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s u m m a r y

Background: The accurate assessment of total body and regional body circumferences, volumes, and
compositions are critical to monitor physical activity and dietary interventions, as well as accurate
disease classifications including obesity, metabolic syndrome, sarcopenia, and lymphedema. We assessed
body composition and anthropometry estimates provided by a commercial 3-dimensional optical (3DO)
imaging system compared to criterion measures.
Methods: Participants of the Shape Up! Adults study were recruited for similar sized stratifications by
sex, age (18e40, 40e60, >60 years), BMI (under, normal, overweight, obese), and across five ethnicities
(non-Hispanic [NH] Black, NH White, Hispanic, Asian, Native Hawaiian/Pacific Islander). All participants
received manual anthropometry assessments, duplicate whole-body 3DO (Styku S100), and dual-energy
X-ray absorptiometry (DXA) scans. 3DO estimates provided by the manufacturer for anthropometry and
body composition were compared to the criterion measures using concordance correlation coefficient
(CCC) and BlandeAltman analysis. Test-retest precision was assessed by root mean square error (RMSE)
and coefficient of variation.
Results: A total of 188 (102 female) participants were included. The overall fat free mass (FFM) as
measured by DXA (54.1 ± 15.2 kg) and 3DO (55.3 ± 15.0 kg) showed a small mean difference of
1.2 ± 3.4 kg (95% limits of agreement �7.0 to þ5.6) and the CCC was 0.97 (95% CI: 0.96e0.98). The CCC for
FM was 0.95 (95% CI: 0.94e0.97) and the mean difference of 1.3 ± 3.4 kg (95% CI: �5.5 to þ8.1) reflected
the difference in FFM measures. 3DO anthropometry and body composition measurements showed high
test-retest precision for whole body volume (1.1 L), fat mass (0.41 kg), percent fat (0.60%), arm and leg
volumes, (0.11 and 0.21 L, respectively), and waist and hip circumferences (all <0.60 cm). No group
differences were observed when stratified by body mass index, sex, or race/ethnicity.
Conclusions: The anthropometric and body composition estimates provided by the 3DO scanner are
precise and accurate to criterion methods if offsets are considered. This method offers a rapid, broadly
available, and automated method of body composition assessment regardless of body size. Further
studies are recommended to examine the relationship between measurements obtained by 3DO scans
and metabolic health in healthy and clinical populations.
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1. Introduction

Excess adiposity is associated with metabolic changes that
significantly increase the risk of developing cardiovascular disease
(CVD) and 13 types of cancer, with obesity being the cause of 20% of
cancer cases and 13% of CVD mortality [1e3]. The assessment of
body composition serves as a key indicator of nutrition and func-
tional status, where management of body compartments can aid in
the prevention of modifiable disease risks including type 2 diabetes
(T2D), cardiometabolic diseases including metabolic syndrome
(MetS), malnutrition, sarcopenia, and cancer [2,4e9]. Further, as-
sessments of regional body composition have been shown to be
more predictive than whole body adiposity measures for a variety
of diseases and conditions such as trunk fat for insulin resistance
and dyslipidemia, trunk to leg volume ratio for diabetes and mor-
tality, and appendicular lean mass index for sarcopenia [10e13].
Regional body composition has, to date, been quantified using
criterion imaging methods such as dual energy X-ray absorptiom-
etry (DXA), magnetic resonance imaging, and computed tomogra-
phy; however, training, cost and portability limit their utilization as
a part of routine clinical screening for these conditions [14e17].
Bioelectrical impedance, another candidate technology for nutri-
tional assessment, may have limited accuracywhen applied outside
of the subject population for which it was derived [18]. As such, the
Global Leadership Initiative on Malnutrition recommends mea-
sures of anthropometry as alternative measures of risk assessment
[9,19e22]. Because anthropometric measurements may not be
culturally or socially acceptable and have lower reliability in over-
weight subjects, there is a need for the identification of cost-
effective and accessible technologies capable of providing accu-
rate and precise total and regional body composition estimates
[9,23,24].

Digital anthropometry by three-dimensional optical (3DO) im-
aging systems has recently been shown to provide noninvasive and
cost-effective anthropometry and body composition assessments
[7,25e29]. These systems do not require human contact as does
manual anthropometry [30]. Multiple 3DO scanning systems
capable of reporting body composition are marketed to the sports,
fitness, and clothes fitting markets; the candidate 3DO system, for
example, is available in over 1000 locations across 30 countries.
However, these measures have primarily been evaluated in young,
healthy adult populations and not in populations representative of
the US in terms of age, sex, race/ethnicity, and obesity status. The
purpose of this study was to examine the accuracy and repeat-
ability of total and regional body measures of anthropometry and
composition on a commercially available 3DO body composition
scanner. We compared this scanner to criterion measures of DXA
body composition and manual anthropometry in a diverse popu-
lation of adult men and women.

2. Methods

This analysis was a cross-sectional study of healthy adult vol-
unteers as part of the ongoing Shape Up! Adults study (NIH R01
DK109008, clinicaltrials.gov ID NCT03637855). The Shape Up!
Adults study aimed to recruit a diverse sample of 720 adults with
equal stratifications by sex, age (18e40 y, 40e60 y, >60 y), ethnicity
(non-Hispanic White, non-Hispanic Black, Hispanic, Asian, and
native Hawaiian or Pacific Islander), body mass index (BMI in kg/
m2; <18, 18e25, 25e30, >30), and geographic location (San Fran-
cisco, CA; Baton Rouge, LA; or Honolulu, HI). For this study, only the
San Francisco and Honolulu samples were used since the manu-
facturer had access to the Baton Rouge data for previous studies. All
participants were recruited between October 2016 and January
2020 using methods including web advertisements, posted flyers,
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and word of mouth. Of note, body composition assessments were
performed using the same 3DO device at both sites as the equip-
ment was transferred to the University of Hawaii in April 2018
following the change in University by the Co-PI (JAS). Participants
completed a pre-evaluation screening questionnaire during the
recruitment process to ensure good health in order to participate.
Prospective participants were excluded if they could not stand for
2 min without aid, lie supine for 10 min without movement, had
metal implants, or had significant body shape-altering procedures
(e.g., liposuction, amputations, breast augmentation or reduction).
Female participants were also excluded if pregnant or breastfeed-
ing. Participants included in the dataset were scanned at the UCSF
Clinical and Translational Science Institute or UHCC Body Compo-
sition Laboratory. The study protocols were approved by institu-
tional review boards at all sites and all participants provided
written informed consent.

2.1. Anthropometric measurements

Weight and height were collected in duplicate and triplicate
waist and hip circumference measures were recorded. Following
the standard protocol from the US National Health and Nutrition
Examination Survey (NHANES), flexible measuring tapes were used
to collect waist and hip circumferences [31]. Measurements were
recorded in triplicate to the nearest 0.1 cm; results were averaged.
Waist circumference measurements were taken using marks
placed on the top of the iliac crest as referencewhile the participant
stood up straight with their arms crossed. Participants remained in
the same position for hip circumference measurements, which
were made at the most protruding part of the buttocks [31]. For
height measurement, participants stood barefoot with their backs
against the stadiometer with heels together touching the wall-
plate. Participants stood erect with back and buttocks touching
the measurement surface and oriented their head to look straight
ahead, with orbitale-tragion line forming a horizontal line. Height
and mass were measured to the nearest 0.1 cm and 0.1 kg respec-
tively with a stadiometer/digital scale combination (Seca 264,
Chino, CA).

2.2. Three dimensional optical (3DO) scans

Duplicate 3DO surface scans were obtained using the Styku S100
scanner (Styku LLC, Los Angeles, CA, software version 4.1) begin-
ning in April 2017. Participants wore form-fitting shorts, a sports
bra for females, and a swim cap. Height and weight were entered
into the 3DO device, then participants were measured on the
scanning platform using the standardized positioning protocol
provided by the manufacturer. The 3DO scanner is comprised of a
Microsoft Kinect V2 camera (Microsoft, Redmond, WA), a rotating
platform, and the analysis software. Participants stood on the
turntable with legs separated, arms away from the body and within
the image guide provided on the 3DO software screen, and hands
closed into fists. During the scans, the platform rotates 360-degrees
over a period of 30e40 s, with the camera system emitting a light
and reflections being recorded by the Kinect camera. The device
extracts whole-body and segmental surface areas and volumes as
well as circumference measures to estimate body composition. The
timeframe to prepare a participant, complete a scan, and obtain
results in the provided software is 5 min. The software generates
body composition estimates from two models, “Advanced” that is
calibrated to DXA measures and “Basic” that is calibrated to
bioelectrical impedance measures (personal communication with
manufacturer). All results are reported for the Advanced DXA
calibration option. A sample 3DO scan and measurements of in-
terest are shown in Fig. 1.

http://clinicaltrials.gov
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2.3. Dual energy X-ray absorptiometry (DXA) scans

Each participant completed duplicate whole-body DXA scans
on a Hologic Discovery/A system (Hologic Inc., Marlborough, MA)
by a certified DXA radiology technician. DXA systems were
compared between institutions using phantoms and showed no
significant differences (p > 0.05). Inter-site variations were not
removed to ensure that comparisons between DXA and 3DO
properly reflect variation between devices in the field. DXA scans
were analyzed at UHCC by a trained technologist using Hologic
Apex version 5.6 with the National Health and Nutrition Exam-
ination Survey Body Composition Analysis calibration option
disabled. Participants wore the same form-fitting clothes as used
in the 3DO scans. The timeframe to prepare a participant, com-
plete a scan, and analyze results in the DXA software is 20 min.
As per International Society for Clinical Densitometry guidelines,
offset scanning was performed for subjects too wide to fit in the
DXA scan field. DXA systems were calibrated according to stan-
dard Hologic procedures [32,33]. Body composition measure-
ments from DXA included total body mass, total and regional
(trunk, arms, legs) fat mass (FM), percent body fat (PBF), bone
mineral content (BMC), and fat free mass (FFM). DXA-derived
volume measurements were obtained from the attenuation of
tissue; previous research has shown the accuracy (r2 ¼ 0.99) of
DXA measures of body volume to the clinical method of air
displacement plethysmography [34]. A sample image showing
standardized manufacturer and software-defined sub regional
divisions in a DXA scan is shown in Fig. 1.

2.4. Statistical methods

Data are expressed as means ± standard deviation (SD). Coef-
ficient of variation (%CV) and root mean square error (RMSE) were
calculated for the matched test-retest measurements when avail-
able [35]. Technical error of measurement (TEM), relative TEM (%
TEM), and coefficient of reliability (R) were used to assess intra-
observer reliability of 3DO anthropometry and the first two
collected tape anthropometry measures [36]. Only right limb
comparisons are included due to size limitations of the DXA scan-
ning table, where subjects with too large body size had their left
arm or leg cut off and data mirrored from the right. However, on
samples that contained both left and right arms, right arm re-
lationships were indistinguishable from the average of left and
right arms (data not shown). Test-retest analysis was performed for
the left-to-right volume ratios on the 3DO but not compared to DXA
due to the arm measurement issue noted above.

Lin's concordance correlation coefficients (CCC) were calcu-
lated to assess accuracy and precision in body composition es-
timates by 3DO compared to the criterion for body composition
(DXA) and circumference (anthropometry) measures [37].
Measurements were assumed to be normally distributed.
BlandeAltman analyses were performed to evaluate the agree-
ment and potential bias between both methods for all measures
of body composition [38]. Univariate linear regression analysis
was performed to examine the relationship between body
composition measures with 3DO to body composition and vol-
ume measures by DXA and circumference measures by manual
anthropometry for the entire dataset. Significant differences
based on sex, race/ethnicity, age (18-40y, 40-60y, >60y) and BMI
were assessed via Least Square MEANS; variables that differed
statistically by sex were analyzed separately to provide correc-
tions of 3DO to the criterion. Statistical analysis was performed
using SAS version 9.4 for Windows (SAS Institute, Cary, NC).
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3. Results

A total of 619 adultswere recruited through February 2020. Of this
sample, 345participants fromthePBRCsitewereexcludeddue todata
access by themanufacturer, noted above. 3DO scans weremissing on
81 participants, resulting in data being available for 193 adults. Par-
ticipantswere removed if the DXA scan datawas invalid due tometal
implant (n¼1), breast implant (n¼ 1), or theparticipantwaswearing
awire bra (n¼ 1) or if a physiologically abnormal (negative) body fat
was reported by 3DO (n¼ 2). After these exclusions,188 (102 female;
age ¼ 44.5 ± 15.4 years, height ¼ 166.7 ± 10.3 cm,
weight ¼ 76.2 ± 23.2 kg, BMI ¼ 27.3 ± 7.4 kg/m2) participants were
included in the analysis. For test-retest precision,185participants had
valid duplicate scans for 3DO, where duplicate measures failed for 3
subjects. Summary characteristics and subject counts by ethnicity are
presented in Table 1.

Test-retest precision results are presented in Table 2. Precision
error for 3DO was low for whole body volume (RMSE ¼ 1.10 L) as
well as the regional volume measures for arm (RMSE ¼ 0.11 L) and
leg (RMSE ¼ 0.21 L). Circumference measures showed low precision
error for waist (RMSE ¼ 0.60 cm) and hip (RMSE ¼ 0.53 cm) cir-
cumferences. Body composition precision for FFM (RMSE ¼ 0.40 kg),
FM (RMSE ¼ 0.41 kg), and PBF (RMSE ¼ 0.60%) were comparable to
DXA.

Table 3 and Fig. 2 show the agreement between the criterion
and 3DO for the measured variables. The overall FFM as measured
by DXA (54.1 ± 15.2 kg) and 3DO (55.3 ± 15.0 kg) showed a small
mean difference of 1.2 ± 3.4 kg (95% limits of agreement �7.0
to þ5.6) and the CCC was 0.97 (95% CI: 0.96e0.98). The CCC for FM
was 0.95 (95% CI: 0.94e0.97) and themean difference of 1.3 ± 3.4 kg
95% limits of agreement �5.5 to þ8.1) reflected the difference in
FFM measures. Though the mean differences for body composition
measurements were small, the wider limits of agreement (LOA)
observed are in line with other 3DO validations to DXA [29].
Though these results limit the interchangeability of DXA and 3DO in
clinical practice, they reflect the LOAs found in studies of other
body composition technologies such as bioimpedance in compari-
son to DXA [39]. The differences were also evaluated by sex, race/
ethnicity, and BMI. Arm volume, leg volume, waist and hip cir-
cumferences statistically differed (p < 0.05) by sex, however no
differences were observed in different race/ethnicity, age, or BMI
groups (all p > 0.05). The sex-specific plots and equations are
shown in the supplement where appropriate.

As seen in Fig. 1, partition placement for defining regional
measures differed between 3DO and DXA, resulting in systematic
differences in regional volume measurements. Placement of the
DXA trunk/leg partition runs diagonally from the crotch to the
hips, placing the femur in the leg compartment [40]. This differs
from the horizontal partition on the 3DO scanner that places a
portion of the leg into the trunk region. With the shoulder
partition of the DXA scan intersecting the acromion process, arm
volume in DXA was greater in comparison to the 3DO volume set
by the vertical partition at the armpit or in women, at the end of
the breast tissue. These differences explain 3DO's significant
overestimation of trunk (20.6 ± 14.6 L, p < 0.0001) and signifi-
cant underestimation of right arm (�2.3 ± 1.0 L, p < 0.0001) and
right leg (�6.1 ± 1.7 L, p < 0.0001) volumes. Examining overall
body volume differences, a non-significant underestimation by
3DO was reported (�0.6 ± 4.2 L, p ¼ 0.06).

Additional examination was performed on the arm volume by
sex. Females generally had a lower precision error between arm
volume (r2¼ 0.81, p< 0.01; RMSE¼ 0.67 L) volumewhen compared
to males (r2 ¼ 0.85, p < 0.01; RMSE¼ 0.55 L). This may be the result



Fig. 1. Image of 3DO scan (i) as provided on device software. Regional measures for 3DO (ii) and DXA (iii) as outlined on device software.
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of compression and overlapping of breast tissue during supine DXA
measurements in addition to the difficulty in achieving arm sepa-
ration during routine 3DO measures. As seen in the supplemental
material, the tissue in the DXA scan appears to be partially sub-
divided into the arm region in larger subjects. The phenomenon, in
addition to the segmenting differences noted above, explain the
large overestimation (>5 L) of arm volume in these participants.
Despite this difference, the overall body composition measures
were within the limits of agreement. The sample data presented in
the supplement are labeled 1 and 2 in the arm volume and PBF
analysis presented in Fig. 2. These issues result in a lower CCC for
arm and leg volumes, however the high correlation and provided
regression equations (Supplement Table 1) allow for correction of
these variables by sex.
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Intra-observer error of waist and hip circumferences are re-
ported in the supplement (Supplement Table 2). The TEM of waist
circumference was slightly larger for 3DO (0.46 cm) than tape
anthropometry (0.36 cm), while the hip circumference showed
better precision for 3DO (0.39 cm) compared to tape anthropom-
etry (0.57 cm). The excellent reliability (both R > 0.99) supports
3DO for longitudinal assessment, reducing subjective error
observed even in trained anthropometrists [41]. Though both waist
and hip circumference showed a bias at different sizes and genders,
we could not identify the cause of this phenomenon due to the
possibility of different definitions utilized by the 3DO system
compared to the NHANES anthropometric protocol used in this
study. That said, the sex-specific correction factors for these vari-
ables are presented in Supplement Table 1.



Table 1
Subject Characteristics (n ¼ 188 [102 female]).

Variable Mean (SD) Min Max

Age (years) 44.5 (15.4) 18.0 89.0
Height (cm) 166.7 (10.3) 144.2 202.0
Weight (kg) 76.2 (23.2) 35.4 142.7
BMI (kg/m2) 27.3 (7.4) 14.2 51.3
DXA FFM (kg) 54.1 (15.2) 28.6 102.2
DXA FM (kg) 22.2 (12.3) 5.1 65.7
DXA PBF (%) 28.2 (9.1) 9.0 48.1
DXA VAT (kg) 0.4 (0.3) 0.1 1.5
DXA Body Volume (L) 77.2 (24.1) 35.3 148.6
DXA Trunk Volume (L) 37.3 (12.9) 16.0 79.4
DXA Arm Volume (L) 9.4 (3.4) 3.9 19.0
DXA Leg Volume (L) 25.6 (7.9) 11.7 49.1
DXA R/L Arm Volume Ratio 1.0 (0.0) 0.9 1.2
DXA R/L Leg Volume Ratio 1.0 (0.0) 0.9 1.1
Waist Circumference (cm)b 94.2 (17.8) 59.4 157.1
Hip Circumference (cm)b 102.3 (14.1) 74.3 155.9

Count %

Ethnicity
Asian 72 38.3
NH Black 12 6.4
Hispanic 36 19.2
NHOPIa 43 22.9
NH White 25 13.3

AGE (years)
18e40 193 38.5
40e60 176 35.1
>60 132 26.3

BMI (kg/m2)
<18.5 28 5.6
18.5e25.0 169 33.7
25.0e30.0 160 31.9
>30.0 144 28.7

Abbreviations: SD: standard deviation, BMI: body mass index, DXA: dual energy X-
ray absorptiometry, FFM: fat free mass, FM: fat mass, PBF: percent body fat, VAT:
visceral adipose tissue, NH: non-Hispanic.
Note: Percentage values are rounded.

a NHOPI: native Hawaiian or Pacific Islander.
b Anthropometric tape measurements.

Table 2
Test-retest precision of 3DO and DXA measures (n ¼ 185).

Variable 3DO DXA

%CV RMSE %CV RMSE

FFM (kg) 0.75 0.40 0.67 0.33
FM (kg) 1.94 0.41 1.42 0.31
PBF (%) 0.60 0.35
VAT (kg) 3.67 0.02 8.61 0.04
Whole Body Volume (L) 1.45 1.10 0.47 0.36
Right Arm Volume (L) 4.58 0.11 3.16 0.15
Right Leg Volume (L) 3.14 0.21 2.27 0.29
L/R Arm volume ratio 5.28 0.05 4.27 0.04
L/R Leg volume ratio 2.81 0.03 1.51 0.02
Waist circumference (cm) 0.63 0.60
Hip circumference (cm) 0.51 0.53

Abbreviations: CV: coefficient of variation; RMSE: root mean square error; FFM: fat
free mass, FM: fat mass, PBF: percent body fat, VAT: visceral adipose tissue; L/R: left
to right.
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4. Discussion

This study found excellent correlations for volume and
circumference measures that reflect the results of previous studies
using other 3DO systems [40,42]. Due to the differences in cut
points for regions of interest, volume measurements differed but in
a systematic fashion, meaning corrections can be applied to ensure
agreement between methods. These results provide direct correc-
tions of 3DO to criterion measures and supports the widespread
use of 3DO systems in clinical practice.
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In regards to body composition, strong CCC relationships were
observed for FFM and FM between 3DO and DXA. These findings
were consistent when assessed by age, sex, race/ethnicity, and BMI
class. The agreement for PBF was lower, consistent with other
studies examining the accuracy of PBF using 3DO [43]. The findings
of the current study show a clear improvement over validations
reported on prior versions of the 3DO system, with precision for
FFM and FM measures remaining consistent even at increased
adiposity [44].

These findings are in line with other studies supporting the
accuracy of 3DO systems for the assessment of FFM and FM when
compared to DXA in adults and children [40,45]. Using DXA and the
Fit3D 3DO system to develop body composition regression equa-
tions, Ng et al. (2016) reported similar RMSE for FFM (2.2 kg) [40]. In
children, RMSE for FFMwas reported at 2.8 kgwith similar r2 values
for body composition as seen in our study [45]. The results support
the use of 3DO systems for the assessment of regional and whole-
body composition in a broad range of patient populations.

Tinsley et al. (2020) noted a significant difference in percent
body fat (�4.2%) between the Styku 3DO scanner and a simplified
four compartment (4C) model [46]. The above findings are in
agreement with Cabre et al. (2020), who reported a significant
difference between a Styku 3DO and the 4C model (�2.26%) [29].
However, no difference was found in this study when 3DO was
compared to DXA (1.65%) [29]. The 4C models in these studies use
BIA, a validated assessment of total body water that has previously
shown an error of 2.21 L with limits of agreement from �4.50 to
4.31 L in comparison to the criterion deuterium dilution. Using the
error in total body water estimation via BIA and the average subject
data from the current study, the limits of agreement are responsible
for ±7% error in PBF. This error in total body water estimation may
explain the disagreement between 4C and 3DO [47]. Nevertheless,
our study reports small mean differences when using DXA, a
common clinical assessment tool.

Test-retest precision measures in the following study are in line
with DXA values as well as previous studies. Bourgeois et al. (2017)
showed that the Styku 3DO scanner coefficients of variation are
generally <1% in circumference measurements and <3% in volume
measurements, where we observed <0.60% for circumference
measurements and 1.45% for whole body volume [28]. Least sig-
nificant change to have 95% confidence that a difference between
two measures is greater than zero for evaluating change in
anthropometric measures has been reported for waist (3.8 cm), hip
(1.3 cm), and arm circumference (2.1 cm) [25]. Finally, Silver et al.
(2020) reportedminimal detectable change (MDC) in PBF of 1.1% for
within-day repeated measures, where we report an RMSE of 0.60
[27]. While a software upgrade by the manufacturer may have
caused results to differ, our precision likely also outperformed these
studies due to the larger sample size of our study (n ¼ 188)
compared to Bourgeois et al. (n¼ 113) and Silver et al. (n¼ 33) [35].
Test precision is an essential asset of medical technologies,
ensuring medical professionals can confidently identify changes in
body composition over repeated measures [23]. The high precision
observed in this study further support the ability and practicality of
3DO to quantify body composition change in clinical practice.

Accurate and precise measures from the 3DO scanning system
provide key metrics associated with increased disease risk.
Elevated VAT mass has been shown to have an association with
cardiovascular disease risk as well as diabetes [4,48]. Alongside
visceral measures, waist circumference and waist-to-hip ratios are
independent predictors of T2D. Using a 3DO system, studies have
found associations of waist-to-thigh ratio (WTR) with T2D [49e51].
With the low inter-individual error and high test-retest precision of
3DOmeasures, these metrics could simplify the clinical assessment
of metabolic disease risk.



Table 3
Assessment of mean difference and agreement between criterion and 3DO by variable.

Population Variable Measurement Difference Concordance correlation

DXA (mean ± SD) 3DO (mean ± SD) (mean ± SD) 95% Limits of Agreement Coefficient (95% CI)

Total (n ¼ 188) FFM (kg)1 54.1 ± 15.2 55.3 ± 15.0 �1.2 ± 3.4 �7.0 to 5.6 0.97 (0.96, 0.98)
FM (kg)1 22.2 ± 12.3 20.9 ± 11.8 1.3 ± 3.4 �5.5 to 8.1 0.95 (0.94, 0.97)
PBF (%)1 28.2 ± 9.1 26.3 ± 9.2 1.9 ± 4.5 �7.1 to 10.9 0.86 (0.82, 0.90)
VAT mass (kg)1 0.4 ± 0.3 0.5 ± 0.3 0.1 ± 0.2 �0.3 to 0.5 0.81 (0.76, 0.85)
Whole body volume (L)1 77.2 ± 24.1 76.7 ± 27.1 0.6 ± 4.2 �7.8 to 9.0 0.99 (0.98, 0.99)
Trunk volume (L)1 37.3 ± 12.9 58.0 ± 27.1 �20.6 ± 14.6 �49.8 to �8.6 0.52 (0.47, 0.57)

Female (n ¼ 102) Right arm volume (L)1 4.2 ± 1.7 2.0 ± 0.7 2.1 ± 1.1 �0.1 to 4.3 0.32 (0.27, 0.37)
Right leg volume (L)1 12.1 ± 4.2 6.5 ± 2.6 5.6 ± 1.8 2.0 to 9.2 0.33 (0.28, 0.37)
Waist circumference (cm)2 93.6 ± 19.1 95.7 ± 17.5 �2.1 ± 4.5 �11.1 to 6.9 0.97 (0.96, 0.98)
Hip circumference (cm)2 102.9 ± 16.4 103.8 ± 15.7 �1.0 ± 2.7 �6.4 to 4.4 0.98 (0.98, 0.99)

Male (n ¼ 86) Right arm volume (L)1 5.5 ± 1.5 3.0 ± 0.9 2.5 ± 0.7 1.1 to 3.9 0.32 (0.27, 0.37)
Right leg volume (L)1 13.9 ± 3.6 7.2 ± 2.3 6.6 ± 1.4 3.8 to 9.4 0.33 (0.28, 0.37)
Waist circumference (cm)2 95.0 ± 16.2 94.1 ± 15.1 0.9 ± 2.6 �4.3 to 6.1 0.97 (0.96, 0.98)
Hip circumference (cm)2 101.6 ± 11.0 101.7 ± 11.2 �0.1 ± 2.1 �4.3 to 4.2 0.98 (0.98, 0.99)

Abbreviations: FFM: fat free mass, FM: fat mass, PBF: percent body fat, VAT: visceral adipose tissue, kg: kilograms, L: liters, cm: centimeters.
Females and males evaluated separately when significant sex differences (p<. 05) were observed.
Criterion variable is DXA1 or anthropometric tape measurement2.

Fig. 2. Blandealtman plots for body composition and circumference estimates.
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Volume estimates have been suggested using methods of
assessment other than the criteria of air displacement plethys-
mography or underwater weighing. DXA has been validated for its
use in multicompartment models of body composition, a criterion
measure of body composition in vivo [52e55]. Our study shows the
accuracy of 3DO total body volume measures in relation to DXA. In
addition to providing highly reproducible results, applying cor-
rections to the body volumes derived from the 3DO scanner could
allow for a simplified field method of regional and whole-body
multicompartment composition assessment.

The high reproducibility of regional volume measurements
further supports the utility of 3DO scans in clinical populations
where circumference and volume measures diagnose and assess
disease progression [56]. Lymphedema, characterized by excess
lymph volume primarily in the limbs resulting from a variety of
causes including cancer treatment, utilizes circumferencemeasures
to assess treatment outcomes [57]. Additionally, limb volume via 3-
dimensional optical perometry or total body water comparison via
bioimpedance are widely accepted measures of lymphedema
through comparisons of affected to unaffected limb or to measures
of the same limb prior to diagnosis [11,58]. Because DXA systems
rely on image mirroring in large individuals and lymphedema is
associated with overweight/obesity, the ability to utilize DXA vol-
ume in lymphedema assessment may be limited [59]. This high-
lights another clinical advantage to 3DO systems, of which have
been previously validated for use in lymphedema assessment, to
provide objective measures of circumference and volumemeasures
at annual physicals that serve as reference data for comparison at
disease diagnosis [60].

A strength of this study was that it utilized a diverse sample of
adults of varying age and ethnicity to validate the measures pro-
vided by the 3DO scanner. The wide range of BMIs examined
(14.8e50.2 kg/m2) serves as the widest range of body masses
assessed to date, addressing the need for validation in populations
with varying regional tissue distribution [61]. This study also had a
few limitations. Findings were assessed from a healthy population
that did not include patients with conditions such as myopenia or
malnutrition. While 28 participants were classified as underweight
and thus at “high risk” for malnutrition, we did not collect addi-
tional information to assess for clinical malnutrition [62]. Though
our sample included a wide range of large body mass subjects, we
did not analyze the impact of thighs or arms touching on the ac-
curacy specifically in larger participants beyond the presence of
regional cut points discussed previously. As noted, region partitions
differ between different DXA systems as well as 3DO, which may
limit the comparison of results across studies [63]. Similarly,
caution must be observed in applying this information across other
3DO systems to ensure equivalence of measures provided by the
candidate device. Further analysis of reliability and accuracy is also
recommended in a population of adults with obesity.

Our study highlighted the advantages 3DO measurement pro-
vides for research and clinical practice. The 3DO system evaluated
in this study provides measurements that agree strongly to a valid
reference method. With no need for additional training or analysis,
this method is a viable alternative to DXA measurements that may
be inaccessible or time consuming during routine physical assess-
ments. The high test-retest precision reduces the technical errors
associated with repeated anthropometric measurements, while the
measurement of volumes and circumferences affords medical
professionals metrics useful in prevention and identification of
obesity and T2D risk as well as clinical conditions including lym-
phedema. Future work is warranted to evaluate the ability for these
devices to quantify skeletal muscle mass as well as the role of body
composition variables in accurately predicting disease risk [64].
217
Additionally, future work should assess the ability of 3DO systems
to improve the detection of FFM change related to malnutrition and
the ability for body shape and body composition to aid in the
diagnosis of MetS, providing further evidence of the clinical utility
of this technology.
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