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Calf muscle cross-sectional area and peak oxygen uptake
and work rate in children and adults

STEFANIA ZANCONATO, GERARD RIEDY, AND DAN M. COOPER
Division of Respiratory and Critical Care, Department of Pediatrics and Department of Radiology,

Harbor-University of California Los Angeles Medical Center, Torrance, California 90509

Zanconato, Stefania, Gerard Riedy, and Dan M.
Cooper. Calf muscle cross-sectional area and peak oxygen
uptake and work rate in children and adults. Am. J. Physiol.
267 (Regulatory Integrative Comp. Physiol. 36): R720—-R725,
1994.—1It is often assumed that the inherent peak muscle
metabolic capacity scales in direct proportion to muscle cross-
sectional area and is the same in small and large animals (A. V.
Hill. Sci. Prog. 38: 208-230, 1950). We wondered whether this
relationship between size and function was true during the
period of growth and development in humans. Magnetic
resonance imaging (MRI) was used to determine calf muscle
cross-sectional area (CSA) in 20 children (6—11 yr old, 11 boys)
and in 18 adults (23-42 yr old, 10 men). Progressive cycle
ergometer exercise was performed to determine peak oxygen
uptake (VOy.,) and work rate (WReax). The scaling factor
(determined by allometric analysis) relating maximal O, up-
take (VO,,,,.) to muscle CSA for the whole sample population
was 1.04 + 0.12 (SE), but the scaling factor relating WR .k to
muscle CSA was significantly greater (1.37 + 0.12). Consistent
with this, VO, .../ CSA was not affected by body weight, but the
WR,eax/CSA increased as a function of weight both in males
(P < 0.005) and females (P < 0.05). No differences in
VOg max/ CSA were found between children and adults. WR e/
CSA was significantly higher in adults compared with children
(P < 0.05). It appears that the inherent peak muscle metabolic
capacity is smaller in children than in adults. Moreover, the
coupling of muscle capacity with whole body metabolic rate
changes during growth in humans.

magnetic resonance imaging; scaling; allometry
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BODY SIZE IS a major determinant of maximal physiologi-
cal function, and allometric equations quantify the
relationships of body size (e.g., muscle mass) to meta-
bolic rate [e.g., peak oxygen uptake (VOjp.,) during
exercise]. Allometric analyses are used to assess size-
structure relationships in mature animals of different
sizes and species (29) as well as in a single species during
the period of growth and development (4, 6, 26, 27). The
objective of this study was to examine the relationship
between muscle size and the VO, and peak work rate
(WR,eax) in a group of children and adults.

VO0jpeak and WR,x were measured from a progressive
cycle ergometer test. Muscle size was estimated using
magnetic resonance imaging (MRI) of the calf muscula-
ture. MRI is a noninvasive method not requiring ioniz-
ing radiation and is, therefore, more feasible for studies
in healthy children. MRI provided a means to measure
muscle cross-sectional area (CSA) and allowed us to
account for bone and subcutaneous fat, factors that
substantially limit the accuracy of limb diameter alone
in estimating muscle size.

Allometric equations have the general form

qoca~Mb
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where q indicates a metabolic rate (e.g., VO,), M is a
parameter related to body dimension (e.g., mass), a is
the mass coefficient, and b is the dimensionless mass
exponent or the scaling factor (16). The scaling factor
relating body mass to VO, in mature mammals of
different sizes is ~0.75 (29). In contrast, in cross-
sectional studies of children and young adults per-
formed in our laboratory the scaling factor was found to
be 1.01 (7), a value significantly greater than 0.75.

The observation of different scaling factors implies
that the mechanisms accounting for size-function rela-
tionships are not entirely the same during growth in
children as among mature animals of different sizes. Hill
(18) in 1950 and McMahon (21) in 1984 reviewed the
experimental data and theoretical considerations of
size-function relationships during exercise in mature
animals. Insight into the mechanisms governing size-
function relationships during growth can be gained by
testing certain assumptions reached by Hill and McMa-
hon

Peak muscle function « muscle CSA! (1)

The inherent or intrinsic strength of a contracting
voluntary muscle fiber is constant and independent of
the size of the animal. A bigger muscle is capable of
greater work and metabolic rate only because it is
bigger, not because its inherent metabolic capacity is

greater [Hill (18)].
Peak muscle strength = peak metabolic rate  (2)

In terms of a progressive exercise test, this could
be stated as WReax & VO3 peai.
These assumptions would then predict that

VOypear * muscle CSA!
and

WR, ... « muscle CSA!

We hypothesized that the scaling factor of 1.0, pre-
dicted from studies of mature animals, would not be
found experimentally in children and adults. An impor-
tant implication of finding a scaling factor other than 1
would be that the intrinsic strength and/or metabolic
capacity of muscles change during growth and develop-
ment.

METHODS

Subjects. The study population consisted of 20 children (age
range: 6—11 yr; 11 boys, 9 girls) and 18 adults (age range
23—42 yr, 10 men, 8 women). Height, weight, and body mass
index (BMI = weight/height?) are given in Table 1. The mean
BMI in the children of this study was virtually identical to the
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Table 1. Anthropometric data: children and adults

n Age, yr Weight, kg Height,cm  BMI, kg/m?
Boys 11 83+13 34.1+x10.1 137.3+x10.8 17.7+3.0
Girls 9 84+17 31.7+x6.7 1356=*85 17.3+3.1
All children 20 8.4+14 33.0+x86 1365+9.6 17.6+3.0
Men 10 32.7+x5.1 77.8x12.2 180.2+x79 239*24
Women 8 309+64 588+52 1624+75 224+18
All adults 18 31956 69.3+13.6 1723+11.8 23.2+23

Values are means + SD; n, no. of subjects. BMI, body mass index
(weight/height?).

mean BMI in healthy children studied previously in our
laboratory [17.5 = 2.9 kg/m? (SD) from comparably aged
subjects (7)]. For the men and women BMI was well within the
normal range as recently published (25). All subjects were
screened before participation to ensure that none were smok-
ers, suffered from chronic lung or heart disease, were obese, or
used drugs or medications on a chronic basis. The study was
approved by the Institutional Human Subject’s Review Board
and informed consent was obtained from each participant and
parent or guardian, when appropriate.

Progressive exercise test. Each subject performed a ramp-type
progressive exercise test on an electromagnetically braked cycle
ergometer to determine the maximal oxygen uptake (VO,,..).
A smaller ergometer was used for younger children as previ-
ously described (1). This protocol has been used extensively in
adults and children to determine gas exchange parameters of
exercise, such as the VOg ., (7, 32). VOypeak and WR o Were
determined as the largest VO, and work rate achieved by each
subject during the progressive test in which each subject was
vigorously encouraged to achieve maximal efforts. In a pre-
vious study of healthy children and young adults (7), we
demonstrated that the VO, ., was virtually indistinguishable
from the true Vo, (i.e., the appearance of a plateau for
Vo,).

Pulmonary gas exchange. Pulmonary gas exchange was
measured breath by breath. The subjects breathed through a
low-impedance turbine volume transducer and a breathing
valve with a combined dead space of 90 ml. Mouth Oy and CO,
tensions were determined by mass spectrometry from a sample
drawn continuously from the mouthpiece at 1 ml/s. The
inspired and expired volume and gas fraction signals under-
went analog-to-digital conversion, from which O, uptake
(sTPD), CO2 output (STPD), and minute expired ventilation
(BTPS) were calculated on-line with each breath, as previously
described (3).

MRI. MRI was performed on a Picker 1.5-T whole body MRI
System. A 10-cm round surface coil was used for signal
detection, while a proton body coil was employed for RF
transmission for imaging. The subject was positioned with the
center of the receive coil at the largest circumference of the calf
(as estimated by the investigator). The whole leg was then
moved into the isocenter of the magnet bore. Images were
obtained from a 2-cm coronal slice at isocenter with a 30-cm
field of view. A gradient echo sequence with a 256 x 256
matrix and two acquisitions at each phase encode step at a
time to echo (TE) of 30 ms and repetition time (TR) of 300 ms
was employed. These images provided single-slice pictures of
muscle, fat, and bone.

MRI analysis. An example of an image obtained from an
8-yr-old boy is shown in Fig. 1. Computerized planimetry was
used to determine calf muscle CSA. The major muscles
included were: gastrocnemius, soleus, tibialis anterior and
posterior, and peroneus longus and brevis. The investigator
traced the circumference of the calf using a pointing device.
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This maneuver was performed three times with a coefficient of
variation of 0.7%. As can be seen in Fig. 1, areas of fat and bone
were readily recognizable from the MRI. These areas were
traced as well and subsequently subtracted from the limb CSA
to yield the muscle CSA. A similar approach was recently
presented by Nishida and co-workers (22).

Determination of scaling factor. A log-log transform was
used to calculate the scaling factor (16). Linear regression was
performed on the transformed data, and the slope of the
regression is equal to the scaling factor. Because work of all of
the calf muscles is a major component of the total work done
during cycle ergometry (15, 17), we used the ratios of VO, to
CSA and WR,c.x to CSA as indicators of the relative contribu-
tion of this muscle group to maximal metabolic rate and
maximal power output. These ratios were analyzed in several
ways: first, we calculated the mean value for the four groups:
boys, girls, men, and women. Second, we calculated the linear
regression of the ratios as a function of body weight in all male
subjects, all female subjects, and in the group as a whole.

Statistical analysis. Standard techniques were used to
calculate the slopes and y-intercepts for best fit linear regres-
sions. The ¢ test was used to determine if particular regression
coefficients differed significantly from 0 (12). Analysis of
variance (ANOVA) was used to compare WR,./CSA,
VO,,0./ CSA, and the spectroscopy parameters among four
groups: boys, girls, men, and women. When ANOVA was found
to be significant, an appropriately modified ¢ test (Duncan) was
used for intergroup comparisons. In addition, analysis of
covariance (ANCOVA) was used for intergroup comparisons of
WRcak using muscle CSA as the covariate.

RESULTS

Gas exchange. The mean V0, normalized to body
weight was 39.9 + 8.6 (SD) ml-min~!-kg~!in the adults
and 38.8 + 7.4 in children (no significant difference). In
addition, the VO, as percent predicted [based on
normal values in our laboratory (7)] was 86 + 18% in the
men, 112 = 28% in the women, 90 * 24% in the boys,
and 103 = 15% in the girls (SD). There were no
significant differences among the groups. These results
suggest, indirectly, that fitness levels were roughly the
same in all four groups.

WR,..x per body weight in children (2.9 + 0.6 W/kg)
was significantly lower than in adults (3.9 = 0.8 W/kg,
P < 0.001). Both Voy,.,, and WR,,, were similar to
values found previously in our laboratory (7, 33).

Scaling factors. The scaling factors relating WR.x
and Vo, to muscle CSA are shown in Table 2. Table 3
summarizes the linear regression analysis for WR .../
CSA and Vo0, /CSA as a function of body weight in
males, females, and in the group as a whole.
V0, ,ea/ CSA was not affected by body weight, but the
WR,ea/ CSA increased as a function of weight both in
males (P < 0.005) and females (P < 0.05). No differ-
ences in VO,,.../CSA were observed between children
and adults. 6n the contrary, WR,.../CSA was signifi-
cantly higher in adults compared with children (Fig. 2).

ANCOVA results. Table 4 summarizes the means and
adjusted means for WR,.,, with muscle CSA as a covari-
ate. The results of this analysis also indicated that
WR,..« was significantly greater in the men compared
with all other groups. In addition, WR,, in women was
greater than WR,,..x in the boys and girls.
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Fig. 1. Magnetic resonance imaging of the right calf muscle area in an 8-yr-old girl.

DISCUSSION

We found, as expected, that WR.x, Vozpeak, and calf
muscle CSA all increased with age and body size in this
group of children and adults. As hypothesized, the
scaling factor relating WR,,..« to muscle CSA was signifi-
cantly greater than 1.0 (Table 2). This was corroborated
by the ANCOVA results and the observations that the
ratio WR,,/CSA increased significantly with body
weight, and that the mean values of WR,../CSA were
less in boys and girls than in men and women (Fig. 2). A
possible implication of this finding is that inherent
muscle metabolic capacity increases with size during
growth and maturation.

But we had also hypothesized that the scaling factors
for both VOzpeak and WRpeak to muscle CSA would be the
same, since WRyeax * VOypear (assumption 2). This was
not the case: the scaling factor of VO3 .. to muscle CSA
did not significantly differ from 1.0. This was corrobo-
rated by the observation that the ratio V0, .,/ CSA did

Table 2. Scaling factors relating indexes of body mass
with metabolic function during exercise

Females Males All Subjects
WRpeak vs. CSA 1.256+0.22 1.40=0.16 1.37=0.12
VO3 peak vs. CSA 0.94+0.21 1.03=0.15 1.04+0.12

Values are means *= SE. WR,..,, peak work rate; Vo, peak, Peak
oxygen uptake; CSA, cross-sectional area.

not change with body weight. One implication of the dis-
crepancy between the WRpea and VO ..k scaling factors
is that the coupling of Vo, (measured at the mouth) to
muscle work and metabolic rate may change during
growth and maturation.

It is first necessary to address some of the methodo-
logic limitations of this study. Working with children
imposes a number of real constraints: these subjects,
while enthusiastic and cooperative, can become dis-
tracted rather quickly, particularly in the confines of a
whole body magnet, and start moving and fidgeting.
Thus images must be obtained quickly. We chose to

Table 3. Linear regression analysis for WR,,,,,/ CSA
and VOs .../ CSA as a function of body wt

Slope Constant r P Value
WRpear/CSA, male 0.043 2.34 0.70 <0.005
WRpeak/CSA, female 0.045 2.17 0.57 <0.05
WR,ear/CSA, all 0.044 2.26 0.68 <0.0001
VO3 pear/ CSA, male 0.13 47.2 0.24 NS
V03 peax/ CSA, female 0.18 41.3 0.25 NS
V02 pear/ CSA, all 0.17 43.6 0.29 NS

Regression slope and constant for the equation: y = a-x + b, wherey
is either WRpea/CSA or VOu pea/ CSA, a is the slope either as W-cm 2
kg ! or ml'min~'-em 2 kg~!, x is body weight in kg, and b is the
constant in either W/em? or ml-min~!-em 2 r, Correlation coeffi-
cient; P values are calculated for significance of the difference of the
slope from the value 0.
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image the calf muscle simply because the investigator
could easily and quickly identify the prominent gasiroc-
nemius head, which invariably represents the largest
diameter of the lower leg. It is important to reiterate
that electromyographic studies have demonstrated that
work of the calf muscles is a major component of the
total work done during cycle ergometry (15, 17).

Tanner (28) and Toth and co-workers (30) have
argued that the use of ratios to compare size-function
relationships among different populations may lead to
spurious results and suggested the use of ANCOVA to
mitigate this problem. In the present study, both the
ANCOVA approach and the analysis of ratios led to
similar conclusions about the relationship between
WR,c.x and calf muscle CSA in children and adults. In
addition, the power analysis of the data and the analysis
of ratios were consistent and also led to the same
conclusions. Thus while it is beyond the scope of this
paper to deal with the statistical and mathematical
objections raised by Tanner and by Toth and co-
workers, our results appear to be robust and amenable
to a variety of analytic approaches.

An inherent assumption of this study is that the calf
muscle CSA accurately represents all muscles involved
in ergometry exercise. The calf muscles (e.g., soleus and
gastrocnemius) are used extensively in cycle ergometry
and have electromyographic power spectra during cycle
ergometry similar to the vastus medialis of the thigh
musculature (15, 17), but our results cannot exclude the
possibility that the recruitment of thigh and calf muscles
in cycle ergometer actually changes with age. For ex-
ample, if children relied on thigh muscles to a greater

Table 4. Means and ANCOVA-adjusted means for
WR,,.., with CSA as covariate in the 4 groups of subjects

Mean WR, o, ANCOVA-Adjusted Mean
Group W WR, o, W SE
Men 331 283* 25
Boys 97 131 23
Women 207 1987 18
Girls 96 133 23

*Men greater than all other groups (P < 0.006); ¥ women greater
than girls and boys (P < 0.05).

extent than did adults in the performance of heavy cycle
ergometer exercise, then our results could be explained
without necessarily concluding that muscle power per
CSA is smaller in children than in adults.

The relative inability of MRI to identify intramuscu-
lar fat could also add to the error of this technique. If the
muscle CSA in children reflected a higher fat-to-muscle
ratio than adults, then the WR,../CSA ratio would
likely be lower in children and not necessarily indicate
differences in muscle tissue per se. We did not measure
lean body mass per se, but we used the BMI (Table 1) to
estimate %body fat using the equations developed by
Deurenberg and co-workers (10). These equations are
different in adults and children, reflecting the effect of
maturation on the relationship between BMI and %body
fat. For the men, the calculated %body fat was 20%,
while for the boys the value was 19%; for the women and
girls the predicted values were 29 and 22%, respectively.
Thus the children were certainly not relatively fatter,
and, in the case of the females, were somewhat leaner
than the adults. If anything, an inability to account for
intramuscular fat by MRI would mean that we had
underestimated the true difference in WR./CSA be-
tween adults and children.

As noted, we chose the calf because the prominence of
the gastrocnemius head makes it relatively easy to
choose the largest circumference by inspection. But
using only a single CSA could lead to possible errors due
to position of the coil or maturational changes in the calf
muscle anatomy. MRI may yield other ways of assessing
muscle size that could potentially improve this type of
analysis. For example, Roman and co-workers (24)
recently showed increases in muscle size in elderly men
after upper arm resistance training by using 1l-cm
contiguous MRI-derived CSA and calculating the vol-
ume of the muscle in question. In addition, Kuno and
co-workers (19) recently demonstrated that MRI tech-
niques can be used to noninvasively assess muscle fiber
types. If demonstrated to be applicable for children, then
these techniques might provide noninvasive tools to
follow maturation of muscles during growth in children.

Despite these possible confounding features of the
methodology, our observations are consistent with previ-
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ous studies focused on different aspects of muscle
function. From our own laboratory, reanalysis of previ-
ous progressive exercise data in a large number of
children and teenagers revealed that the ratio of WRe.x/
kilogram body weight increased with age in children and
teenagers (7, 33). This was unexpected, since assump-
tions 1 and 2 above would suggest that WR_, <«
weight?/3, and, therefore, that the ratio of WR,,,,/weight
would decrease as body weight increased (APPENDIX).
Davies and co-workers (8) measured electrically evoked
contractile properties of the triceps surae muscle in
children and adults. They calculated the mean force per
cross-sectional area (estimated by anthropometry and
water displacement) to be greater in young adults (34
N/cm?) than in children (29 N/em?2), even though the
children in their study were not as young (mean age 13
years) as in our study. Finally, Parker and co-workers
(23) found that isometric quadriceps strength in boys
and male teenagers increased even when growth in
height and body weight had virtually ceased.

Very little is known about the anatomic and/or bio-
chemical maturation of muscles postnatally in humans.
As would be expected, there are very few invasive
studies of skeletal muscle fiber types in healthy children,
but the work of Bell et al. (5) showed no obvious
histological differences between 6-yr-old children and
adults. However, there is evidence from other human
and animal studies that muscle maturation does occur.
Eriksson et al. (13) reported a lower muscle concentra-
tion of phosphofructokinase in 11- to 13-yr-old children
compared with adults. Studies in rats showed a 17-fold
increase in total PFK activity occurring during the first
2 mo of age (equivalent to birth to puberty in humans).
This was accompanied by a dramatic decrease in C-type
PFK subunit and increase in M-type subunit, the iso-
zyme best suited for glycolysis (11), presumably facilitat-
ing anaerobic metabolism.

Along these lines, Bar-Or and others (2, 14) have
suggested that there is an increasing anaerobic capacity
(the ability to effect ATP regeneration for muscular
work anaerobically) as children mature into adulthood.
Whether or not such changes are related to the anabolic
effects of puberty is not known; however, it is notewor-
thy that the increases in WR,.../CSA were observed in
both males and females. To the extent that our observa-
tions can be explained by hormonal changes occurring
during the process of maturation, the role of both
estradiol and testosterone, the hormones responsible for
the female and male adolescent growth spurts (20),
must be considered. .

As noted, unlike the WR .., the VOg,., increased in
direct proportion with muscle CSA: the scaling factor
was not significantly different from 1.0. Davies and
co-workers (9) discovered that VO,,.,, when scaled to
leg volume (determined by anthropometry and water
displacement), actually decreased slightly with increas-
ing age in a cross-sectional study of children and adults.
Moreover, in previous studies in this laboratory we
found that the oxygen cost of 1 min of high-intensity
exercise, normalized to external work performed

(ml-min-1-J-1!), was actually greater in children com-
pared with adults (33).
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Maturation of the ‘“‘anaerobic potential’” referred to
above may shed light on the apparent discrepancy
between WR,... and VO,,.... The Vo, during exercise
does not necessarily represent the total metabolic cost of
the work performed. In particular, ATP rephosphoryla-
tion derived from anaerobic metabolism and from high-
energy phosphagen stores, important components of the
total metabolic cost of exercise (31), is simply not
accounted for by gas exchange measured at the mouth.
Our data may be explained by the following scenario:
muscles grow in size and gain potential for anaerobic
metabolism as children grow and develop. WR,, in-
creases out of proportion to the growth in muscle (i.e.,
the scaling factor for WR,.,x and muscle CSA is >1.0),
but a greater proportion of the energy required to
perform the work is anaerobically derived, not reflected
in the VO, ... Consequently, as muscles become bigger,
WR,..x scales differently with respect to muscle size than
does the VOy ey

These observations support the notion that the rela-
tionship between body size and function during growth
is not the same as in mature animals. Moreover, some of
the assumptions often used in allometric analyses of
size-function relationships during exercise do not ap-
pear to hold when the size changes that occur during
normal growth and development are considered. Our
data suggest that the inherent peak muscle metabolic
capacity increases with age in human beings.

APPENDIX

muscle CSA x [2
where / (length) is a linear dimension of body size, and
body weight « body volume « /3

then
weight « muscle CSA?/3
Finally, if
WR,,.x  muscle CSA! (assumption 1)
then

WRmux x weightz 3
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