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and Claude Bouchard

The impact of two different modes of training on body fatness and skeletal muscle metabolism

was investigated in young
adults who were subjected to either a 20-week endurance-training
(ET) program (eight men and nine women) or a 15-week
high-intensity intermittent-training
(HIIT) program (five men and five women). The mean estimated total energy cost of the ET
program was 120.4 MJ, whereas the corresponding value for the HIIT program was 57.9 MJ. Despite its lower energy cost, the
HIIT program induced a more pronounced reduction in subcutaneous adiposity compared with the ET program. When corrected
for the energy cost of training, the decrease in the sum of six subcutaneous skinfolds induced by the HIIT program was ninefold
greater than by the ET program. Muscle biopsies obtained in the vastus lateralis before and after training showed that both
training programs increased similarly the level of the citric acid cycle enzymatic marker. On the other hand, the activity of
muscle glycolytic enzymes was increased by the HIIT program, whereas a decrease was observed following the ET program.
The enhancing effect of training on muscle 3-hydroxyacyl coenzyme A dehydrogenase (HADH) enzyme activity, a marker of the
activity of @-oxidation, was significan~y greater after the HIIT program. In conclusion, these results reinforce the notion that for
a given level of energy expenditure, vigorous exercise favors negative energy and lipid balance to a greater extent than exercise
of low to moderate intensity. Moreover, the metabolic adaptations taking place in the skeletal muscle in response to the HIIT
program appear to favor th; process of lipid oxidation.
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N SEVERAL STUDIES, exercise training has been
shown to induce a substantial reduction in body fatness
in overweight or obese individuals without a concomitant
dietary restriction.*-4 However, in other studies the decrease in adiposity resulting from regular exercise was
low,536and other investigators have even reported a smaI1
weight gain in obese w0rnen.l.~ These studies also tend to
show that fat loss is increased in response to a large volume
of exercise. With respect to exercise intensity, the optimal
prescription to maximize fat loss has not been clearly
established and still remains a matter of ongoing debate.
The common belief among health professionals is that
low-intensity, long-duration exercise is the most appropriate type of program for the obesee9 Beyond the fact that this
is a safe exercise prescription, low-intensity exercise is also
recommended because the proportion of lipid in the fuel
mix oxidized under these circumstances is greater than
during a high-intensity effort.‘O However, we have recently
reported, based on a large sampie size, that for a given level
of energy expenditure, individuals engaging in vigorous
activities are leaner than those participating
in iess intense
activities and inactive people. I3 This suggests that increasing exercise intensity may favor negative energy balance,

which exceeds that resulting from a low-intensity exercise.
The present study was aimed at reevaluating this hypothesis
by comparing the impact on body fatness of a program
including only aerobic exercise of moderate intensity versus
a high-intensity exercise program. In an attempt to provide
a mechanistic explanation for the potential difference in fat
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loss between the two exercise programs, we have investigated their effects on skeletal muscle metabolism.
SUBJECTS AND METHODS
Subjects

Twenty-seven subjects (13 men and 14 women) aged 18 to 32
years gave their written consent to participate in this study, which
was approved by the Lava1 University Medicat Ethics Committee.
None had previously engaged in exercise-training programs or
regularly participated in sports or other physical activities. A total
of 17 subjects (eight men and nine women) completed a 20-week
endurance-training (ET) program, and the other 10 subjects (five
men and five women) completed a Sweek high-intensity intermittent-training (HIIT) protocol. The subjects of the two studies were
healthy, and none of them were obese.
Training Programs

Subjects of the ET group were submitted to a ZO-week ergocycle
ET program consisting of uninter~pted cycling four times a week
and increasing to five times a week. The duration of the sessions
was 30 minutes at the beginning of the protocol and progressively
increased to 45 minutes. The initial intensity of exercise corresponded to 60% and increased to 85% of the maximal heart rate
reserve. During each training session, heart rate was monitored
every 2 minutes to maintain the predetermined exercise intensity
and to ensure that subjects were all submitted to the same
standardized training stimulus.
The HIIT group performed 25 30-minute sessions of continuous
exercise at 70% of the maximal heart rate reserve, ie, at an intensity
comparable to that imposed in the ET program. In addition, they
performed 19 short- and 16 long-interval sessions over a period of
1.5weeks. The distribution of the sessions was planned in such a
way that half of the continuous sessions were completed by the fifth
week of the program to expose subjects progressively only to
high-intensi~-int~~al
sessions. Each high-intensity-inte~al
session began with a 5-min?te warm-up at an intensity of 50%
maximal oxygen uptake (Vozmax). The short-interval work consisted of initially 10 and later 15 bouts of 15 seconds’ increasing to
30 seconds’ duration, whereas the long-interval work included four
to five bouts of 60 seconds’ increasing to 90 seconds’ duration.
These bouts were separated by recovery periods allowing the heart
rate to return to 120 to 130 beats per minute. The intensity of the
short exercise bouts was initially lixed at 60% of the maximal work
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output in IO seconds, and that of the long exercise bouts corresponded
to 70% of the individual
maximal work output in 90
seconds. The intensity of the short- and long-interval
exercises was
increased
by 5% every 3 weeks. The dropout rate was approximatzly the same in the two programs and corresponded
to 25% to
30% of the initial sample.
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ON BODY FATNESS

Physical Work Tests

Vozmax was measured by a progressive
cycle ergometer
test to
exh;tustion before and after the two training programs, according
to previously described procedures. t2 Briefly, the initial work load
was 50 W. and it was increased by 20 W in women and 25 W in men
every 3 minutes until exhaustion. Oxygen uptake (VOZ) and carbon
dtoride production
(Vcoz) were measured
using an open-circuit
indirect calorimetry
system, (Beckman MMC, Schiller Park, IL).
Maximal ergocycle work output during 10.30. and 90 seconds was
aisc assessed
before
and after the HIIT program
using the
methodology
reported by Simoneau et al’s

Erwrgy Cost of Exercise Training
The total energy cost of each training program was estimated by
refc rring to Vozmax and maximal work-output
measurements.
The
energy cost of the ET program was based on heart rates obtained in
eat? exercise session and on the assumption
that.Vo, at the given
power-output
level was the same as during the Vosmax test. The
mean Vozmax measured before and after this training program was
use;l as the reference
value for this calculation.
The energy
equivalent of Vo? was assumed to be 20.5 kJ/L Oz.
The energy cost of the continuous
exercise, including warm-up
ant recovery during high-intensity-interval
sessions, performed
in
the HIIT program was estimated
using the same procedure
as for
the ET program. The specific energy cost of the interval work was
det:rmined
according
to the following procedure:
for interval
exercise of 10 to I5 seconds, we referred
to the work output,
expressed in joules, observed in the lo-second
maximal ergocycle
performance:
for interval exercise of 20 to 30 seconds and 60 to 90
secmds. the reference values for calculation
of the work output
weie those obtained
in the 30-second
and 90-second
maximal
exercise performance
tests, respectively.
As for the calculation
of
the energy cost of continuous
exercise, the mean power output
me isured before and after training was used as the reference
1 allie. To convert values of mechanical work into their physiological equivalents,
we assumed that energy efficiency during highintensity-interval
exercise was 21%. The total energy cost of the
HIIT program was finally determined
by summing the energy cost
uf continuousand interval exercise. All the energy-cost-of-exercise
1 al res include resting energy expenditure,
and no attempt was
made to correct for this component,
which was likely comparable
in
I he two groups of subjects.

nase ([PFK] EC 2.7.1.11)
malate dehydrogenase
([MDH] EC
1.1.1.37). and 3-hydroxyacyl coenzyme A dehydrogenase
([HADH]
EC 1.1.1.35) as well as their reproducibility
derived from repeated
human skeletal muscle samples. were previously published.ih

StatisticalAnalyses
Student’s t test was used to analyze the effect of each training
program
on body weight, subcutaneous
skinfolds,
and skeletal
muscle enzyme activities. The same test was applied to compare
changes induced by the two training programs on each variable.
RESULTS

The total energy cost of the ET program was 120.4 t 31.0
MJ (mean t SD), whereas that of the HIIT program was
57.9 t 14.4 MJ (P < .Ol). Despite the fact that the energy
expenditure of exercise was twice as high in the ET as in the
HIIT program, the reduction in the sum of six skinfolds
tended to be greater after the HIIT program, as shown in
Fig 1. Moreover, this figure indicates that when the difference in the total energy cost of the two programs was taken
into account, ie, when the decrease in the sum of skinfolds
was divided by energy expenditure, the subcutaneous fat
loss was ninefold greater in the HIIT program than in the
ET program (P < .Ol).
Table 1 shows that there was no significant change in
body weight in response to either the ET or the HIIT
program. Both programs induced significant reductions in
the suprailiac skinfold and the sum of three trunk subcutaneous skinfolds. In addition, a significant decrease in the
triceps, biceps, and subscapular skinfolds. as well as the
sum of three limb skinfolds and the sum of the six skinfolds,
was observed following the HIIT program (Table 1).
The effects of the two training programs on skeletal
muscle enzyme activities are presented in Table 2. The two
training programs induced a significant increase in MDH
activity, whereas they had opposite effects on HK activity.
Indeed, the activity of HK was significantly increased by the
HIIT program, but was significantly decreased by the ET
program. Furthermore, significant increases in PFK and
HADH enzyme activities were observed only with the HIIT
program. Accordingly, Table 2 also shows that HK, PFK,
and HADH activity changes resulting from the HIIT
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Measurements

Six subcutaneous
fat skinfolds (biceps, triceps, calf, subscapular,
auprailiac,
and abdomen)
were measured
on the left side of the
body using a Harpenden
skinfold caliper and following the recommendations
of the International
Biological Program.i4 The value
obtained at each site was the mean value of three valid measurements.
.Muscle Biopsies and Biochemical Assays
Muscle needle biopsies were performed in the middle portion of
the vastus lateralis muscle according to the methodology
described
by Simoneau et al.‘” Detailed procedures
for the enzyme activity
measurements
of hexokinase ([HK] EC 2.7.1.1) phosphofructoki-
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Fig 1. Changes in the sum of six skinfolds (AX6SS) induced by ET
and HIIT. The corrected AXSS is the change in X6SS divided by the
total energy coat of training expressed in macrojoules. **P 4 .Ol.
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Effectsof
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ET and HllT on Body Weight and SS Measurements
ET

HllT

Variable

Before

Body weight (kg)

60.6 + 13.4

60.1 i

Triceps

11.5 2 4.4

Biceps

6.8 2 3.4
10.0 t 3.8

After

Before

After

63.9 + 11.0

63.8 t- 11.5

11.5 t 5.7

14.5 rt 6.9

12.2 + 4.9’

6.8 + 4.2

8.0 + 5.2

6.0 + 3.2’

11.9 t 7.0

15.6 r 8.6

14.7 r 8.3

12.1

SS (mm)

Calf
Subscapular

12.5 t 6.7

11.7 f 4.9

15.7 i 7.8

13.5 2 5.4*

Suprailiac

19.4 * 12.0

15.9 + 8.4s

21.1 t 12.5

17.0 2 11 .ot

Abdomen

19.0 * 11.6

16.9 & 9.5

19.3 +- 12.2

16.9 ? 9.5

): limb SS

28.3 ? 10.7

30.2 2 75.9

38.1 i 18.8

32.9 I 15.2t

Z trunk SS

50.9 2 27.9

44.6 2 21.1x

56.1 + 31.5

47.4 2 25.2t

T;GSS

79.2 2 35.1

74.7 2 34.2

94.2 rt 37.7

80.3 t 36.0t

NOTE. Values are the mean z SD.
Abbreviations: X, sum; SS. subcutaneous skinfolds; Z limb SS, triceps + biceps + calf SS; X trunk SS, subscapular + suprailiac + abdomen SS.
*P 5 .05, W C .Ol, significant effect of training.

program were significantly different from those induced by
the ET program.
As expected, each training program provoked a significant increase in V@max (ET before, 36.6 t 7.9, after,
48.2 2 7.7 m~/kg/min, P < .Ol;
HIIT before, 38.7 t 8.8,
after, 48.6 Z!Z7.0 mL/kg/min, P < .Ol).
Maximal ergocycle
performance (J), which was measured only during the I-HIT
program, was also considerably increased by this program
(lo-second
before, 5,082 2 1,988, after, 6,176 k 1,941,
P < .Ol; 30-second
before,
11,032 if: 4,034, after,
14,025 ? 4,108, P < .Ol; 90-second before, 19,196 & 7,031,
after, 25,963 Z!Z7,848, P < .Ol).
DISCUSSION

The rationale underlying this study was that for a given
energy expenditure of activities, individuals engaging regularly in vigorous activities are leaner than those not practicing such activities. This observation was derived from the
data of an epidemiological study in which participation in
physical activities was recorded in a large sample of subjects
using a diary.“’ In the present study, one aim was to verify
whether this finding could be confirmed under controlled
experimental conditions in which exercise intensity was
Table 2. Effects of ET and HIIT on Skeletal Enzyme Activities NJ/g
wet weight)
Enzyme

Before

After

Change

ET
HK

-0.15

r 0.24

-9.9

+ 30.8

1.08 f 0.23

0.93 2 0.19”

PFK

100.4 * 30.9

90.6 “_ 35.1

MDH

123.2 -t 29.2

179.8 % 27.8t

56.6 2 41.9

HADH

3.61 i: 1.10

4.26 2 1.20

0.65 zz 1.45
0.31 + 0.27§

HIT
1.00 + 0.16

1.31 2 0.15t

PFK

108.8 -t 27.2

129.3 ? 28.6*

20.5 + 27.7s

MDH

128.0”

11.9

190.6 !x 25.3t

62.6 rt 20.9

3.49 * 0.76

5.59 ? 1.65t

HK

HADH

2.10 + 1.299

NOTE. Values are the mean r SD.
*P < .05, tf

< .Ol. significant effect of training.

SP < .05, BP < .Ol, significant difference between changes induced
by the two programs.

monitored, thus allowing a reasonable estimation of the
energy expenditure of exercise. Furthermore. we were also
interested in the problem of exercise intensity and substrate
utilization, and their implications for energy balance. Indeed, it is well established that the relative contribution of
carbohydrate to energy metabolism is increased with increasing exercise intensity, whereas the fraction of energy
expended as lipid is proportionally reduced.9 Recent data
have also established that a negative energy balance is
necessarily equivalent to a lipid deficit.17,‘* In practical
terms, the question was how high-intensity exercise favoring carbohydrate oxidation can contribute to a body lipid
deficit.
We subjected young healthy adults displaying comparable initial morphological characteristics (P > .l for all
subcutaneous fat indicators) to either a 20-week exereisetraining program of moderate intensity or a 15week training program including mainly high-intensity-inte~al
exercise. Despite the fact that the energy cost of the ET
program was more than twice that of the HIIT program
(120.4 v 57.9 MJ), its impact on subcutaneous adiposity was
lower than that of the HIIT program. Moreover, since
experimental evidencc19s20suggests that there is a positive
association between exercise duration and weight loss, it
appeared reasonable to correct changes in subcutaneous fat
for the total energy cost of training. This was performed by
expressing changes in subcutaneous skinfolds per megajoule energy expended in each program. As depicted in Fig
1, results showed that the decrease in subcutaneous adiposity relative to the energy cost of training was ninefold
greater in the HIIT program than in the ET program. We
believe that this finding represents a convincing confirmation of our previous observationl’ that for a given energy
expenditure of activity, fat loss is greater when exercise
intensity is high.
As a first step to investigate the metabolic determinants
of this effect of high-intensity exercise, we focused on the
response of skeletal muscle to training. The biochemical
adaptations of skeletal muscles to ET have been intensively
investigated since Holl0szy2~ demonstrated that this type of
training increases mito~hondrial enzyme activities in rat
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skeletal muscle. Many subsequent studies have confirmed
this finding in humans.22 Results of the present study not
only support this observation, but also show that the activity
of a citric acid cycle enzyme marker is increased in response
to high-intensity training in humans. This effect of HIIT is
likely related in part to the fact that repeated exercise bouts
during this protocol were interspaced by sufficient recovery
periods. It is known that the energy needs for sustaining
mavimal exercise of very short duration are largely met by
the creatine phosphate breakdown such that its concentration decreases to aImost zero at the end of maximal exercise
leading to exhaustion.23 An almost complete creatine phosphate recovery is normally observed within rest periods
lying about 4 minutes following repeated maximal exercists of short duration.24 In contrast, creatine phosphate
resqnthesis is not possible when the arterial blood flow to
the muscle is hindered or blocked.“” These observations
support the concept that the oxidative phosphorylation is
essential for creatine phosphate resynthesis in muscle,26
and may explain why the citric acid cycle enzyme marker of
the skeletal muscle was increased in the present study even
thcugh subjects were exposed to repeated maximal exert iscs. In other words, the duration of rest periods may have
hecn a determinant.
-‘he literature pertaining to the adaptive response of
human skeletal muscle glycoiytic enzymes following exercisc training is less consistent. In the present study, the ET
program induced a decrease in PFK enzyme activity. This is
concordant with the fact that athletes competing in endurance events generally exhibit muscle PFK enzyme activity
within the range of sedentary subjects.27s28 However, the
HIlT program resulted in a substantial increase in the
activity of the glycolytic enzyme marker. This type of
training is known to impose a high demand on the glycoiytic
energy metabolism so that high muscle lactate concentrat io,ls are experienced by subjects exposed to repeated and
maximal exercises of short duration2”
The issue of the effects of different training modes on
vn;!ymes of the @-oxidation pathway still remains unclear.
Muscle triglycerides significantly contribute to the energy
supply required for prolonged exercisesZy However, the ET
program did not cause any significant increase in HADH
cn::yme activity. interestingly, the HIIT program induced a
%&stantial increase in HADH enzyme activity that was

significantly greater than that observed after the end of the
ET program. McCartney et alZ4 have shown that triglycerides may play a role as a substrate for energy metabolism in
repeated 30-second maximal exercise bouts. This greater
increase following the HIIT program is compatible with the
hypothesis that vigorous exercise may lead to a better lipid
utilization in the postexercise state and may thus contribute
to a greater energy and lipid deficit.
The results obtained in this study do not allow us to
describe what are the effects of exercise intensity on the
components of energy balance. However, the recent demonstration in animals that exercise favors anorexia via a
stimulation of the corticotropin-releasing
factor3” lends
support to the idea that the above-referenced observations
might be attributable to an effect on energy intake. Specifically, this may mean that following a vigorous exercise,
energy intake is either transitorily suppressed or increased
to a lesser degree compared with that following an exercise
of low to moderate intensity. In addition. it is also possible
that vigorous exercise has a greater enhancing effect on
postexercise energy expenditure than does moderate exercise.
In summa~, the results of the present study show that for
a given level of energy expenditure, a high-intensity training
program induces a greater loss of subcutaneous fat compared with a training program of moderate intensity. This is
probably explained by an enhancing effect of high-intensity
exercise on postexercise lipid utilization, which favors a
greater body lipid deficit following exercise. From a clinical
standpoint, it is obvious that high-intensity exercise cannot
be prescribed for individuals at risk for health problems or
for obese people who are not used to excrcisc. In these
cases, the most prudent course remains a l(~w-intensity
exercise program with a progressive increase in duration
and frequency of sessions. However, the data reported here
would support the notion that it may hc appropriate and
useful to prescribe vigorous exercise instead of lowintensity exercise of comparable energy cost when this is
compatible with the fitness level of the individual.
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