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mpact of physical training and detraining on
ndothelium-dependent vasodilation in patients
ith recent acute myocardial infarction

. Vona, MD,a A. Rossi, MD,b P. Capodaglio, MD,c S. Rizzo, MD,a P. Servi, SE,a M. De Marchi, MD,a and
. Cobelli, MDb Aosta and Pavia, Italy

ackground There is evidence that aerobic exercise improves endothelial function in healthy subjects as well as in
atients with chronic heart failure. However, it is unknown whether this effect occurs in patients with recent myocardial

nfarction (AMI).

ethods Fifty-two patients with a recent first uncomplicated AMI underwent endothelial function evaluation before
nd after 3 months of moderate aerobic exercise training. We measured brachial artery vasomotor reactivity using flow-
ediated dilation (FMD), a cold pressor (CP) test, and sublingual nitroglycerin. Patients were randomized into 2 groups:
8 patients (G1) underwent training, while 24 patients (G2) served as controls. Brachial artery vasomotor reactivity was
eassessed after 1 month of detraining (DT).

esults At baseline the FMD was 1.66% � 4.11% in G1 and 2.04% � 3.4% in G2 (P � NS) and vasoconstriction
as evident after a CP test. The diameter reduction was �4.1% � 3.89% in G1 and �4.39% � 5.67% in G2 (P � NS).
t follow-up the FMD had increased to 9.39% � 4.87% in G1 (P � .01) and to 4.4% � 3.9% in G2 (P � .01 vs G1).
asoconstriction during a CP test was observed only in G2. Endothelium-independent vasodilation was unchanged in
oth groups. Effort tolerance increased by 32% in G1 patients (P � .01 versus G2) and was correlated with FMD change
R � 0.51, P � .01). After detraining the FMD was significantly reduced in G1 (P � .01) and a further vasoconstriction
as evident after CP testing.

onclusions Exercise training improves endothelium-dependent vasodilation in post-AMI patients. This improvement
s associated with a significant increase in exercise tolerance. These benefits disappeared after detraining. (Am Heart J

004;147:1039–46.)

e
r
(
t
s
t
c
a
m
t

m
i
n
s
f
a
a
t
i

Vascular endothelium plays a major role in the mod-
lation of vascular tone and in cardiovascular ho-
eostasis.1 Endothelial dysfunction, in particular im-
aired endothelium-dependent vasodilation, is
ssociated with early atherosclerosis.2 Recent studies3,4

ave shown that the presence of severe endothelial
ysfunction is associated with a less favorable progno-
is in patients with coronary atherosclerosis and that
ndothelial dysfunction seems to be particularly rele-
ant in patients with acute myocardial ischemia.5 The
atter seems to be a partially reversible process,6 and
o research has recently focused on how to improve

rom the aCardiac Rehabilitation Center, Cardiology, Beauregard Hospital, Aosta,
taly, and the bCardiology Department, and cOccupational Rehabilitation Department,
alvatore Maugeri Foundation, IRCCS – Montescano and Pavia, Pavia, Italy.
ubmitted March 18, 2003; accepted December 31, 2003.
eprint requests: Margherita Vona, MD, Riabilitazione Cardiologica, Ospedale Beau-
egard, 11100 Aosta, Italy.
-mail: margheritavona@yahoo.it
002-8703/$ - see front matter
2004, Elsevier Inc. All rights reserved.
coi:10.1016/j.ahj.2003.12.023
ndothelial function by correcting the main coronary
isk factors, changing lifestyle, or prescribing drugs
statins, angiotensin-converting enzyme [ACE] inhibi-
ors, and antioxidants).7–9 Aerobic physical activity was
hown to enhance endothelial function in most of the
rials, although the degree of improvement varied ac-
ording to the type of patients enrolled and the type
nd intensity of training.10–17 The studies involved nor-
al subjects,10,11,13 subjects with coronary risk fac-

ors,12 or heart failure patients.14–17

A common finding in these studies was an improve-
ent in the endothelium-dependent response of arter-

es in different districts (femoral, brachial, or coro-
ary), suggesting that exercise has a nonspecific
ystemic effect. However, few studies have been per-
ormed on patients with coronary artery disease,18,19

nd results on the systemic effects of physical activity
re contradictory.19 There are no data available about
he effects of exercise training on endothelial function
n patients with recent myocardial infarction. Ischemia

5
ertainly aggravates endothelial dysfunction, but the
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egree of functional impairment after acute myocardial
nfarction (AMI) and the possible benefits that could
e derived from a program of moderate physical activ-

ty are not clear. The objectives of the present study
ere (1) to quantify endothelial dysfunction in pa-

ients with recent uncomplicated AMI; (2) to deter-
ine the effects of a moderate exercise training pro-

ram on brachial artery vasomotor reactivity in
atients not receiving pharmacologic therapy with st-
tins and/or ACE inhibitors; and (3) to evaluate the
ffects of detraining 1 month after the completion of
egular training.

ethods
atients
We considered all consecutive male and female patients,

ged �70 years, who were referred to a cardiac rehabilita-
ion program between February 1, 2001, and February 1,
002, after a first uncomplicated AMI (absence of mechanical
omplications, residual ischemia, left ventricular insuffi-
iency, and severe ventricular and/or supraventricular hy-
erkinetic arrhythmias) in the previous 3 weeks. Inclusion
riteria were: ability to exercise (baseline symptom-free ca-
acity of �75 watts on bicycle ergometry), absence of previ-
us cardiovascular events, absence of major modifiable coro-
ary risk factors (ie, normal total and low-density lipoprotein
LDL] cholesterol, no diabetes, no hypertension, nonsmoker
r ex-smoker for �10 years), left ventricular ejection fraction
45%, and echocardiographic absence of ventricular hyper-

rophy. We excluded patients taking calcium antagonists, st-
tins, or ACE inhibitors, patients with hemodynamically sig-
ificant valvular heart disease, cardiopulmonary bypass
urgery, chronic lung disease, systemic and/or hematologic
llnesses, and hepatic or renal insufficiency (creatinine �2.5

g/dL). Of the 968 patients referred for the rehabilitation
rogram, 54 (5.6%) met the inclusion criteria. All the patients
nderwent coronary angiography immediately after hospital-

zation, and 35% of them underwent coronary angioplasty
ith stent positioning during or immediately after the acute
hase of myocardial infarction. All the patients were being
reated with �-blockers and aspirin at the time of investiga-
ion.

rotocol
The protocol was approved by the local Ethical Commit-

ee. Written informed consent was obtained from all patients
efore randomization.
The baseline evaluation included the patient’s clinical his-

ory and examination, resting electrocardiogram (ECG), chest
-rays, blood chemistry (total, high-density lipoprotein [HDL],
nd LDL cholesterol [Friedwald’s formula], triglycerides, base-
ine and postprandial glycemia, glycate hemoglobin, hemato-
rit, liver and kidney function tests), transthoracic echocar-
iogram, and a familiarization ECG stress test. On the
ollowing day, brachial vasoreactivity was evaluated and, after

few hours, the ECG stress test was repeated. a
valuation of arterial vasoreactivity
Endothelial function was assessed using the noninvasive

echnique proposed by Celermajer20 and recently revised.21

rachial artery reactivity was evaluated by 2-dimensional ul-
rasonography (Hewlett Packard SONOS 5000) with a linear,
igh-resolution probe (7.5-10 MHz), fixed in an adjustable
wivel arm to maintain an identical position on the forearm
uring the experiments. All images were taken by the same

nvestigator, who was blind to the patient’s study group ran-
omization. The brachial artery was visualized in longitudinal
ection, 2 to 10 cm from the medial elbow crease. Focusing
nd gains were optimized for the best axial resolution, in or-
er to visualize the “m” line of the posterior and, possibly,
he anterior wall. The image obtained was magnified with a
oom. The flow was monitored by pulsed Doppler with a
5° angle correction relative to the artery and by positioning
he 2 mm-volume sample in the center of the vessel. The
aseline scan of the vessel was performed after the patient
ad been lying supine for 10 minutes in a quiet room. The
atient was fasting and the last intake of �-blockers had been
4 hours before. The pneumatic cuff under the elbow was
hen inflated to 260 mm Hg for 5 min. When the cuff was
eflated, the baseline flow-mediated dilation (FMD) measure-
ents were repeated during the phase of reactive hyperemia.

mages were acquired continuously for 90 seconds after cuff
eflation. Fifteen minutes later, after repeat measurements to
nsure that arterial diameter had returned to a normal base-
ine value, a cold pressor (CP) test was performed as follows:
he patient’s nondominant arm was plunged into a basin
lled with ice for 3 minutes; then the flow and the diameter
ere measured as previously described at 1, 2, and 3 min-
tes and again during the following 5 minutes. Ten minutes
fter the CP test, having once again ensured that arterial di-
meter had returned to normal, the patient received 0.3 mg
ublingual nitroglycerin (NTG) to assess endothelium-inde-
endent vasodilation, and images were acquired after 5 min-
tes. The ECG was monitored continuously in all patients.
mages were digitalized and recorded on optical disk for off-
ine analysis.

The day before the baseline experiments the patients un-
erwent a preliminary study to ensure the feasibility of the
ests and to familiarize patients with the procedure.

ata analysis
Two experienced evaluators blind to the patient’s clinical

icture, the stage of study, and to each other’s interpretation
nalyzed the data. Once the images for analysis had been
hosen, the boundaries for diameter measurements were
dentified manually with electronic calipers. Measurements

ere taken from the center of the “m” line of the anterior
all to the center of the posterior wall in telediastole, inci-
ent with the R wave on a continuously recorded electrocar-
iogram. Each observer analyzed 5 cardiac cycles for each
can and the measurements were averaged. Measurements
ere performed at baseline, during FMD, and after the CP

nd NTG tests. Changes in vessel diameter were calculated
or each subject as the percentage variation of the arterial
iameter under different stimuli compared to the baseline
iameter.
Intraobserver variability was assessed by measuring the im-
ges stored on the optical disk in the first 10 patients 3
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onths after recording: the mean was 1.3% (range 0%–2.4%).
nterobserver variability was 1.9% (range 0.6%–2.7%). In a
reliminary study, when these procedures were performed at
he same time on 2 different days in 10 healthy volunteers,
he average intrasubject variability was not different (1.7%,
ange 0.4%–2.8%). These findings compare favorably with
hose in prior reports.21,22

xercise training program
After the baseline evaluation, patients were randomized to

eceive training (group 1 [G1], 28 patients) or no training
control group [G2], 26 patients). G1 patients underwent
oderate aerobic training 3 times a week. Each session in-

luded a 10-minute warm-up, 40 minutes of cycling on a cy-
le ergometer with telemetry monitoring and intensity set at
5% of peak exercise heart rate as measured in the second
CG stress testing, and a 10-minute cool-down. Average heart
ate during training was 100 � 10 beats/minute. Patients
ere also encouraged to increase their daily physical activity

evel on the nontraining days by walking more, climbing
tairs, and so forth. G2 patients avoided regular physical ac-
ivity.

ollow-up
All tests were repeated after 3 months and the results com-

ared with those of the baseline tests in both groups. The
raining program in the G1 patients was stopped at this
oint. The arterial vasoreactivity and ergometric tests were
epeated again after 1 month in both G1 and G2 patients to
valuate the impact of detraining. Pharmacologic therapy re-
ained unchanged throughout the study except in 2 G2 pa-

ients, who were prescribed a calcium antagonist and an ACE
nhibitor in addition to beta-blockers and aspirin. We ex-
luded these 2 patients, so our complete sample at follow-up

Table I. Study population

Group 1
(28 pts)

(training)

Group 2
(24 pts)
(control)

PNo. % No. %

ales 21 75 19 79 NS
nterior AMI 6 21.4 4 16.6 NS

nferior AMI 18 64.3 17 70.8 NS
on-Q AMI 4 14.3 3 12.5 NS
oronary angiography
No stenoses 4 14.3 2 8.3 NS
1 Vessel 13 46.4 13 54.2 NS
2 Vessels 9 32.1 7 29.2 NS
3 Vessels 2 7.1 2 8.3 NS
PTCA 10 36 8 33 NS

ge (y) 56 � 6 57 � 8 NS
jection fraction (%) 55 � 7 58 � 7 NS
PK peak during AMI
(U/L)

1532 � 1121 1253 � 539 NS

MI, Acute myocardial infarction; PTCA, percutaneous transluminal coronary an-
ioplasty; NS, not significant.
as formed of 28 G1 patients and 24 G2 patients. s
tatistical analysis
Statistical analysis was performed using SPSS for Windows,

11.1 (SPSS Inc, Chicago, Ill). Data are presented as mean �
D. Clinical characteristics were compared using Student’s
npaired t test or �2, when appropriate. Intragroup and inter-
roup comparisons of the effect of exercise on brachial ar-
ery reactivity were performed using analysis of variance for
epeated measures, followed by the Tukey post-hoc test.

Linear regression analysis was used to determine the rela-
ionship between changes in exercise tolerance and changes
n FMD after training and detraining, and between FMD and
DL-cholesterol level changes. A P value � 0.05 was consid-
red statistically significant.

esults
Compliance to training was 88% � 7%. No adverse

vents occurred during sessions.

aseline
No significant differences were found between G1

nd G2 patients regarding age, gender, site and dimen-
ion of myocardial infarction, or left ventricular ejec-
ion fraction (Table I). In line with our inclusion crite-
ia, the sample considered was at low cardiac risk: the
ajority of the patients had limited extension of coro-

ary artery disease and only 7.1% of the G1 and 8.3%
f G2 patients had angiographically demonstrated
-vessel disease (P � NS). Total cholesterol was
lightly but significantly higher in G1 (P � .01), while
he other metabolic parameters considered (LDL and
DL cholesterol, triglycerides, and glycemia) and body
ass index were not significantly different (Table II).

eak exercise heart rate, blood pressure, rate pressure
roduct, and work rate were similar on initial ECG

Table II. Metabolic parameters, baseline and follow-up

Group 1
(training)

28 pts

Group 2
(control)
24 pts

Time
0

Follow-up
(3 months)

Time
0

Follow-up
(3 months)

otal cholesterol
(mg/dL)

171 � 18 183 � 22* 160 � 13† 173 � 19*

DL cholesterol
(mg/dL)

48 � 12 55 � 8*‡ 46 � 7 49 � 8

DL cholesterol
(mg/dL)

94 � 12 95 � 9 96 � 7 99 � 12

riglycerides
(mg/dL)

149 � 59 156 � 34 136 � 40 140 � 12

lycemia 89 � 9.3 92 � 8.2 87 � 7 90 � 7.9
MI (kg/m2) 26.5 � 2 27 � 3 25.7 � 6 26 � 5

MI, Body mass index.
P � .05 vs time 0.
P � .05 vs group 1.
P � .05 vs time 0 and P � .05 vs group 2.
tress testing (Table III).
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rachial arterial vasoreactivity
On initial evaluation, the baseline diameter of the

rachial artery did not differ significantly between G1
nd G2 (4.67 � 0.66 mm in G1 and 4.71 � 0.68 mm
n G2). After cuff release, the brachial artery diameter
ncreased similarly in both groups: in G1 patients the
MD increased by 1.66% � 4.11% and in G2 patients
y 2.04% � 3.4%, P � NS) (Figure 1). The CP test in-
uced significant vasoconstriction in G1 and in G2: the
iameter reduction was �4.1% � 3.89% in G1 and
4.39% � 5.67% in G2 (P � NS) (Figure 1). The maxi-
al vasoconstriction was observed at 1 minute. Nitro-

lycerin (endothelium-independent vasodilation) in-
uced similar significant (P � .01) vasodilation in both
roups; the percentage change was 13.5% � 4.1% in
1 and 13.1% � 4.6% in G2 (P � NS for intergroup
omparison) (Figure 1).

ost-training
All G1 patients and 24 of the 26 G2 patients com-
leted the follow-up. No adverse events occurred in
ither group during the follow-up.
As shown in Table II, a slight increase in total cho-

esterol was observed in both groups at 3 months, but
o significant differences in LDL cholesterol and trig-

ycerides were found. G1 patients had a significantly
reater increase (14.8% � 5%, P � .01) in HDL choles-
erol than did the control group (P � .01).
At 3 months, functional capacity increased by 32% �

7% in G1 (from 13.4 � 2.7 min to 18 � 2.8 min, P �
01 and from 7.1 � 2.1 to 9.2 � 2.3 metabolic equiva-
ents [METs], P � .01), while it remained unchanged
n G2 patients (Table III).

ost-training brachial arterial reactivity
The diameter of the brachial artery at rest did not

hange significantly between study entry and the
-month evaluation in either group (4.62 � 0.57 mm

Table III. Ergometric testing parameters, baseline and follow-up

Group 1 (training) 28

Time 0
F
(

R max (beats/min) 132 � 8
P max (mm Hg) 178 � 14
PP max 23456 � 4241 22
atts 135 � 25
inutes 13.4 � 2.7
ETs 7.1 � 2.1

R, Heart rate; BP, systolic blood pressure; RPP, heart rate � systolic blood pressur
P � .001 versus time 0.
n G1 and 4.64 � 0.70 mm in G2). n
After 3 months there was a significant improvement
n brachial artery endothelium-dependent relaxation in
rained patients (Figure 1): the FMD increased from
.66% � 4.11% to 9.39% � 4.87% (P � .01). The FMD
lso improved in G2 from 2.04% � 3.4% to 4.4% �
.9% (P � .05) but to a lesser extent than in G1 (P �
01 for intergroup comparison). Post-training brachial
rtery diameter after the CP test was unchanged in G1
Figure 1) (0.5% � 5.6%, P � NS), while in G2 diame-
er the reduction persisted (�4.4% � 6.5%, P � .01 vs
1).
No significant variations were observed in endotheli-

m-independent function after 3 months in either
roup: the percentage changes after the NTG test
ere 14.1% � 5.1% in G1 (P � .01) and 12.9% � 5.2%

n G2 (P � .01) (P � NS for intergroup comparison)
Figure 1).
Changes in the FMD were weakly correlated with
DL cholesterol changes (r2 � 0.37, P � .01) (Figure
), and more strongly with changes in work tolerance
r2 � 0.51, P � .01) (Figure 3).

etraining
After 1 month of detraining, work tolerance was re-

uced by 16% � 2.3% in G1 (from 18 � 2.8 to 15.2 �
.4 min and from 9.2 � 2.3 to 7.6 � 2 METs, P �
01). In G1 the brachial artery baseline diameter re-

ained essentially the same (4.67 � 0.62 mm), but
MD was significantly lower after the detraining than
t the end of the training period (4.08% � 3.38% vs
.39% � 4.87%, P � .01) (Figure 1). A correlation was
bserved between changes in FMD and changes in
ork tolerance (r2 � 0.41, P � .01) (Figure 4). Fur-

her vasoconstriction was evident after the CP test: the
rachial artery diameter in G1 was decreased (�2.1%

3.3%, P � .05 vs 3 months) (Figure 1). The endo-
helium-independent vasodilation, however, was un-
hanged (Figure 1).
Functional capacity in G2 remained unchanged and

Group 2 (control) 24 pts

-up
ths) Time 0

Follow-up
(3 months)

9 129 � 9 132 � 7
12 174 � 18 180 � 22
4923 22772 � 4645 23882 � 3799
33* 131 � 12 125 � 20
2.8* 13.2 � 2 13.6 � 2.5
2.3* 6.9 � 2.5 7.2 � 2.7
pts

ollow
3 mon

128 �
172 �
101 �
175 �
18 �

9.2 �

e.
o significant variations were observed in brachial ar-
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ery reactivity; in fact, the FMD was 4.6% � 3.71% (P
NS vs 3 months) and the diameter reduction after

P was �3.6% � 5.9% (P � NS vs 3 months) (Figure
).
The FMD% was similar, at 4 months, in both G1 and
2 (Figure 1).

iscussion
egree of baseline endothelial dysfunction
The first goal of this study was to assess the degree

Figure 1

, Percent change in FMD during brachial reactivity study. The
MD was significantly augmented after 3 months of physical train-
ng (P � .01 vs baseline and *P � .01 for intergroup comparison)
nd reduced after 1 month of detraining. B, Percent change of
rachial diameter during CP test. The diameter was significantly
ugmented after the physical training period (P � .01 vs baseline
nd *P � .01 for intergroup comparison) and reduced after 1
onth of detraining. C, Percent change of brachial diameter after

NG test. No significant differences were observed at any point
uring the study in training and control groups. Values are mean

standard error of the mean.
f endothelial dysfunction in a homogeneous group of s
atients with recent AMI. We measured the FMD in
he brachial artery: endothelial dysfunction assessed by
his technique is correlated with measures of coronary
ndothelial dysfunction.23 Our patients showed severe
ndothelial dysfunction 3 weeks after a first uncompli-
ated AMI, similar to the dysfunction that has been
bserved in patients with unstable angina.5 These data
re in line with the significant vasoconstriction ob-
erved at the CP test. To our knowledge this is the
rst study that has attempted to quantify endothelial
ysfunction by assessing FMD and using a CP test,
ven though experimental data have shown that this
ysfunction might be severe in patients with AMI.24

Another aim of our study was to quantify the effect
f regular training on endothelial dysfunction. In order
o do this, we excluded patients treated with ACE in-
ibitors and/or statins (both of which have short- and

ong-term effects on endothelial function), patients
ith classic risk factors known to affect endothelial

unction, and patients with left ventricular dysfunc-
ion. Only a few (5.6%) of our series of post-AMI pa-
ients met the inclusion criteria for enrollment into the
tudy and they had limited extension coronary disease.
owever, the ultimate result was an extremely homo-
eneous sample. Since our patients received no treat-
ents other than aspirin and atenolol, the latter not

25

Figure 2

elation between percent change in FMD and percent change HDL
holesterol.
howing significant effects on endothelial function,
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e were able to assess the severity of baseline dys-
unction and the entity of spontaneous or training-in-
uced changes over time, unaltered by pharmacologic
ffects. It seems that in some published studies, treat-
ents affecting endothelial function were suspended

nly a few hours before investigations.12 This might
ave reduced the short-term pharmacologic effects on
ndothelial function but would not have eliminated
hronic and progressive effects that could confound
he interpretation of changes induced by other inter-
entions.
The results of the CP test were, in our opinion, par-

icularly significant: they demonstrate that sympathetic
timulation not adequately counteracted by normal
ndothelial function may cause vasoconstriction, prob-
bly representing a direct vasoconstrictive effect on
he vascular smooth muscle26 that is generally directly
elated to the severity of the disease.27 Mechanisms
ostulated to explain the endothelial dysfunction in
oronary patients include downregulation of the nitric
xide (NO)-synthase itself24and reduced activity of su-
eroxide dismutases, responsible for the reduced deg-
adation of the free radicals that accelerate NO-syn-
hase degradation.28

ffects of training on endothelial dysfunction
The main goal of the study was to verify whether

Figure 3

elation between percent change in FMD and percent change in
ffort tolerance.
ost-AMI endothelial dysfunction could be corrected t
y moderate training. After 3 months of aerobic train-
ng, FMD of the brachial artery increased significantly

ore in the trained group than in the control group.
his is in line with previous findings reporting sys-

emic effects induced by training.17 Furthermore, as
bserved in heart failure patients,16 a correlation was
ound between the FMD increase and enhanced toler-
nce to effort. It is possible that recent myocardial
schemia, by reducing endothelium-NO availability, im-
airs the exercise-induced blood flow response and
hus reduces exercise capacity.29 Experimental data
rom a canine model shows that gastrocnemius muscle
schemia with NO-synthase inhibition was associated

ith either O2 limitation or an alteration in the effi-
iency of muscle contraction.30 In rats, inhibition of
O-synthase during exercise reduced blood flow to
uscles with a high percentage of oxidative fibers.31

hese findings may account, at least partially, for an
ncreased blood flow to oxidative muscles during exer-
ise secondary to training-restored endothelial function
nd could explain the significant correlation between
hanges in effort tolerance and changes in FMD noted
n the present study. Kuvin et al. reported a similar
orrelation in patients with suspected coronary artery
isease: those with decreased FMD had a significantly

ower exercise tolerance than those with a larger
MD.32 Previous studies18,19 have verified the effect of
raining on endothelial function in patients with myo-
ardial ischemia. In the first study, 4 weeks of intense

Figure 4

elation between percent change in effort tolerance and percent
hange in FMD after 1 month of detraining (group 1).
raining induced benefits in both epicardial and resis-
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ance coronary vessels as demonstrated by the increase
n vasomotor responses to acetylcholine and adeno-
ine.18 In the second, more recent, study19 the authors
bserved that, compared to the control group, trained
atients had an increase in FMD in the posterior tibial
rtery but not in the brachial artery, seeming to indi-
ate that training does not have systemic effects. Possi-
le explanations for the discordance with our results

nclude differences in the composition of the popula-
ion sample, LDL cholesterol levels, treatment, and ex-
rcise training intensity. Intense training to obtain a
ide body response in endothelial function is a ques-

ionable issue: in Hambrecht’s study18 the intensity
as very high, but positive systemic responses were

lso reported with moderate intensity training in nor-
al subjects10 and in heart failure patients.17 Our

rained patients showed a significant increase in HDL
holesterol. Drug-induced changes in lipid levels have
een reported to influence endothelial function.33

owever, in our patients the increase in HDL choles-
erol was only weakly correlated with the increase in
rachial artery FMD, so the improved endothelial func-
ion in the trained patients is unlikely to have been
nfluenced by changes in HDL.

echanisms involved in the exercise-induced
mprovement of endothelial function

Exercise increases shear stress, which is a strong
hysiological stimulus for NO release:34 the FMD in-
rease after physical training has been observed in
oth animals and humans and the mechanism is likely
o involve a chronic increase in NO production medi-
ted by an increase in the expression of NO-syn-
hase.35,36 NO-synthase mrNA is upregulated in cul-
ured endothelial cells exposed to laminar shear stress,
nd similar observations have been reported in animal
tudies involving both short- and long-term exer-
ise.37,38

Several other mechanisms may be involved in exer-
ise-induced vasodilation. Brachial artery measure-
ents in a porcine model demonstrated that exercise

raining attenuated the effects of a high-fat diet by en-
ancing a vasodilator mechanism involving prostacy-
lin.39 In another study, after gradual occlusion of the
roximal left circumflex coronary artery of female
wine, exercise training produced an enhanced relax-
tion response to bradykinin and adenosine diphos-
hate in coronary vasculature. This enhancement ap-
eared to involve training-induced increased
roduction of NO as well as increased production or
esponsiveness to endothelium-derived hyperpolarizing
actor.40

The lack of vasoconstriction during the CP test ob-
erved in our patients after 3 months of training sug-
ests that an exercise-induced improvement in endo-

helial function can protect against the effects of
xcessive sympathetic stimuli. It is well known that
here is an interaction between NO and norepineph-
ine, a vasoconstrictor and an index of sympathetic
ervous system function.41

No changes in endothelium-independent vasodilation
ere observed in the trained patients: this adds further

upport to the hypothesis that the changes in vasodila-
or response are the result of improved endothelial
unction.

etraining
Our results obtained after 1 month of detraining

gree with the reported findings in heart failure15 and
n diabetic patients12 6 weeks and 8 weeks, respec-
ively, after the end of training. Training-induced im-
rovements do not, therefore, appear to last in the

ong term. The correlation between changes in bra-
hial artery vasodilation and changes in exercise capac-
ty supports the hypothesis that exercise tolerance

ight partially depend on endothelial function.

onclusions
The major contributions of the present study are the

ollowing: (1) brachial vasoreactivity appears to be se-
erely impaired 3 weeks after an uncomplicated AMI;
2) training significantly contributes to systemic im-
rovement of this endothelial dysfunction, reducing
he response to sympathetic stimuli such as the CP
est; (3) changes in endothelial function are associated
ith changes in exercise tolerance; (4) the effects dis-

ppear after 1 month of detraining. These findings in-
icate that regular aerobic training is an effective life-
tyle intervention for reversing the loss of
ndothelium-dependent vasodilation in patients with a
ecent myocardial infarction, but that the exercise
ust be continued over time.
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