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Background—Quantitative magnetic resonance (QMR) has been increasingly used to measure
human body composition, but its use and validation in children is limited.

Objective—We compared body composition measurement by QMR and air displacement
plethysmography (ADP) in preschool children from Singapore’s multi-ethnic Asian population
[7=152; mean = SD age: 5.0 + 0.1 years].

Methods—Agreements between QMR- and ADP-based fat mass and fat mass index (FMI) were
assessed using intraclass correlation coefficient (ICC), reduced major axis regression (RMAR),
and Bland-Altman plot analyses. Analyses were stratified for the child’s sex.

Results—Substantial agreement was observed between QMR- and ADP-based fat mass (ICC:
0.85) and FMI (ICC: 0.82). RMAR analysis suggested that QMR measurements were generally
lower than ADP measurements. Bland-Altman analysis similarly revealed that QMR-based fat
mass were [mean difference (95% limits of agreement)] -0.5 (-2.1 to +1.1) kg lower than ADP-
based fat mass and QMR-based FMI were -0.4 (-1.8 to +0.9) kg/m? lower than ADP-based FMI.
Stratification by offspring sex revealed better agreement of QMR and ADP measurements in girls
than in boys.

Conclusions—QMR-based fat mass and FMI showed substantial agreement with, but was
generally lower than, ADP-based measures in young Asian children.

Keywords

Body composition; quantitative magnetic resonance; QMR; air displacement plethysmography;
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Introduction

Childhood obesity has become a global epidemic. This bodes badly for future health, given
its associations with higher risk of chronic diseases such as type 2 diabetes and stroke in
adulthood (1,2). Anthropometric measures such as body mass index (BMI) are often used to
reflect adiposity, owing to their feasibility and low cost. However, a higher BMI may not
only arise from greater body fat, but also from higher lean mass and/or bone mass, making it
an imperfect measure of adiposity (3,4). The differential magnitude and velocity of fat and
fat free mass accretion during different growth periods further complicate interpretation of
changes in childhood BMI over time (5,6). Identifying better methods for measuring body
composition in children is therefore an important research goal.

Cadaver analysis is the most accurate way to measure body composition (7), but other
methods are necessary in live human subjects. In humans, the four-compartment (4-C)
model, which assesses body mass and volume (using air displacement plethysmography,
ADP), total water (using deuterium dilution), and bone mineral density (using dual-energy
x-ray absorptiometry, DXA), is the criterion method for /n vivo body composition
measurement (8,9). Nonetheless, the 4-C model is costly, requires several instruments, and
imposes a substantial subject burden, thereby impeding its use in large epidemiological
studies in children.
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Most research studies assessing body composition in children therefore base their
measurements on individual techniques such as bioelectrical impedance analysis (BIA),
DXA or ADP. However, these methods also have limitations. For instance, BIA and ADP are
two-compartment models that assume a constant density of fat mass and fat free mass
(FFM). Yet this assumption for FFM is often violated in disease states and in obese subjects
with abnormal FFM hydration (7,10). DXA exposes subjects to (low-dose) X-ray radiation,
thus raising parental concerns about potential adverse health effects and limiting its use for
longitudinal tracking of body composition in children (11). Moreover, both ADP and DXA
require subjects to remain motionless to obtain high-quality measurements—a major
challenge in young children.

A new technology called quantitative magnetic resonance (QMR) (12) is accepted as an
improved measure of /n vivo body composition in animals (in terms of precision, speed, and
ease of use) and has been increasingly adopted in human studies. Compared to ADP and
DXA, QMR is faster (<3 minutes measurement time), less invasive (no ionizing radiation)
and does not require subjects to remain motionless, making it a potential method to track
children’s body composition over time. Thus far, only one study has assessed the validity of
QMR measurement in Western infants and children (11), which reported good agreement
between fat mass measured by QMR and the 4-C model in 57 older children (=6 years) (11).
It remains unclear whether QMR is suitable for measuring body composition in younger
children, however. Moreover, Asians are known to have a different amount and distribution
of body fat compared to Caucasians of similar BMI (13-15). To our knowledge, no study
has assessed the validity of QMR measurements in Asian subjects at any age. To fill these
gaps, we compared QMR and ADP measurements of body composition in young children
from a multi-ethnic Asian cohort in Singapore.

Methods

Study children were participants in the Growing Up in Singapore Towards Healthy
Outcomes (GUSTO) mother-offspring cohort, described in detail elsewhere (16). Briefly,
from June 2009 until September 2010, pregnant mothers (<14 weeks gestational weeks)
residing in Singapore and of Chinese, Malay, or Indian descent were recruited from two
major public maternity wards at the KK Women’s and Children’s Hospital (KKH) and
National University Hospital (NUH). Ethical approval was granted by Institutional Review
Board of the respective hospitals and all mothers provided written informed consent at
recruitment.

Participants

At age 5 years, the children were invited back for a clinic visit, when we measured their
body composition and anthropometry. A total of 668 participants attended the clinic visit in
KKH, where both the ADP and QMR machines were hosted, providing the pool of
participants for this study. Of these children, 256 completed the QMR, and 251 completed
the ADP measurement; 152 had both QMR and ADP measurements and were thus included
in the current analysis. The flow of participants is shown in Figure S1. Although clinic visits
commenced in December 2014, QMR measurements were not started until 3 June 2015 for
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logistical reasons, resulting in 125 participants who were not approached for QMR scans.
The completion rate was therefore 47% [256/ (668-125)*100%] for QMR and 38% (251/
668*100%) for ADP. The main reason for parental refusal of measurement for both ADP
and QMR was children’s fear of the closed chamber. Other major reasons included
unwillingness of children to change into the tight-fitting clothing required for ADP and
parents’ concerns about magnetic field exposure for QMR. Based on Pearson's XZ tests for
categorical variables and independent sample #tests for continuous variables, children with
neither ADP nor QMR measurement were more likely to be boys and slightly older, as
compared with children with either measurement (Table S1). Other characteristics, including
age- and sex-specific BMI z-score (derived using a Singapore standard (17)) and proportions
of obese and overweight (defined as BMI z-score > 95t and 85t percentile, respectively),
did not differ between children who had neither body composition measurement vs. those
with at least one of the measurements.

Body composition

For QMR measurement, the EchoMRI-Adolescent Humans Body Composition Analyzer
(EchoMRI Corporation, Singapore) was used. Quality control measures were performed
daily according to the manufacturer’s recommendations. The machine was calibrated each
day with 8 bottles of canola oil of known mass (36 kg in total), and a routine system test was
conducted daily. Participants were measured in light clothing and in supine position. Before
the measurement, children were asked to empty their bladders. Although slight motion
during QMR scanning process is tolerated, the children were instructed to minimize their
movement. The QMR measurement is brief and can be completed in less than 3 minutes.

For ADP, the BodPod body composition tracking system version 5.2.0 (Cosmed, Rome,
Italy) was used. The system was calibrated each day before use; a cylinder with known
volume (50L) was used to calibrate the chamber, and two 10 kg weights were used to
calibrate the scale. The participants changed into tight-fitting clothing prior to measurement,
including a tight-fitting cap to minimize air trapping within the hair. Body mass was
measured using the BodPod’s precise electronic scale (6-20 seconds, depending on
participant’s movement), while body volume was measured in the BodPod chamber. Two
volume measurements of approximately 50 seconds each were obtained; when the two
measures differed, a third measurement was obtained. The total ADP measurement time is
about 5 minutes. Body density, and subsequently % body fat and absolute fat mass, was then
calculated from the body mass and volume. Further technical details of QMR and ADP
measurements are included in Material S1.

Anthropometry

The children’s weight and height were measured using a calibrated digital scale (SECA
weighing scale model 813, SECA Corp., Hamburg, Germany) and stadiometer (SECA
model 213), respectively. The fat mass index (FMI) was derived using the formula fat mass/
square of height (kg/m?). Abdominal circumference was measured using an inelastic
measuring tape (Butterfly brand, China) and recorded to the nearest 1 mm. These
measurements were taken in duplicate using a standardized protocol and then averaged (18).
Subscapular skinfold (SS) and triceps skinfold (TS) thicknesses were measured using
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Holtain skinfold calipers (Holtain Ltd, Crymych, UK) in triplicate, with the two closest
values then averaged. The skinfold measurements were taken on the right side of the body
and recorded to the nearest 0.2 mm. The sum of skinfold thicknesses (SST) was
subsequently derived by adding TS and SS.

Statistical analysis

Results

Characteristics of study children are summarized using mean + SD for continuous variables
and 7 (%) for categorical variables. Paired #test was used to test differences in ADP and
QMR (see Figure S2 for justification). The intraclass correlation coefficient (ICC), reduced
major axis regression (RMAR), and Bland-Altman plot were used to assess the agreement
between QMR and ADP measurements of fat mass and FMI. For ICC, we used a two-way
mixed effects model assessing absolute agreement of the two measurement methods. RMAR
is used to describe association between two continuous variables when both are prone to
measurement error, i.e., when neither can be considered a ‘gold standard’ (19,20). The
RMAR slope and the y-intercept allow assessment of bias. When a fixed bias is present, the
RMAR slope will be parallel to the line of identity (y= X) but with an intercept other than 0.
In contrast, when the slope is any value other than 1, a proportional bias (measurement
difference depends on the magnitude of measurement) is present (19). Lastly, for the Bland-
Altman plot, the difference of fat mass or FMI (ADP-QMR) was plotted against the average
fat mass or FMI based on the two methods; the mean difference and 95% limits of
agreement (LOA; mean difference £ 1.96 SD) were then calculated. To assess the LOA
acceptability, we compared our results with the estimates calculated from Andres et al. study
(11), which assessed agreements of QMR and ADP with the 4-C model in older children.
Because previous studies have shown that agreement of body composition measurements
can differ in boys and girls (21,22), we also stratified our analyses of agreement by sex.

Finally, to assess the relative precision of QMR and ADP, FMI based on both measurements
was plotted against common adiposity measures (BMI, SST, and abdominal circumference).
The spreads of data of the scatter plots were visually inspected. Linear regressions were
fitted for the adiposity measures and FMI based on both instruments, with the resulting
predicted values (and their 95% CI) overlaid onto the scatter plots. To assess model fit, we
also compared the root mean square error (RMSE), i.e., the standard deviation of
unexplained variance in a regression model; a lower RMSE value indicates a better model
fit. All statistical analyses were performed using the statistical software package STATA
version 13.1 (StataCorp., Texas, USA).

Table 1 shows the characteristics of the children who participated in this study. Study
children (45% boys) had a mean + SD age of 5.0 + 0.1 years and body weight of 18.4 + 3.2
kg. About half of the children were Chinese, the remainder being of Malay or Indian
ethnicity. The mean fat mass (FM1) based on the QMR method [3.9 kg (3.3 kg/m?)] were
lower than those based on the ADP method [4.4 kg (3.7 kg/m?)].

The two-way scatter plots of fat mass and FMI based on ADP and QMR are shown in Figure
1. The absolute agreement between QMR and ADP measurements was high (ICC=0.85 for
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fat mass and 0.82 for FMI). However, RMAR analysis suggested a systematic bias, in that
ADP measurements were systematically higher than QMR measurements (fat mass: slope=
1.0, intercept= 0.6; FMI: slope= 1.0, intercept= 0.4). Bland-Altman analysis revealed mean
differences (95% LOAS) of +0.5 (-1.1 to +2.1) kg for fat mass and +0.4 (-0.9 to +1.8) kg/m?
for FMI (Figure 2; estimates based on ADP minus QMR measurement). The 95% LOAs for
fat mass were narrower than those in Andres et al. study with the 4-C model in older
children (-1.6 to +2.9 kg for QMR-4C and -3.2 to +1.0 kg for ADP-4C), suggesting that our
95% LOASs were reasonable.

When plotted against common adiposity measures, the spread of FMI was narrower for
QMR than for ADP measurements. The resulting 95% prediction intervals were also
narrower, and the RMSE lower (indicating better fit), for QMR than for ADP models (Figure
S3).

The agreement between QMR and ADP measurements was better in girls (ICC: 0.89 and
0.87 for fat mass and FMI, respectively) than in boys (ICC: 0.81 and 0.76) (Table S2). The
confidence intervals for ICC overlapped between boys and girls, but the point estimate for
boys lay outside of the confidence intervals of girls (Table S2). In addition, the mean
differences between the QMR- vs. ADP-based fat mass and FMI were lower, and the
corresponding 95% LOA narrower, in girls than in boys.

Discussion

In this study of Asian preschool children, we observed that QMR-based fat mass and FMI
showed substantial agreement with those based on ADP. Moreover, QMR-based fat mass
and FMI were consistently lower than those based on ADP. To our knowledge, ours is the
first study that compares QMR and ADP measurements in Asians at any age. Asians are
known to have a different body shape and fat distribution from Caucasians, and these
differences are likely to influence body composition (23).

We are aware of only one previous study that assessed the validity of QMR measurements in
children (11). In that U.S. study, fat mass based on QMR showed the least deviation (+10%)
from the 4-C model in 57 children aged 6 years or above, followed by the deuterium dilution
technique (+16.1%), ADP (-18.1%), and DXA (+26.5%). Moreover, that study also reported
the highest precision for QMR measurements (coefficient of variation= 1.4% for fat mass, as
compared with 6.4% for ADP measurements). However, since QMR overestimated and ADP
underestimated fat mass determined by the 4-C model, the direction of agreement in that
study is different from our finding that QMR-based fat mass was consistently lower than that
based on ADP. The aforementioned U.S. study included children up to 16 years, and it is
likely that the wide age range (6-16 years old) affected the direction of agreement. Indeed, in
contrast with that U.S. study, a slight overestimation of fat mass (about 1%) by ADP
compared with the 4-C model was observed in another U.S. study of children aged 2-6 years
(24). Interestingly, validation studies in adults have reported that QMR tends to
underestimate fat mass compared with the 4-C model (25,26). The discrepancy in results
might also be due to non-standardized protocols in different studies and differences in body
shapes between Asians and Caucasians. Collectively, the combined results suggest that
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agreement between body composition measurement techniques may differ at different ages
and in different populations, emphasizing the need for validation studies in children, and
especially in Asian children. However, owing to the low deviation of QMR from the 4-C
model in Caucasian children and good agreement between QMR and ADP measurements in
our (Asian) study, the combined results suggest that QMR is a valid and precise measure for
tracking childhood body composition.

Previous studies have reported better agreement between QMR- and 4-C model-based fat
mass in adult (aged 23-55) women than in men (25,26). To our knowledge, our study is the
first to note similar sex differences in children. Two-compartment models like the ADP
assume constant fat mass and fat free mass density, but known sex differences in fat free
mass density (27,28) may have resulted in differential measurement error and consequently
differential agreement.

The QMR technique has several advantages over commonly used body composition
measurement methods. QMR measurement is non-invasive, does not use ionizing radiation,
and can be completed within 3 minutes. Moreover, a small amount of body movement has
little effect on the measurement, a significant advantage over ADP and DXA techniques
(which require complete immobility for high-quality measurements), particularly at young
ages. Because the QMR technology is based on relaxation properties of hydrogen nuclei in
different tissues, it does not assume constant fat and fat-free mass density and is less
influenced by variation in body volume and density. QMR measurement can also quantify
lean body mass (without solid components mainly located in bones) unlike ADP, although
this measure requires further validation (29). In our study, the completion rate for QMR
(47%) is better than ADP (38%), which may due partly to less subject demand (no need to
change into tight-fitting clothing which was required for ADP, better tolerance of subjects’
movements compared to ADP) and shorter measurement time associated with QMR.
Collectively, these advantages of QMR make it a suitable instrument to track body
composition in children.

Strengths and limitations

Our study is strengthened by its relatively large sample of Asian children. However, because
our study is embedded in a mother-offspring cohort requiring deep phenotyping (including
nutritional, neurodevelopment, and allergy assessment) during follow-up visits, repeated
measurements of body composition at the same age were not possible, so as to avoid
excessive burden on the child and family. Absolute precision (based on repeated measures)
of ADP and QMR could therefore not be ascertained. In our attempt to assess relative
precision of QMR compared with ADP, we found that the spread of QMR-based fat mass
and FMI was narrower when plotted against common adiposity measures, and that RMSE
values for all QMR models were lower, strongly suggesting better precision of the QMR vs.
the ADP measurement. The absolute precision of QMR measurements has been consistently
shown to be superior to other conventional techniques (11,23,25,26). Furthermore,
approximately half of the eligible participants had neither QMR nor ADP measurements,
owing to parental refusal or logistical reasons. However, children without these
measurements did not differ in weight, height, BMI, and proportions of obese/overweight vs.
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those with either measurement, suggesting that our analysis population is fairly
representative of the range of body composition at this age and a low likelihood of selection
bias. The key limitation of the QMR system is its substantially higher capital cost than a
BodPod machine. Children’s fear of the closed chamber is a major limitation for both QMR
and BodPod (albeit better completion rate observed for QMR), indicating that proper
training of staff to explain the procedure and child-friendly decoration of the machines are
needed to improve take-up rate.

Conclusions

Fat mass and FMI based on QMR showed substantial agreement with those based on ADP.
This observation, coupled with the high precision of QMR measurement and its suitability
and ability to track childhood body composition longitudinally, suggests that QMR may be
ideal for measuring body composition in children. The current childhood obesity epidemic
calls for improved methods for measuring body composition in children. QMR’s relatively
high cost may be justifiable for long-term, fast, and precise tracking of childhood body
composition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is already known about this subject?

. Accurate assessment of body composition in children is essential to study the
associations of early life factors with childhood adiposity and the adverse
consequences of excessive adiposity.

. Recently, quantitative magnetic resonance (QMR) has been increasingly used
to measure human body composition.

. However, the use and validation of QMR in measuring body composition in
children is limited.

What this study adds
. In a cohort of multiethnic Asian preschool children, QMR-based fat mass and

fat mass index showed substantial agreement with, but was generally lower
than, air displacement plethysmography-based measures.

. Considering QMR’s improved precision, non-invasiveness and brief
measurement time, it appears to be a suitable method for measuring body
composition in children.

Pedliatr Obes. Author manuscript; available in PMC 2018 December 01.




s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chen et al. Page

13

10

8
1

ADP-based fat mass (kg)
6
1

<
.
o~ S P ICC=0.85
. &
o 4
T T T T T T T
0 2 4 6 8 10 12
QMR-based fat mass (kg)
reduced major axis ————- line of perfect concordance
B
© -
£
2
= © -
x
[}
©
£
&
£ -
&
o
[0
[72]
(12
o
o
(=)
= o o ICC=0.82
o -
T T T T T
0 2 4 8
QMR-based fat mass index (kg/m?)
| — reduced major axis ————- line of perfect concordance |
Figure 1.

Scatter plots of (A) fat mass and (B) fat mass index based on ADP plotted against fat mass
and fat mass index based on QMR. The dotted line represents line of identity (y= x) while
the solid line represents reduced major axis regression line. ADP, air displacement
plethysmography; QMR, quantitative magnetic resonance; ICC, intraclass correlation
coefficient.
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Figure 2.

Bland-Altman plots comparing (A) fat mass and (B) fat mass index based on ADP and
QMR. The middle line represents mean difference in fat mass and fat mass index between
ADP and QMR measurements (ADP minus QMR). The top and bottom lines represent
+1.96 SD from the mean (the bounded area represents 95% limit of agreement). ADP, air
displacement plethysmography; QMR, quantitative magnetic resonance.
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Table 1

Characteristics of participants (total 7= 152).

Characteristics n (%) or mean = SD
Sex

Male 68 (45%)
Ethnicity

Chinese 73 (48%)

Malay 51 (34%)

Indian 28 (18%)
Age at measurement, y 50+01
Body weight, kg 18.4+3.2
Height, cm 108.8 +4.7
Abdominal circumference,cm 52.3+5.2
BMI z-score 0.02 +£0.92
Fat mass, kg

QMR 39+17"

ADP 4417

Fat mass index, kg/m?
QMR 33+13™

ADP 3.7+£13

P<0.001; P-values were derived from paired #test comparing fat mass and fat mass index based on QMR and ADP (similarly, all A< 0.001 for
Wilcoxon signed-rank tests, a non-parametric equivalent of paired #test). ADP, air displacement plethysmography; QMR, quantitative magnetic
resonance.
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