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ABSTRACT

Background: Recent 3-dimensional optical (3DO) imaging advancements have provided more accessible, affordable, and self-operating opportunities for
assessing body composition. 3DO is accurate and precise in clinical measures made by DXA. However, the sensitivity for monitoring body composition
change over time with 3DO body shape imaging is unknown.

Objectives: This study aimed to evaluate the ability of 3DO in monitoring body composition changes across multiple intervention studies.

Methods: A retrospective analysis was performed using intervention studies on healthy adults that were complimentary to the cross-sectional study,
Shape Up! Adults. Each participant received a DXA (Hologic Discovery/A system) and 3DO (Fit3D ProScanner) scan at the baseline and follow-up. 3DO
meshes were digitally registered and reposed using Meshcapade to standardize the vertices and pose. Using an established statistical shape model, each
3DO mesh was transformed into principal components, which were used to predict whole-body and regional body composition values using published
equations. Body composition changes (follow-up minus the baseline) were compared with those of DXA using a linear regression analysis.

Results: The analysis included 133 participants (45 females) in 6 studies. The mean (SD) length of follow-up was 13 (5) wk (range: 3—23 wk). Agreement
between 3DO and DXA (Rz) for changes in total FM, total FFM, and appendicular lean mass were 0.86, 0.73, and 0.70, with root mean squared errors
(RMSEs) of 1.98 kg, 1.58 kg, and 0.37 kg, in females and 0.75, 0.75, and 0.52 with RMSEs of 2.31 kg, 1.77 kg, and 0.52 kg, in males, respectively.
Further adjustment with demographic descriptors improved the 3DO change agreement to changes observed with DXA.

Conclusions: Compared with DXA, 3DO was highly sensitive in detecting body shape changes over time. The 3DO method was sensitive enough to
detect even small changes in body composition during intervention studies. The safety and accessibility of 3DO allows users to self-monitor on a frequent
basis throughout interventions.

This trial was registered at clinicaltrials.gov as NCT03637855 (Shape Up! Adults; https:/clinicaltrials.gov/ct2/show/NCT03637855); NCT03394664
(Macronutrients and Body Fat Accumulation: A Mechanistic Feeding Study; https://clinicaltrials.gov/ct2/show/NCT03394664); NCT03771417 (Resis-
tance Exercise and Low-Intensity Physical Activity Breaks in Sedentary Time to Improve Muscle and Cardiometabolic Health; https://clinicaltrials.gov/c

Abbreviations used: 3DO, 3-dimensional optical; ALM, appendicular lean mass; ALMI, appendicular lean mass index; CCC, concordance coefficient; LSC, least significant
change; PC, principal component; RMSE, root mean squared error; VAT, visceral adipose tissue.
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Introduction

Obesity remains an area of concern as global prevalence continues
to rise [1-3]. According to the CDC, more than 42% of adults in the
United States were considered obese in 2018, whereas the prevalence
was ~30% 2 decades before [4]. To counter the obesity epidemic, diet
and physical activity interventions have been studied extensively to
target weight loss [5,6]. However, meta-analyses have shown that
weight is only loosely associated with metabolic health [7], and initial
changes in response to intervention are small and quickly undone
long-term [6,8]. On the contrary, a range of changes in body compo-
sition (reduced total body, abdominal and visceral fat, and increased
muscle mass) can be produced through diet or exercise intervention and
are consistently associated with decreased cardiovascular disease risk
[9,10]. Furthermore, decrements in skeletal muscle, particularly in the
elderly, can lead to losses in strength and endurance, reductions in
energy expenditure, and an increased risk of insulin resistance [11].
Nevertheless, measures of body composition have been relegated to
research and specialized facilities, whereas clinical care continues to
rely on weight as a flawed marker of health.

Another pressing reason to limit our reliance on weight is the
differing relative weight of the compartments and tissues. Garrow [12]
suggested, and Prentice et al. [13] concurred, that weight loss is typi-
cally 25% FFM, i.e., lean soft tissue 4+ bone mineral content, and 75%
fat loss. However, recent research suggested this “25/75 rule of thumb”
may not accurately describe various weight loss interventions. The
amount of FFM lost depends on energy intake, diet composition, sex,
baseline adiposity, inactivity or type and physical activity level, and
potentially metabolic and hormonal responses [14,15]. As such, it may
not be appropriate to only monitor weight in interventions because
FFM might be lost at a greater proportion. By monitoring body
composition, investigators receive a more accurate assessment of the
intervention efficacy.

Body composition by DXA has been used extensively in clinical
settings for its accuracy and precision of whole-body and regional
measurements [16]. Although DXA provides clinically useful mea-
surements [e.g., BMD, visceral adipose tissue (VAT), fat, and lean
mass], it requires expensive radiologic equipment and qualified tech-
nicians and may not be feasible or accessible for routine clinical
practice or frequent monitoring. The ideal body composition method
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should be affordable, accessible, free of ionizing radiation, and not
require radiologic-qualified technicians.

Three-dimensional optical (3DO) imaging has become increasingly
accessible, with large advancements in recent years, and is safe to use
repeatedly [17,18]. 3DO scanners provide accurate and precise digital
anthropometry in comparison to criterion methods and output a 3D
mesh that represents a person’s entire shape [19,20]. 3DO shape has
been shown to be highly predictive of DXA body composition [21-24].
The next pressing issue is whether 3DO could successfully capture
changes in body composition as different modalities have not validated
well longitudinally to standard methods [25]. However, the lack of
available longitudinal data has limited the assessment of 3DO in
monitoring body composition changes. The hypothesis of this study
was that 3DO can monitor the change with similar sensitivity to DXA
given previous cross-sectional accuracy and precision. Therefore, the
objective of this study was to evaluate 3DO’s accuracy for monitoring
body composition changes across a variety of intervention studies in
comparison to DXA.

Methods

Study design

This study was a retrospective analysis of 6 complimentary inter-
vention studies to the Shape Up! Adults study (NIH RO1 DK109008,
clinicaltrials.gov ID NCT03637855), which was originally a cross-
sectional study with a planned longitudinal arm. To study 3DO’s
ability to monitor body composition over time, collaborators adopted
our DXA and 3DO protocols. The studies included Time-restricted
Eating on Weight Loss (TREAT) [26]; Macronutrients and Body Fat
Accumulation: A Mechanistic Feeding Study (FB4: Framingham,
Boston, Bloomington, Birmingham, and Baylor) [27-29]; Resistance
Exercise and Low-Intensity Physical Activity Breaks in Sedentary
Time to Improve Muscle and Cardiometabolic Health Pilot Study
(REALPA, NIH R21AG058181, clinicaltrials.gov ID NCT03771417)
[30]; Louisiana State University (LSU) Athletes; Trial of Testosterone
Undecanoate for Optimizing Performance During Military Operations
(OPS 1I) [31,32]; and patients with bariatric surgery. If available,
study-specific information (e.g., site, protocol, and aims) can be found
at clinicaltrials.gov (Table 1). All study protocols were previously
approved by their respective institutional review boards.

The TREAT participants were only allowed to consume food be-
tween 12:00 and 20:00 with the goal of fat loss [26]. The FB4 cohort
was given a hypocaloric, low-carbohydrate diet with the goal to lose
15% + 3% of the baseline body weight [27-29]. The REALPA study
introduced the following: /) whole-body resistance exercise (2 d/wk)
alone; 2) with moderate-intensity aerobic exercise (50 min/d, 3 d/wk at
4 METYS); or 3) low-intensity physical activity breaks in sedentary time
(~10 min/break, 6 breaks/d, 5 d/wk at 2METS) in adults aged 65-80 y
to observe changes to muscle and cardiometabolic health markers after
the 16-wk long intervention. A subset of the REALPA participants who
had both 3DO and DXA scans available for the analysis were included
in this retrospective study [30]. The LSU athletes were female
basketball players who were measured at the beginning and through
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training camp (range: 1-5 mo), evaluating body composition owing to
a preseason training program. The OPS II study tested the effects of an
intramuscular injection of testosterone undecanoate compared with
those of placebo on changes in muscle and fat mass in recreationally
active young males undergoing simulated military operational stress
consisting of sleep restriction, high exercise-induced energy expen-
diture, and limited energy intake [31,32]. The bariatric patients who
were recruited from the University of California, San Francisco, un-
derwent bariatric surgery (surgery type was not recorded) with the goal
of weight loss. Although weight loss or body composition changes was
not the goals of each study, the aim of this analysis was to evaluate
3DO’s ability to monitor body composition changes in comparison
with DXA.

Participants

All participants provided informed consent before participation.
Participants were deemed ineligible for this analysis if they were
pregnant or breastfeeding; had missing limbs or nonremovable metal
(e.g., joint replacements); had underwent previous body-altering sur-
gery (e.g., breast augmentation); and were unable to stand still for 1
min or lie still for 3 min. Participants received same-day whole-body
3DO and DXA scans at baseline and follow-up. If the study had 2
follow-up appointments, the first of the 2 was used and considered as
the “follow-up” in this analysis. Participants were excluded from the
analysis if they were missing either baseline or follow-up data from
either DXA or 3DO.

TABLE 1
Descriptions of longitudinal studies
Study name (acronym) Sex (N) Intervention Clinical trials
number
Athletes Female: 5  Basketball team NA
during training
Bariatric Female: 2  Bariatric surgery NA
Macronutrients and Female: Hypocaloric diet NCT03394664
Body Fat 15; Male:  with low
Accumulation: A 40 carbohydrate intake
Mechanistic Feeding
Study (FB4:
Framingham, Boston,
Bloomington,
Birmingham, and
Baylor)
Resistance Exercise and ~ Female: 16 wk of resistance ~ NCT03771417
Low-Intensity 8; Male: exercise with or
Physical Activity 5 without low-
Breaks in Sedentary intensity physical
Time to Improve activity breaks in
Muscle and sedentary time or
Cardiometabolic moderate intensity
Health (REALPA) aerobic exercise in
older adults
Time Restricted Eating Female: Time-restricted diet ~ NCT03393195
on Weight Loss 15; Male:  (16h fast, 8 h to
(TREAT) 27 feed)
Trial of Testosterone Male: 16 Simulated military NCT04120363

Undecanoate for
Optimizing
Performance During
Military Operations
(OPS 1I)

operational stress

Complete study protocols can be found on https:/clinicaltrials.gov/. There
was no clinical trials number associated with the athletes or bariatric patients.
Athletes were measured on 3DO and DXA at 2 time points during season
training. Bariatric patients were part of the Shape Up! Adults study.
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DXA

Height and weight were measured before the DXA scan. Partici-
pants received a single whole-body DXA scan with a Hologic Dis-
covery/A system (Hologic) according to International Society for
Clinical Densitometry guidelines [33]. Participants laid supine on the
scanning bed and were positioned by the DXA technician with arms by
the side and feet internally rotated. Scans took approximately 3 min for
the whole-body scan. All raw scans from each study were securely
transferred to the University of Hawaii Cancer Center and analyzed by
a single-certified technologist using Hologic Apex version 5.6 with the
National Health and Nutrition Examination Survey Body Composition
Analysis calibration option disabled [34]. After analysis, proprietary
algorithms automatically generated body composition values. DXA
measurements used in this analysis included whole-body and regional
(i.e., arms, legs, and trunk) fat and fat-free measures.

Three-dimensional optical

Participants changed into form-fitting tights, a swim cap, and a
sports bra if female. Female participants from the FB4 used form-fitting
swimsuits. 3DO surface scans were taken on the Fit3D ProScanner
version 4.x (Fit3D). Participants grasped telescoping handles on the
scanner platform and stood upright with shoulders relaxed and arms
positioned straight and abducted from their torso. The platform rotates
once around and takes ~45 s for the completion of the scan. Final point
clouds were converted to a mesh connected by triangles with ~300,000
vertices and 600,000 faces representing the body shape [22].

Fit3D meshes were sent to Meshcapade (Meshcapade) for regis-
tration and to be digitally reposed. Their algorithm registers each mesh
to a 110,000-vertex template with complete anatomical correspon-
dence. Each vertex corresponds to a specific anatomical location across
all registered meshes. All meshes were digitally reposed to a T-pose,
where the person was standing straight, arms were brought horizontal
and in the plane with the body, and arms and legs were straightened
[35]. The registered meshes were transformed into principal component
(PC) space from an established statistical shape model [24]. Principal
component analysis orthogonalizes and reduces the dimensionality of
the data so that fewer variables are needed to describe the data’s
variance [21]. Total FM and regional (i.e., arms, legs, trunk, and VAT)
body composition estimates were derived previously using either
exclusively PC descriptors of shape or PC descriptors with de-
mographic adjustments [24]. In this study, PC-only body composition
equations were used because complete demographics and anthropo-
metrics were not available on all cohorts. Total FFM and percent fat (%
fat) were derived dependently from total FM and total body mass.
Appendicular lean mass (ALM) was defined as the sum of lean soft
tissue masses for legs and arms by convention [36]. Appendicular lean
mass index (ALMI) was derived by dividing ALM by height-squared.

Average 3DO body shape representations were created to visualize
the average shape at baseline and follow-up for each intervention study.
PCs were averaged by study intervention to make an average vector of
PCs, which was then inverted back into the coordinate space (x, y, and
z) to acquire the image.

Statistical analysis

Body composition change for all variables was defined as a follow-
up minus baseline value. 3DO body composition changes were
compared with DXA body composition changes using linear regres-
sion. Bland-Altman plots were made for the cross-sectional compari-
sons. Coefficient of determination (Rz), Lin concordance coefficient
(CCC), and root mean squared error (RMSE) were used to report the
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TABLE 2
Sample characteristics at baseline and follow-up visits
Female (N = 45) Male (N = 88)
Baseline Follow-up Baseline Follow-up
Age (y)
Mean (SD) 45.6 (15.7) 45.8 (15.7) 36.3 (13.3) 36.5 (13.3)
Median [min,  45.9 [18.5, 46.2 [18.8, 32.0 [19.0, 32.0 [19.3,
max] 76.7] 77.1] 73.5] 73.9]
Ethnicity, n (%)
Asian 3(6.7) 11 (12.4)
Black 10 (22.2) 7(7.9)
Hispanic 5(11.1) 7(7.9)
White 27 (60.0) 64 (71.9)
Height (cm)
Mean (SD) 165 (7.46) 177 (6.67)
Median [min, 164 [149, 185] 176 [162, 194]
max]
Weight (kg)
Mean (SD) 86.7 (17.5) 81.4 (13.2) 97.6 (17.1) 89.4 (17.3)
Median [min,  82.3 [63.5, 80.6 [63.0, 95.2 [61.5, 87.3 [58.9,
max] 143] 116] 142] 175]
BMI (kg/m?)
Mean (SD) 31.8 (6.61) 29.9 (5.00) 31.3 (5.42) 28.7 (5.54)
Median [min,  30.4 [21.8, 29.5[21.7, 30.1 [19.8, 27.9 [19.0,
max] 51.3] 43.7] 45.8] 57.3]
DXA total FM (kg)
Mean (SD) 34.8 (11.4) 31.3 (8.80) 28.6 (10.8) 23.2 (9.34)
Median [min,  34.6 [12.9, 31.0 [14.0, 28.6 [9.14, 22.6 [6.00,
max] 68.4] 54.3] 67.3] 53.8]
DXA total FFM (kg)
Mean (SD) 52.3 (8.35) 50.5 (7.03) 69.6 (9.24) 66.2 (8.37)
Median [min,  52.4 [37.5, 49.7 [35.9, 68.0 [51.4, 65.4 [49.6,
max] 77.0] 67.8] 91.6] 90.9]
DXA percent fat (%)
Mean (SD) 39.3 (7.21) 37.8 (6.66) 28.3 (6.96) 25.2 (7.07)
Median [min,  41.8 [19.9, 40.2 [20.6, 29.1[11.1, 259 [7.81,
max] 51.5] 46.9] 47.4] 43.9]
DXA ALM (kg)
Mean (SD) 11.3 (2.17) 11.0 (1.87) 15.8 (2.23) 15.1 (2.04)
Median [min,  11.6 [7.31, 10.7 [7.52, 15.8 [11.2, 14.8 [10.8,
max] 15.6] 15.0] 20.9] 20.9]
DXA VAT (kg)
Mean (SD) 0.56 (0.27) 0.53 (0.26) 0.56 (0.28) 0.46 (0.23)
Median [min,  0.51 [0.13, 0.52 [0.12, 0.50 [0.16, 0.40 [0.13,
max] 1.10] 1.29] 1.40] 1.15]
DXA arm FM (kg)
Mean (SD) 2.14 (0.83) 1.92 (0.60) 1.78 (0.84) 1.46 (0.67)
Median [min,  2.04 [0.73, 1.94 [0.79, 1.61 [0.52, 1.39 [0.36,
max] 5.32] 3.53] 4.94] 3.82]
DXA arm FFM (kg)
Mean (SD) 2.68 (0.51) 2.59 (0.44) 4.34 (0.73) 4.13 (0.66)
Median [min,  2.62 [1.79, 2.49 [1.80, 4.30 [2.93, 4.10 [2.78,
max] 4.01] 3.74] 6.42] 6.19]
DXA leg FM (kg)
Mean (SD) 6.54 (2.18) 5.97 (1.75) 4.67 (1.70) 3.86 (1.42)
Median [min,  6.02 [2.90, 5.89 [3.13, 4.45[1.65, 3.88 [1.08,
max] 13.1] 10.8] 10.9] 9.16]
DXA leg FFM (kg)
Mean (SD) 8.64 (1.72) 8.37 (1.48) 11.4 (1.61) 11.0 (1.48)
Median [min,  8.75 [5.52, 8.24 [5.72, 11.3 [7.94, 10.8 [7.62,
max] 12.0] 11.3] 15.1] 15.1]
DXA trunk FM (kg)
Mean (SD) 16.3 (6.16) 14.4 (4.79) 14.4 (6.10) 11.3 (5.48)
Median [min,  16.6 [4.61, 14.8 [4.73, 14.1 [3.52, 10.8 [2.16,
max] 34.9] 24.5] 34.3] 26.6]
DXA trunk FFM (kg)
Mean (SD) 26.1 (4.31) 25.0 (3.81) 33.9 (4.88) 31.9 (4.44)
Median [min,  25.7 [19.2, 239 [17.5, 33.5[25.1, 31.7 [23.8,
max] 41.6] 37.4] 46.4] 44.3]

ALM, appendicular lean mass; VAT, visceral adipose tissue.
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relationship and accuracy of the comparison. Scatter plots were used to
visualize the comparison. Additional adjustments were made to explain
any potential bias using a stepwise forward linear regression and 5-fold
cross-validation. Potential covariates included ethnicity and baseline
height, weight, BMI, and age, in addition to changes in weight, height,
and BMI. Covariates remained in the model if they had a P value of
<0.05. The least significant change (LSC) was used to determine
whether the change in the body composition measure was significantly
different (95% CI) than zero [37]. The Student r-test was used to
evaluate mean differences between 3DO and DXA outputs. A P value
of <0.05 was considered statistically significant.

The LSCs used in this analysis were derived from Wong et al. [24].
LSC is defined as 2.77 x precision error [21,37]. Female LSCs for FM,
FFM, and %fat was 1.52 kg, 1.52 kg, and 2.27% for 3DO and 0.64 kg,
0.75 kg, and 0.91% for DXA, respectively. Male LSCs for FM, FFM,
and %fat was 1.22 kg, 1.22 kg, and 1.58% for 3DO and 0.69 kg, 0.94
kg, and 0.78% for DXA, respectively. Because ALM was not reported
in the previous publication, to get the precision error to calculate the
LSC, the test-retest precision for ALM was derived using the same
sample from the study by Wong et al. [24]. Finally, Cohen « analysis
was used to assess the consistency between the DXA and 3DO report
for each level, considering any agreement that may have happened
owing to chance. The k scores can be interpreted as follows: 0-0.20 =
no agreement; 0.21-0.39 = fair agreement; 0.40-0.59 = moderate
agreement; 0.60-0.79 = substantial agreement; 0.80-0.99 =
perfect agreement; and 1 = perfect agreement [38].

To test the suggestion by Garrow [12] and Prentice et al. [13] that
25% of weight loss is from FFM, the change in total FFM was divided
by the absolute change in weight multiplied by 100 ([AFFM/absolute
Aweight] x 100). This was applied to those who had a negative weight
change (weight loss). The absolute change in weight was used to
evaluate gains or losses in FFM.

Experimental models were created using the change in PCs (APCs)
to test whether different modeling methods would improve the body
composition change predictions. Model 1 used the APCs, model 2 used
the APCs and baseline total FM, model 3 used the APCs and baseline
PCs, model 4 used the baseline and follow-up PCs, and model 5 used
the APCs and change in weight. These models were built with a
stepwise forward linear regression with 5-fold cross-validation. All
statistical analyses were performed in R version 4.2.1 (R Core Teams).

near

Results

This study included 133 participants (43 female and 85 male) in the
final analysis (Table 2), after excluding 164 participants for dropout (»
= 4), unavailable 3DO or DXA data at 1 or both time points (n = 157),
movement artifacts (n = 2), or mislabeled data (n = 1) (Supplemental
Figure 1). The time between baseline and follow-up DXA scans across
all studies ranged from 3 to 23 wk (Figure 1). Females and males lost
on average 3.5 kg and 5.4 kg of total FM, 1.8 kg and 3.4 kg of total
FFM, and 30 g and 100 g of VAT because of interventions, respectively,
according to DXA. Most of the body composition changes occurred in
the trunk for both sexes. Average body shapes were presented at
baseline and follow-up for each study intervention (Figure 2).

In females (Figure 3), 3DO and DXA total FM and FFM at baseline
(RZ: 0.91 and 0.84; RMSE: 3.3 and 3.3 kg, respectively) and follow-up
(Rz: 0.89 and 0.84; RMSE: 2.8 and 2.8 kg, respectively) were highly
correlated, while %fat and ALM were moderately correlated (R2 :
0.61-0.79). Female Bland-Altman plots are shown in Supplemental
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FIGURE 1. Histograms of the time (weeks) between the baseline and follow-up DXA scans for females (top) and males (bottom). The numbers over the bars
represent the count. Multiple numbers over a multicolor bar represent the count in the corresponding order.

Figure 2. A slight proportional bias was observed in the baseline total
FM from a single outlier with high leverage but not seen in the follow-
up. In the comparison of 3DO body composition changes with DXA
changes (Supplemental Table 1), 3DO achieved an R? of 0.86, 0.73,
0.23, and 0.70; CCC of 0.90, 0.82, 0.47, and 0.81; RMSE of 1.98 kg,
1.58 kg, 2.2%, and 0.37 kg for total FM, total FFM, %fat, and ALM,
respectively. Mean differences were observed for VAT, ALM, ALMI,
and leg FFM (30 g, 0.19 kg, 0.07 kg/mz, and 0.16 kg, respectively; P <
0.05). After adjustments for possible covariates in the stepwise linear
regression models with forward selection (Supplemental Table 2), the
weight change further explained variance in total FM, FFM, and ALM,
whereas changes in BMI further explained variance in %fat change,
which modestly improved the R? values to 0.90, 0.80, 0.51, and 0.79,
respectively. The adjustments with demographic covariates alleviated
residual bias between 3DO and DXA changes. Mean differences (i.e.,
VAT, ALM, ALMI, and leg FFM) were no longer observed after ad-
justments (P = 0.99). The green glyphs in Figures 3 and 4 symbolizes
the participants who exceeded both DXA and 3DO LSCs, the purple
glyphs are of those who did not exceed DXA nor 3DO LSC, and the
orange and blue glyphs are of those who exceeded 1 LSC but not the
other. The LSCs were depicted with the orange vertical lines (3DO) or
the blue horizontal lines (DXA).

In males (Figure 4), 3DO and DXA total FM and FFM at baseline
(Rz: 0.88 and 0.84; RMSE: 3.7 and 3.6 kg, respectively) and follow-up
(RZ: 0.88 and 0.85; RMSE: 3.3 and 3.2 kg, respectively) were highly
correlated, whereas %fat and ALM were moderately correlated (Rz:
0.60-0.75). Male Bland-Altman plots are shown in Supplemental
Figure 3. A proportional bias was observed in total FM and %fat owing
to a single outlier with high leverage. However, no bias was observed
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in total FFM and ALM. In the comparison of 3DO body composition
changes with DXA changes (Supplemental Table 1), 3DO achieved an
R?0f0.75,0.75,0.25, and 0.52; CCC of 0.76, 0.78, 0.39, and 0.64; and
RMSE of 2.3 kg, 1.8 kg, 2.4%, and 0.5 kg for total FM, total FFM, %
fat, and ALM, respectively. Of the observed variables in Figure 4, mean
differences were observed for total FM, total FFM, %fat, and ALM (P
< 0.001). After adjustments for possible covariates in the stepwise
linear regression with forward selection (Supplemental Table 2), R?
values modestly improved for changes in total FM, FFM, %fat, and
ALM to 0.80, 0.76, 0.42, and 0.56, respectively. Mean differences in
total FM, total FFM, %fat, and ALM were no longer observed after
adjustments (P = 0.99).

3DO predicted regional body composition changes (i.e., arms, legs,
and trunk) with R? values that ranged from 0.39 to 0.91 kg and from
0.16 to 1.3 kg in females and males, respectively (Supplemental
Table 1). 3DO and DXA found significant changes in most of the
sample for total FM (69%), total FFM (78%), %fat (53%), and ALM
(78%) (Supplemental Table 3). Cohen k showed that 3DO had a
moderate agreement to DXA for most outputs.

From the total sample, 64% of females and 90% of males lost
weight after intervention. Of those who lost weight, %FFM loss
relative to weight loss ranged from —1370% to 478% as measured
by DXA. Among those who lost FFM, 80% of females and 81% of
males lost more than 25% FFM relative to their weight loss
(Figure 5). The %FFM loss relative to weight loss according to study
was on average 36% for bariatric surgery, 37% for FB4, 27% for
OPS 11, 313% for athletes, 85% for TREAT, and 59% for REALPA.
The very high percentages were for small weight changes and/or
large compartment changes with little overall weight change (e.g.,
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Athletes

REALPA
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FB4

Bariatric

TREAT

TREAT

OPs I

AFFM/absolute (Aweight) x 100) for an athlete = (—1.96/0.36) x
100 = —544%).

The experimental models (Supplemental Tables 4 and 5) for fe-
males (models 1-5) and males (models 1-3 and 5) predicted change
better than the unadjusted results presented in Supplemental Table 1.
Female models 1, 2, and 3 were the same as male models 1, 2, and 3
after the stepwise regression. The prediction of total FM change
improved in both females (R2 = 0.94, RMSE = 1.29 kg) and males (R2
= 0.84, RMSE = 1.79 kg).

Discussion

The study findings support 3DO as a sensitive tool assessing
changes in body composition, compared with DXA. The current study
evaluated 3DO’s ability to monitor body composition change with
body shape via the 3DO mesh. Previously derived shape models and
equations were used to estimate body composition values [24], and
3DO changes from baseline to follow-up was compared with DXA
changes. Overall, 3DO changes were highly correlated with DXA
changes, and the 2 methods agreed on the statistical significance of the
change in most of the study population. Additional adjustments of
demographics explained further variance between 3DO and DXA
changes. The experimental models showed that specific calibration
with changes in shapes might improve the body composition change
prediction. Additional longitudinal data may further validate the
experimental models. Nevertheless, the cross-sectional 3DO models
produced comparable body composition estimates with DXA models,

E REALPA E

Al

FIGURE 2. Average baseline (left) and follow-up (right) body shapes for females (top) and males (bottom) by the study.
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which supports our hypothesis that using 3DO imaging is a feasible
method to monitor body composition changes.

Regarding the “rule-of-thumb” by Garrow [12] and Prentice et al.
[13] that 25% of weight loss comes from FFM, the proportion of FFM
lost by most of our sample was greater than 25% (Figure 5). Thus, this
rule-of-thumb underestimated the loss of FFM for most participants. The
loss of FFM varied by study intervention owing to differences in pro-
tocol, type of activity, and objectives. This is a critical area of study given
that the loss of FFM is associated with diminished strength and decre-
ments in physical functioning, exercise endurance and capacity, meta-
bolic rate, and health [11]. This further supports the idea that the relative
proportion of FM and FFM change is dependent on energy intake, diet
composition, sex, baseline adiposity, inactivity or type and level of
physical activity level, and potentially metabolic and hormonal re-
sponses [14]. Moreover, the experimental group in the OPS II study
received testosterone, which has shown to improve muscle protein ki-
netics during stress and was a contributing factor to the proportion of
FFM loss [32]. The LSU athletes and OPS II participants were study
examples that monitored the body composition for performance. 3DO
can also provide an accessible and safe method to monitor body
composition changes because muscle build-up can play a pivotal role in
strength, endurance, and speed. Some participants experienced per-
centage changes in FFM that were greater than 100%. This was likely
due to an undesirable recomposition where the person increased FM and
lost FFM, which resulted in a minimal weight change (small denomi-
nator). Hydration status may have affected individuals with minimal
changes [15]. Because DXA does not measure hydration status, DXA
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FIGURE 5. Histograms to show the frequency of percent FFM change relative to the total weight change in the female (top) and male (bottom) samples.

has assumptions of hydration built-in, whereas 3DO estimates were
regressed to DXA. This analysis further emphasized the importance of
monitoring body composition, in addition to weight, to better understand
changes in health status and performance factors.

In this study, the change in 3DO FM was underestimated, whereas
FFM was overestimated in both females and males. These changes
were not statistically significant in females but were significant in
males. A potential reason for the male discrepancies could be that the

810

current sample was beyond the adiposity range of the data used to
train the original 3DO body composition models. The maximum
percentage fat of the training data set was 38% [24], whereas the
current population’s maximum was 47%. The training data set lacked
the shape variance of males with extreme adiposity and under-
estimated FM and %fat in this study. However, after adjusting for
covariates, these discrepancies were no longer statistically significant.
Using either the 3DO changes models with demographics or



M.C. Wong et al.

retraining the model with high adiposity participants could potentially
address this issue.

Test-retest precision, also known as short-term precision, has an
error that can be used to derive the LSC (2.77 x precision error)
[37]. Metrics with changes that surpass their LSC values were
considered to be significantly greater than zero changes, with a 95%
CI. 3DO and DXA precision errors used for this study were taken
from the Shape Up! Adults group [24]. To reduce the 3DO precision
error, to be closer to that of DXA, and track body composition
changes at the same significance, multiple 3DO scans could be taken
and averaged at each time point. For total FM, the 3DO precision
errors were 0.44 kg and 0.55 kg and 0.25 kg and 0.23 kg for DXA in
males and females, respectively [24]. Assuming a normal distribu-
tion of the precision errors, the precision of the averaged 3DO
measure from multiple scans improves by the square root of the
number of scans (e.g., the average of 4 scans would lower the
precision error from 0.44 kg and 0.55 kg to 0.22 kg and 0.27 kg,
respectively) [39]. Unlike DXA, taking multiple scans with 3DO is
fast and without additional radiation concerns. Dizziness can be a
potential hazard, which is listed on the manufacturer warnings and
our study consent form. However, our participants did not report
dizziness even with multiple scans.

The 3DO VAT change compared with the DXA VAT change had a
low correlation, but this is likely due to the compressed range of VAT
change in our sample. In previous literature, DXA VAT has been shown
to be highly correlated to gold standard, magnetic resonance imaging
(MRI), cross-sectionally (R range: 0.81-0.86) [40-42]. However,
DXA VAT often has a proportional bias for individuals with high VAT
and has not validated well longitudinally compared with MRI [42,43].
Some of the bias may be explained by technique differences as MRI
and CT are analyzed by a cross-section of the abdomen, whereas DXA
is estimated from an X-ray’s 2D area. Nevertheless, given the
cross-sectional correlation of DXA VAT with MRI and cardiometabolic
markers, DXA VAT can still be considered an accessible tool to char-
acterize health risks that can prompt health initiatives [44,45]. Because
3DO body shape has been shown to be correlated and predictive of
DXA VAT and cardiometabolic markers [21], 3DO may be considered
an accessible tool that can be used frequently owing to its lack of
ionizing radiation concerns. However, users should be wary of the
ability of DXA and 3DO to accurately monitor VAT changes given the
limited amount of validation in the literature.

The 3DO and DXA RMSEs for comparing baseline or follow-up
scans were higher (worse) than the RMSEs for the change compari-
sons (Figures 3 and 4). This may be due to the individual systematic
bias expressed in the comparison of one technique (3DO) with another
(DXA) that is subtracted away when looking at changes in the mea-
sures, and the fact that the precision error of both techniques was much
lower than this individual systemic bias found in intertechnique com-
parisons of measures [46].

According to the authors’ knowledge, one other study has reported
3DO’s ability to monitor body composition change. Tinsley et al. [25]
compared the changes in proprietary body composition estimates from
3DO scanners (Fit3D ProScanner; Size Stream SS20, and Styku S100;
Styku) with changes in 4-compartment (4C) model measures in 21
volunteers. Changes in 3DO FM underperformed (CCC: 0.22-0.40 for
total FM) compared with the 4C model. The CCC for total FM in this
study was much higher (CCC: 0.91 and 0.79, for females and males,
respectively), showing a better agreement with DXA. However, there
were major differences between the 2 studies. This study had a larger
sample size (n 128), greater ethnic-racial diversity, larger body
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composition changes, publicly available equations, and a different
body composition modality (DXA instead of the 4C model, given that
data for the 4C model was not available). Larger studies are warranted
to fully evaluate 3DO’s ability to monitor change using the proprietary
body composition outputs of scanners.

This study had several strengths such as sample size, variety and
lengths of interventions, and an ethnically diverse sample. To our
knowledge, a study with 128 participants is currently one of the larger
body composition change studies. Although most of the participants
were ethnically White, there was still a representation of other ethnic
backgrounds. This study included a variety of diet, physical activity,
and surgical interventions that ranged from 3 to 23 wk and included
participants with large and little to no body composition changes.

This study is not without limitations. Although the sample size was
rather large for a longitudinal analysis, a representative test set could
not be made to validate the adjusted and experimental linear models. In
addition, results from this study may not be generalizable to pop-
ulations with poor health status or children (younger than 18 years).
Future work would be required to address gaps in knowledge in
different populations such as infants and children, the accuracy of
change in specific subgroups (i.e., BMI, ethnicity, and age), and the
assessment of more accessible 3DO technology.

In conclusion, this study indicated that 3DO body composition
changes highly correlated with DXA changes and showed good
feasibility to monitor changes over a variety of interventions. As the
accessibility and popularity of 3DO continue to grow, more people will
be able to use this technology to monitor their body composition in
clinical and nonclinical settings. The findings of this study extend the
3DO literature, which has been limited to cross-sectional performance.
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