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questionnaire is subjective, and the measures for PA depend
on the observer. An objective measurement approach using
an accelerometer may avoid these limitations of a question-
naire, as an accelerometer can count movements in seden-
tary to vigorous activities (9).

Accelerometers can be used to predict EE and to classify
levels of PA (9-12). Validation studies of accelerometers
have been performed in both children and adults; however,
such studies for classification of PA in young children have
only recently been reported (13,14). The principal purpose
of the study by Reilly et al. (13) was only to determine
cut-off values for accelerometry output. They validated the
same type of accelerometer (Actigraph, CSA/MTI) against
the DLW method later (15) and indicated that the acceler-
ometer was not appropriate to estimate total EE in pre-
school-age children. Pfeiffer et al. (14) calibrated an accel-
erometer (Actical) for use with preschool children during
rest, slow and brisk walking, and jogging. However, light to
moderate intensity lifestyle activities, except for rest, were
not included in the study. These lifestyle activities are
known to be underestimated using uniaxial or a single
summary measure of the triaxial acceleration counts in

adults (12). In these studies (13—-15), uniaxial and omniaxial

accelerometers were used, respectively. Because the nature
of PA in young children is different from that in older
children and adults (11), triaxial accelerometry may provide
more useful information in young children than uniaxial
accelerometry. We are unaware of any data regarding the
validity of triaxial accelerometry for assessment of PA
. intensity in young children, although Hoos et al. (16) vali-
dated the triaxial accelerometer (Tracmor2) in 6.9 * 2.2-
year-old children for the estimation of total EE against the
‘DLW method. Some studies have evaluated the validity of
the accelerometer in older children (11,17); however, the
modeling equations used in these studies assumed a linear
. relationship between accelerometer counts and EE, while a
non-linear model using vertical and horizontal acceleration
counts independently may be more appropriate (10,18). -

" The purpose of the present study was to derive the best

" models using linear or non-linear equations that estimate EE -

and physical activity ratio (PAR) from triaxial accelerome-
ter counts in young children.

Research Methods and Procedures
Subjects ‘

Subjects were 5~ to 6-yéar-old Japanese girls (n = 11) .

and boys (n = 16) (mean age, 6.0 £ 0.3 years), living in the
Tokyo metropolitan area, and going to kindergarten. All of
the subjects reported being in good health, without any
anamnesis affecting -EE, such as abnormal thyroid gland
function. The sample size was determined based on the
results of similar studies published previously. Informed
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consent was obtained from a parent, and the Ethical Com-
mittee of the J.F. Oberlin University approved the study
protocol. '

Measurement Items and Methods

Body height and weight were measured to the nearest 0.1
cm and 0.1 kg, respectively. EE was assessed for nine
activities using indirect calorimetry by the Douglas bag
method. The 27 subjects performed the nine activities while
wearing a 57-gram triaxial accelerometer (ActivTracer,
GMS, Tokyo, Japan) (19) on the left side of the waist and a
mask for collecting expired air using the Douglas bag
method. An ActivTracer recorded triaxial acceleration ev-
ery 5 seconds. The triaxial accelerometer obtained three-
dimensional accelerations every 40 ms with a sensitivity of
2 mG and with a band-pass filter of 0.3 to 100 Hz. The
acceleration count was calculated as the average of the
absolute values for acceleration in each direction for a given
interval (5 seconds). Anteroposterior (x-axis), mediolateral
(y-axis), vertical (z-axis), and synthetic (synthesized tri-
axes as vector) accelerations were obtained from the triaxial
accelerometer’ during the nine activities. The acceleration

- data were uploaded to a personal computer. In addition,

because the triaxial accelerometer could shift horizontally
during measurements, the x- and y-axes were synthesized as
“horizontal acceleration” for the analysis. :

For a subgroup of subjects, another accelerometer (acti-
graph, model RC; Ambulatory Monitoring, Inc., Ardsley,
NY), which weighs about 9 g, was worn on the wrist of the
dominant arm (n = 14). The actigraph is designed to detect
a wide range of limb movements related to sleep/wake
behavior and PA. The actigraph was set to operate in
“Proportional Integral Mode” (low) to record the number of
movements within a l-minute interval. Calculations were
performed with Action-W software, version 2.0 (Ambula-
tory Monitoring, Inc.). The activity counts during each PA
were calculated as an average while the EE for the PA was
determined. , '

The measurements began approximately 2 hours after
breakfast to limit additional variability in EE due to the
thermic effect of food. Subjects were permitted only drink-
ing water ‘during the experiment. The selected activities
were resting while- lying down, watching a video while
sitting and standing, line drawing for coloring-in, playing
blocks, walking at personal normal speed, stair climbing (up

-and down) at personal normal speed, performing a ball toss,

and running at personal normal speed. These nine activities |

- were chosen as representative activities of daily life, based

on our observations in a preliminary study using the activity

- records of observers of 4- to 6-year-old children in a nursery

school. Moreover, the selected activities in the present study
were able to'be conducted with a facemask and Douglas bag
attached to 5- to 6-year-old children. o
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Initially, subjects were attached to a facemask connected
to the Douglas bag and lay resting to determine resting
metabolic rate. Oxygen consumption measurements were
made for 10 minutes, from 30 to 40 minutes after resting.
Subsequently, watching a video while sitting and standing,
line drawing for coloring-in, and playing blocks were per-
formed, and respiratory measurements were made during

the last 5 minutes of each activity after the steady states ~

were obtained. The walking and playing ball toss activities
were performed for 4 minutes, and respiratory measure-
ments were made during the last 2 minutes. Stair climbing

(up and down) was performed three times using stairs with
32 steps in one direction; the first up-down was performed
to obtain a steady state, and then respiratory measurements
were made during the second and third up-downs (for ~2

minutes). Running was performed twice over a distance of

220 m, at an interval time of ~5 seconds between each run.
Measurements of EE were made during the second set (for
~2 minutes). These procedures were determined so that the
steady states for respiratory measurements could be ob-
tained, based on the results in young children.

Expired air volume was measured with a certified dry gas
meter (SHINAGAWA DC-5, Tokyo, Japan). Expired air

was sampled and the O, and CO, concentrations were -

measured using a gas analyzer (Minato Medical Co., AE-
3008, Tokyo, Japan). EE was calculated from O, consump-
tion and CO, production using Weir’s equation (20). Before.
each measurement, the gas analyzer was calibrated using
room air and a certified gas. In addition, PAR was calcu-

lated as EE during each activity divided by the predicted

basal metabolic rate (BMR) (21-23). The predicted BMR
was estimated using the resting EE with an assumption that

the thermic effect of food is 10% of BMR. The equation for

predicted BMR was: predicted BMR = (resting EE/1.1).

Statistics :

Statistical analyses were performed with SPSS version
14.0J for Windows (SPSS, Inc., Chicago, IL). All results are
shown as the mean * standard deviation. The relationship
between two variables was evaluated by Pearson’s correla-

tion. Linear and non-linear regression models were used to

develop equations predicting EE or PAR from accelerome-

ter counts. The non-linear regression equation usmg accel- -

erations individually was as follows:

EE = a + bl X (JAX + Ay + b2 X AZ*

Ax and Ay: these counts were combined to represent
acceleration in the horizontal plane; Az: the vertical accel-
eration counts; a, bl, b2, p', p*: the coefficients. Non-linear
regression equations were developed using one of the ver-
tical, horizontal, or synthetic accelerations.

EE =a + b X AP

Table 1. Physical characteristics of subjects (n = 24)
Mean + standard
Variable deviation

Age (yrs) 6.1 =03
Height (cm) 113.4 + 4.8
Weight (kg) 203 *3.5
BMI (kg/m?) 158 =20
Predicted basal metabolic

rate (MJ/d)* 3.75 £ 0.59

* Predicted from observed resting energy expenditure in the supine
position.

A: vertical, horizontal, or synthetic acceleration.

The percentage difference was calculated as [(predicted
value — observed value)/observed value] X 100. A multiple
linear stepwise regression model was used to consider the
contribution of two accelerometers to EE, and the standard
error of estimate (SEE) was calculated. A stepwise discrimi-
nant analysis was conducted to discriminate different types
of medium-intensity activities using 1) vertical and horizon-
tal acceleration counts or 2) synthetic acceleration counts
and the vertical/horizontal counts ratio. The F critical value

. for entry into the equation was set at 0.05, and the F critical

value for removal from the equation was set at 0.10. Using

_ the best model obtained in the above process, thresholds for

classifying -accelerometer counts into light and moderate-
to-vigorous PA were determined. PAR of moderate to vig-

~orous PA was defined as 3 or more. Sensitivity (true posi-
- tives/true positives + false negatives) and specificity (true

negatives/true negatives + false negatives) were calculated.
All statistical tests were regarded as significant when the
probabilities were <0.05.

Results’
The physical characteristics of the subjects are shown in
Table- 1. Most of the subjects in the present study were of

. normal weight. The numbers of overweight girls and boys

based on BMI (24) were one and two, respectively.
Observed EE, PAR, and accelerometer counts for each

activity are shown in Table 2. Correlation coefficients be-

tween the predicted and observed EE or PAR were 0.878 to

0932 for EE and 0.859 to 0.920 for PAR m all activities.

Pearson correlation coefficients were not significant for

resting and watching a video while standing. In general,
“horizontal accelerometer counts provided a sllghtly better
. EE or PAR assessment than vertical accelerometer counts.

There were no gender differences, so the following analyses
were performed using the combined data.
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Table 2. Observed energy experiditure, physical activity ratio, and accelerometer counts for each activity

Energy Physical Accelerometer counts
expenditure activity ratio (per 5 secs)

Activity - n (kJ/kg per min) n n  Synthetic  Vertical Horizontal
Resting while lying down 24 0.140 = 0.022 24 5%2 1x1 3+2
Watching television while sitting 25  0.144 £ 0.023 22 1.14 +0.09 27 8§+6 1+£2 6=*5
Watching television while standing 24  0.147 £0.025 21 1.16+0.12 26 13+38 33 " 10x6
Line drawing for coloring-in 24 0.175*x0.029 21 139x0.14 24 30=*13 5=*3 25 =11
Playing blocks 26 0190 20.028 23 151*0.17 26 67*20 10+5 60 + 18
Walking 27 0327*0.055 24 260*047 27 31579 213+73 163 =44
Stair climbing (up and down) 27 05130074 24 4.10+x0.63. 25 356 £ 66 256 *55 179 = 29
Performing a ball toss 27 0463 =0.084 24 3.64+0.82 27 266*59 144 *+53 173 £ 27
Running 26 0706 =0.104 23 558+ 127 26 945=*150 780+ 131 38075

Figure 1 shows the relationship between PAR and syn-
thetic acceleration counts. When linear and non-linear re-
gression models were applied to the data of all activities,
these equations underestimated EE by ~30% or more for
stair climbing (up and down) and performing a ball toss.
Therefore, linear and non-linear regression equations were
calculated for all activities except these two activities, and
then evaluated for all activities. Table 3 shows the results of
the regression equations for EE and PAR for all activities

except these two activities. The linear and non-linear re-

gression equations demonstrated a comparable relationship
between the accelerometer counts and EE. In non-linear
equations :

EE = a + bl X ({/Ax2 + Ay?P' + b2 X Az or
EE=a+b X AP

p Values were near 1. SEE values were slightly better for
models with synthetic or “vertical and horizontal” counts
than for those with only vertical or horizontal counts.

8
7 .
: 6 A Sitting
+ Standing
5 O Line drawing
‘ Cé 4 ' X Playing blocks
= ©® Walking
3 |0 Stair climbing
2 . - A Ball t(.)ss
PAR = 1.161 + 0.00466 x synthetic counts | - Running
1 & R*=0.911
0 e
0 400 800 1,200 -

Synthetic acceleration counts (mG)

Figure I: Relationship between predicted PAR and synthetic acceleration counts. The regression line is obtained from all activities except

stair climbing and performing a ball toss.
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" Table 3. Regression ecjuations of energy expenditure and PAR for all activities except stair climbing and

performing a ball toss

OBESITY Vol. 15 No. 5 May 2007

SEE
Regression equations (kJ/kg per min) R? p
Energy expenditure (kJ/kg per min)
Linear : )
Synthetic ’ kJ/kg per min = 0.1453 + 0.000586 X synthetic
_ accelerometer counts - 0.0454 0.948 <0.05
Vertical and horizontal kl/kg per min = .0.1432 + 0.000369 X vertical
accelerometer counts +0.000698 X horizontal
accelerometer counts 0.0459 0.947 <0.05
Vertical kJ/kg per min = 0.1610 + 0.000694 X vertical
accelerometer counts 0.0520 0931 <0.05
Horizontal kJ/kg per min = 0.1281 + 0.001435 X horizontal
accelerometer counts : 0.0531 0.928 <0.05
Non-linear : ' , -
Synthetic kJ/kg per min = 0.1383 + 0.00109 X synthetic
‘ accelerometer counts®?'° 0.0450 0.949 <0.05
Vertical and horizontal kJ/kg per min = 0.1373 + 0.00027 X vertical '
accelerometer counts'%** + 0.00164 X horizontal
accelerometer counts®3*° 0.0460 0.948 <0.05
Vertical kJ/kg per min = 0.1506 + 0.00271 X vertical
accelerometer counts®’®’ ~0.0498 0.938 " <0.05
Horizontal KkJ/kg per min = 0.1361 + 0.00080 X horizontal E
S accelerometer counts' %% : 0.0528 0.930 <0.05
Physical activity ratio
" Linear _
Synthetic PAR = 1.161 + 0.00466 X synthetic accelerometer
counts 0.503 0911 <0.05
Vertical and horizontal PAR = 1.117 + 0.00253 X vertical accelerometer
counts +0.00638 X horizontal accelerometer :
. counts ' 0.503 0911 <0.05
Vertical PAR = 1.313 + 000547 X vemcal accelerometer
“counts 0.555 0.892 <0.05
Horizontal PAR = 0.992 + 0.01148 X honzontal -
acceleromcter counts 0.539 0.898 <0.05
Non-linear : ‘
Synthetic PAR = 1.127 + 0.00653 X synthetic accelerometer
o counts®?>! 0.504 0.912 <0.05
Vertical and horizontal PAR = 1.179 + 0.00453 X vertical accelerometer
counts®®” + 0.00194 X horizontal accelerometer
counts' 2% 0.505 0913 <0.05
Vertical PAR = 1.238 + 001650 X vertical accelerometer :
, counts®8%¢ - 0.547 0.896 <0.05
~ Horizontal PAR = 1.116 +°0.00405 X horizontal :
accelerometer counts'!”? 10.530 0.902 <0.05
PAR, physical activity ratio; SEE, standard error of the estimate.
1237
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Playing blocks

Walking

52 *19.6

46 * 187
-269 100 -278 £11.0

2.8 £ 18.5
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-284+194

42+ 150
—28.4 £10.0
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Performing a ball toss

Running

-20.2 £20.7

—355+19.2

=157 =216 —-30.8 *19.2

—40.6 = 17.8

—32.1 %189

04 £21.6

33 +£23.1

29222
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37+234

25+213

34+224.

23%212

Table 4 shows the percentage differences between the
predicted and observed PAR. Similar results were obtained
for EE. Linear and non-linear regression equations using
vertical acceleration counts overestimated PAR for very low
intensity activities and underestimated PAR for stair climb-
ing and ball tossing more than the other models. In general,
the other models demonstrated a good prediction of PAR for
light to vigorous activities. However, all models underesti-
mated EE and PAR, while stair climbing and ball tossing
were underestimated to the same degree, as shown in Table
4. Therefore, an additional analysis was applied to discrim-
inate these activities from walking. In a stepwise discrimi-
nant analysis using synthetic acceleration counts and verti-
cal/horizontal acceleration counts ratios as independent
variables, only the vertical/horizontal acceleration ratio was
entered. As a result, the obtained classification criteria were
as follows:

e Walking: vertical/horizontal ratio: 1.19 or more
o The other two activities: vertical/horizontal ratio: <1.19.

Performing a ball toss was correctly classified in 26 of 27
cases, whereas climbing stairs was misclassified as walking
in many cases. In the case of a linear model with synthetic
acceleration counts, after adjustment of EE using the aver-
age percentage difference, the obtained average percentage
difference was improved from —32.1 = 18.9% to —4.7 *
15.5% for performing a ball toss, while that for climbing
stairs did not change (—29.6 £ 9.8% to —29.7 * 12.9%).
In the other cases using the stepwise discriminant analysis
with both the vertical and horizontal acceleration counts or
for PAR, similar results were obtained (data not shown).
The ‘obtained thresholds between light and moderate and
moderate and vigorous activities for activities, except ac-
tivities identified as ball toss or climbing stairs, were 395
mG and 1038 mG, respectively. The sensitivity and speci-
ficity to discriminate light and moderate intensity were 77%
and 94%, respectively, when using the synthetic accelera-
tion counts and the criterion of vertical/horizontal acceler-
ation counts. : , -
In a subgroup of subjects (n = 15), the correlation coef-
ficient between EE and Actigraph counts for all activities
was 0.788 (n = 141, p < 0.05), while those between EE and
horizontal and vertical acceleration counts by ActivTracer
were 0.919 and 0.863, respectively. A stepwise regression
analysis of the original data indicated that horizontal accel-
erometer counts obtained by ActivTracer alone explained

* 84.3% of EE variance, while Actigraph added only 1.4% of

EE variance.

, Discussion
This study developed regression equations to predict EE
and PAR from three-dimensional accelerometer counts in
young children. Because EE correlates closely with body
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size, PA must be evaluated after adjustment for body size.
For this reason, we examined EE/kg and PAR (EE divided
by the BMR) as measurements of PA. Significant correla-
tions were found between synthetic, vertical, and horizontal
accelerometer counts and observed EE or PAR for all ac-
tivities using a linear regression model. Although many
studies have utilized accelerometry to assess PA in adults
and children (11,12,25), few studies to validate the estima-
. tion of PA intensity have been conducted in young children
(13,14). Based on correlation coefficients or the other sta-
tistics, the relationship between accelerometer counts and
observed EE in young children appears better than in pre-
vious reports in adolescents and adults (25).

Many previous studies have addressed the question of
whether multiaxis accelerometers provide more valid as-
sessments of EE than do single axis accelerometers. Eston et
al. (17) showed that three-dimensional accelerometers may
provide a better evaluation of children’s free-play activities
than uniaxial accelerometers. The triaxial or omnidirec-
tional accelerometer-based monitor may capture total body
movement better than uniaxial deviceS-(10,12,25).

The degree of underestimation and overestimation by
accelerometers depends on the type of activity (12,26,27).
In the present study, EE and PAR for most activities were
relatively correctly predicted. Moreover, prediction errors
obtained using linear and non-linear regression equations
were comparable. In non-linear equations, p values were
near 1, which indicated that the relationship between EE and
acceleration counts was almost linear in all activities except
two medium intensity activities, and non-linear equations

-are not needed, at least for young children. Although this
result is inconsistent with that of Chen .and Sun (18) and
Campbell et al. (28), for adults, it is similar to that of Bouten
et al. (29), who showed that the quadratic relationship
between EE and the accelerometer output was inferior to the
linear relationship in adults. The difference in activities may
explain the diverse results. Thus, this result indicates that a
non-linear model is not needed for prediction of EE and
PAR, at least in young children.

In general, horizontal, synthetic, and combined vertical
and horizontal accelerometer counts provided a comparable

- assessment of predicted EE. However, the prediction error
obtained by vertical accelerometer counts using linear re-
gression equations was larger than that obtained by hori-
zontal accelerometer counts for resting while lying down,
watching TV while sitting and standing, climbing stairs, and
performing “a ball toss. Variation of vertical acceleration
counts was larger than that of horizontal counts, particularly
in- higher intensity activities. This may be related to the
overestimation of EE for low intensity activities. EE of low
intensity activities is not high, but these activities are likely
observed very frequently. Therefore, the prediction errors
obtained by vertical acceleration counts may cause a signif-
icant problem. Thus, the present study indicates that the

prediction of EE and PAR using vertical acceleration counts
is inferior to prediction using horizontal counts in young
children. On the other hand, the prediction errors for playing
with blocks and walking that were obtained by horizontal
acceleration counts were slightly larger than those obtained.
by synthetic acceleration counts, in addition to slightly
higher SEE values of linear and non-linear regression mod-
els that did not include ball toss and stairs climbing. Thus,
the synthetic acceleration counts may be slightly better to
use, and the linear equation using synthetic counts is rec-
ommended, in combination with a criterion of the vertical/
horizontal counts ratio for better discrimination of medium
intensity activities.

The most ‘signiﬁcant problem we found was the underesti-
mation of EE for climbing stairs and ball tossing, due to the
different balance of vertical and horizontal acceleration counts
for these acivities and the different relationship of the accel-
eration counts' with EE. While performing these activities,
horizontal acceleration counts increase compared with vertical
acceleration counts. Increases in horizontal acceleration are
associated much more with increases in EE than are increases
in vertical acceleration. Therefore, based on the results from
discriminant analysis, the large prediction error for performing
a ball toss could be reduced. Moreover, similar types of activ-
ities, including lifestyle activities and playing, might be ad-

-justed using the classification functions. On the other hand, the

large underestimation of EE for climbing stairs would persist.
The time for this activity is likely short, probably several
minutes a day, although this is a representative activity in daily
life. For example, if climbing stairs costs 16 kJ (4 kcal)/min
and the time spent in this activity is 5 minutes, then . the
predicted underestimation of EE is ~80 kJ (20 kcal). Thus, the
obtained prediction error would result in a small prediction
error for total EE. Therefore, a combination of vertical and
horizontal acceleration counts may be needed for discrimina-
tion of medium intensity activities and a slight improvement in
EE or PAR prediction, although synthetic or even horizontal
acceleration counts alone can predict EE for most activities.
In some previous studies, subjects were ja_skéd to perform
activities at a set pace. Puyau et al. (30) pointed out that
treadmill walking/running has the advantage of being pre-
cisely controlled and reproducible: it does not reflect all

" torsional accelerations associated with free-living activities.

R? values are actually higher while walking and running on
a treadmill (30,31) than in lifestyle conditions (9,17,27,32).
Fewer researchers have allowed subjects to perform activ-
ities at a self-selected pace. It is likely that a self-selected
pace more precisely reflects actual EE or the accelerometer
counts of young children doing the activities in the real

- world, as children do not perform activities at predeter-

mined speeds. Therefore, each activity in the present study
was performed at a self-selected pace, except for the ball
toss, which was conducted with a researcher.
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For some applications, categorizing levels. of PA in chil-
dren and adults is of interest (9,12,30). The threshold counts
for each activity can be calculated using an equation pre-
sented in the present study and then used to classify each
PA into light, moderate, or vigorous activity for young
children. Although it is difficult to compare the sensitivity
and specificity values between studies because types of PA
are different, the obtained values, particularly . specificity,
are good.

Previous studies have shown that waist-worn accelerom-
eters underestimate the EE of free-living individuals (10).
One of the reasons for underestimation may be a failure to
detect the additional EE resulting from other kinds of move-
ments. Thus, in the present study, the wrist-worn acceler-
ometer was used to detect simultaneous upper body move-
ment measurements, and the combined model further
improved the accuracy of EE prediction. The combined
quantification of trunk movement with an accelerometer on
the waist and upper limb movement with an accelerometer
on the wrist is a unique approach, as previous papers typi-
cally measured trunk movement only with a uniaxial accel-
erometer on the waist (25). Melanson and Freedson (33)
validated Computer Science and Applications, Inc. monitors
on the ankle, hip, and wrist in adults on a treadmill. The
contributions of the uniaxial accelerometers on the hip and
wrist were comparable for overall and each intensity PA.
However, our results showed that waist-worn accelerometer

counts were superior to wrist-worn accelerometer counts. A
' stepwise regression analysis in the present study indicated
that the wrist-worn accelerometer counts explained. just
1.4% of the variance in EE. Our data revealed that waist-

worn accelerometer counts were highly correlated with EE

and that wrist-worn accelerometer counts added minor con-
tributions. The different results between Melanson and
Freedson’s study (33) and our study may be due to the types
of performed PA (on treadmill vs. various kinds of PA), in
addition to the different age groups studied (adults vs.
young children). The degree to which the wrist acceleration
counts explain the variance in EE depends on the chosen
activities. Moreover, it should be carefully noted that dif-
ferent accelerometers were used to detect movements of the
waist and wrist. In general, however, it is likely that the
detection of wrist movements does not contribute signifi-
cantly to more accurate predictions of PAR and EE.

The sample size of this study was not large. However, the
high correlation coefficients found between acceleration
counts and EE or PAR, and mean and standard deviation
values of % differences of prediction in various activities,
suggest that the findings of the present study are robust. The
more important limitation of the present study may be that
there are relatively small numbers of data points, in partic-
ular between 500 and 800 counts of synthetic acceleration.
In addition, only running was examined as a vigorous ac-
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tivity. This selection of a single activity could have led to
less robust results for predictions of moderate to vigorous
activities.

The triaxial accelerometer used in this study provided
valid measures of young children’s EE and PAR and can be
used to discriminate light, moderate, and vigorous levels of
PA. Our results also suggest that even a linear model
contributes to the assessment of daily EE when horizontal or

synthetic acceleration counts combined with the vertical/

horizontal counts ratio are used for better discrimination of
medium intensity activities. Future studies are required to
further validate accurate predictions of EE and PAR under
free-living conditions. Our results will make it possible to
objectively and accurately assess PA in young children and
thereby contribute to the prevention of childhood obesity.
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Interindividual variability in sleeping metabolic rate
in Japanese subjects
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Introduction: Basal metabolic rate (BMR) or sleeping metabolic rate (SMR) is the largest component of total energy expenditure
(EE). An accurate prediction of BMR or SMR is needed to accurately predict total EE or physical activity EE for each individual.
However, large variability in BMR and SMR has been reported.

Obijectives: This study was designed to develop prediction equations using body size measurements for the estimation of both
SMR and BMR and to compare the prediction errors with those in previous reports.

Methods: We measured body size, height, weight and body composition (fat mass and fat-free mass) from skinfold thickness in
adult Japanese men (n=71) and women (n=66). SMR was determined as the sum of EE during 8 h of sleep (SMR-8h) and
minimum EE during 3 consecutive hours of sleep (SMR-3h) measured using two open-circuit indirect human calorimeters. BMR
was determined using a human calorimeter or a mask and Douglas bag.

Results: The study population ranged widely in age. The SMR/BMR ratio was 1.01 +0.09 (range 0.82-1.42) for SMR-8h and
0.94 £0.07 (range 0.77-1.23) for SMR-3h. The prediction equations for SMR accounted for a 3—5% larger variance with 2-3%
smaller standard error of estimate (SEE) than the prediction equations for BMR.

Discussion: SMR can be predicted more accurately than previously reported, which indicates that SMR interindividual variability
is smaller than expected, at least for Japanese subjects. The prediction equations for SMR are preferable to those for BMR
because the former exhibits a smaller prediction error than the latter.

European Journal of Clinical Nutrition (2007) 61, 1256-1261; doi:10.1038/sj.ejcn.1602645; published online 7 February 2007
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Introduction

There are three principal components of energy expenditure
(EE) in humans: basal metabolic rate (BMR), thermic effect of
food and EE of physical activity. The FAO/WHO/UNU expert
panel (1985) adopted the principle of expressing the energy
requirements of adults in terms of multiples of BMR. Thus,
BMR is used to estimate 24-h EE and physical activity level
(24-h EE divided by BMR).

Sleeping metabolic rate (SMR), similar to BMR, is approxi-
mately 60% of the total EE. Although both are measured in
the supine position, SMR is measured during sleep whereas
BMR is measured in the postabsorptive state when the
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subject is awake. They thus involve slightly different
thermogenic processes. EE is lower during sleep than under
BMR conditions (Garby et al., 1987; Goldberg et al., 1988;
Seale and Conway, 1999; Zhang et al., 2002), probably due
to the absence of arousal and maybe to less body move-
ment. Moreover, EE gradually increases after awakening
(Kashiwazaki, 1990). Therefore, SMR, not BMR, should be
the minimum EE for humans. SMR may be measured more
accurately than BMR as it is measured during sleep when
there is no arousal. Also, SMR can be measured using
equipment (e.g., a human calorimeter) that gives highly
reproducible and accurate results (Murgatroyd et al., 1993).

Many equations have been developed to estimate BMR or
SMR from body size measurements (Cunningham, 1991;
Frankenfield et al., 2005), which can be helpful when actual
metabolic measurements are not available. Their accuracy
and applicability to specific ethnic groups must be consi-
dered. The body size of Japanese differs from that of other
ethnicities (Popkin and Doak, 1998, WHO, 1998). Most



equations currently available apply to Caucasians (Franken-
field et al., 2005). Studies have found that they are not
applicable to nonwhite groups (Liu et al., 1995; Case et al.,
1997; Yamamura and Kashiwazaki, 2002).

We studied the association of SMR and BMR with body
size and composition (anthropometry) in adult Japanese
men and women who ranged widely in age. The purpose of
this study was to develop simple-to-use prediction equations
for both SMR and BMR and to compare the variability in
prediction errors after adjustment for body size and compo-
sition with those found in previous studies.

Methods

Subjects

The data used for the current analysis were collected from
different experimental studies that followed a similar
methodology. All 137 apparently healthy Japanese subjects
(71 male and 66 female subjects; >20 years) residing in the
Tokyo metropolitan area were volunteers approached
through personal contact, internet communication or poster
advertisement. None had diseases that might affect meta-
bolic rates. The study protocol was explained in advance to
the subjects, who were instructed to eat a normal diet and do
normal, but not vigorous, physical activity beginning 1 day
before monitoring.

All studies were carried out in the National Institute of
Health and Nutrition (Tokyo). The study protocol was
approved by the Ethics Committee of the National Institute
of Health and Nutrition. All of the subjects signed an
informed consent form.

Study protocol

The indirect human calorimeter (IHC) data for SMR and
BMR were obtained from several studies conducted at the
‘National Institute of Health and Nutrition in Japan. Subjects
entered the IHC at 1800-1900 on the study day, had dinner
at 1830 or 1900, went to bed at 2300 after sedentary activities
and slept until 0700 the following morning. Each subject
was provided a standardized dinner to meet EE during the
chamber stay using predicted BMR and an assumed physical
activity level of 1.5. Energy intake at dinner was set as a third
of the total energy. BMR was measured in the supine position
and in the postabsorptive state (about 12h after the last
meal).

Measurements

SMR was defined as the average EE of all EEs at 15-min
intervals between 2300 and 0700 over an 8 h of sleep (SMR-
8h) and the minimum EE during 3 consecutive hours of
sleep (SMR-3h) (Schrauwen et al., 1997; Westerterp-Planten-
ga et al., 2002). Two open-circuit IHCs were used to evaluate
SMR. Details of the IHC are shown elsewhere (Futami et al.,
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2003). In brief, the two respiratory chambers were airtight
rooms (20000 and 150001, respectively) containing a bed,
desk, chair, TV, etc. The temperature and relative humidity
in the room were controlled at 25°C and 55%, respectively.
The O, and CO, concentrations of the air supply and
exhaust were measured by mass spectrometry. For each
experiment, a gas analyser (ARCO SYSTEM Inc., ARCO-
1000A-CH, Kashiwa, Japan) was initially calibrated using a
certified gas mixture and atmospheric air. The flow rate
exhausted from the chamber was measured by a pneumo-
tachograph (ARCO SYSTEM Inc., FLB1, Kashiwa, Japan). The
flow meter was calibrated before each measurement, and the
flow rate was fixed in both chambers. VO, and VCO, were
determined from the flow rate exhausted from the chamber
and the concentrations of the inlet and outlet air of the
chamber, respectively (Futami et al., 2003). The values of
VO, and VCO, were expressed under standard temperature,
pressure and dry air conditions. EE was estimated from VO,
and VCO, using Weir’s equation (Weir, 1949). The accuracy
and precision of the IHC for measuring EE, as evaluated by
the alcohol combustion test, were 99.24+0.7% in 6h and
99.2+3.0% in 30 min, respectively.

BMR was determined in the postabsorptive state (12h or
more after the last meal) and in a supine position. The
measurement was performed using a human calorimeter
from 0715 to 0800, or using a mask and Douglas bag for
20 min with a minute of intermission. The detailed protocol
is described in Yamamura et al. (2003). To examine whether
slightly different conditions caused a significant difference
in the observed BMR, analysis of covariance with BMR as
the dependent variable and gender, age, stature and body
weight as covariates was employed. No significant effect of
the measurement conditions was observed.

Anthropometric measurements. Body weight was measured to

the nearest 0.1kg and height to the nearest 0.1 cm using a
stadiometer. Measurements were performed in light clothing
and underwear. The light clothing was weighed and
subtracted from the total to obtain body weight with
minimal clothing (underwear). Triceps, subscapular and
umbilicus skinfold thicknesses were measured by two trained
observers using a standardized protocol and a Holtain
caliper (Holtain Ltd, Crosswell, Crymych, Dyfed, UK). There
were no significant inter-observer differences in any of the
measurements. BMI was calculated as weight (kg)/height
(m?).

Tahara’s equations (2002) for Japanese adults were used to
predict body density from the sum of skinfold thickness
measurements, and the Brozek equation (1963) was used to
estimate body fat percentage (% FAT) from the predicted
body density.

Statistics. Results are presented as the meantstandard
deviation (s.d.). The relationship between SMR, BMR and
body size and composition measurements was examined
using Pearson’s correlation. Age and sex were adjusted for in
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partial correlation analysis. Stepwise multiple regression
analysis was done to examine the predictors of metabolic
rate. Statistical significance was set at P<0.05 for all
predictors. Gender was treated as a binomial variable (1 for
male subjects, 2 for female subjects). The % difference in
prediction error was calculated as the residual divided by the
measured value for each subject. Statistical analyses were
performed using SPSS for Windows (version 11.0; SPSS Inc.,
Chicago, IL, USA). Statistical significance was set at P< 0.05.

Results

The study population consisted of adult Japanese men
(n=71) and women (n = 66) of a wide range of ages (Table 1).
The average height and weight of subjects in each age and
gender group were similar to national standard heights and
weights (The National Nutrition Survey in Japan, 2002).
Although the age range was wide, variability in body size and
composition was small.

BMR and SMR were highly correlated (Figure 1). The SMR/
BMR ratio was 1.01+0.09 (range 0.82-1.42) for SMR-8h and
0.9440.07 (range 0.77-1.23) for SMR-3h, which was not
gender sensitive. On the other hand, the ratios (SMR-8h/
BMR and SMR-3h/BMR) were weakly correlated with age
(r=0.38 and 0.36, respectively). SMR-3h was significantly
lower than SMR-8h and BMR, whereas SMR-8h was not
significantly different from BMR. In most cases, SMR-3h was
observed during the latter part of the sleep cycle (2300-
0700), around 0300-0600. The phase of the menstrual cycle
did not affect BMR and SMR in women (data not shown).

Metabolic rate was strongly correlated with body size and
body composition irrespective of age and gender. Metabolic
rate was positively correlated with body weight (r=0.83,
0.85 and 0.79 for SMR-8h, SMR-3h and BMR, respectively).
The strongest correlation of metabolic rate was with fat-free

-mass (r=0.85, 0.87 and 0.79, for SMR-8h, SMR-3h and BMR,

respectively) after adjustment for age and gender.

Table 1 Basic characteristics, body size, composition and metabolic
rates

Males (71) Females (66)

Mean+s.d. Mean+s.d.
Age (years) 36+16 37+16
Stature (cm) 170.5+7.1 159.1+5.6
Weight (kg) 68.3+11.5 54.04+9.2
BMI (kg/m?) 23.4+3. 21.4+33
Fat mass (kg) 12.9+6.4 14.2+45.2
Fat-free mass (kg) 55.3+7.4 39.8+45.1
SMR-8h (M)/day) 6.376+0.749 4.92940.607
SMR-3h (M)/day) 5.954+0.736 4.552+0.548
BMR (Mj/day) 6.3684+0.916 4.837+0.569

Abbreviations: BMI, body mass index; BMR, basal metabolic rate; s.d.,
standard deviation; SMR, sleeping metabolic rate.
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Figure 1 Relationship between SMR and BMR. Regression lines
between SMR-8h (dashed line) or SMR-3h (straight line) and BMR.

Table 2 Stepwise regression of BMR, SMR-8h and SMR-3h with body
size measurements ‘

Un std coefficients Change SEE

in % R? (M//day)

Outcome Predictors

B Standard error
SMR-8h  Constant 1.2142 1.1912
Weight 0.0498*** 0.0038 75.9 0.494
Gender —0.5590*** 0.0967 8.2 0.402
Stature 0.0146* 0.0071 1.1 0.389
Age -0.0046* 0.0021 0.4 0.385
Total 85.6
SMR-3h  Constant 0.1004 1.0439 0.000
Weight 0.0469*** 0.0033 74.9 0.456
Gender —0.4925*** 0.0845 9.6 0.368
Stature 0.0197*+ 0.0063 2.5 0.343
Age —0.0050** 0.0021 0.8 0.339
Total 87.8
BMR (Constant)  0.1238 1.4054 0.000
Weight 0.0481*** 0.0046 65.4 0.619
Stature 0.0234** 0.0084 11.8 0.510
Age ~0.0138*** 0.0025 2.9 0.485
Gender —0.5473%** 0.1138 3.3 0.448
Total 83.4

Abbreviations: BMR, basal metabolic rate; SMR, sleeping metabolic rate; SEE,
standard error of estimate; Un std coefficients, unstandardized coefficients.
*P<0.05; **P<0.01; **P<0.001.

A stepwise multiple regression analysis of predictors of
metabolic rate (including height, weight, age and gender)
revealed that weight was the strongest predictor of metabolic
rate (Table 2). Age, gender and height were additional
predictors. These models accounted for 85.6% of the
variance in SMR-8h (prediction error 6.7%) and 87.8% of
the variance in SMR-3h (prediction error 6.2%). Adjustment
for the predictors reduced the variance from 0.996 MJ/day to
0.385M]J/day (238-92kcal/day) in SMR-8h and 0.958-
0.339 MJ/day (229-81 kcal/day) in SMR-3h. Adjustment for
all predictors accounted for 83.4% of the variance in BMR



Table 3 Stepwise regression of BMR, SMR-8h and SMR-3h with body
composition measurements

Outcome Predictors Un std coefficients Change  SEE
in % R? (Mj/day)
B Standard error
SMR-8h Constant 1.8175 0.3678
Fat-free mass  0.0812*** 0.0054 86.3 0.368
Fat mass 0.0213*** 0.0067 0.9 0.360
Gender -0.2125* 0.1063 0.4 0.356
87.6
SMR-3h  Constant 0.8878 0.1372
Fat-free mass  0.0874*** 0.0029 88.3 0.331
Fat mass 0.0151** 0.0046 0.8 0.318
: 89.1
BMR Constant 2.3958 0.5602
Fat-free mass  0.0787*** 0.0079 82.2 0.460
Age -0.0109** 0.0029 0.6 0.452
Fat mass 0.0268** 0.0088 0.5 0.448
Gender -0.3314* 0.1477 0.6 0.439
84.0

Abbreviations: BMR, basal metabolic rate; SMR, sleeping metabolic rate; SEE,
standard error of estimate; Un std coefficients, unstandardized coefficients.
*P<0.05; **P<0.01; ***P<0.001.

(prediction error 7.3%) and reduced the variance from
1.084 MJ/day to 0.448 MJ/day (259-107 kcal/day).

Fat-free mass was the strongest predictor of metabolic rate
in stepwise multiple regression analysis using metabolic rate
as the independent variable and fat mass, fat-free mass, age
and gender as the dependent variables (Table 3). Fat-free
mass, fat mass and gender accounted for 86.7% of the total
variation in SMR-8h (difference for prediction error 6.2%).
Adjustment for the predictors reduced variance in SMR-8h
from 0.996 MJ/day to 0.356 MJ/day (238-85kcal/day). For
SMR-3h, fat-free mass and fat mass accounted for 89.1%
of the variation (difference in prediction error 5.9%) and
adjustment for the predictors reduced variance in SMR-3h
from 0.958 to 0.318 MJ/day (229-76kcal/day). Adjustment
for fat-free mass, fat mass, age and gender predicted 84.0%
of the variance in BMR (difference in prediction error 7.6%)
and reduced the variance from 1.084 MJ/day to 0.439 MJ/day
(259-105 kcal/day).

The mean difference between predicted BMR using
FAO/WHO/UNU equations and observed BMR was
+0.519+4+0.494 MJ/day (+0.565+0.556M]J/day for male
subjects and + 0.469 +0.414 MJ/day for female subjects).

Discussion

This study was performed to develop predictive equations for
SMR-3h and SMR-8h that predict SMR with much lower
prediction errors than previously reported (Tataranni and
Ravussin, 1995; Weyer et al., 1999; ‘Nielsen et al., 2000;
Henry, 2005). The findings indicate that interindividual
variability in SMR after adjustment for body size or body
composition is much smaller than expected, at least in
healthy Japanese adults.

Variability in sleeping metabolic rate in Japanese
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BMR and SMR are measured in a similar manner, but BMR
is slightly larger as SMR is measured only in part during sleep
(SMR/BMR, 0.88-0.95) (Garby et al., 1987; Goldberg et al.,
1988; Seale and Conway, 1999; Zhang et al., 2002; Kumahara
et al., 2004). The SMR-3h/BMR ratio in this study was in good
agreement with those previous values, whereas SMR-8h was
found to be slightly higher than the BMR. In the first hour of
sleep, the metabolic fate was higher than BMR by an average
of 20%, probably due to sleeping status and diet-induced
thermogenesis. In addition, the metabolic rate during
periods when body movements were observed using a radar
system was excluded from the SMR calculation in some of
the previous studies. Thus, evaluation methods appear to
affect the slight discrepancy of the ratio between studies.
BMR is measured in the morning hours when heat produc-
tion increases after awakening (Garby et al., 1987) and causes
gradual increases in resting EE (Kashiwazaki, 1990). BMR and
SMR (although measured in a similar manner) thus might
represent different thermogenic processes.

Metabolic rates can be predicted using equations that
involve body size and composition measurements. Many
prediction equations are available for estimating metabolic
rates, but their applicability to other ethnic groups is
uncertain (Hayter and Henry 1993; Frankenfield et al,
2005). In the present study, FAO/WHO/UNU equations
overestimated BMR by more than 0.45M]J/day on average,
with a prediction error comparable to previously published
reports.

We developed two types of equations using stepwise
regression to predict metabolic rates in adult Japanese
subjects ranging widely in age. The first equation uses
weight and height, which are simple body size measure-
ments that can be easily obtained in clinical as well as
epidemiological settings. In this equation, body weight
accounted for 65—75% of the variation in metabolic rates.
Age, gender and height were additional predictors. The
second equation uses fat-free mass, which is a more valid
predictor than body mass of resting metabolic rate (RMR)
because it is associated with a much higher rate of resting EE
(Elia, 1992). Sophisticated methods can be used to provide
more insight into the metabolically active components of
fat-free mass, such as the liver, heart and kidney, in relation
to energy metabolism (Muller et al., 2002), but their
applicability to epidemiological studies is restricted. Anthro-
pometry, a relatively simpler technique used to predict RMR,
has an accuracy rate similar to that of more complicated
techniques (Van der Ploeg et al., 2001). In our equations, fat-
free mass (measured using skinfold thickness) accounted
for 84—-89% of the variation in SMR, which is better than
previously reported (Ravussin ef al., 1990; Toubro et al., 1996;
Weyer et al, 1999). In addition, results for the BMR
equations are in good agreement with those of others
(Cunningham, 1991; Ravussin and Bogardlis, 1989; Tatar-
anni and Ravussin, 1995). After fat-free mass, fat mass
predicted metabolic rate, but accounted for less than 1% of
variation in SMR. The relationship of age and gender with
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metabolic rates disappeared after adjustment for fat mass and
fat-free mass, except for SMR-8h. Similar results have been
reported showing that the effect of age and gender on
metabolic rates is mainly due to fat-free mass (Ravussin et al.,
1986; Astrup et al., 1990; Cunningham, 1991; Nelson et al.,
1992) and fat mass (Dionne et al., 1999).

Relatively smaller variations in body size and composition
are observed in Japanese than in Caucasians or African
Americans. Although the subjects varied widely in age
(20—50 years), the variance (s.d.) in their weights were
11.5kg (male subjects) and 9.2kg (female subjects). These
variations were much lower than reported in other studies.
For example,. although Weyer et al. (1999) worked with
subjects with a smaller age range than in this study, the s.d.
values of their weights were 25.9kg (male subjects) and
26.3kg (female subjects). A larger percentage of explained
variance in metabolic rate calculated from an equation can
be due to large variance in the body size of the study
subjects. The percentage of explained variance thus does not
necessarily indicate better prediction. Therefore, the two
measures used to compare prediction errors were standard
error of estimate (SEE) and percentage difference in the
residuals. The SEE of both equations was lower than that
reported by other studies, even those using sophisticated
techniques.

The smaller prediction error indicates that variation in

minimum metabolic rate (measured as SMR or BMR after

adjusting for body size or composition) may be smaller than
previously indicated. In general, the reported interindividual
CV is about 8—13% (Shetty et al., 1996, Muller et al., 2004).
For our SMR equations, the SEE was much lower than the SEE
reported by Weyer et al. (1999), which was based on fat-free
mass measured using sophisticated methods. In Weyer’s
equation, age, impaired glucose tolerance and waist-to-thigh
ratio were additional predictors. In the equation, the SEE was
0.611M]J/day (146kcal/day) and fat-free mass accounted
for 0.808 MJ/day (193 kcal/day) of the total 1.347MJ/day
(322 kcal/day) variance. Similarly, the new Oxford equations
(Henry, 2005) for prediction of BMR in tropical regions have
reported an SEE of 0.5-0.7 MJ/day in age group and gender-
specific equations, which is higher than our SMR equations.
Tataranni and Ravussin (1995) also reported a higher SEE
(0.703 MJ/day (168 kcal/day)) in BMR prediction equations,
with fat-free mass accounting for 0.268 MJ/day (64 kcal/day)
of the total 1.318 MJ/day (315 kcal/day) variance. A similarly
high SEE of 0.753M]J/day (180kcal/day) in men and
0.628 MJ/day (150kcal/day) in women was reported by
Nielsen et al. (2000), who developed equations that used
dual-energy X-ray absorptiometry (DXA) measurements of
fat-free mass. Bader et al. (2005) reported that s.d. of BMR
adjusted for fat-free mass was from 0.81 to 0.92 MJ/day. Thus,
most researchers have indicated larger interindividual varia-
bility in SMR or BMR compared to the SEE in the present
study, particularly for SMR. Although the reasons are
unclear, ethnicity may be an explanation. In addition,
measurement of SMR using a human calorimeter is very
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accurate, particularly prolonged measurements (99.2+0.7%
in 6h), and may have contributed to the lower prediction
error in our study.

One of the limitations of the present study was that a
different method was used for measurement of BMR. This
might partially explain why the SEE was greater for the
BMR equation than the SMR equation. However, the study
by Soares et al. (1989) showed that the energy outputs were
comparable using different methods (e.g., whole-body
indirect calorimetry) to measure metabolic rates. In the
present study, the method used for measurement of BMR
was also found to have no statistically significant effect on
the metabolic rates and s.d. values for the difference between
different BMR measurement groups were within 1%. An-
other limitation was the method of determining body
composition using skinfold thicknesses. More sophisticated
measures of body composition would have produced better
results. '

In conclusion, our equations, which use body size and
body composition, are useful for estimating metabolic rates
in the Japanese population. The prediction error of SMR was
smaller than reported for BMR or SMR, which indicates small
interindividual variability in SMR after adjustment for body
size or body composition. When metabolic rates are needed
to estimate 24h EE or physical activity level, prediction
equations of SMR (or, if necessary, the SMR/BMR ratio)
should be used rather than BMR because SMR correlates very
well with BMR and the SMR/BMR ratio is fairly constant.
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REVIEW

A dose-response relation between aerobic exercise
and visceral fat reduction: systematic review of
clinical trials

K Ohkawara, S Tanaka, M Miyachi, K Ishikawa-Takata and I Tabata

Health Promotion and Exercise Program, National Institute of Health and Nutrition, Shinjuku-ku, Tokyo, Japan

Objective: It has been suggested that exercise has preferential effects on visceral fat reduction. However, the dose-response
effect remains unclear because of limited evidence from individual studies. The purpose of this study was to systematically review
the current literature to establish whether reduction of visceral fat by aerobic exercise has a dose-response relationship.
Methods: A database search was performed (PubMed, 1966-2006) with appropriate keywords to identify studies exploring the
effects of aerobic exercise as a weight loss intervention on visceral fat reduction. Visceral fat reduction was expressed as the
percentage of visceral fat change per week (%AVF/w). The energy expenditure by aerobic exercise was expressed as
S_(metabolic equivalents x h per week (METs - h/w)).

Results: Nine randomized control trials and seven non-randomized control trials were selected. In most of the studies, the
subjects performed aerobic exercise generating 10 METs - h/w or more. Among all the selected groups (582 subjects), visceral fat
decreased significantly (P<0.05) in 17 groups during the intervention, but not in the other 4 groups. There was no significant
relationship between METs - h/w from aerobic exercise and %AVF/w in all the selected groups. However, when subjects with
metabolic-related disorders were not included (425 subjects), METs-h/w from aerobic exercise had a significant relationship
with %AVF/w (r= —0.75). Moreover, visceral fat reduction was significantly related to weight reduction during aerobic exercise
intervention, although a significant visceral fat reduction may occur without sugmflcant weight loss.

Conclusion: These results suggest that at least 10 METs-h/w in aerobic exercise, such as brisk walking, light jogging or
stationary ergometer usage, is required for visceral fat reduction, and that there is a dose—response relationship between aerobic
exercise and visceral fat reduction in obese subjects without metabolic-related disorders.

International Journal of Obesity (2007) 31, 1786-1787; doi:10.1038/s.ijo.0803683; published online 17 July 2007

Keywords: central obesity; metabolic-related disorder; clinical trial; METs - h/w; aerobic exercise
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Introduction adiponectin, an adipose-specific molecule with anti-diabetic,
anti-atherosclerotic and anti-inflammatory functions.® In
recent years, central obesity has been defined as a predomi-
nant risk factor for metabolic syndrome,*® a condition for

which a collection of cardiovascular biomarkers are corre-

Obesity is a widespread and growing problem around the
world, with a population of more than 1 billion overweight
adults, of which at least 300 million are clinically obese.

Excess adipose tissue, especially visceral adipose tissue,
releases inflammatory cytokines that increase insulin resis-
tance in skeletal muscles.? Furthermore, central obesity,
which is defined as a state of excessive visceral fat
accumulation, is associated with a decreased production of
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lated with an increased probability of heart disease, stroke
and diabetes. These biomarkers include high plasma triacyl-
glycerol, low high-density lipoprotein cholesterol, high
plasma blood glucose, and high blood pressure.

Numerous studies have investigated the effects of diet,
drugs and exercise on reduction in weight, total fat mass
and/or visceral fat mass.%’ Generally, diet therapy is the
most effective method for decreasing weight and total fat
mass rapidly, because it easily results in a negative energy
balance, as compared with exercise or drug therapies.®
However, it has been suggested that aerobic exercise has
specific effects on decreasing visceral fat mass as it may lead



to increased sympathetic tonus, thereby increasing lipolysis
especially in abdominal fat.’ For that reason, exercise
therapy is expected to be one of the most effective methods
for improving central obesity.

Several investigators have reviewed the effects of physical
activity (or aerobic exercise) on the reduction in body
weight, total fat mass and/or visceral fat mass.'®'* Ross
and Janssen'? suggested that physical activity was associated
with a reduction of total fat, in a dose-dependent manner,
within 16 weeks. However, the effects of physical activity on
visceral fat reduction were unclear. Kay and Fiatarone
Singh'® also reviewed the influence of physical activity on
abdominal fat. Although they concluded that physical
activity had a beneficial influence on visceral fat reduction,
a dose-response relationship was not examined. After Ross
and Janssen'® reviewed the dose-response relationship
between physical activity and visceral fat reduction, several
papers were published.’>?* In the present study, we system-
atically reviewed the literature to clarify whether aerobic
exercise for weight loss is positively associated with visceral
fat reduction, and to determine the minimal amount of
aerobic exercise required to achieve visceral fat reduction.

Materials and methods

Data collection

A PubMed (1966-May 2006) database search was performed
to identify studies examining the effects of aerobic exercise
as a weight loss intervention on visceral fat reduction using
the following keywords: (physical activity, exercise, (physical
and training), sports, physical education, or physical fitness)
and (((abdominal, abdomen, or visceral) and (fat or adipose))
or ((waist, abdominal, or abdomen) and (girth or circumfer-
ence))). The searches were limited to humans and clinical
trials. Several studies were selected from reference lists cited
in the selected studies.

Study selection

Studies were selected if they met the following criteria: (1)
they involved clinical trials (that is, randomized controlled
or non-randomized); (2) they must have included at least
one group of aerobic exercise alone; (3) the age of subjects
was between 18 and 65; (4) subjects had a mean body mass
index (BMI) of <25 kg/m?, or a mean BMI of > 25 kg/m?, but
with a small amount of visceral fat (if the mean plus s.d. of
the visceral fat area (VFA) in a group was less than 100 cm?
(in which case, only 16% of the subjects are estimated to
have over 100 cm? of visceral fat), that group was considered
not to need to reduce visceral fat) were excluded;!>26-28 (5)
the studies used computed tomography (CT) or magnetic
resonance imaging (MRI) as a measurement of visceral fat;
(6) the subjects were instructed to maintain energy intake
before and during the intervention; and (7) the exercise
amount and change in visceral fat could be calculated by the
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procedures described. Only groups that were instructed to
practice aerobic exercise without weight loss by additional
energy intake, which corresponded to the increased energy
expenditure (EE) by prescribed aerobic exercise, were in-
cluded.?>?®* We excluded data from studies using drug
therapy, but included data from their control groups with
aerobic exercise therapy alone.!” Resistance training groups
were also excluded, because calculation of their EE is difficult
and the mechanism of decreasing visceral fat during
resistance training may be different to that for aerobic
exercise. Furthermore, if we identified two studies that used
approximately the same research subjects, the study contain-
ing the least amount of information was excluded. Within
these criteria-matched studies, groups that were not instructed
to practice exercise during the intervention were employed
as the control group for the degree of visceral fat reduc-
tion compared to the aerobic exercise groups.'>1%21-232%
Eligible studies were reviewed independently by two of the
authors to assess inclusion suitability and data extraction
accuracy.

Conversion to %AVF/w

In the selected studies, several units (for example, cm*®, cm?,
kg) were used for expressing the quantity of visceral fat. VFA
was measured at either the 3rd-4th lumbar or 4th-5th lumbar
vertebrae. Kvist et al.>® and Shen et al.3! have shown a strong
correlation between the 4th-Sth lumbar VFA, or the 3rd-4th
lumbar VFA, and total visceral fat volume, respectively.
However, they have also reported that the actual values do
not accurately match between the 4th-5th and 3rd-4th
lumbar VFA as well as VFA measured by CT vs MRI in the
same region.3? Therefore, we converted the visceral fat
amount reported in each study to a percentage of visceral
fat change per week (%AVF/w), which enabled us to directly
compare the groups.

2

Conversion to METS - h/w

Aerobic exercise amounts during the intervention were
converted to 5 (metabolic equivalentsxh per week
(METs - h/w)), which adjusted the EE for body size. Weekly
EE by aerobic exercise during the intervention was acquired
using the following criteria: (1) if an actual value was shown,
that value was used:?*?° (2) if an estimated or instructed
value by authors was stated, that value was used;'¢'%-2* (3) if
values were not expressed,®1517:18.20.21,23,25,27,33,34 Ef wag
calculated using exercise intensity, exercise time, exercise
frequency, body weight and VO2max/VO2peak as follows:*3

EE (kcal/week) = (VxI)/1000x5xFxTxW or
' = (3.5 + (V= 3.5)x1")/1000x S X EX TxW,

where 3.5 ml/kg/min is resting metabolic rate, 5kcal/l is EE
for oxygen consumption per liter, V is VO2max or VO2peak
(ml/kg/min), I is exercise intensity (for example, if exercise
was done by 70%VO2max, the value is 0.7.), I' is exercise
intensity (if exercise was done by 70% heart rate reserve, the
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value is 0.7.), F is exercise frequency (times/week), T is
exercise time (min/session) and W is body weight (kg).

For the exercise intensity and time used in the EE
calculation, the values decided by authors in each study
were used. For studies that gradually increased exercise
intensity and time, final target values were used. In cases
where only the number of daily steps was shown,2° 100 steps
was calculated as one minute of exercise,>¢ and intensity was
assumed to be that for normal walking (3.5 METs).%’ if only
the percentage of the heart rate maximum (%HRmax) for
exercise intensity was shown, the exercise intensity by
%HRmax was converted into exercise intensity by percen-
tage of heart rate reserve. For the EE calculation, we did not
include exercise volume during warm-up and cool-down (for
example, stretching) periods, since several studies described
this information, while others did not. Following these
calculations, EE by aerobic exercise/week in each study was
converted to METs - h/w using the following equation:**

METs - h/w = EE/((Wx3.5x5/1000)x60),
where W is body weight (kg).

Data analysis

The amount of visceral fat decrease in each group was
considered to be statistically significant if the P-value was
less than 0.05. Correlations between METs - h/w and %AVF/w
in selected groups, with or without the metabolic-related
disorders, such as type 2 diabetes and dyslipidemia, were
assessed by weighted Pearson’s correlation coefficients (r) for
the number of subjects. The Kruskal-Wallis test and the
Mann-Whitney’s U-test for post hoc comparisons were
applied for comparing the mean %AVF/w values between
the control and exercise groups that had been divided into
tertiles by METs-h/w amount. We also analyzed these
correlations in several categorized groups (for example,
groups with only women or men, and groups with more or
less than 16-week interventions). Furthermore, the relation-
ship between METs-h/w and %AWeight/w, and between
%AVF/w and %AWeight/w, were expressed by weighted r
values for the number of subjects. Because %AVF/w and
METs - h/w were calculated from mean values in each study,
only these variables and the number of subjects were
available for analyses. Therefore, specific analytic programs
for meta-analysis could not be used, although the number of
subjects was weighted for.

Results

Two hundred and fifty-five studies were selected from
PubMed (1966-May 2006) with the appropriate keywords.
From these papers, plus the added references collected from
the cited literature, nine randomized control trials
(RCT)?15:16:19,22-24.29.33 35q seven non-randomized control
trials (nRCT)17-18:20.21.25.27.34 yare selected according to our
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criteria (Table 1). The studies included 13 RCT groups and 8
nRCT groups examining solo aerobic exercise interventions
(Table 2). The subjects of six groups in four of the studies
were diagnosed as having metabolic-related disor-
ders.> 162433 I all of the selected studies, the calculated
METs - h/w ranged from 5.9 to 47.1, and the %AVF/w ranged
from -6.062 to 0.078, including four groups that did not
show any significant changes in VF during the intervention
period.

Correlation coefficients between METs-h/w and %AVEF/w
are shown in Figure 1. METs - h/w had a significant correla-
tion with %AVF/w in the groups that did not include
subjects with metabolic-related disorders (r=-0.75),
although there was no significant correlation when all
groups were selected (r= —0.28). The selected groups without
metabolic-related disorders were divided into tertiles by their
METs - h/w amount. %AVF/w values in the 1st, 2nd and 3rd
exercise groups were significantly higher than that of the
control group, although these exercise groups were not
significantly different from each other (Figure 2). Significant
correlations were also observed in the women-only group,
while there was no significant correlation in the men-only
group (Table 3). Groups were also categorized by their
duration of either shorter or longer than the 16-week
intervention period (short-term or long-term intervention
duration). Only in the short-term intervention groups,
without metabolic-related disorder subjects, did METs-h/w
exhibit a significant correlation with %AVF/w (r=—-0.81).

For analysis of the relationship between %AWeight/w and
METs - h/w or %AVF/w, the two groups**?? that did aerobic
exercise without weight loss, were excluded. As a result,
METs - h/w had a significant correlation with %AWeight/w in
all of the selected groups (r=-0.79), as well as the groups
without metabolic-related disorder subjects (r=-0.87)
(Figure 3). Furthermore, %AVF/w had a strong relationship
with. %AWeight/w in the groups not including metabolic-
related disorder subjects (r=0.93), even though there was a
significant correlation in all the selected groups (r=0.64)
(Figure 4).

Discussion

Dose-response relationship between aerobic exercise and visceral
fat reduction

The present study indicates aerobic exercise volume has a
dose-response relationship with visceral fat reduction in
subjects without metabolic-related disorders. There are
several excellent reviews for investigating the relationship
between diet and exercise interventions and weight and/or
visceral fat reduction.®”-'** Ross and Janssen'? suggested
that physical activity with or without weight loss was
associated with a reduction in visceral adipose tissue,
although insufficient evidence limited their reaching a
definitive conclusion. Based on this research, Ross and
Janssen'3 also reviewed dose-response relationships between
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