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ABSTRACT



RESUM
E

Background: High-intensity interval exercise (HIIE) is gaining in popularity in ﬁtness centres, even among coronary heart disease (CHD)
patients. However, whether HIIE can have deleterious acute effects on
the vasculature in CHD has not been studied. We hypothesized that
when compared with moderate-intensity continuous exercise (MICE),
a single bout of HIIE could lead to vascular damage and increasing
numbers of circulating endothelial and platelet microparticles (EMPs,
PMPs) in stable, physically ﬁt CHD patients.
Methods: Nineteen male CHD patients (aged 62  11 years) underwent, in random order, a single session of HIIE corresponding to 15second intervals at 100% of peak power output and 15-second
passive recovery intervals, and an isocaloric MICE session. EMPs
(CD31þ and/or CD62Eþ and CD42b); PMPs (CD42bþ); nitrates and
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Regular exercise is widely promoted to improve functional
capacity and prognosis in patients with coronary heart disease
(CHD). Exercise may potentially improve prognosis through
multiple mechanisms, including improved endothelial function.1 Moderate-intensity continuous exercise (MICE)
training has been shown to improve endothelial function in

patients with CHD, chronic heart failure, and cardiovascular
(CV) risk factors.2,3 However, there is growing interest in the
use of high-intensity interval exercise (HIIE) training in
subjects with CV disease.4-6 Two recent studies highlighted
the superior CV effects of HIIE training compared with
MICE training in patients with CHD.7,8 However, no data
are available regarding the acute effects of HIIE on endothelial
function in individuals with CHD. Acute exercise has been
shown to improve endothelial function in the immediate
postexercise period9 and on the morning after HIIE, but not
on the morning after moderate-intensity exercise10 in healthy
men. We recently reported that an “optimized” HIIE protocol
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nitrites; prostacycline; and troponin T, cardiac form (cTnT), were
measured 10 minutes before exercise and 20 minutes, 24 hours, and
72 hours after both exercise sessions.
Results: EMPs, PMPs, nitrates and nitrites, prostacycline, and cTnT
remained unchanged after both HIIE and MICE exercise sessions.
Initial EMP concentration correlated inversely with EMP concentration
20 minutes post exercise, irrespective of exercise modality (r ¼ 0.78, P
< 0.0001).
Conclusions: A single HIIE session with very short exercise and passive
recovery periods appears safe and does not induce changes to
markers of endothelial function. Future studies are required to determine the safety of a long-term HIIE training program.
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in CHD consisting of repeated 15-second bouts of exercise at
100% of peak power output interspersed with recovery
intervals of equal duration is well tolerated and more efﬁcient
and allows subjects to exercise longer relative to an isocaloric
single bout of MICE.11,12
Endothelial microparticles (EMPs) are membrane-shed
vesicles < 1.0 mm in size that are released from endothelial
cells in response to either cellular injury or dysfunction or
apoptosis and possess procoagulant and inﬂammatory
properties.13-16 Circulating EMP levels are increased in
patients with CV disease or its risk factors14 and have been
shown to correlate negatively with endothelial function
measured in vivo.16,17 In addition to EMP levels, platelet
microparticle (PMP) levels are increased in acute coronary
syndromes18 and may be associated with high shear stress.14 It
is believed that PMPs may interact with endothelial cells and
result in endothelial activation.14
Currently, there are no data on the effects of acute exercise
on circulating EMP or PMP levels in patients with CHD or on
whether certain forms of aerobic exercise may be harmful to the
vasculature, in particular through excessive shear stress. The
subject is of great relevance given the increasing popularity of
spinning and other types of interval training that are being
routinely incorporated into ﬁtness centre training programs.
Therefore, the main objective of the present study was to
measure the effects of single bouts of HIIE and MICE on
circulating EMP levels in patients with stable documented
CHD. We hypothesized that a single bout of HIIE could lead to
vascular damage and increasing numbers of circulating EMPs.

Experimental design

Methods
Participants
Nineteen ﬁt men with stable CHD and providing written
informed consent were recruited from the Montreal Heart
Institute cardiovascular prevention centre. See the Inclusion
and Exclusion Criteria section of the Supplementary Material
for details. All subjects provided written informed consent.
The research protocol was approved by the Montreal Heart
Institute Ethics Committee.

On the ﬁrst visit, patients underwent a complete medical
evaluation, including measurement of height, weight, body
composition (bioimpedance analysis; Tanita, model BC 418,
Japan), and resting ECG and completion of a maximal
continuous graded exercise test. During 2 subsequent weeks,
participants, in random order, performed the 2 exercise
sessions (interval and continuous) under the supervision of an
exercise physiologist, nurse, and cardiologist. Testing was
conducted on an electromechanically braked bicycle ergometer (Ergoline 800S, Bitz, Germany). Cycling position, known
to affect energy expenditure, was standardized by adoption of
a top bar position. Saddle height was adjusted according to
inseam leg length. Each participant used toe clips and was
instructed to stay seated during exercise sessions. Participants
were instructed to take their habitual medications on the
mornings of the exercise test and exercise sessions.
Exercise testing and single exercise sessions
Exercise testing was performed according to previously
described methodology.12 For details, see the Exercise Testing
and Exercise Sessions sections of the Supplementary Material.
MICE and HIIE sessions were also performed according to
previously published methodology12 and are detailed in the
supplementary materials section.
Laboratory analyses
Citrated venous blood samples were collected at 4 times for
each exercise session (10 minutes before exercise and 20
minutes, 24 hours, and 72 hours after exercise) and centrifuged immediately after collection with separated serum
stored at 80 C for subsequent analysis. Patients were asked
to refrain from exercise between the third and fourth blood
samples. See Supplemental Figure S1 for details.
EMPs were deﬁned as particles with a diameter < 0.9 mm
that are negative for CD42b and positive for CD31 (EMP31),
CD62E (EMP62E), or both. PMPs were deﬁned as particles
with a diameter < 0.9 mm that are positive for CD42b. See

Biomarkers are presented in Table 1. EMP, PMP, nitrates
and nitrites, and prostacycline remained unchanged after
exercise, irrespective of mode of training. However, we found
an inverse relationship between initial EMP concentration and
change in EMP concentration immediately following exercise.
Individuals with the highest EMP levels pre-exercise showed
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No signiﬁcant ventricular arrhythmias or blood pressure
reduction occurred during either exercise session. Only 3
subjects had demonstrable myocardial ischemia during the HIIE
session, with ST-segment depression never surpassing 2 mm and
always normalizing during the 15-second passive recovery
periods. Although 40% of our sample had a history of exertional
angina, none developed chest pain during the exercise sessions.
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parameters
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Baseline characteristics are presented in Supplemental
Table S1. Subjects were generally overweight, with a signiﬁcant proportion having a history of angina. Results from the
maximal graded exercise test are presented in Supplemental
Table S2. Mean peak oxygen consumption (VO2peak) indicates that exercise tolerance was comparable to age-predicted
values.20

EMP
EMP31
EMP62E
PMP42b
EMP62E/EMP31 ratio
Nitrites
Nitrates
6-keto-PGF

Baseline characteristics and exercise stress testing data

MICE

Results

Table 1. Endothelial and platelet microparticles, nitric oxide metabolites, and prostacyclin response to a single bout of MICE or HIIE

Baseline characteristics and exercise parameters are reported
as percentages for categorical variables and mean values  SD
for continuous variables. A 1-way analysis of variance with
repeated measures including visit as the sole factor was done to
assess differences in endothelial markers over time. To
compare the response proﬁles of both types of exercise, a 2-way
analysis of variance (time  mode) with repeated measures on
the time factor was performed for EMPs, NOx, and prostacycline. Because of the lack of normality for PMP, P values
were calculated from log-transformed data. As such, the
median (Q1,Q3) is reported as summary statistics at visits 1, 2,
3, and 4 (Table 1). Spearman correlations were also generated
to evaluate the relationship between EMP parameters and
clinical data and exercise parameters. Finally, we assessed the
concordance of pre-exercise and 20-minute postexercise EMP
levels for the 2 exercise sessions (Fig. 1, A and B). All analyses
were performed with SAS version 9.1 (SAS Institute Inc, Cary,
NC) and conducted at the 0.05 signiﬁcance level.
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the Microparticle Measurement section of the Supplementary
Material for details regarding methodology.
Nitric oxide metabolites (NOx) were measured with the
Greiss reagent, prostacycline (6-keto-PGF) was measured with
a commercially available enzyme-linked immunosorbent assay
kit (Cayman Chemical, Ann Arbor, MI), and troponin T,
cardiac form (cTnT), was measured with a single commercial
assay (Roche Diagnostics, Mannheim, Germany). The decision limit for myocardial injury was set at 0.04 mg/L.19

EMP, endothelial microparticles positive for CD31 and/or CD62E; EMP31, all microparticles presenting CD31; EMP62E, all microparticles showing CD62E; HIIE, high-intensity interval exercise; MICE,
moderate-intensity continuous exercise; PMP, platelet microparticles; T0, baseline; T1, 20 minutes post exercise; T2, 24 hours post exercise; T3, 72 hours post exercise.
* Group--time interaction. No signiﬁcant group or time effects were observed.
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Figure 1. (A) Relation between levels of endothelial microparticles (EMPs) at baseline and change at 20 minutes after moderate-intensity
continuous exercise (MICE). (B) Relation between levels of EMP at baseline and change at 20 minutes after high-intensity interval exercise (HIIE).

the greatest reduction in EMP levels at 20 minutes following
exercise (Fig. 1, A and B). A statistically signiﬁcant group-time interaction was observed for EMP62E/EMP31 ratio.
Serum cTnT levels were normal in all participants at baseline
and did not signiﬁcantly increase up to 72 hours following
exercise, thus excluding the presence of exercise-induced
myocardial injury.

Associations between clinical data, exercise parameters,
and EMP levels
Statistically signiﬁcant positive correlations between diabetes and both EMP31 and EMP62E were observed, while
family history of premature CHD correlated positively with
EMP31, EMP62E, and EMP42b (data not shown). No
correlations were identiﬁed between EMP levels at baseline or
exercise-induced EMP changes and medication usage (data not
shown). Finally, no relationship was observed between baseline

EMP levels or EMP response to exercise and the presence or
absence of myocardial ischemia during exercise sessions.
Discussion
Chronic exercise has consistently been shown to improve
markers of endothelial function3; however, the effects of acute
exercise on the vasculature are less well known. To our
knowledge, this is the ﬁrst study to examine the inﬂuence of
acute exercise on circulating microparticle (MP) levels and
vascular parameters in patients with stable CHD with and
without exercise-induced ischemia. We hypothesized that
a single bout of HIIE could lead to vascular damage and
increasing numbers of circulating EMPs.
We found that irrespective of exercise intensity or mode
(MICE or HIIE), neither levels of circulating EMPs nor
vascular biomarkers increased after a single bout of exercise,
and biomarkers remained unchanged during the subsequent
72 hours. The response of circulating EMPs to exercise was

Guiraud et al.
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different in different individuals, with some showing little
change in EMP concentration, while others exhibited more
marked changes (Fig. 1, A and B). Furthermore, the initial
EMP concentration was inversely correlated with the change
in EMP concentration at 20 minutes post exercise. Overall, in
other words despite no signiﬁcant decrease following exercise,
individuals with the highest EMP levels pre-exercise showed
the greatest reduction in EMP concentration immediately
after exercise, irrespective of the exercise mode (HIIE or
MICE, r ¼ 0.78, P < 0.0001). The latter observation is
probably a result, at least in part, of the phenomenon of
regression to the mean. While no signiﬁcant group or time
effects were noted for EMPs or EMP subtypes, a statistically
signiﬁcant group--time interaction was noted for EMP62E/
EMP31 ratio. This interaction appears to be a result of the
slight decrease in EMP62E/EMP31 ratio from baseline to 72
hours post exercise in the HIIE group. The signiﬁcance of this
result is unclear, given its small magnitude, and may also
reﬂect a regression-to-the-mean phenomenon.
Conﬂicting data exist with respect to the impact of acute
exercise on MP levels in healthy individuals.21,22 One recent
study demonstrated an increase in EMP62E levels following
a 90-minute endurance exercise,21 while another study
observed an increase in monocyte-derived and platelet MPs
following a maximal exercise test, with no increase in EMP
levels.22 Our results are more consistent with the latter study.
Explanations for this phenomenon include the intensity and
duration of the exercise sessions (no endurance exercise performed in our study), as well as the medications used by most
patients, including statins and antiplatelet agents. These
agents have been shown to lower EMP and PMP levels23-25
and may have somehow inﬂuenced the MP response to
exercise. Finally, our study participants were almost all
habitual exercisers, performing aerobic exercise 2 to 3 times
per week, such that EMP levels could have in theory reached
a plateau or steady state. It is important to note that we did
not restrict exercise training prior to study enrollment.
Whether similar results would be obtained in untrained
individuals is unknown, although no differential EMP
response to exercise was observed in trained and untrained
healthy subjects.21
As described in 2 recent studies from our group, the HIIE
protocol we employed allows participants to sustain a high
percentage of VO2max by alternating high-intensity exercise
and passive recovery phases,11 while resulting in a lower
ventilatory demand than an isocaloric MICE session does.12
As mentioned above, this protocol did not appear to induce
vascular damage in the acute setting. Furthermore, the
repetitive cycle of low and high vascular laminar shear stress
imposed by repeated bouts of HIIE could provide an
important stimulus to the endothelium. High shear stress is
a potent physiological stimulus for NO release and generally
leads to improved endothelial function.26 In highlyendurance-trained men and sedentary controls, a single bout
of HIIE was associated with a reduction in ﬂow-mediated
dilatation (FMD) of the brachial artery 1 hour after exercise, despite increased NO bioavailability and improved
antioxidant status.27 The authors suggested that oxidative
stress and other mechanisms independent of NO and antioxidant levels contribute to impaired FMD in the immediate
postexercise period. Padilla et al. showed that in healthy
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adults, a single bout of high-intensity walking exercise (75%
of VO2peak) elicited the greatest improvement in FMD during
a 3-hour period, relative to single bouts of low- (25%), and
moderate-intensity (50%) exercise.28 Our study was different
in that it assessed patients with stable CHD, not healthy
individuals. Previous data have shown that acute and longterm high-intensity exercise provoke oxidative stress,29 but
not moderate- or low-intensity exercise.30 In view of these
ﬁndings and our results, it is plausible to hypothesize that
repeated bouts of high-intensity exercise interspersed with
passive recovery periods could potentially elicit a positive
effect on endothelial function related to high shear stress while
also reducing exercise-related oxidative stress. It is important
to note that endothelial function as reﬂected by brachial artery
FMD was not measured in our study.
Our results regarding the MICE session are consistent with
those of Mobius-Winkler et al., who studied the timedependent release of endothelial progenitor cells and EMPs
during MICE in 18 healthy subjects.31 No change was
observed for EMPs, while endothelial progenitor cells, deﬁned
as CD34/KDR or CD133/KDR, showed a signiﬁcant timedependent rise. These data suggest that 240 minutes of
cycling at 70% of the individual anaerobic threshold is not
accompanied by signiﬁcant irreversible endothelial damage.
Harrison et al. examined changes in EMP levels in healthy,
active young men following a high-fat meal, consumed with
and without prior exercise consisting of 100 minutes at 70%
of VO2peak.32 Levels of EMPs (CD31þ/42bneg) increased
postprandially but were not inﬂuenced by exercise.
Limitations
Limitations of the current study include the small, exclusively male sample. Whether results would have differed in
women is unclear. FMD of the brachial artery has been shown
to increase in both healthy women33,34 and healthy men35-37
in response to acute exercise. Whether women and men
exhibit a differential EMP response to acute exercise is not
known. In a recent study, healthy premenopausal women
were noted to have higher EMP levels than did age-matched
men, with differences being attributed to hormonal variation within the menstrual cycle.38 Even if the number of
participants in our study is larger than that in previously
published papers, the high interindividual variation limits our
results. In addition, the sample was selected among a cohort of
relatively young CHD patients who were habitual exercisers.
Finally, the reproducibility of MP measurements is a recognized problem resulting from the lack of a standardized
protocol for EMP and PMP measurement, an issue that goes
beyond the scope of the present study.

Conclusion
Our ﬁndings suggest that a single bout of HIIE employing
very short periods of exercise interspersed with short periods
of passive recovery does not induce deleterious effects on the
vascular wall. Given that our HIIE protocol appears safe and
well tolerated and does not induce myocardial injury in the
short term, future studies are required to evaluate the effect of
a long-term HIIE training program on markers of endothelial
function in the hopes of potentially implementing this type of
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training into phase III cardiac rehabilitation for selected
patients.
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SUPPLEMENTARY MATERIAL

Inclusion and exclusion criteria
Inclusion criteria consisted of documented CHD (history of ≥70% arterial
diameter narrowing of at least one major coronary artery, prior coronary
revascularization, documented prior myocardial infarction and/or perfusion defect on
myocardial scintigraphy) and performing regular exercise >2 times per week. Exclusion
criteria were: 1) recent acute coronary syndrome (<3 months), 2) recent percutaneous or
surgical coronary revascularization (<3 months), 3) significant resting ECG abnormality
(major ST-T wave change, complete bundle branch block or intraventricular conduction
delay, atrial fibrillation or flutter), 4) history of ventricular tachycardia or ventricular
fibrillation, 5) automated implantable cardioverter defibrillator or pacemaker, 6) left
ventricular ejection fraction <45%, 7) chronic congestive heart failure, 8) uncontrolled
hypertension (systolic blood pressure >180 mmHg or diastolic pressure >110 mmHg), 9)
recent modification of cardiovascular medications (<6 weeks), and 10) musculoskeletal
conditions making exercise difficult or contraindicated.

Exercise testing
After a 3-min warm-up at 20 W, a maximal continuous graded exercise test was
performed. Initial power was set at 60 W and increased by 15 W every minute. Verbal
encouragement was given throughout the test. Criteria for exercise test cessation were
volitional exhaustion, significant ECG abnormalities (ST-depression >2 mm or
significant ventricular arrhythmias), or abnormal blood pressure response. Oxygen uptake
(VO2) was determined continuously on a 15-sec basis using an automated
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cardiopulmonary exercise system (Oxycon Alpha, Jaegger, Germany). Gas analyzers
were calibrated before each test, using a gas mixture of known concentration (5% CO2)
and ambient air. Participants breathed through a facemask connected with the turbine.
The turbine was calibrated before each test using a 3-liter syringe at several flow rates.
Heart rate/rhythm monitoring was performed continuously using 12-lead ECG
(Marquette, Missouri) and blood pressure was measured manually every 2 minutes. The
highest VO2 over a 15-sec period and the highest heart rate over a 5-sec period during the
test were considered as peak oxygen consumption (VO2peak, in ml/kg/min) and peak
heart rate (HR peak, in bpm). Power of the last completed stage was considered as the
peak power output (PPO, in W).

Exercise sessions
Participants were asked to arrive fully hydrated to the laboratory, at least 3 h after
their last meal. No attempt was made to control meal size or content. The MICE protocol
consisted of cycling during 28.7 minutes at 70% of PPO. The HIIE session started by a
10-minute warm-up at 50% of PPO, followed by two 10-minute sets composed of
repeated bouts of 15 seconds at 100% of PPO interspersed by 15 seconds of passive
recovery. Four minutes of passive recovery were allowed between the two sets, followed
by a 5-minute cool-down at the end of the exercise sessions. Both exercise sessions were
isocaloric, as detailed previously.12 Oxygen consumption measurement, ECG and blood
pressure monitoring were performed as described above for the maximal graded exercise
test. Perceived exertion was measured every 3 min with the 20-point Borg scale.
Feedback on elapsed time and verbal encouragement were given throughout the sessions.
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Exercise cessation criteria were the same as those used during the maximal stress test.
Participants were monitored for at least 5 min after exercise cessation in a sitting
position.

Microparticle measurement
Platelet-free plasma (PFP) was obtained by centrifugation at 1500 g for 15 min
followed by a single centrifugation at 13 000 g for 2 min to avoid platelet contamination.
The PFP was then aliquoted and stored at -80 °C until analysis by flow cytometry.13 For
flow cytometry analysis, 100 μl of PFP in a TruCOUNT tube (BD Biosciences) was
incubated with anti-CD31 PE, anti-CD62E APC and anti-CD42 FITC (BD Biosciences)
antibodies at room temperature for 30 min. IgG1-PE, IgG1-APC and IgG1-FITC (BD
Biosciences) were used for fluorescence minus one (FMO) negative controls. Acquisition
of flow cytometry data was obtained using a LSRII flow cytometer (BD Biosciences).
Events with a diameter <0.9 µm, as estimated using Megamix size beads (Biocytex),
were identified in forward scatter and side scatter intensity dot plot representation, gated
as MP and then plotted on one- or two-color histograms. Endothelial microparticles were
defined as particles with a diameter <0.9 µm, negative for CD42b and positive for CD31
(EMP31) or CD62E (EMP62E). Importantly, we refer to EMPs as microparticles that are
either positive for CD31 or CD62E or both in contrast to the single positive CD31
(EMP31) or CD62E (EMP62E) microparticles. Platelet microparticles (PMP) were
defined as particles with a diameter <0.9 µm, positive for CD42b. For each PFP sample,
microparticle quantification was performed in triplicates and the mean value was
determined after flow cytometry analysis using the FACSDiva software version 5.0.3.
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The coefficients of variation of the triplicates for the different microparticles typically
varied from 6.3-11.3% for the more abundant PMP, 10.2-11.4% for EMP, 11.1-12.2% for
the EMP31, and from 17-19.8% for EMP62E.
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Supplemental Table S1. Patient characteristics and medication use
Anthropometrics
Age (years)

62 ± 12

Body mass index (kg/m2)

27 ± 4

Waist circumference (cm)

97 ± 10

Body fat (%)

27 ± 5

Left ventricular ejection fraction (%)

59 ± 5

Angina pectoris

8 (42%)

Prior myocardial infarction

10 (53%)

Prior percutaneous coronary intervention

7 (37%)

Prior coronary bypass surgery

6 (32%)

Cardiovascular risk factors

n (%)

Diabetes mellitus

2 (10%)

Hypertension

5 (26%)

Dyslipidemia

17 (90%)

Smoking

0 (0%)

Medications

n (%)

Anti-platelet agents

19 (100%)

Beta-blockers

10 (53%)

Calcium channel blockers

0 (0%)

Angiotensin-converting enzyme
3 (16%)
inhibitors
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Angiotensin receptor antagonists

6 (32%)

Statins

17 (90%)

Nitrates

0 (0%)
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Supplemental Table S2. Results from maximal continuous graded exercise test
VO2peak (ml/kg/min)

29.1 ± 9.1

VO2peak (ml/min)

2369 ± 800

Exercise tolerance (METs)

8.3 ± 2

Peak power output (Watt)

181 ± 62

Resting heart rate (bpm)

62 ± 10

Peak heart rate (bpm)

144 ± 20

Resting systolic blood pressure (mmHg)

129 ± 13

Maximal systolic blood pressure (mmHg)

176 ± 25

MET, metabolic equivalent (multiple of 3.5 ml/kg/min); VO2peak, peak oxygen consumption.
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Experimental design. MICE duration was 28.7 minutes.
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