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ABSTRACT

WITTEKIND, S. G., A. W. POWELL, A. R. OPOTOWSKY, W. W. MAYS, S. K. KNECHT, G. RIVIN, and C. CHIN. Skeletal Muscle

Mass Is Linked to Cardiorespiratory Fitness in Youth.Med. Sci. Sports Exerc., Vol. 52, No. 12, pp. 2574–2580, 2020. Introduction:Cardio-

respiratory fitness (CRF) measured by oxygen consumption (V̇O2) during exercise is an important marker of health. The traditional method of

indexing V̇O2 to total body mass is suboptimal because skeletal muscle mass (SMM), rather than fat and extracellular fluid, is the main con-

tributor to CRF. The traditional estimating equations for peak V̇O2 in youth do not account for this. Bioelectric impedance analysis (BIA) is a

noninvasive method to accurately measure body composition. The objectives of this study were to 1) examine the relationship of body com-

position indices and peak V̇O2 in healthy children, adolescents, and young adults, and 2) derive an optimized estimating equation incorporat-

ing BIA and compare its performance with traditional estimating equations. Methods: A retrospective, cross-sectional, single-center

study of patients <21 yr old referred for exercise testing who did not have underlying cardiovascular disease. All patients underwent

BIA immediately before exercise testing. Univariable and multivariable linear regression models were constructed and tested for model per-

formance.Results:A total of 165 young healthy people (mean age 14 yr, 48%male) were studied. There was a strong and linear relationship

between peak V̇O2 and SMM (R2 = 0.79). The sex difference in SMM explained the most variability in CRF between boys and girls. A gen-

eralized equation using SMM (peak V̇O2 = 302 − (23.7� age) − (50.3� [female = 1, male = 0]) + (81.8� SMM)) had superior performance

(R2 = 0.80) compared with estimating equations currently used in clinical practice (R2 = 0.67). Conclusions: SMM is a stronger correlate of

CRF than is total body mass in youth and may be a better scaling variable to estimate expected peak V̇O2. Key Words: OXYGEN

CONSUMPTION, V̇O2, BODYCOMPOSITION, BIOELECTRIC IMPEDANCEANALYSIS, PREDICTION, ESTIMATING, EQUATION

During aerobic exercise, multiple-organ systems and
physiologic mechanisms work in concert to deliver
oxygen to exercising tissue, predominately skeletal mus-

cle. Cardiorespiratory fitness (CRF) is a summary variable that
captures the strength of these components and their coupled
interactions. Peak oxygen consumption (V̇O2), assessed dur-
ing cardiopulmonary exercise testing (CPET), is considered
the gold standard measure of CRF (1). In recent years, CRF has
received significant attention as a robust independent predictor
of mortality and numerous clinical outcomes in apparently
healthy young adults (2,3) as well as those with cardiovascular
disease (CVD) including heart failure (4,5). As such, peak V̇O2

is used in management decisions regarding advanced heart fail-
ure therapy (6) and is increasingly followed as an outcome in
clinical research trials. The prognostic utility of CRF extends

to young patients with CVD including congenital heart disease
(7,8) and cardiomyopathy (9,10).

CRF normally increases during development from childhood
through puberty (11,12), then slowly declines beginning in the
fourth decade of life (13,14), with males generally having
higher peak V̇O2 at any given age. To account for differences
in maturity and body size, peak V̇O2 is most commonly scaled
to total body mass in units of milliliters per kilogram per min-
ute. However, the linear relationship between peak V̇O2 and
total body mass is quite weak, especially in overweight patients
(15) in whom the standard indexed peak V̇O2 systemically un-
derestimates CRF and can lead to inappropriate assignment of
disease risk. It has been suggested that normalizing peak V̇O2

to fat-free mass provides the most accurate expression of CRF
(16). Recently, Imboden et al. (17) demonstrated in a large co-
hort of apparently healthy adults that peak V̇O2 normalized to
fat-free mass had superior ability to predict all-cause, CVD,
and cancer mortality compared with V̇O2 indexed to total body
mass. Calculating fat-free mass in the clinical setting can be
cumbersome and error prone. Fortunately, body composition
can now be measured accurately and rapidly without irradia-
tion through bioelectric impedance analysis (BIA), which has
been validated against dual-energy x-ray absorptiometry
(DXA) in adults (18) and children (19) including those with
obesity (20–22).
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Estimating equations for peak V̇O2 in children were devel-
oped in the 1980s by Cooper et al. (23) with different equa-
tions based on total body weight for boys versus girls, but
not correcting for overweight/obese status. These are still widely
used in pediatric exercise laboratories. For those ≥18 yr of age, a
set of six estimating equations based on sex and weight status
(underweight/normal weight/overweight) developed byWasserman
(24) are commonly used. Thus, the traditional method of cal-
culating percent-predicted peak V̇O2 in youth is complicated
by multiple estimating equations that variously take into account
age, sex, total body mass, and body mass index (BMI) class.

The primary purpose of this study was to explore the rela-
tionship of different indices of body composition and peak
V̇O2 in a cohort of children, adolescents, and young adults
completing a CPET at our institution. It was hypothesized that
skeletal muscle mass (SMM) would be the strongest predictor
of CRF in this population and thus could be a preferred candi-
date normalizing variable. The secondary aim was to derive
and test a new estimating equation in youth using SMM.

METHODS

Patient cohort. All patients referred to our center’s exer-
cise laboratory for clinical CPET between April and December
2019 were reviewed. Those who fit the following criteria were
included in the analysis: A) age <21 yr, B) completed a
symptom-limited maximal CPET, and C) were healthy with-
out CVD. Patients were considered healthy without CVD if they
A) were referred for common indications including chest pain,
palpitations, syncope, evaluation of possible long-QT syn-
drome, premature ventricular contractions, or a family history
of sudden cardiac death; B) had a normal heart rate (HR) and
blood pressure (BP) response to exercise with normal oxygen
saturation and no pathologic electrocardiographic changes; C) had
normal related cardiology test results (e.g., echocardiography,
genetic testing); and D) were not taking cardiovascular medi-
cation. This research was approved for conduct as exempt
from the requirement for obtaining written informed consent
from the institutional review board at Cincinnati Children’s.

BIA. Per our exercise laboratory standard, patients were
instructed to not eat or drink for at least 3 h and to use the rest-
room before their exercise test. Body composition was measured
by BIA (InBody370; InBody, Cerritos, CA) immediately before
CPET per our current standard. All patients stood on the scale
unsupported, with bare hands and feet making contact with the
eight total electrodes (two palms, two thumbs, two toes, and
two heels). Total body weight and the BIA indices were auto-
matically calculated. The test took approximately 30 s. Output
variables from the InBody software included total lean body
mass (LBM), LBM of both the upper and lower extremities
(summed together as appendicular leanmass), LBMof the trunk,
SMM (SMM = appendicular lean mass/0.75), skeletal muscle
index (SMI = appendicular lean mass/height2), body fat mass
(BFM), and percent body fat (PBF). Details of this technology
have been published (18–22). SMM is estimated from

appendicular lean mass based on previous data showing
that approximately 75% of total SMM is carried in the ex-
tremities (25).

CPET. All patients underwent standardized CPET on a cy-
cle ergometer using a ramp protocol with the goal of reaching
exhaustion after 10 min of exercise. The ramp protocol consisted
of an initial work rate determined by an exercise physiolo-
gist based on the patient’s expected fitness level. A 12-lead
ECG was recorded during the test (GE Medical Case 8000,
Milwaukee, WI). Arm BP was measured at rest, once during
the 3-min unloaded warm-up, every 2 min during ramping,
and during recovery using auscultation with an appropriately
sized manual sphygmomanometer. V̇O2, carbon dioxide pro-
duction (V̇CO2), and minute ventilation (V̇E) were assessed
continuously using breath-by-breath gas analysis with a met-
abolic cart (Ultima Cardi02; Medgraphics MGCDiagnostics,
Saint Paul, MN). Pulse oximetrywasmeasured continuously via
a forehead probe (Radical-7; Masimo Corporation, Irvine,
CA). The test was judged to be maximal if two of the following
three criteria were met: A) RER ≥1.1, B) maximal HR ≥85% of
age-predicted maximal HR (24), or C) maximal perceived exer-
tion ≥18/20 on the Borg scale (26). The V̇O2 at RER = 1.0 was
defined as the V̇O2 equivalent after which the RER never
dropped below 1.0; it was used as a reliable surrogate for an-
aerobic threshold (27). The predicted peak V̇O2 for children
(<18 yr old) was calculated using one of the two estimating
equations described by Cooper et al. (23):

peak V
�
O2 for boys ¼ 52:8� weightð Þ−303:4

peak V
�
O2 for girls ¼ 28:51� weightð Þ þ 288:2

where the predicted peak V̇O2 for adults was calculated using
one of the six estimating equations from Wasserman (24):

peak V
�
O2 for underweight adult men

¼ predicted weightþ actual weight½ �=2ð Þ
� 50:72− 0:372� age½ �ð Þ

peak V
�
O2 for normal weight adult men

¼ measured weight� 50:72− 0:372� age½ �ð Þ

peak V
�
O2 for overweight adult men

¼ predicted weight� 50:72− 0:372� age½ �ð Þ
þ 6� actual weight−predicted weight½ �ð Þ

where predicted weight for adult men = (0.79� height) − 60.7.

peak V
�
O2 for underweight adult women

¼ predicted weightþ actual weightþ 86½ �=2ð Þ
� 22:78� 0:17� age½ �ð Þ

peak V
�
O2 for normal−weight adult women

¼ measured weightþ 43ð Þ � 22:78� 0:17� age½ �ð Þ
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peak V
�
O2 for overweight adult women

¼ predicted weightþ 43ð Þ � 22:78� 0:17� age½ �ð Þ
þ 6� actual weight−predicted weight½ �ð Þ;

where predictedweight for adult women= (0.65� height)− 42.8.
V̇O2 is in units of milliliters per minute, age is in years,

weight is in kilograms, and height is in centimeters.
The V̇E/V̇CO2 slope was measured from rest to peak exercise.

As part of the CPET, all patients underwent baseline spirometry
in a standing position; the best result of three trials was used
for analysis per standards from the American Thoracic Society
(28). Predicted spirometry variables were based on sex, age, and
height (29).Maximal voluntary ventilation (MVV)was calculated
from forced expiratory volume in 1 s (FEV1)� 40 (30). Breathing
reserve was defined as follows: peak V̇E/MVV � 100 (27).

Statistical analysis.Datawere summarized asmean±SD
for normally distributed continuous variables, median (inter-
quartile range, Q1–Q3) for continuous variables with skewed
distributions, and proportions with percentages for categorical
variables. Relationships between variables were assessed using
univariable linear regression models. Significant predictors of
peak V̇O2 at the univariable level were considered as candi-
date variables in multivariable general linear models, which
were fit by the method of least squares. Model variable selection
was based on 1) traditional variables in the widely used predic-
tion equations from Cooper et al. (23), Wasserman (24), and
the FRIEND registry (31); 2) our study hypothesis that
SMM would be a strong predictor; and 3) published evidence
that adiposity exerts a negative effect on CRF (32,33). The
models were reduced using parsimony and model stability
as goals. Partial correlation analysis was used to examine
the relationship between each variable and peak V̇O2 con-
trolling for the other variables in each model. Analysis of co-
variance was used to compare regression line slopes and
intercepts. All tests were two-tailed, and the significance
level was set at 0.05. Statistical analyses were performed using
JMP 14 (SAS Institute Inc., Cary, NC).

RESULTS

A total of 165 patients were included in the analysis, and
their baseline characteristics are shown in Table 1. The mean
age was 14.4 ± 2.5 YR (total range, 8–20 yr). Forty-eight percent
were male, and MOST were white. Median BMI was 20.8
(Q1–Q3, 19.4–23.6) kg·m

−2, with 15% underweight and 15%
overweight/obese. The measures of muscularity included a
mean LBM of 46.6 ± 12.0 kg, mean SMM of 25.8 ± 7.3 kg,
and mean SMI of 6.7 ± 1.2 kg·m−2. Adiposity measures in-
cluded a median BFM of 11.8 (Q1–Q3, 8.0–17.9) kg and mean
PBF of 22.4% ± 9.6%.

Cardiopulmonary exercise test measurements are summarized
in Table 2. The mean resting and peak HR and systolic BPwere
normal for age, and all patients had normal oxygen saturation.
The mean peak work rate was 167 ± 58 W. The median peak
RER was 1.24 (Q1–Q3, 1.19–1.29). The median peak absolute
V̇O2 was 1914 (Q1–Q3, 1586–2493) mL·min−1 corresponding

to a mean percent predicted V̇O2 of 88% ± 17% based on the
traditional estimating equations described in the Methods sec-
tion. The mean peak V̇O2 values indexed to total body mass
versus SMMwere 34 ± 8 and 80 ± 12 mL·kg−1·min−1, respec-
tively. The median V̇E/V̇CO2 slope was 30 (Q1–Q3, 28–34).
Resting spirometry indices were largely normal, and the mean
breathing reserve was normal (62% ± 15%) consistent with no
significant pulmonary limitation to exercise capacity in this cohort.

The relationships of peak V̇O2 to total body mass and SMM
were first examined inmale versus female patients. Simple lin-
ear regression of peak absolute V̇O2 as a function of total body
mass demonstrated a weak to moderate relationship (R2 = 0.49),
especially in the typical adult weight range >60 kg. This rela-
tionship was less strong for female patients (R2 = 0.33) com-
pared with male patients (R2 = 0.50); however, the slopes of
the regression lines were not significantly different (P = 0.13)
as shown in Figure 1A. The linear relationship between peak
V̇O2 and SMM was much stronger (R2 = 0.79) and similar be-
tween the sexes (R2 for female vsmale = 0.63 vs 0.74; slope dif-
ference, P = 0.75) as shown in Figure 1B.

The relationships were next examined across the different
BMI classes. Linear regression of peak V̇O2 by total body mass
revealed a difference in the intercepts, but no significant differ-
ence in slopes (P = 0.51) between the BMI classes as shown in
Figure 2A. The linear relationship with SMM was much stron-
ger in all BMI classes with less dispersion of the intercepts
(slope difference, P = 0.25; Fig. 2B).

Multivariable regression models were constructed to test the
hypothesis that SMM is a superior and independent predictor of
peak V̇O2 in our cohort of healthy youth. First, the variables in-
cluded in the standard estimating equations for peak V̇O2 were
entered in the model, which yielded a model R2 = 0.62. All var-
iables were significant predictors; weight (partial R2 = 0.29) and

TABLE 1. Baseline patient characteristics.

Study Cohort (N = 165)

Demographics
Age, mean (SD), range, yr 14.4 (2.5), 8–20
Age <18 yr, n/N (%) 153/165 (93)
Male, n/N (%) 79/165 (48)
Race
White, n/N (%) 138/165 (84)
Black, n/N (%) 21/165 (13)

Anthropometrics
Height, mean (SD), cm 166 (13)
Total body weight, median (Q1–Q3), kg 59.5 (52.0–69.7)
BMI, median (Q1–Q3), kg·m

−2 20.8 (19.4–23.6)
BMI class
Normal, n/N (%) 115/165 (70)
Underweight, n/N (%) 25/165 (15)
Overweight, n/N (%) 15/165 (9)
Obese, n/N (%) 10/165 (6)

Body surface area, mean (SD), m2 1.66 (0.26)
Total LBM, (mean (SD), kg 46.6 (12.0)
LBM of the right upper extremity, (mean (SD), kg 2.4 (0.9)
LBM of the left upper extremity, (mean (SD), kg 2.3 (0.8)
LBM of the trunk, (mean (SD), kg 20.5 (5.3)
LBM of the right lower extremity, (mean (SD), kg 7.2 (2.1)
LBM of the left lower extremity, (mean (SD), kg 7.1 (2.1)
SMM, (mean (SD), kg 25.8 (7.3)
SMI, mean (SD), kg·m−2 6.7 (1.2)
BFM, median (Q1–Q3), kg 11.8 (8.0–17.9)
PBF, mean (SD), % 22.4 (9.6)
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sex (partial R2 = 0.28) were the dominant predictors in this tra-
ditional variable model (Table 3A). When SMM was added to
the model, it became the dominant predictor (partial R2 = 0.50),
sex became nonsignificant, and the model characteristics im-
proved substantially (R2 = 0.81 with a lower Bayesian infor-
mation criterion (BIC)) as shown in Table 3B. Addition of BFM
provided no model improvement (R2 = 0.81 with slightly
higher BIC), and the very low partial R2 values suggested mul-
ticollinearity (Table 3C). Limiting the variables to just age,
sex, and SMM simplified the model while maintaining excel-
lent explanatory power (R2 = 0.80) as shown in Table 3D. Im-
portantly, although SMMwas the dominant (partial R2 = 0.62)
and independent predictor in thismodel, age and sexwere retained
because of the biological plausibility that these variables exert an
effect on CRF during maturity from childhood to young adult-
hood. This model yielded a multivariable regression equation:

peak V
�
O2 ¼ 302− 23:7� ageð Þ− 50:3� female ¼ 1;male ¼ 0½ �ð Þ

þ 81:8� SMMð Þ;

where V̇O2 is in units of milliliters per minute, age is in years,
and SMM is in kilograms.

The performance of this derived multivariable prediction
equation was compared with that of the traditional estimating
equations from Cooper and Wasserman in this cohort. A plot
of actual versus predicted peak V̇O2 from the traditional equa-
tions demonstrated a moderately strong linear relationship
(R2 = 0.67, Fig. 3A) with the residual plot shown in Figure 3B.
The proposed prediction equation using SMM had more ex-
planatory power (R2 = 0.80) as shown in Figures 3C and 3 D.
A sensitivity analysis in which patients 18 yr or older were ex-
cluded from the analysis did not change the model perfor-
mance (R2 = 0.80), which supports its robustness across the
age spectrum of childhood to young adulthood.

DISCUSSION

Previous reports suggest that indexing peak V̇O2 to LBM
rather than total mass more accurately represents CRF, espe-
cially in obese people (16,34,35). Accuracy in CRF is impor-
tant for prognosis as shown in the recent study by Imboden
et al. (17) in which peak V̇O2 normalized to fat-free mass (es-
timated from triceps skin fold thickness) in middle age was
more predictive of mortality over a 20-yr follow-up. Studies

TABLE 2. Cardiopulmonary exercise test variables.

Study Cohort (N = 165)

Workload
<20 W·min−1 ramp, n/N (%) 68/165 (41)
20–25 W·min−1 ramp, n/N (%) 81/165 (49)
>25 W·min−1 ramp, n/N (%) 16/165 (10)
Peak work rate, mean (SD), W 167 (58)

Noninvasive hemodynamic data
Resting HR, (mean (SD), bpm 82 (5)
Peak HR, (mean (SD), bpm 184 (12)
% Predicted peak HR, median (Q1–Q3), % 92 (88–95)
Resting SBP, mean (SD), mm Hg 114 (10)
Peak SBP, mean (SD), mm Hg 175 (22)
Resting DBP, mean (SD), mm Hg 67 (7)
Peak DBP, mean (SD), mm Hg 64 (11)
Resting SpO2, median (Q1–Q3), min–max, % 100 (100–100), 98–100
Peak exercise SpO2, median (Q1–Q3), min–max, % 98 (97–99), 91–100

Metabolic data
Peak RER, median (Q1–Q3), % 1.24 (1.19–1.29)
V̇O2 at RER = 1.0, median (Q1–Q3), mL·min−1 1289 (1037–1539)
Peak V̇O2, median (Q1–Q3), min–max, mL·min−1 1914 (1586–2493), 796–3714
% Predicted peak V̇O2 based on Cooper–Wasserman

equations, mean (SD), min–max, %
88 (17), 52–137

Peak V̇O2 indexed to total body weight, mean (SD),
min–max, mL·kg−1·min−1

34 (8), 19–60

Peak V̇O2 indexed to SMM, mean (SD), min–max,
mL·kg−1·min−1

80 (12), 50–113

Peak O2 pulse, median (Q1–Q3), mL per beat 10 (9–14)
% Predicted peak O2 pulse based on

Cooper–Wasserman equations, median (Q1–Q3), %
95 (82–100)

Peak V̇E, mean (SD), L·min−1 80 (23)
V̇E/MVV, mean (SD), % 62 (15)
V̇E/V̇O2 slope, median (Q1–Q3) 30 (28–34)

Spirometry data
FVC, mean (SD), L 3.92 (1.08)
% Predicted FVC, median (Q1–Q3), % 100 (93–100)
FEV1, mean (SD), L 3.33 (0.95)
% Predicted FEV1, median (Q1–Q3), % 100 (90–100)
FEV1/FVC, mean (SD), % 85 (9)
% Predicted FEV1/FVC, median (Q1–Q3), % 98 (91–100)
FEF25%–75%, mean (SD), L 3.62 (1.21)
% Predicted FEF25%–75%, median (Q1–Q3) 95 (79–100)

DBP, diastolic BP; FEF25%–75%, midexpiratory flow rate; FEV1/FVC, ratio of FEV1 and forced
vital capacity; FVC, forced vital capacity; SBP, systolic BP; SpO2, oxygen saturation; V̇E/V̇CO2
slope, slope of the best fit line of V̇E vs carbon dioxide production from rest to peak ex-
ercise; V̇E/MVV, ratio of V̇E and MVV.

FIGURE 1—Peak V̇O2 as a function of total body mass (TBM) vs SMM
stratified by sex. A, The linear relationship of peak V̇O2with TBM ismod-
est, especially in female patients, and weakens in the adult weight range
>60 kg. B, The linear relationship with SMM is stronger for both sexes. In-
dividual data point and fit line colors: blue, male; pink, female.
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in various patient populations including adult heart failure (36),
coronary artery disease (37), and childhood obesity (34) have
identified a strong relationship between SMM, in particular, and
fitness. The use of DXA in these studies limits clinical applica-
tion; however, available BIA scales that perform segmental lean
analysis make it feasible to measure SMM quickly and easily.

A recent study by Cooper et al. (35) highlights the need to
index CRF to an estimate of SMM in youth. They observed
a similar, strong linear relationship of peak V̇O2 and LBM
(measured by DXA) in normal- and high-BMI but otherwise
healthy children. Access to DXA is a limitation acknowledged
by those investigators; the present study used BIA to address
this limitation. Other studies (32,33) have also suggested that
body fat exerts a negative effect on CRF independent of SMM.
Although neither BFM nor PBF was a significant predictor
of peak V̇O2 in multivariable models in the current analysis,
future studies with more overweight/obese youth should ex-
plore the association of adiposity and CRF.

To our knowledge, this is the first study to examine the re-
lationship of BIA-measured body composition with CRF in

healthy youth.We used these data to develop a new prediction
equation including age, sex, and SMMwith improved explan-
atory power compared with traditional estimating equations
used in pediatric exercise testing. Whether referencing peak
V̇O2 to SMM provides improved value in terms of prognosis
in youthwith CVDor other diagnoses is an area of future research.

Study limitations. The present study has a number of lim-
itations. First, the sample size is modest; however, it is in line
with previous studies exploring the relationship of baseline pa-
tient characteristics and CRF in youth. For example, Cooper
et al. (23) studied a similar sample size of 109 normal-weight
children age 6–17 yr. Still, larger prospective studies are re-
quired to confirm these findings and examine the interaction
of SMM with other patient factors including age and adipos-
ity. Another limitation is that the proposed prediction equation
was derived and tested in the same group of subjects, whereas
the traditional models to predict peak V̇O2 were derived de-
cades ago in other contexts. It is unclear whether validation
in an independent cohort would confirm the dramatically bet-
ter correlation between predicted and actual values using SMM
compared with total bodymass as was seen in the current study.
That said, even using a newly derived equation from the current
cohort using total body mass was substantially less robust in
terms of predicting actual peak V̇O2. Next, the traditional esti-
mating equations used to calculate percent-predicted V̇O2 were
different for children and adults in this study, which parallels
real-world practice. When patients in this study were stratified

FIGURE 2—Peak V̇O2 as a function of total body mass (TBM) vs SMM
stratified by BMI class. A, The linear relationship of peak V̇O2 with
TBM is modest with differences in the intercepts (P < 0.0001) between
the BMI classes, but similar slopes. B, The linear relationship with
SMM is stronger across BMI classes with less dispersion of the intercepts
(P = 0.24). Individual data point and fit line colors: green, normal; blue, un-
derweight; orange, overweight; red, obese.

TABLE 3. Multivariable regression models.

Term

Parameter
Estimate,
mL·min−1

Partial
R2 P

A. Peak V̇O2 as function of traditional variables
Intercept 253.48
Age 42.21 0.04 0.007
Female sex −261.12 0.28 <0.0001
Weight 20.06 0.29 <0.0001
Model R2 0.62 <0.0001
BIC 2475.43

B. Peak V̇O2 adding SMM
Intercept 360.84
Age −25.57 0.03 0.04
Female sex −13.46 0.001 0.66
Weight −9.11 0.06 0.002
SMM 101.92 0.50 <0.0001
Model R2 0.81 <0.0001
BIC 2367.53

C. Peak V̇O2 adding skeletal muscle and BFM
Intercept 667.72
Age −26.69 0.03 0.04
Female sex −4.83 0.0001 0.87
Weight −88.69 0.01 0.15
SMM 234.00 0.03 0.02
BFM 80.36 0.01 0.20
Model R2 0.81 <0.0001
BIC 2370.90

D. Proposed multivariable regression model
for estimating peak V̇O2 from baseline
demographics and SMM in youth
Intercept 301.82
Age −23.72 0.02 0.06
Female sex −50.29 0.02 0.09
SMM 81.82 0.62 <0.0001
Model R2 0.80 <0.0001
BIC 2372.14
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by age <18 or ≥18 yr, the results were unchanged: SMMdrove
the association with CRF. The more contemporary, multivari-
able reference equation for CRF in adults 20–79 yr of age from
the FRIEND Registry (31) illustrates the desire for a unified
prediction equation from youth to old age. That reference equa-
tion was not applied in the present study because of the age cut-
off. Lastly, SMM reflects muscle hypertrophy and does not
correspond directly to strength. Physiologic processes in skel-
etal and cardiac muscle associated with disease and advancing
age (e.g., inflammation, mitochondrial dysfunction, and cellu-
lar senescence) (38) may contribute to declines in strength and
CRF beyond the degree of change in SMM. Further investiga-
tion exploring the association of body composition and CRF
into adulthood is needed.

CONCLUSIONS

Incorporating BIA estimates of body composition into the
standard workflow of a CPET informed an expected exercise

capacity. We observed a strong linear relationship between
SMM and peak V̇O2 in youth across the age, sex, and BMI
spectra. Furthermore, differences in SMM explain the major-
ity of variability in CRF between the sexes. A novel prediction
equation using age, sex, and SMM has superior explanatory
power compared with traditional peak V̇O2 prediction equa-
tions that are in current clinical use. These data support SMM
as a preferred scaling variable compared with the traditional
method of scaling to total body mass. Whether SMM is also
a strong predictor of CRF and prognosis in youth with heart
disease and other diseases warrants further research.
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