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United States, *Pennington Biomedical Research Center, Baton Rouge, LA, United States, ’Pediatric
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Background: Three-dimensional avatars provide an intuitive visual
representation of body size and shape that can be useful for tailored clinical
care, for example in the management of persons with obesity. This study aimed
to evaluate the hypothesis that avatars predicted from manual anthropometric
measurements (i.e., synthetic avatars) are comparable to avatars obtained
through a digital anthropometric approach (i.e., ground-truth avatars).
Methods: A convenience sample of 83 adult participants was recruited:
body weight and height were measured and anthropometric assessments
were performed in each participant. The manual measurements included
nine circumferences (neck, mid-upper arm, wrist, chest, natural waist, belly
button waist, maximal hip, thigh, knee) and three lengths (shoulder width,
upper limb length, inseam): a previously developed model was adopted to
generate synthetic avatars from these twelve measurements (in combination
with weight and height). The digital anthropometric assessment consisted of
three-dimensional optical scanning. Synthetic and ground-truth avatars were
digitally registered and reposed using Meshcapade.

Results: Synthetic and ground-truth avatars had similar visual appearances and
correlations between ground-truth and predicted measurements were all high
(and statistically significant) with R?s ranging from 0.84 to 0.99 in males and
from 0.77 to 0.99 in females. The lowest correlation was obtained for the thigh
circumference in males and for the neck base circumference in females, while
the highest correlation was obtained in both genders for the total body volume.
Conclusion: Synthetic avatars predicted from manual anthropometric
measurements were comparable to ground-truth avatars. The use of
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synthetic avatars can be useful in the clinical practice to support patient
education and engagement in weight loss nutritional programs. To promote
the clinical use of digital anthropometry, the avatar generator model presented
in this study was made available as a simple user interface-based calculator
(https://www.avatargenerator.unito.it/).

KEYWORDS

anthropometry, avatar, body circumferences, body lengths, optical scanning, total body

volume

1 Introduction

Obesity has traditionally been defined using body mass
index, but it is well-known that this anthropometric variable
fails to fully capture important factors such as amount and
distribution of body fat, metabolic health, and other variables
that can contribute to the obesity-related health complications
(1-4). The new clinical obesity definition emphasized the need
to consider obesity on a spectrum from pre-clinical to clinical
obesity, looking not only at the body mass index, but also
at additional anthropometric measures such as the absolute or
normalized (to hip circumference or to height) value of the waist
circumference (5). The anthropometric evaluation in the clinical
settings is commonly performed by tape-based manual assessment
(6). However, smartphone camera technologies and optical body
scanners became available during the last decade and can be
now used to obtain a “virtual twin” (i.e., a three-dimensional
avatar mesh of the human body) with automated anthropometry
(6-8). Although multiple systems are already marketed to the
sports and clothes fitting markets, their unavailability in most
clinical settings and the apparent complexity of their use
can represent barriers to the adoption of three-dimensional
humanoid avatars (and digital anthropometric measurements)
in the management of persons with obesity. An alternative
approach for obtaining (and using in research studies and in
clinical practice) humanoid avatars is to predict an individual
three-dimensional representation from demographic (e.g., gender
and age) and physical (e.g., height, weight, etc.) characteristics.
For example, McCarthy et al. (9) have recently proposed and
validated a manifold regression model to predict humanoid
avatars from gender, age, weight, height and percent body fat
(derived from dual-energy x-ray absorptiometry). Interestingly,
this model was adopted by Ramirez et al. (10) for visual
demonstration of tirzepatide-induced weight loss through the pre-
post-treatment comparisons of avatars obtained from data (age,
weight, height, and waist circumference) of participants in the
Surmount 1 trial. Other models from predicting humanoid avatars
from anthropometric measurements were previously proposed by
Pujades et al. (11) and by Zeng et al. (12). The former model
enables to predict humanoid avatars from height, weight, and
simple anthropometric measurements (arm span, arm length, hip
width) that can be acquired by the subject by using virtual reality
game controllers, while the latter model enables to predict an
avatar from up to nineteen measurements that can be acquired
by conventional manual anthropometry. Although the latter
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model is user-friendly and can also be applied with a limited
number of anthropometric parameters (i.e., in case of missing
data), it was not validated in an independent sample of subjects.
Therefore, the aim of our study was to evaluate the hypothesis
that avatars predicted from an adapted implementation of this
model on the basis of manual anthropometric measurements
(i.e., synthetic avatars) are comparable to avatars obtained
through digital anthropometric approach (i.e., ground-truth
avatars).

2 Materials and methods

2.1 Participants and protocol

A convenience sample of 83 participants of both genders
participated in the study. Healthy subjects and persons with
obesity were included. Exclusion criteria were the presence
of metabolic, neurological, or other severe medical conditions
hindering the ability to participate in the study. Manual and digital
anthropometric assessments were performed in all participants
in a single experimental session. All subjects gave their written
consent after receiving a detailed explanation of the protocol.
The study conformed to the guidelines of the Declaration
of Helsinki and was approved by the local ethics committee
(protocol n. 0065654).

2.2 Body weight and height assessments

Body weight and height were assessed with each subject
in undergarments and barefoot. Body weight and height were
measured (to the nearest 0.1 kg and 0.5 cm, respectively) using a
standard scale with a stadiometer (model Seca 799, Seca GmbH &
Co., KG, Hamburg, Germany).

2.3 Digital anthropometric assessment

Optical images were taken with ProScanner device (version 5.0,
Fit3D, Sacramento, CA, USA), using a standardized protocol, as
previously described (13). Briefly, each participant was asked to
stand upright in a standardized A-pose (with shoulders relaxed
and arms positioned straight and abducted from the torso)

frontiersin.org


https://doi.org/10.3389/fnut.2026.1906710
https://www.avatargenerator.unito.it/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Minetto et al.

while grasping the telescoping handles. A full body scan takes
~45 s during which light-coding depth sensors capture the three-
dimensional shape as the platform rotates once around. The
acquisition of the three-dimensional shape was performed in
duplicate to obtain two avatars for each participant. Each avatar
consists of a mesh connected by triangles with approximately
300,000 vertices and 600,000 faces to represent body shape.

10.3389/fnut.2026.1906710

2.4 Manual anthropometric assessment

Manual anthropometric assessment was made on each
participant by a single highly trained staff member using
a calibrated flexible tape. The following circumferences
were measured in duplicate according to the anatomical

landmarks of the Blue Measurement guide (14) (reported in

Avatar generator model
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FIGURE 1
Step-by-step generation of the synthetic avatar, from manual input measurements to the final compensated avatar mesh.
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the Supplementary Table 1 and shown in the Supplementary
Figures 1, 2) and the averages of two measurements for axial sites
and four measurements for appendicular sites (two measurements
for each of the two sides) were considered: neck, mid-upper
arm, wrist, chest, natural waist, belly button waist, maximal hip,
thigh, knee. Moreover, the following lengths were also measured
in duplicate and the averages of two (for axial sites) or four (for
appendicular sites) measurements were considered: shoulder
width, upper limb length, inseam.

2.5 Human body reshaping model

The
anthropometric measurements was

generation of synthetic avatars from manual
based on an adapted
implementation of the three-dimensional human body reshaping
model proposed by Zeng et al. (12). This model is based on
a feature-selection-based local mapping technique and on a
statistical representation of the human body that predicts the three-
dimensional body shape from anthropometric measurements. The
relationship between body measurements and body shape is
learned from the CAESAR database of three-dimensional scans (a
large dataset including over 4,000 individuals from the U.S., The
Netherlands, and Italy) (15), and the input measurements are used
to reconstruct an individualized three-dimensional body mesh that
reflects the subject’s morphology.

In the present study, this framework was extended through a
two-step refinement procedure aimed at improving the agreement
between input anthropometry and reconstructed body shape.
First, an initial avatar was generated from the anthropometric
measurements provided by the user (including weight, height,
and selected circumferences and lengths - see paragraph “2.3
Digital anthropometric assessment”) using the model proposed
by Zeng et al. (12). The model is designed to use up to
nineteen anthropometric parameters, and missing values are
automatically estimated using a multivariate imputation by chained
equations (MICE) algorithm. From this preliminary mesh, a set
of anthropometric parameters was re-estimated directly on the
reconstructed geometry, using the same anatomical control points
that define the input parameters, so that input and re-estimated
measurements remain directly comparable. In particular, body
circumferences were computed through cross-sectional slicing of
the mesh: the mesh was cut with an anatomically oriented plane
at the corresponding control-point level and the convex hull of
the resulting cross-section was calculated. Body weight was re-
estimated from the mesh volume using the following gender-
specific regression equations (11):

Male weight (kg) = [1,056.44 x volume (m?)] - 5.28
Female weight (kg) = [1,001.44 x volume (m3)] - 2.36

Linear measurements not directly recomputed at this step (e.g.,
shoulder width, upper limb length, inseam) were retained from the
initial parameter set. Afterward, a measurement compensation step
was applied to reduce the reconstruction errors. For each available
anthropometric parameter, a correction factor was computed
based on the ratio between the original input measurement
and the corresponding value extracted from the initial avatar.
These compensated measurements were then used as input for
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a second iteration of the reshaping model. Finally, a refined
avatar was generated using the compensated parameter set.
Each avatar consists of a mesh connected by triangles with
approximately 18,500 vertices and 37,000 faces to represent body
shape. A schematic overview of the full procedure, from the manual
input measurements to the final compensated avatar, is provided in
Figure 1.

2.6 Image processing

As shown in Figure 2 for a representative male, the raw mesh
files obtained from both the digital and manual anthropometric
assessments (panels A-B) were digitally registered and reposed
(panels C-D) using Meshcapade (Meshcapade GmbH, Ttiibingen,
Germany) (16) to standardize the vertices and pose (T-pose was
adopted because it enables to remove posture-induced noise in
ground-truth avatars) (17) and the following ground-truth and
predicted measurements were extracted from the resultant avatars:
neck base circumference, chest circumference, waist circumference,
hip circumference, thigh circumference, inseam (Supplementary
Table 2 and Supplementary Figure 3). In addition, the waist-hip
ratio was calculated and body surface area and total body volume
were estimated as, respectively, the sum of surface area of all
triangles of the mesh and the enclosed space of the triangulated

Optical body scan Manual anthropometry

B)w

LR

4

Ground-truth
anthropometric variables

Predicted
anthropometric variables

FIGURE 2

(A) Three-dimensional avatar obtained by optical body scan in a
representative male subject (who gave his written consent for study
participation and publication of anonymized images) and
three-dimensional avatar predicted for the same subject from
manual anthropometric measurements (B). (C,D) Show the avatars
digitally registered and reposed using Meshcapade (Meshcapade
GmbH, Tubingen, Germany) (16) to obtain ground-truth and
predicted anthropometric measurements.
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AVERAGE SYNTHETIC AVATAR OF FEMALES
AVERAGE SYNTHETIC AVATAR OF MALES
i
| 1 E—— ]
0 3 6 9 12 15
Euclidean distance (mm)
FIGURE 3

Heat maps of the differences (i.e., mean Euclidean distances) between corresponding points of the ground-truth and synthetic avatars reported on
the average synthetic avatar of females (top panels: the frontal view is reported on the left, the dorsal view is reported on the right) and males
(bottom panels): black indicates no differences, red indicates a difference of 12 mm.

surface (by using the built-in volume property of the PyVista
library) (18).

2.7 Statistical analysis

Prior to statistical analyses, outliers of the ground-truth and
predicted measurements were removed using the Grubbs’ outlier
test (alpha = 0.05) (19) as a part of preprocessing quality control:
the ground-truth and predicted neck circumferences of 1 female
and the ground-truth and predicted thigh circumferences of 1 male
and 1 female were identified as outliers and removed.

Comparison ground-truth  and  predicted
measurements in each of the two gender groups was performed

between

Frontiers in Nutrition

using mean absolute errors (MAEs), normalized root-mean square
errors (RMSEs), Bland-Altman analysis, and Pearson regression
analysis (R?). Moreover, the Passing-Bablok regression analysis
was also adopted for data comparison: this analysis was specifically
designed to compare two data sets, given by two different methods,
both affected by experimental errors (20, 21). If zero is not part
of the 95% confidence interval of the intercept of the regression
line, it may be concluded that systematic differences exist between
the data acquired by the two methods. If 1 is not part of the
95% confidence interval of the slope of the regression line, it
may be concluded that proportional differences exist between the
compared data sets. For these conclusions to be valid, Passing and
Bablok recommended a sample size of at least 50 subjects (20, 21):
therefore, we grouped the data of the two genders to assess the
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differences between ground-truth and predicted measurements.
The Passing-Bablok regression can only be applied if the data are

10.3389/fnut.2026.1906710

3.2 Comparison between ground-truth
and synthetic avatars

well-fitted by a linear model: therefore, the Cusum test for linearity
was also performed.

Data were reported as medians (I1st-3rd quartile) or median
(range) or mean (standard deviation: SD) as indicated. The
threshold for statistical significance was set at P = 0.05. Statistical
tests were performed using MedCalc v. 20.218 (MedCalc Software
Ltd., Ostend, Belgium) and SPSS v. 20.0 (SPSS Inc., Chicago, IL,
USA) software packages.

Figure 3 shows the heat maps of the differences (i.e., mean
Euclidean distances) between corresponding points of the ground-
truth and synthetic avatars reported on the average synthetic avatar
of females (top panels) and males (bottom panels). The Euclidean
distances were lower than 3 mm for the upper limbs and legs and
were between 3 and 6 mm for the thighs. The chest and hip regions
showed the greatest Euclidean distance values (between 12 and
15 mm). Briefly, ground-truth and synthetic avatars had similar
visual appearances (as shown in Figure 2C, D for a representative
3 Results male) and the differences were lower than 15 mm for all body

regions in both females (Figure 3, top panels) and males (Figure 3,

L bottom panels).
3.1 Sample characteristics

Our sample included a total of 41 males [median (1st-
3rd quartile) age: 32.5 (30.7-40.8) years] presenting a wide
range of body mass index [median (range): 25.1 (19.2-39.0)

3.3 Comparisons between
anthropometric measurements obtained

kg/m?: 19 subjects had a normal weight, 11 were overweight, from ground-truth and synthetic avatars

11 were obese] and 42 females [median (1st-3rd quartile)
age: 38.7 (28.2-51.6) years] presenting a wide range of body
mass index [median (range): 22.3 (17.7-38.8) kg/m?: 1 subject
was underweight, 31 subjects had a normal weight, 4 were

The results of the comparison between ground-truth versus
predicted anthropometric measurements are shown in Table 1 (for
males) and Table 2 (for females) as medians (1st-3rd quartiles),

overweight, 6 were obese]. MAEs, normalized RMSEs, Bland-Altman analysis-derived biases,

TABLE 1 Comparison between anthropometric variables obtained from optical scan-derived avatars and from predicted avatars in 41 males.

Variables Ground-truth Predicted MAE (& SD) Normalized
measurement measurement RMSE (%)

Neck base circumference (cm) 42.6 (40.5-46.5) 42.6 (40.4-45.8) 0.7 (0.6) 2.1% 0.3 0.94
Chest circumference (cm) 107.6 (100.5-118.1) 103.6 (96.5-114.2) 4.1(2.3) 4.4% 39 0.94
Waist circumference (cm) 90.9 (83.9-109.9) 90.9 (83.1-109.0) 1.5(1.1) 2.1% 1.1 0.98

Hip circumference (cm) 104.3 (99.1-110.9) 103.5 (98.0-112.5) 1.4 (0.9) 1.6% 0.8 0.99
Waist-hip ratio 0.88 (0.84-0.94) 0.89 (0.85-0.94) 0.01 (0.01) 2.3% 0.003 0.96
Thigh circumference (cm) 65.0 (61.8-69.6) 63.2 (59.1-65.9) 2.6(1.9) 4.9% 2.1 0.84
Inseam (cm) 78.5 (75.5-80.1) 78.3 (75.0-80.2) 1.1 (0.9) 1.5% 0.01 0.86

Body surface area (m?) 1.986 (1.864-2.101) 1.950 (1.864-2.101) 0.020 (0.04) 2.3% 0.024 0.97
Total body volume (1) 84.4 (75.0-100.7) 82.9 (75.0-97.9) 1.2(2.1) 2.8% 1.2 0.99

Reported values are medians (1st-3rd quartile). RMSE: root mean square error.

TABLE 2 Comparison between anthropometric variables obtained from optical scan-derived avatars and from predicted avatars in 42 females.

Normalized
RMSE (%)

Predicted
measurement

Variables

Ground-truth
measurement

Neck base circumference (cm) 37.1(35.2-38.2) 35.7 (34.0-37.3) 1.5 (1.5) 5.7% 1.4 0.77
Chest circumference (cm) 93.1(87.3-98.6) 92.2 (86.8-97.9) 1.8 (1.6) 2.7% 1.3 0.93
Waist circumference (cm) 78.3 (71.3-86.4) 79.6 (72.3-86.9) 1.8 (1.6) 3.1% —1.2 0.97

Hip circumference (cm) 98.5(95.2-105.9) 98.9 (96.4-109.1) 1.4 (1.2) 1.8% —0.7 0.94
Waist-hip ratio 0.78 (0.76-0.82) 0.80 (0.76-0.83) 0.01 (0.01) 2.6% —0.006 0.88
Thigh circumference (cm) 61.8 (59.1-67.2) 60.9 (58.8-64.3) 2.0 (1.8) 4.4% 0.9 0.78
Inseam (cm) 74.2 (71.7-75.7) 72.1 (69.7-73.5) 2.2(0.9) 3.2% 22 091

Body surface area (m?) 1.647 (1.601-1.790) 1.646 (1.601-1.716) 0.025 (0.042) 3.0% 0.03 0.94
Total body volume (1) 63.2 (58.1-76.8) 63.1 (58.0-74.4) 0.9 (1.3) 2.5% 0.9 0.99

Reported values are medians (1st-3rd quartile). MAE, mean absolute error; RMSE, root mean square error.
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FIGURE 4
Relations between the ground-truth and predicted measurements investigated through the Passing-Bablok regression analysis. The regression plots
include the line of identity and the generated regression line flanked by dotted lines depicting its confidence interval (shaded in grey) along with the
R? and P-value (obtained through the Pearson correlation).

and R? values. MAEs, normalized RMSEs, and biases were all
small in both males and females. The smallest MAEs values were
observed in both genders for the waist-hip ratio and body surface
area, while the highest MAEs value was observed for the chest
circumference in males and for the inseam in females. The smallest
value of the normalized RMSE was observed for the inseam in
males and for the hip circumference in females, while the highest
value was observed for the thigh circumference in males and
for the neck base circumference in females. Consistently, the
correlations between ground-truth and predicted measurements
were all high (and statistically significant) with R?s ranging from
0.84 to 0.99 in males and from 0.77 to 0.99 in females. The lowest
correlation was obtained for the thigh circumference in males
and for the neck base circumference in females, while the highest
correlation was obtained in both genders for the total body volume.
As shown in Figure 4, significant positive correlations between
ground-truth and predicted anthropometric measurements were
obtained also for the grouped data of males and females: the
R? values ranged between 0.82 (for the thigh circumference)
and 0.99 (for the total body volume). As shown in Table 3, the
P-values obtained by the Cusum test for linearity (range of P-values
between 0.26 and 1.0) indicated that the Passing-Bablok regression
was applicable. The regression analyses showed systematic (the
95% confidence intervals of the regression intercepts did not
include the 0 value) and proportional (the 95% confidence
intervals of the regression slopes did not include the 1 value)
differences between ground-truth and predicted measurements
for some variables (neck base circumference, chest circumference,
hip circumference, thigh circumference, inseam), while neither
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systematic nor proportional differences were observed for waist
circumference, waist-hip ratio, body surface area, and total body
volume.

3.4 Comparisons between avatar-derived
anthropometric measurements
predicted through different models

Previously published models as well as our model can be used to
create an avatar (and obtain anthropometric measurements) from
a few input measurements (i.e., in the presence of missing data).

Figures 5, 6 show three-dimensional avatars of the participants
in the Surmount 1 trial at the baseline and 72-week time point (i.e.,
before and after pharmacological intervention with tirzepatide)
predicted from height, weight, and waist circumference (values are
reported in the Supplementary Table 3). The top panel in both
figures shows (front and side images of) the avatars predicted
by Ramirez et al. (10) through the manifold regression model
previously developed and validated by McCarthy et al. (9), while the
bottom panel in both figures shows the avatars predicted through
our model. Table 4 reports circumferences, body surface areas,
and total body volumes obtained in males and females for the
two time points (pre- and post-intervention: baseline and after
72 weeks) by Ramirez et al. (10) and by our model. Similar pre-
and post-intervention measurements were obtained by the two
different models for all variables, with the exception of the thigh
circumferences: values obtained for the latter variable by Ramirez
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TABLE 3 Results of the Passing-Bablok regression analyses.
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TABLE 3 (Continued)

NECK BASE CIRCUMFERENCE Proportional differences
Linear model validity Cusum test for linearity P=0.16 o Slope 1.23
Systematic differences © 95% confidence interval 1.12t0 1.36
o Intercept 2.92 INSEAM
© 95% confidence interval 0.96 to 5.20 Linear model validity Cusum test for linearity P=0.76
Proportional differences Systematic differences
o Slope 0.94 o Intercept 9.78
© 95% confidence interval 0.88 to 0.99 © 95% confidence interval 4.48 to 14.16
CHEST CIRCUMFERENCE Proportional differences
Linear model validity Cusum test for linearity P=0.26 o Slope 0.89
Systematic differences © 95% confidence interval 0.83 t0 0.96
o Intercept —8.51 BODY SURFACE AREA
© 95% confidence interval —13.80 to —3.49 Linear model validity Cusum test for linearity P=057
Proportional differences Systematic differences
o Slope 1.11 o Intercept —0.004
® 95% confidence interval 1.06 to 1.16 © 95% confidence interval —0.03 to 0.00
WAIST CIRCUMFERENCE Proportional differences
Linear model validity Cusum test for linearity P=0.57 o Slope 1.00
Systematic differences © 95% confidence interval 1.00 to 1.02
o Intercept —2.61 TOTAL BODY VOLUME
© 95% confidence interval —5.15t0 0.10 Linear model validity Cusum test for linearity P=0.57
Proportional differences Systematic differences
o Slope 1.03 o Intercept 0.06
® 95% confidence interval 0.99 to 1.06 © 95% confidence interval —0.96 to 0.08
HIP CIRCUMFERENCE Proportional differences
Linear model validity Cusum test for linearity P=0.40 o Slope 1.00
Systematic differences © 95% confidence interval —0.99 to 1.01
e Intercept 4.55
95% confidence interval 0.67 to 8.47 . . .
° 7o connidence ierva ° et al. (10) were higher both before and after the intervention
Proportional differences compared to the values obtained by our model.
o Slope 0.96
© 95% confidence interval 0.92 to 0.99
WAIST-HIP RATIO H .
4 Discussion
Linear model validity Cusum test for linearity P=057
Systematic differences This study aimed to compare synthetic and ground-
o Intercept —0.05 truth avatars (and predicted vs ground-truth anthropometric
) measurements) obtained, respectively, by a previously developed
© 95% confidence interval —0.10 to 0.00 . i
: ; model applied to manual anthropometric measurements and
Flieipie e i EnEES by digital anthropometric assessments performed in healthy
o Slope 1.05 subjects and persons with obesity. The main results of this
e 95% confidence interval 1.00 to 1.12 comparison can be summarized as follows: i) ground-truth
THIGH CIRCUMFERENCE and synthetic avatars had similar visual appearances; ii) the
correlations between ground-truth and predicted measurements
Linear model validity Cusum test for linearity P=10 . . Lo .
were all high and statistically significant; iii) no systematic and
Systematic differences no proportional differences between ground-truth and predicted
o Intercept —13.14 measurements were observed for waist circumference, waist-hip
o 95% confidence interval 20,96 t6 —5.96 ratio, body surface area, and total body volume; iv) systematic
Comimed) and proportional differences between ground-truth and predicted
_ontinue
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measurements were observed for neck base circumference, chest
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Baseline 72-Weeks
FIGURE 5
Three-dimensional avatars of the male participants in the Surmount 1 trial at the baseline and 72-week time point (i.e., before and after
pharmacological intervention). The top panel shows (front and side images of) the avatars predicted by Ramirez et al. (10) through the manifold
regression model previously developed by McCarthy et al. (9), while the bottom panel shows the avatars predicted through our model. BMI, body
mass index: WC, waist circumference. The top panel has been reproduced from Ramirez et al. (10), licensed under CC BY-NC-ND 4.0.

circumference, hip circumference, thigh circumference, inseam;
v) measurement comparisons between synthetic avatars predicted
by our model and by the manifold regression model previously
proposed by McCarthy et al. (9) showed similarities in body
shapes and measurements obtained for the participants in the
Surmount 1 trial.

The demonstration that synthetic avatars are accurate
(although with some bias for some measurements) compared to
ground-truth avatars obtained by digital anthropometry represents
a validation (in an independent sample of subjects) of the model
previously developed by Zeng et al. (12) that was adapted through
an iterative recalculation step (based on the differences between
measured and estimated body weight and circumferences) aimed
to improve the coherence between anthropometric measurements
and the visual representation of body shape. Possible explanations
for the observed biases include differences between synthetic and
ground-truth avatars in soft tissue deformation for some body
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regions and landmark identification inconsistency: further studies
are required to refine the model in order to reduce the systematic
and proportional biases that could impact on applications such
as volumetric tracking, custom orthotic fitting, or metabolic
risk stratification.

It remains also to be established in future studies which
subset of anthropometric measurements is sufficient to generate
accurate avatars, potentially allowing a reduction in the number of
measurements required in the clinical practice.

Regardless of these future model improvements, it is worth
highlighting that the generation of synthetic avatars reduces both
procedural burden and cost associated with specialized equipment
(that cannot be available in resource-limited environments such
as remote and extreme settings) required to generate ground-
truth avatars. Consistently, synthetic avatars were already used in
clinical research for different applications. For example, several
recent studies used synthetic avatars derived from anthropometric
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Ramirez et al.
Surmount 1 Baseline 72-Weeks
Female
BMI (kg/m?) 38.2 28.8
WC (cm) 112.5 91.5
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Baseline 72-Weeks
FIGURE 6

Three-dimensional avatars of the female participants in the Surmount 1 trial at the baseline and 72-week time point (i.e., before and after
pharmacological intervention). The top panel shows (front and side images of) the avatars predicted by Ramirez et al. (10) through the manifold
regression model previously developed by McCarthy et al. (9), while the bottom panel shows the avatars predicted through our model. BMI, body
mass index; WC, waist circumference. The top panel has been reproduced from Ramirez et al. (10), licensed under CC BY-NC-ND 4.0.

measurements obtained in epidemiological studies to describe the
body shape changes (and to estimate the relative increase of the
metabolic risk) during the last decades (6, 22, 23). In addition,
the use of synthetic avatars can also be useful in clinical practice
to provide patients with a tangible representation of their body
shape: visualizing the pre-post intervention changes of the body
shape and/or visualizing possible changes of the body shape as
a future “self” can be used to support patient education and
engagement in weight loss nutritional programs (10, 24). In fact,
patients are inherently more interested in how they look to the
human eye than in the quantitative details about their body
size and composition (25). Furthermore, synthetic avatars can
also be used to personalize and optimize the effectiveness of
(dietary intervention combined with) physical activity programs,
for example in virtual reality-based exercise protocols (26, 27). In
fact, visualizing an actual “self” during motor observation and/or
execution tasks delivered through virtual reality can promote brain
plasticity mechanisms and strengthen key motor pathways (26, 27).
However, the present model currently enables to generate only
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static avatars in a standardized A-pose: further developments of
the model are therefore required to enable dynamic human avatar
generation that is required for virtual reality applications.

4.1 Limitations

This study has a few limitations that warrant consideration.
First, the CAESAR database (15) was adopted for the model
development by Zeng et al. (12): although this dataset was very
large, it included only adult subjects from the American and
European populations. Therefore, the avatar generation from
anthropometric measurements could be less accurate for subjects of
other demographic groups (i.e., other ethnic groups or children and
elderly subjects). Moreover, the CAESAR database included only
healthy subjects: therefore, the prediction model could create an
inaccurate avatar in presence of pathological conditions affecting
body shape such as scoliosis, malnutrition, lymphoedema or
lipoedema, severe obesity (for example in presence of thighs
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TABLE 4 Baseline and 72-week characteristics of participants in the Surmount 1 trial obtained by Ramirez et al. (10) from the avatars predicted (from
height, weight, and waist circumference values reported in the Supplementary table 3) through the manifold regression model previously developed by
McCarthy et al. (9) and obtained for the avatars predicted through the model presented in this study.

Variables

Baseline

Females

VZAVEELS Baseline 72 weeks

Ramirez: Chest circumference (cm) 129.7 117.9 123.3 107.0
This study: Chest circumference (cm) 128.4 116.4 126.9 105.5
Ramirez: Hip circumference (cm) 125.8 112.0 128.7 114.3
This study: Hip circumference (cm) 116.9 108.5 121.6 108.2
Ramirez: Right mid-upper arm circumference 384 35.2 38.0 321
Ramirez: Left mid-upper arm circumference 38.5 357 382 31.9
This study: Mid-upper arm circumference 39.0 355 38.0 322
Ramirez: Right mid-thigh circumference 75.1 65.8 75.2 59.1
Ramirez: Left mid-thigh circumference 74.2 65.9 76.2 58.9
This study: Thigh circumference 65.2 60.0 66.7 61.2
Ramirez: Body surface area (m?) 2.23 2.05 1.99 1.73
This study: Body surface area (m?) 2.12 1.96 1.91 1.71
Ramirez: Total body volume (1) 125.0 101.9 105.9 79.2
This study: Total body volume (1) 114.3 94.5 101.0 76.7

touching). Second, the model implies the use of only one
anthropometric measurement for the different appendicular sites
instead of two measurements (one for each side): therefore, the
avatar generation could be less accurate in subjects presenting
with congenital or acquired inter-limb circumference or length
asymmetries. Future studies similar to the current investigations
are required to explore avatar anthropometric prediction in non-
normative populations. Third, ground-truth avatars (and relative
anthropometric measurements) were obtained by one of the
commercially available body scanners: thus, our validation is
specific to the adopted model of 3-dimensional optical device.

5 Conclusion

This study showed that anthropometric measurements
obtained from synthetic avatars are comparable (although with
some bias for some measurements) to ground-truth avatars
obtained by digital anthropometry. To promote the clinical use of
digital anthropometry, the avatar generator model presented in this
study was made available as a simple user interface-based calculator
on the following web site: https://www.avatargenerator.unito.it/
(procedures for generating avatars are reported in Supplementary
Table 4). Although several artificial intelligence-based avatar
generators are freely available on the web, it is worth mentioning
that our calculator is the only freely available tool that was
developed from a large database of subjects and independently
validated (through comparisons between synthetic and ground-
truth avatars and derived measurements) in a separate population
of healthy subjects and persons with obesity. We suggest that
the systematic incorporation of avatars (and avatar-derived
anthropometric measurements) into routine examinations of the
patients can be useful for tailored clinical care to support patient
education and engagement in weight loss nutritional programs.

Frontiers in Nutrition

11

Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Comitato
Etico The

in accordance with the local legislation and institutional

Territoriale, Torino. studies were conducted
requirements. The participants provided their written informed
consent to participate in this study. Written informed consent
was obtained from the individual(s) for the publication of
any potentially identifiable images or data included in this

article.

Author contributions

MAM: Conceptualization, Data curation, Formal analysis,
Methodology, Resources, Writing - original draft, Writing -
review & editing. MB: Data curation, Investigation, Methodology,
Writing - original draft. AC: Data curation, Investigation,
Methodology, Writing - original draft. MA: Data curation, Formal
analysis, Writing — original draft. CB: Data curation, Writing -
review & editing. SB: Data curation, Investigation, Methodology,
Writing - review & editing. JAS: Methodology, Writing — original
draft, Writing - review & editing. SBH: Methodology, Resources,
Writing - original draft, Writing - review & editing. AP:

frontiersin.org


https://doi.org/10.3389/fnut.2026.1906710
https://www.avatargenerator.unito.it/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Minetto et al.

Methodology, Writing — original draft, Writing — review & editing.
AB: Methodology, Writing - original draft, Writing — review &
editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was supported by grants
from University of Turin (“Fondo per la Ricerca Locale” and “Grant
for Internationalization”).

Acknowledgments

We are grateful to Alessia Chiarotto and Andrea Benso
(University of Turin, Italy) for their valuable support with subject
recruitment and to Yanhong Zeng (Hangzhou, China) for making
her software available through GitHub (12).

Conflict of interest

AP and SBH were on the medical advisory board of Tanita
Corporation.

The remaining author(s) declared that this work was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative Al was not used in the
creation of this manuscript.

References

1. Ahima RS, Lazar MA. Physiology. The health risk of obesity-better metrics
imperative. Science. (2013) 341:856-8. doi: 10.1126/science.1241244

2. Gonzalez MC, Correia MITD, Heymsfield SB. A requiem for BMI in the clinical
setting. Curr Opin Clin Nutr Metab Care. (2017) 20:314-21. doi: 10.1097/MCO.
0000000000000395

3. Aguas-Ayesa M, Yarnoz-Esquiroz P, Perdomo CM, Olazaran L, Vegas-Aguilar IM,
Garcia-Almeida JM, et al. Revisiting the beyond BMI paradigm in excess weight
diagnosis and management: a call to action. Eur J Clin Invest. (2024) 54:¢14218.
doi: 10.1111/eci.14218

4. Heymsfield SB, Sorkin JD, Thomas DM, Yang S, Heo M, McCarthy
C, et al. Weight/height?: mathematical overview of the worlds most
widely used adiposity index. Obes Rev. (2025) 26:¢13842. doi: 10.1111/obr.
13842

5.Rubino F Cummings DE, Eckel RH, Cohen RV, Wilding JPH, Brown
WA, et al. Definition and diagnostic criteria of clinical obesity. Lancet
Diabetes  Endocrinol.  (2025) 13:221-62.  doi: 10.1016/52213-8587(24)
00316-4

6. Minetto MA, Pietrobelli A, Busso C, Bennett JP, Ferraris A, Shepherd JA, et al.
Digital anthropometry for body circumference measurements: european phenotypic
variations throughout the decades. J Pers Med. (2022) 12:906. doi: 10.3390/
ipm12060906

Frontiers in Nutrition

12

10.3389/fnut.2026.1906710

Any alternative text (alt text) provided alongside figures
in this article has been generated by Frontiers with the
of artificial
have been made to ensure accuracy, including review by

support intelligence and reasonable efforts

the authors wherever possible. If you identify any issues,
please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2026.
1906710/full#supplementary- material

SUPPLEMENTARY FIGURE 1

Measurements obtained by manual anthropometry: neck circumference,
shoulder width, upper limb length, mid-upper arm circumference, wrist
circumference, chest circumference.

SUPPLEMENTARY FIGURE 2

Measurements obtained by manual anthropometry: natural waist
circumference, belly button waist circumference, maximal hip
circumference, thigh circumference, knee circumference, inseam.

SUPPLEMENTARY FIGURE 3

Ground-truth and synthetic avatars were digitally registered and reposed
using Meshcapade (Meshcapade GmbH, Tubingen, Germany) (16) and the
following measurements were extracted from the resultant avatars: neck
base circumference, chest circumference, waist circumference, hip
circumference, thigh circumference, inseam.

7. Heymsfield SB, Bourgeois B, Ng BK, Sommer M], Li X, Shepherd JA. Digital
anthropometry: a critical review. Eur ] Clin Nutr. (2018) 72:680-7. doi: 10.1038/
541430-018-0145-7

8. Thomas DM, Crofford I, Scudder J, Oletti B, Deb A, Heymsfield SB. Updates on
methods for body composition analysis: implications for clinical practice. Curr Obes
Rep. (2025) 14:8. doi: 10.1007/s13679-024-00593-w

9. McCarthy C, Wong MC, Brown J, Ramirez S, Yang S, Bennett JP, et al. Accurate
prediction of three-dimensional humanoid avatars for anthropometric modeling. Int |
Obes. (2024) 48:1741-7. doi: 10.1038/s41366-024-01614-3

10. Ramirez S, Yang R, Habibovic M, Kennedy S, Bennett JP, Shepherd JA, et al.
Visual demonstration of weight loss and health risk improvement with a dual GIP
and GLP-1 receptor agonist. Int ] Obes. (2025) 49:2005-10. doi: 10.1038/s41366-025-
01842-1

11. Pujades S, Mohler B, Thaler A, Tesch J, Mahmood N, Hesse N, et al. The
virtual caliper: rapid creation of metrically accurate avatars from 3d measurements.
IEEE Trans Vis Comput Graph. (2019) 25:1887-97. doi: 10.1109/TVCG.2019.28
98748

12. Zeng Y, Fu J, Chao H. 3D Human body reshaping with anthropometric modeling.
In: Huet B, Nie L, Hong R editors. Internet Multimedia Computing and Service. ICIMCS
2017. Singapore: Communications in Computer and Information Science, Springer
(2018). 819 p. doi: org/10.1007/978-981-10-8530-7_

frontiersin.org


https://doi.org/10.3389/fnut.2026.1906710
https://www.frontiersin.org/articles/10.3389/fnut.2026.1906710/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2026.1906710/full#supplementary-material
https://doi.org/10.1126/science.1241244
https://doi.org/10.1097/MCO.0000000000000395
https://doi.org/10.1097/MCO.0000000000000395
https://doi.org/10.1111/eci.14218
https://doi.org/10.1111/obr.13842
https://doi.org/10.1111/obr.13842
https://doi.org/10.1016/S2213-8587(24)00316-4
https://doi.org/10.1016/S2213-8587(24)00316-4
https://doi.org/10.3390/jpm12060906
https://doi.org/10.3390/jpm12060906
https://doi.org/10.1038/s41430-018-0145-7
https://doi.org/10.1038/s41430-018-0145-7
https://doi.org/10.1007/s13679-024-00593-w
https://doi.org/10.1038/s41366-024-01614-3
https://doi.org/10.1038/s41366-025-01842-1
https://doi.org/10.1038/s41366-025-01842-1
https://doi.org/10.1109/TVCG.2019.2898748
https://doi.org/10.1109/TVCG.2019.2898748
https://doi.org/org/10.1007/978-981-10-8530-7_
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Minetto et al.

13. Minetto MA, Busso C, Ferraris A, Pietrobelli A, Shepherd JA, McCarthy C, et al.
Clinical anthropometrics and body composition from 3-dimensional optical imaging.
J Vis Exp. (2024) 208:e66698. doi: 10.3791/66698.

14. Zeng Y. Blue Measurement Guide. (2026). Available online at: https://github.com/
zengyh1900/3D-Human-Body- Shape/issues/41 (accessed March 5, 2026).

15. Caesar. Civilian American and European Surface Anthropometry Resource
(CAESAR) project. (2026). Available online at: https://humanshape.org/ CAESAR/
(accessed April 29, 2026).

16. Meshcapade. Teaching Al to see, understand and interact with humans. (2026).
Available online at: https://meshcapade.com/ (accessed April 10, 2026).

17. Wong MC, Ng BK, Tian I, Sobhiyeh S, Pagano I, Dechenaud M, et al. A pose-
independent method for accurate and precise body composition from 3D optical scans.
Obesity. (2021) 29:1835-47. doi: 10.1002/0by.23256

18. PyVista library. 3d Visualization And Mesh Analysis For Science And Engineering.
(2026). Available online at: https://docs.pyvista.org/ (accessed April 28, 2026).

19. Grubbs FE. Procedures for detecting outlying observations in samples.
Technometrics. (1969) 11:1-21. doi: 10.1080/00401706.1969.10490657

20. Passing H, Bablok W. A new biometrical procedure for testing the equality of
measurements from two different analytical methods. Application of linear regression
procedures for method comparison studies in clinical chemistry, part I. J Clin Chem
Clin Biochem. (1983) 21:709-20. doi: 10.1515/cclm.1983.21.11.709

21. Passing H, Bablok W. Comparison of several regression procedures for
method comparison studies and determination of sample sizes. Application of

Frontiers in Nutrition

13

10.3389/fnut.2026.1906710

linear regression procedures for method comparison studies in clinical chemistry,
part II. J Clin Chem Clin Biochem. (1984) 22:431-45. doi: 10.1515/cclm.1984.22.
6.431

22. Wong MC, McCarthy C, Fearnbach N, Yang S, Shepherd J, Heymsfield SB.
Emergence of the obesity epidemic: 6-decade visualization with humanoid avatars. Am
J Clin Nutr. (2022) 115:1189-93. doi: 10.1093/ajcn/nqac005

23. Bennett J, Wong MC, McCarthy C, Fearnbach N, Queen K, Shepherd J, et al.
Emergence of the adolescent obesity epidemic in the United States: five-decade
visualization with humanoid avatars. Int | Obes. (2022) 46:1587-90. doi: 10.1038/
s41366-022-01153-9

24. Horne M, Hardy M, Murrells T, Ugail H, Hill AJ. Using personalized
avatars as an adjunct to an adult weight loss management program: randomized
controlled feasibility study. JMIR Form Res. (2022) 6:€36275. doi: 10.2196/
36275

25. Wells JCK. Three-dimensional optical scanning for clinical body shape
assessment comes of age. Am ] Clin Nutr. (2019) 110:1272-4. doi: 10.1093/ajcn/
nqz258

26. Nunes JD, Vourvopoulos A, Blanco-Mora DA, Jorge C, Fernandes JC, Bermudez
I, et al. Brain activation by a VR-based motor imagery and observation task:
an fMRI study. PLoS One. (2023) 18:¢0291528. doi: 10.1371/journal.pone.02
91528

27. Naqvi WM, Nagqvi I, Mishra GV, Vardhan V. The dual importance of virtual reality
usability in rehabilitation: a focus on therapists and patients. Cureus. (2024) 16:¢56724.
doi: 10.7759/cureus.56724

frontiersin.org


https://doi.org/10.3389/fnut.2026.1906710
https://doi.org/10.3791/66698
https://github.com/zengyh1900/3D-Human-Body-Shape/issues/41
https://github.com/zengyh1900/3D-Human-Body-Shape/issues/41
https://humanshape.org/CAESAR/
https://meshcapade.com/
https://doi.org/10.1002/oby.23256
https://docs.pyvista.org/
https://doi.org/10.1080/00401706.1969.10490657
https://doi.org/10.1515/cclm.1983.21.11.709
https://doi.org/10.1515/cclm.1984.22.6.431
https://doi.org/10.1515/cclm.1984.22.6.431
https://doi.org/10.1093/ajcn/nqac005
https://doi.org/10.1038/s41366-022-01153-9
https://doi.org/10.1038/s41366-022-01153-9
https://doi.org/10.2196/36275
https://doi.org/10.2196/36275
https://doi.org/10.1093/ajcn/nqz258
https://doi.org/10.1093/ajcn/nqz258
https://doi.org/10.1371/journal.pone.0291528
https://doi.org/10.1371/journal.pone.0291528
https://doi.org/10.7759/cureus.56724
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	Avatar generator: a tool for prediction of three-dimensional humanoid avatars from manual anthropometric measurements
	1 Introduction
	2 Materials and methods
	2.1 Participants and protocol
	2.2 Body weight and height assessments
	2.3 Digital anthropometric assessment
	2.4 Manual anthropometric assessment
	2.5 Human body reshaping model
	2.6 Image processing
	2.7 Statistical analysis

	3 Results
	3.1 Sample characteristics
	3.2 Comparison between ground-truth and synthetic avatars
	3.3 Comparisons between anthropometric measurements obtained from ground-truth and synthetic avatars
	3.4 Comparisons between avatar-derived anthropometric measurements predicted through different models

	4 Discussion
	4.1 Limitations

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


