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Abstract High intensity interval training has been shown
to be more eVective than moderate intensity continuous
training for improving maximal oxygen uptake (VO2max) in
patients with coronary heart disease (CHD). However, no
evidence supports the prescription of one speciWc protocol
of high intensity interval exercise (HIIE) in this population.
The purpose of this study was to compare the acute cardio-
pulmonary responses with four diVerent single bouts of
HIIE in order to identify the most optimal one in CHD
patients. Nineteen stable CHD patients (17 males, 2
females, 65 § 8 years) performed four diVerent bouts of
HIIE, all with exercise phases at 100% of maximal aerobic
power (MAP), but which varied in interval duration (15 s

for mode A and B and 60 s for mode C and D) and type of
recovery (0% of MAP for modes A and C and 50% of MAP
for modes B and D). A passive recovery phase resulted in a
longer time to exhaustion compared to an active recovery
phase, irrespective of the duration of the exercise and
recovery periods (15 or 60 s, p < 0.05). Time to exhaustion
also tended to be higher with mode A relative to mode C
(p = 0.06). Despite diVerences in time to exhaustion
between modes, time spent at a high percentage of VO2max

was similar between HIIE modes except for less time spent
above 90 and 95% of VO2max for mode C when compared
with modes B and D. When considering perceived exertion,
patient comfort and time spent above 80% of VO2max,
mode A appeared to be the optimal HIIE session for these
coronary patients.
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Introduction

Physical activity is a recognized non-pharmacological
intervention recommended for both the primary and sec-
ondary prevention of coronary heart disease (CHD)
(Fletcher et al. 2001). Current guidelines encourage the par-
ticipation in moderate- to vigorous-intensity aerobic exer-
cise of 20- to 30-min duration on most, and preferably all,
days of the week to promote or maintain health (Balady
et al. 2007; Giannuzzi et al. 2003; Haskell et al. 2007). If
the beneWts of exercise-based cardiac rehabilitation are now
undeniable (Taylor et al. 2004), the question of the form of
exercise that should be prescribed to CHD patients is still
unresolved. In the meta-analysis by Taylor et al. (2004)
which showed the beneWts of exercise-based rehabilitation
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on mortality in CHD patients, most of the included random-
ized trials used moderate-intensity continuous training
(MCT) ranging from 40 to 80% of maximal oxygen uptake
(VO2max). High-intensity interval training (HIT), which
involves repeated 30–300-s bouts of aerobic exercise at an
intensity ranging from 85 to 100% of VO2max interspersed
by recovery periods of equal or shorter duration (Daniels
and Scardina 1984), is another form of exercise that is only
occasionally used in rehabilitation programs. Although Wrst
described in the 1950s as a mode of training by the German
cardiologist Hans Reindell (Reindell and Roskamm 1959),
HIT has largely been used by elite athletes for training pur-
poses (Billat 2001). Only recently has HIT been studied as
a potential mode of cardiac rehabilitation (Rognmo et al.
2004; Warburton et al. 2005; WisloV et al. 2007). In the
only two studies performed in CHD patients, interval train-
ing was shown to be superior to MCT for improving
VO2max (Rognmo et al. 2004; Warburton et al. 2005).
According to Wenger and Bell (1986), HIT protocols
should be designed to allow the maintenance of a high
percentage of VO2 for a long duration in order to improve
aerobic power. In this regard, the HIT protocols used in
previous studies suVered from several limitations. First, the
acute cardiopulmonary responses of these protocols were
not studied prior to their implementation into training pro-
grams. In healthy subjects, manipulating exercise/recovery
intensity has been shown to alter time to exhaustion and
time spent at a high percentage of VO2 independently of
bout duration (Billat 2001; Dupont et al. 2003a; Thevenet
et al. 2007). In the absence of this speciWc information, it is
diYcult to determine whether the HIT protocols used by
Rognmo et al. (2004), Warburton et al. (2005), and WisloV
et al. (2007) induced a cardiovascular response that was
optimal for improving VO2max. Second, it is now accepted
that prescribing and monitoring exercise intensity with
heart rate, as done by Warburton et al. (2005) and WisloV
et al. (2007) is imprecise. In fact, manipulating walking or
running velocity to maintain heart rate in the target zone
may lead to a decreased VO2 as a result of cardiovascular
drift (Fritzsche et al. 1999). Furthermore, heart rate gener-
ally begins to plateau at approximately 85–90% of VO2max

while metabolic work can still increase with increasing
exercise intensity (Davies 1968). The overshoot concerning
heart rate response that is occasionally observed at the end
of a short high intensity exercise period may also result in
the imprecise estimation of energy expenditure. Finally, the
diYculty of the interval training protocols proposed in
these studies (i.e. 2–4 min of exercise at approximately
90% of peak heart rate, interspersed by 2–3 min of recovery
at approximately 70% of peak heart rate) could represent a
signiWcant challenge to patients with respect to heart rate
monitoring, which might lead to diYculties with long-term
adherence to exercise training.

In summary, the interval training protocols used in prior
studies suVered from several limitations, including (1) use
of arbitrary protocols without knowledge regarding the
acute cardiopulmonary responses elicited, (2) long exercise
intervals which could be diYcult or unsafe for certain indi-
viduals leading to non-compliance with the training proto-
col, and (3) use of percentage of heart rate reserve or
percentage of VO2max for prescription of exercise intensity.
The objective of the present study was therefore to compare
four diVerent single bouts of high intensity interval exercise
(HIIE) which diVered in duration of exercise and recovery
periods (15 vs. 60-s intervals) and type of recovery (active
vs passive), in order to identify the most optimal protocol
with respect to time to exhaustion, time spent near VO2max,
patient comfort and safety in a stable CHD sample. As sug-
gested by data in healthy individuals (Dupont and Berthoin
2004; Dupont et al. 2002), we hypothesized that a HIIE
protocol with short exercise intervals and passive recovery
periods would result in a longer time to exhaustion, without
altering the time spent at high percentage of VO2max.

Materials and methods

Participants

Twenty patients with stable CHD providing written
informed consent were recruited at the cardiovascular pre-
vention centre of the Montreal Heart Institute. Inclusion cri-
teria were a history of ¸70% arterial diameter narrowing of
at least one major coronary artery and/or documented prior
myocardial infarction and or/perfusion defect on Sesta
MIBI exercise testing. Exclusion criteria were recent acute
coronary syndrome (·3 months), signiWcant resting ECG
abnormality, history of ventricular arrhythmias or conges-
tive heart failure, uncontrolled hypertension, recent bypass
surgery intervention <3 months, recent percutaneous trans-
luminal coronary angioplasty <6 months, left ventricular
ejection fraction ·45%, pacemaker or implantable cardio-
verter deWbrillator, recent modiWcation of medication
<2 weeks, and musculoskeletal conditions making exercise
on ergocycle diYcult or contra-indicated. Demographic and
characteristics are presented in Table 1. The protocol was
reviewed and approved by the local Research Ethics Board.

Experimental design

Subjects underwent a complete medical evaluation which
included measurement of height, body mass, body compo-
sition and resting ECG. Subsequently, all subjects per-
formed a maximal continuous graded exercise test,
followed by four, randomly-ordered, single HIIE sessions.
Training sessions were separated by ¸72 h, and were
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conducted over a 3-week period. 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 con-
tent. All sessions were supervised by an exercise physiolo-
gist, a nurse, and a cardiologist.

Exercise testing

Ergometer

This test was performed on an electro-mechanically braked
bicycle ergometer (Ergoline 800S, Bitz, Germany). Cycling
position, which is known to aVect energy expenditure, was
standardized by adopting a top bar position. Saddle height
was adjusted according to the participant’s inseam leg
length, as measured from the point of the pubic symphysis
palpation to the Xoor. Toe-clips were used and participants
were instructed to stay seated during the test. Subjects were
required to maintain a constant pedal cadency between 60
and 80 revolutions per minute.

Maximal continuous graded exercise test

The test began immediately after a 3-min warm-up phase at
20 W. Initial workload was set at 60 W and increased by
15 W every minute until exhaustion. Strong verbal encour-
agement was given throughout the test. The power of the
last completed stage was considered as the maximal aerobic
power (MAP). Oxygen uptake (VO2) was determined con-
tinuously on a breath-by-breath basis using an automated
cardiopulmonary exercise system (Oxycon Alpha, Jaegger,
Germany). Gas analyzers were calibrated before each test,
using a gas mixture of known concentration (15% O2 and
5% CO2) and ambient air. Participants breathed through a
facemask attached to a one-way valve with low resistance
and small dead space. The turbine was calibrated before
each test using a 3-l syringe at several Xow rates. Electro-
cardiographic activity was monitored continuously using a
12-lead ECG (Marquette, Missouri) and blood pressure was
measured manually every 2 min using a sphygmomanometer.

HIIE sessions

Each HIIE session was preceded by a standardized warm-
up consisting of a 5-min bout at 50% of MAP followed by a
set of three 10-s bouts at 80% of MAP interspersed by
1 min of active recovery at 50% of MAP. A 5-min passive
recovery phase separated the warm-up from the HIIE ses-
sion. After each HIIE session, a 3-min active recovery
phase (30 W) was employed to prevent vagal reactions, fol-
lowed by a 7-min passive recovery phase with patients
seated on a chair, during which time blood pressure was
measured at 2-min intervals and ECG monitored continu-
ously. The characteristics of each HIIE session are pre-
sented in Fig. 1 and described in Table 2. Each HIIE
session lasted a maximum of 35 min or was terminated pre-
maturely due to patient exhaustion, signiWcant cardiac
arrhythmias, or abnormal blood pressure response. Strong
verbal encouragement was given throughout the session, as
well as feedback on elapsed time. Perceived exertion using
the Borg scale (level 6–20) was determined every 3 min.
VO2 and related gas exchange measures were determined
breath-by-breath using the same automated cardiopulmo-
nary exercise system after calibration of the metabolic cart
and turbine.

Data analysis

Determination of maximal oxygen uptake (VO2max)

Mean values of VO2 were displayed every 15 s during the
test. The primary criterion for the attainment of VO2max was
a plateau in VO2 (change < 2.1 ml min¡1 kg¡1) despite an
increase in power output (Duncan et al. 1997). In the

Table 1 Patient characteristics and medication use

Results are reported as mean § SD or row value (% of the sample)

PCI percutaneous coronary intervention, CABG coronary artery
bypass grafting surgery, ACE angiotensin-converting enzyme

Anthropometrics

Age (years) 65 § 8

Men 17 (89%)

Body mass index (kg/m2) 28 § 4

Waist circumference (cm) 97 § 12

Body fat (%) 27 § 8

Risk factors

Diabetes mellitus 4 (21%)

Hypertension 7 (36%)

Dyslipidemia 13 (68%)

Smoking 0 (0%)

Medical history

Symptoms of angina pectoris 3 (16%)

Myocardial ischemia 4 (21%)

Ejection fraction (%) 59 § 6

Previous myocardial infarction 11 (58%)

PCI 8 (42%)

CABG 5 (26%)

Medications

Anti platetet agents 18 (95%)

Betablokers 12 (63%)

Calcium channel blockers 3 (16%)

ACE inhibitors 4 (21%)

Angiotensin receptor antagonist 8 (42%)

Statins 15 (79%)

Nitrates 2 (10%)
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absence of a plateau, attainment of VO2max was based upon
the presence of a respiratory exchange ratio of 1.10 or
greater, or the inability to maintain the required pedal
cadence (i.e. 60 revolutions per minute).

Determination of time spent at a high percentage of VO2

Mean values of VO2 were displayed every 5-s during the
HIIE session. Time spent above 80% (T80), 90% (T90) and
95% (T95) of was computed by summing each 5-s block
that satisWed the criterion (Dupont et al. 2003b).

Statistical analysis

Results are expressed as mean § standard deviation for
continuous variables and as frequency (%) for categorical
variables. Normal Gaussian distribution of the data was
veriWed by the Shapiro–Wilk test. Since none of the vari-
ables met this condition, a non-parametric procedure was
used. A Friedman ANOVA by ranks was performed to test

the null hypothesis that there was no diVerence between
HIIE sessions. Multiple comparisons were made with a
Wilcoxon matched-pairs test. The proportion of patients
completing each 35-min HIIE session was compared using
a chi-square test. All analyses were performed using
Statistica 6.0 (Statsoft, Tulsa, USA). A p level < 0.05 was
considered statistically signiWcant.

Results

One participant did not complete the protocol due to an
injury that occurred during a recreational activity. Conse-
quently, his results were withdrawn from the analyses. Two
participants had a vagal reaction following HIIE mode C.
No patients developed signiWcant ventricular arrhythmias
during the maximal exercise test or any of the HIIE ses-
sions. Four subjects presented myocardial ischemia during
maximum exercise testing. Three of them presented myo-
cardial ischemia and developed mild angina (maximal

Fig. 1 Schematic illustration of 
the four HIIE modes. Each HIIE 
session was preceded by an 
8-min standardized warm-up 
followed by a 5-min passive 
recovery. The duration of 
exercise periods was either 15 s 
(a, b) or 60 s (c, d). The recovery 
(same duration than exercise) 
was either passive recovery (0% 
of MAP; (a) and (c)) or active 
(50% of MAP; (b) and (d)). 
HIIE high intensity interval 
exercise, MAP maximal aerobic 
power, Tlim time limit

Table 2 Descriptive characteristics of each HIIE mode

Mean intensity represents the average power output. The ratio is the ratio between exercise and recovery phase duration. Amplitude is the diVerence
between exercise and recovery intensities, expressed as a percentage of mean intensity (Saltin et al. 1976)

A B C D

Phase duration (15/15 s) (15/15 s) (60/60 s) (60/60 s)

Type of recovery (%) Passive (0) Active (50) Passive (0) Active (50)

Mean intensity (%) 50 75 50 75

Amplitude (%) 200 67 200 67

Ratio 1:1 1:1 1:1 1:1
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intensity 2/10) during the four HIIE sessions. Maximal ST
segment depressions were 1.1 § 0.3, 1.1 § 0.3, 1.6 § 0.6,
1.5 § 0.5 for modes A, B, C, and D, respectively. However,
ST-segment depression never exceeded 2 mm, and both
anginal symptoms and ST-segment depression would
resolve during the passive recovery periods in modes A and
C (Table 4).

Cardiopulmonary data from the maximal exercise test
are presented in Table 3. The occurrence of the primary cri-
terion for the determination of VO2max (i.e. the plateau) was
84%. All participants who did not reach a plateau satisWed
the secondary criteria (i.e. RER > 1.1 or the inability to
maintain pedal cadence). We therefore considered that
VO2max was reached in all participants.

Exercise tolerance in the sample was superior relative to
age-based predicted values. Data on time to exhaustion,
time spent near VO2max, and rating of perceived exertion
during each of the 4 HIIE sessions are presented in Table 4.
Sixty-three percent of participants were able to complete
35-min of exercise in mode A, while only 16, 42, and 0%
completed 35-min HIIE sessions in modes B, C and D,
respectively (A > B, C and D; p < 0.05). A passive recov-
ery phase (modes A and C) resulted in a longer time to

exhaustion compared to an active recovery phase, irrespec-
tive of the duration of the exercise and recovery phases (15
or 60 s, p < 0.05). Time to exhaustion also tended to be
higher with mode A relative to mode C (p = 0.06). Despite
diVerences in time to exhaustion between modes, time
spent at a high percentage of VO2max was similar between
HIIE modes except for less time spent above 90 and 95% of
VO2max for mode C when compared with modes B and D.
We found that 13 (68%), 17 (89%), 15 (79%), and 14
(73%) of subjects reached VO2max in mode A, B, C, and D.
Finally, 18 participants rated mode A as their preferred one,
which was also considered to be the least diYcult (RPE
presented in Table 4, p < 0.05). This observation is not
based on objective measurement of these parameters, but
on indirect indices such as RPE and the open question. The
VO2 responses of one participant to the four HIIE sessions
are presented in Fig. 2.

Discussion

The purpose of this study was to compare the time to
exhaustion, the time spent at a high percentage of VO2,
patient comfort and adherence, and safety of four diVerent
single HIIE sessions in order to identify the optimal HIIE
session to be incorporated in future HIT training studies in
Wt patients with stable CHD. Our Wndings indicate that
mode A, consisting of 15-s phases of exercise and recovery,
and a passive recovery period, was the optimal mode
among the four tested. Time to exhaustion was longest,
patient comfort was maximized, and the time spent near
VO2max was also similar to modes using longer (60-s) inter-
vals or an active (50% MAP) recovery phase. Finally, all
four modes were considered safe.

To the best of our knowledge, this is the Wrst study in
CHD patients to use a HIIE session in which exercise peri-
ods were prescribed at 100% of MAP. As a consequence,
certain patients necessarily performed exercise at or above
their ischemic threshold. Current guidelines arbitrarily

Table 3 Results from the maximal continuous graded exercise test

Results are presented as mean § SD

VO2max (ml min¡1 kg¡1) 27.1 § 6.7

VO2max (ml min¡1) 2,239 § 631

Exercise tolerance (METs) 8.2 § 2

Maximal aerobic power (W) 173 § 41

Resting heart rate (bpm) 64 § 10

Maximal heart rate (bpm) 135 § 21

Heart rate reserve (bpm) 70 § 24

Heart rate at 1 min recovery (bpm) 113 § 23

Delta heart rate at 1 min recovery (bpm) 23 § 13

Resting systolic blood pressure (mmHg) 125 § 15

Maximal systolic blood pressure (mmHg) 170 § 22

Table 4 Acute responses to the 4 HIIE modes

§ SigniWcantly diVerent from B and D (p < 0.05); *SigniWcantly diVerent from all others (p < 0.05)

A B C D

Time to exhaustion (s) 1,724 § 482§ 733 § 490* 1,525 § 533§ 836 § 505*

Time above 95% VO2max (s) 274 § 410 337 § 319 223 § 258§ 307 § 309

Time above 90% VO2max (s) 433 § 486 441 § 335 329 § 308§ 429 § 336

Time above 80% VO2max (s) 819 § 578 635 § 443 585 § 370 654 § 366

Rating perceived exertion 
at the end of sessions

15 § 2* 17 § 2 17 § 2 18 § 0.6

Angina (%) 3 (16) 3 (16) 3 (16) 3 (16)

ST-depression (%) 3 (16) 3 (16) 3 (16) 3 (16)

n at 35 min 12 (63)* 3 (16) 8 (42) 0
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recommend a training intensity at 10 bpm below the ische-
mic threshold (Gibbons et al. 1999). Despite this fact, no
patients in our study experienced signiWcant ventricular
arrhythmias or abnormal blood pressure responses. As
noted previously, three subjects developed myocardial
ischemia and mild angina (maximal intensity 2/10) during
the four HIIE sessions. However, both ST-segment
depression and angina would disappear during the passive
recovery periods in modes A and C, and ST-segment
depression never exceeded 2 mm during any test. Impor-
tantly, two recent studies showed that continuous training
above the ischemic threshold is safe and well tolerated
without evidence of myocardial damage, signiWcant
arrhythmias, or left ventricular dysfunction (Juneau et al.
2008; Noel et al. 2007). In theory, HIIE could be safer
than continuous aerobic training above the ischemic
threshold, resulting in intermittent rather than prolonged
periods of ischemia. Furthermore, intermittent periods of
ischemia might lead to ischemic preconditioning as is wit-
nessed during warm-up angina (Tomai 2002; Tomai et al.
1996). Brief, repetitive episodes of ischemia have also

been shown to promote collateral formation in animals
(Duncker and Bache 2008).

In accordance with our hypothesis, passive recovery
(modes A and C) resulted in a longer time to exhaustion
than active recovery (modes B and D). This eVect was inde-
pendent of exercise duration (i.e. 15 or 60 s), although
mode A tended to be associated with a longer time to
exhaustion compared with mode C (p = 0.06). Dupont et al.
(2003a) measured the time to exhaustion of a HIIE session
involving intermittent runs of 15 s at 120% of maximal aer-
obic speed (MAS), interspersed with 15 s of either active
(50% MAS) or passive (0% MAS) recovery. They found a
longer time to exhaustion when recovery was passive
(745 § 171 vs. 445 § 79 s, p < 0.001). Thevenet et al.
(2007) reported similar results following a HIIE session
involving intermittent runs of 30 s at 105% of MAS inter-
spersed with 30 s of either active (50% MAS) or passive
(0% MAS) recovery (2,145 § 829 vs. 1,072 § 388 s,
p < 0.01). Our results are therefore in agreement with the
existing literature on healthy subjects. Among the factors
that have been proposed to explain this phenomenon is the
phosphocreatine (PCr) hypothesis. Dupont et al. (2004)
assessed HbO2 changes in the vastus lateralis muscle of
healthy subjects during a HIIE session similar to the one
used in their 2003 protocol (Dupont et al. 2003a). They
observed a lower decline in HbO2 during passive recovery,
suggesting a higher oxygen saturation of myoglobin and
hemoglobin. Since the re-synthesis of PCr is dependent on
oxygen availability during rest periods of intermittent exer-
cise (Haseler et al. 1999), it would be expected that its rate
of recovery would diVer between interval training protocols
using active or passive recovery periods. This hypothesis is
supported by the work of Yoshida et al. (1996). These
authors measured PCr kinetics with 31P-nuclear magnetic
resonance spectroscopy during the recovery from a high-
intensity exercise, and reported a higher rate of re-synthesis
of PCr during passive recovery relative to active recovery
(Yoshida et al. 1996).

Despite a longer time to exhaustion in modes A and C,
we found no major diVerence in the time spent at a high
percentage of VO2. The single diVerence that was evident
was a shorter time spent above 90 and 95% of VO2max dur-
ing mode C, which can be explained by a larger VO2

decline during the longer recovery period (Fig. 2). Consis-
tent with the Wndings of Dupont and Berthoin (2004), time
spent near VO2max was longer using an active recovery
phase (i.e. modes B and D) when normalized for time to
exhaustion. In other words, use of a passive recovery phase
prevents the maintenance of VO2 near VO2max during each
bout of exercise because of a lower VO2 at the beginning of
each subsequent exercise phase. However, the time to
exhaustion is long enough to compensate for this phenome-
non in mode A, but not in mode C. This nuance has

Fig. 2 Typical VO2 response of a participant during each HIIE mode.
The solid line represents VO2max and dashed lines represent 80, 90, and
95% of VO2max
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important practical implications. If we accept the premise
that the time spent near VO2max is one of the main stimuli
for improving VO2max, then the number of repetitions dur-
ing a HIIE session should always be adjusted to the type of
recovery (active or passive).

The primary aim of this study was to develop a HIIE
model on the basis of its metabolic demands, in an eVort to
maximize cardiovascular and other potential health bene-
Wts. According to our results, HIIE modes A, B, and D were
physiologically similar. Importantly, however, a majority
of patients rated mode A as the easiest and most preferred
despite a longer time to exhaustion. Since the metabolic
demands imposed by mode A were equivalent to those of
modes B and D, provided the number of repetitions is
suYcient, we conclude that mode A represents the best
compromise between physiological and psychological con-
siderations.

Limitations of the current study include the small, pre-
dominantly male, sample. However, we have no reason to
believe that our results would have diVered in women. In
addition, the sample was selected among a cohort of CHD
patients who are followed closely and perform exercise on
a regular basis. We did not measure troponin T levels fol-
lowing HIIE sessions to exclude any myocardial injury;
however, once again, all training sessions were very well
tolerated and free of severe, prolonged ischemia or signiW-
cant ventricular arrhythmias. Furthermore, as mentioned
previously, continuous aerobic exercise training above the
ischemic threshold has been shown to be safe according to
two recent studies (Juneau et al. 2008; Noel et al. 2007).

Conclusion

We conclude that a HIIE session employing exercise phases
at 100% MAP is feasible and appears safe in stable, Wt, well-
selected CHD patients. A passive recovery period provides
for signiWcantly longer total exercise duration prior to reach-
ing exhaustion (modes A and C). Mode A with 15-s exercise
and recovery phases, and passive recovery, represents a bal-
ance between patient comfort and safety on the one hand,
and maintenance of VO2 near VO2max during the recovery
phase on the other hand, yet still providing a metabolic
expenditure similar to that observed with HIIE modes using
active recovery periods. Future studies in this domain will
require ensuring the safety of our optimized HIIE mode in a
larger CHD sample, not to mention comparative studies
with continuous aerobic training, studying various biologi-
cal and physiological parameters inXuenced by exercise that
also impact on prognosis.

Acknowledgment Thibaut Guiraud is funded by the ÉPIC foundation.

ConXict of interest statement None.

References

Balady GJ, Williams MA, Ades PA, Bittner V, Comoss P, Foody JM,
Franklin B, Sanderson B, Southard D (2007) Core components of
cardiac rehabilitation/secondary prevention programs: 2007
update: a scientiWc statement from the American Heart Associa-
tion Exercise, Cardiac Rehabilitation, and Prevention Committee,
the Council on Clinical Cardiology; the Councils on Cardiovascu-
lar Nursing, Epidemiology and Prevention, and Nutrition, Physi-
cal Activity, and Metabolism; and the American Association of
Cardiovascular and Pulmonary Rehabilitation. Circulation
115:2675–2682

Billat LV (2001) Interval training for performance: a scientiWc and
empirical practice. Special recommendations for middle- and
long-distance running. Part I: aerobic interval training. Sports
Med 31:13–31

Daniels J, Scardina N (1984) Interval training and performance. Sports
Med 1:327–334

Davies CT (1968) Limitations to the prediction of maximum oxygen
intake from cardiac frequency measurements. J Appl Physiol
24:700–706

Duncan GE, Howley ET, Johnson BN (1997) Applicability of VO2max
criteria: discontinuous versus continuous protocols. Med Sci
Sports Exerc 29:273–278

Duncker DJ, Bache RJ (2008) Regulation of coronary blood Xow dur-
ing exercise. Physiol Rev 88:1009–1086

Dupont G, Berthoin S (2004) Time spent at a high percentage of
VO2max for short intermittent runs: active versus passive recovery.
Can J Appl Physiol 29 Suppl:S3–S16

Dupont G, Blondel N, Lensel G, Berthoin S (2002) Critical velocity
and time spent at a high level of VO2 for short intermittent runs at
supramaximal velocities. Can J Appl Physiol 27:103–115

Dupont G, Blondel N, Berthoin S (2003a) Performance for short inter-
mittent runs: active recovery vs. passive recovery. Eur J Appl
Physiol 89:548–554

Dupont G, Blondel N, Berthoin S (2003b) Time spent at VO2max: a
methodological issue. Int J Sports Med 24:291–297

Dupont G, Moalla W, Guinhouya C, Ahmaidi S, Berthoin S (2004)
Passive versus active recovery during high-intensity intermittent
exercises. Med Sci Sports Exerc 36:302–308

Fletcher GF, Balady GJ, Amsterdam EA, Chaitman B, Eckel R, Fleg J,
Froelicher VF, Leon AS, Pina IL, Rodney R, Simons-Morton DA,
Williams MA, Bazzarre T (2001) Exercise standards for testing
and training: a statement for healthcare professionals from the
American Heart Association. Circulation 104:1694–1740

Fritzsche RG, Switzer TW, Hodgkinson BJ, Coyle EF (1999) Stroke
volume decline during prolonged exercise is inXuenced by the in-
crease in heart rate. J Appl Physiol 86:799–805

Giannuzzi P, Saner H, Bjornstad H, Fioretti P, Mendes M, Cohen-Solal
A, Dugmore L, Hambrecht R, Hellemans I, McGee H, Perk J,
Vanhees L, Veress G (2003) Secondary prevention through
cardiac rehabilitation: position paper of the Working Group on
Cardiac Rehabilitation and Exercise Physiology of the European
Society of Cardiology. Eur Heart J 24:1273–1278

Gibbons RJ, Chatterjee K, Daley J, Douglas JS, Fihn SD, Gardin JM,
Grunwald MA, Levy D, Lytle BW, O’Rourke RA, Schafer WP,
Williams SV, Ritchie JL, Cheitlin MD, Eagle KA, Gardner TJ,
Garson A Jr, Russell RO, Ryan TJ, Smith SC Jr (1999) ACC/
AHA/ACP-ASIM guidelines for the management of patients with
chronic stable angina: a report of the American College of
Cardiology/American Heart Association Task Force on Practice
123



Eur J Appl Physiol
Guidelines (Committee on Management of Patients with Chronic
Stable Angina). J Am Coll Cardiol 33:2092–2197

Haseler LJ, Hogan MC, Richardson RS (1999) Skeletal muscle phos-
phocreatine recovery in exercise-trained humans is dependent on
O2 availability. J Appl Physiol 86:2013–2018

Haskell WL, Lee IM, Pate RR, Powell KE, Blair SN, Franklin BA,
Macera CA, Heath GW, Thompson PD, Bauman A (2007) Phys-
ical activity and public health: updated recommendation for
adults from the American College of Sports Medicine and the
American Heart Association. Med Sci Sports Exerc 39:1423–
1434

Juneau M, Roy N, Nigam A, Tardif J, Larivée L (2008) Exercise
training above the ischemic threshold and myocardial damage.
Can J Cardiol (in press)

Noel M, Jobin J, Marcoux A, Poirier P, Dagenais GR, Bogaty P (2007)
Can prolonged exercise-induced myocardial ischaemia be innoc-
uous? Eur Heart J 28:1559–1565

Reindell H, Roskamm H (1959) Ein Beitrag zu den physiologischen
Grundlagen des Intervall training unter besonderer Berück-
sichtigung des Kreilaufes. Schweiz Z Sportmed:1–8

Rognmo O, Hetland E, Helgerud J, HoV J, Slordahl SA (2004) High
intensity aerobic interval exercise is superior to moderate inten-
sity exercise for increasing aerobic capacity in patients with cor-
onary artery disease. Eur J Cardiovasc Prev Rehabil 11:216–222

Saltin B, Essen B, Pedersen P (1976) Intermittent exercise: its physiol-
ogy and some practical applications. In: Joekle E, Anand R,
Stoboy H (eds) Advances in exercise physiology medicine sport
series. Karger Publishers, Basel, pp 23–51

Taylor RS, Brown A, Ebrahim S, JolliVe J, Noorani H, Rees K,
Skidmore B, Stone JA, Thompson DR, Oldridge N (2004)

Exercise-based rehabilitation for patients with coronary heart
disease: systematic review and meta-analysis of randomized con-
trolled trials. Am J Med 116:682–692

Thevenet D, Tardieu M, Zouhal H, Jacob C, Abderrahman BA, Prioux
J (2007) InXuence of exercise intensity on time spent at high
percentage of maximal oxygen uptake during an intermittent
session in young endurance-trained athletes. Eur J Appl Physiol
102:19–26

Tomai F (2002) Warm up phenomenon and preconditioning in clinical
practice. Heart 87:99–100

Tomai F, Crea F, Danesi A, Perino M, Gaspardone A, Ghini AS,
Cascarano MT, Chiariello L, GioVre PA (1996) Mechanisms of
the warm-up phenomenon. Eur Heart J 17:1022–1027

Warburton DE, McKenzie DC, Haykowsky MJ, Taylor A, Shoemaker
P, Ignaszewski AP, Chan SY (2005) EVectiveness of high-inten-
sity interval training for the rehabilitation of patients with coro-
nary artery disease. Am J Cardiol 95:1080–1084

Wenger HA, Bell GJ (1986) The interactions of intensity, frequency
and duration of exercise training in altering cardiorespiratory
Wtness. Sports Med 3:346–356

WisloV U, Stoylen A, Loennechen JP, Bruvold M, Rognmo O, Haram
PM, Tjonna AE, Helgerud J, Slordahl SA, Lee SJ, Videm V, Bye
A, Smith GL, Najjar SM, Ellingsen O, Skjaerpe T (2007) Superior
cardiovascular eVect of aerobic interval training versus moderate
continuous training in heart failure patients: a randomized study.
Circulation 115:3086–3094

Yoshida T, Watari H, Tagawa K (1996) EVects of active and passive
recoveries on splitting of the inorganic phosphate peak deter-
mined by 31P-nuclear magnetic resonance spectroscopy. NMR
Biomed 9:13–19
123


	Optimization of high intensity interval exercise in coronary heart disease
	Abstract
	Introduction
	Materials and methods
	Participants
	Experimental design
	Exercise testing
	Ergometer
	Maximal continuous graded exercise test
	HIIE sessions

	Data analysis
	Determination of maximal oxygen uptake (VO2max)
	Determination of time spent at a high percentage of VO2

	Statistical analysis

	Results
	Discussion
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


