase in peak maximal oxy-
gen uptake is induced by changes in coronary blood flow.

Multiple mechanisms have been proposed to explain the
enhancedmyocardial perfusion in patients with CAD under
a regime of regular exercise training. Initially a net regres-
sion of epicardial coronary stenoses due to exercise training
was hypothesised. In a randomised trial in which a low-fat
diet and regular physical exercise were implemented in the
intervention group, Ornish et al. [21] proved a reduction
in relative stenosis diameter from 40±17% to 38±17% in

the intervention group after 12 months, whereas the control
group showed an increase in relative stenosis diameter from
43±16% to 46±19%; inter-group testing showed the dif-
ference to be significant. These results could be confirmed
byHambrecht et al. [22] in subjects undertaking an exercise
workload of more than 2,200 kcal/week, requiring a daily
exercise period of 4–5 h. Still, most studies have failed to
document a net regression of coronary lesions, even with
the addition of lipid-lowering strategies to exercise training
interventions [23]. Moreover, a decrease in the incidence of
myocardial ischaemia was observed in patients with pro-
gression of stenotic lesions [8]. This unexpected finding
implies that improvement in myocardial perfusion may be
achieved independently of changes in coronary lesions.

Other possible mechanisms causing an enhancement in
myocardial perfusion during exercise training could be the
recruitment of coronary collateral vessels or an improvement
in blood rheology. Regarding collateral vessel formation,
evidence from studies in animals suggests that long-term
intensive exercise leads to an improvement in coronary col-
lateralisation [24, 25]. However, angiographic studies per-
formed at rest in patients with CAD did not substantiate this
hypothesis [26]. Nevertheless, a post-training increase in
the collateral score could be proven by Belardinelli et al.
[27] in a subgroup of trained patients, the increase being
correlated with improvements in both thallium uptake and
systolic wall thickening scores. This might indicate a link-
age between training-induced effects on collateral circula-
tion and both perfusion and contractility of dysfunctional
myocardial segments.

Ernst [28] investigated the hypothesis that exercise
training improves blood rheology. He showed that blood
viscosity can be reduced and blood flow improved by
exercise training in healthy subjects and in patients with
peripheral vascular disease. However, in patients with CAD
and impaired left ventricular function, exercise training did
not have any significant effect on blood viscosity [29].

Recent studies have indicated an improvement in
coronary artery endothelial function due to regular physical
exercise [30, 31], indicating that improved endothelium-
dependent vasodilatation may play a key role in the im-
provement of myocardial perfusion due to regular physical
exercise.

The present study revealed that segments with fixed per-
fusion defects showed a significant improvement in myo-
cardial perfusion after revascularisation, from 69.3±9.7%
to 73.8±12.3% (p=0.032), and similar results have been
reported by other investigators [32–35]. However, classi-
fying regions with mild to moderate perfusion defects as
complete or incomplete scars without metabolic imaging
with 18F-fluorodeoxyglucose is difficult. vom Dahl et al.
[36] showed a more pronounced recovery of myocardial
regions displaying mild to moderate hypoperfusion with
intact metabolism compared to those regions with hypo-
perfusion and reduced metabolism. In the training group,
segments with fixed perfusion defects showed an improve-
ment comparable to that in the PTCA group; however, the
significance level was not achieved in the training group.

Table 3. Number of segments with perfusion defects in the training
and PTCA groups

Number of segments with perfusion defects inside the target area

Training group, baseline 154
Training group, follow-up 134*
PTCA group, baseline 131
PTCA group, follow-up 113*

Number of segments with perfusion defects outside the target area

Training group, baseline 59
Training group, follow-up 44*
PTCA group, baseline 54
PTCA group, follow-up 51

Results are absolute numbers
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Conclusion

Since improvement in myocardial perfusion is not re-
stricted to the area supplied by the mainly stenosed vessel
but also occurs in other hypoperfused myocardial areas,
our data indicate that physical exercise might be a valuable
therapeutic alternative to PTCA in carefully selected pa-
tients with stable CAD who show a low risk profile.
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