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ABSTRACT
Objectives: Body surface area (BSA) and body volume (BV) are crucial for understanding variations in body size and shape in 
humans. Direct measurement of BSA and BV is challenging due to the complex human body shape and variation in body pro-
portion and composition among humans. To address these limitations, we developed a multisegment model for estimating BSA 
and BV.
Materials and Methods: The multisegment model of the human body divides the body into eight segments, each represented 
by geometric solids determined by linear dimensions. The trunk segment was represented as a circular base cylinder, an elliptical 
base cylinder, and a cuboid to determine the most accurate trunk representation. BSA and BV were computed by summing the 
surface areas and volumes of these geometric solids. The estimation error of our multisegment model and the previous models 
was tested using 60 3D whole-body scans of males.
Results: Models with circular and cuboidal trunk shapes provide more accurate BSA estimates compared to the elliptical trunk 
model, while the cuboidal trunk model was the most accurate for BV estimation. Our cuboidal trunk model showed a similar 
estimation error for BSA but reduced the error for BV estimates by at least 5 percentage points compared to previously published 
models.
Discussion: Our model stresses the importance of accurate representation of the trunk segment with three different representa-
tions. The estimate of BSA has better accuracy than the BV estimate. The model's overall accuracy highlights its potential for 
broader applications in anthropological and physiological research.

1   |   Introduction

Body surface area (BSA) and body volume (BV) play import-
ant roles in understanding processes related to variation in 
body size and shape in past and present humans. Body surface 
area and body volume are scaling variables for physiological 
processes (Hosey-Cojocari et  al.  2021; Peters and Glass  2010; 
Vauthey 2002) and are used in the medical field in the treatment 
of burn injuries (Moore et al. 2024; Retrouvey et al. 2018) and 

drug dosing (Crawford et al. 1950; Pinkel 1958); but see (Felici 
et  al.  2002; Mathijssen et  al.  2007; Pai  2012). However, body 
surface area and body volume are also used in evolutionary and 
ecological studies related to human variation, explaining aspects 
such as thermoregulation, human ecogeographic differences 
(Blackburn and Hawkins  2004; Hora et  al.  2020; Ruff  1991; 
Wheeler 1992), or changes in body size and shape during human 
evolution (Collard and Cross  2017; Hora et  al.  2022, 2020; 
Ruff 1993; Ruxton and Wilkinson 2011; Wheeler 1984).
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Direct measurements of body surface area and body volume are 
not straightforward, given the complicated shape of the human 
body and the variation in body proportions and body composition. 
Techniques of direct measurement of body surface area, such as 
the coating method (Abernethy 1793), triangulation (Custor 1873; 
Fubini and Ronchi 1881), and planimetry (Roussy 1899) are labor-
intensive (Brožek et al. 1987; Tikuisis et al. 2001) with questionable 
reproducibility (Brožek et al. 1987) as well as questionable ethics 
(e.g., skinning a cadaver, Sappey 1852). Direct measurements of 
body volume using, for example, the water displacement tech-
nique (Robertson 1757), also resulted in difficulties with accuracy 
(Brožek et  al.  1987), and the underwater weighing method was 
impracticable in some cases (Siri  1961). Methods of direct mea-
surement of body volume are generally not within the scope of the 
average clinical laboratory (Wakat et al. 1971). Moreover, further 
development of direct body surface area and body volume mea-
surements using more sophisticated technical instruments, such 
as surface scanners (Dechenaud et al. 2021; Tikuisis et al. 2001) 
and photogrammetry (Pierson 1962), is limited due to their finan-
cial and time feasibility.

The main attempt to estimate body surface area and body volume 
so far was based on indirect techniques using regression equa-
tions. That is, the most frequent estimations of body surface area 
were based on regression equations using stature and body mass 
(Boyd 1935; DuBois and DuBois 1916; Gehan and George 1970; 
Haycock et al. 1978; Mosteller 1987; Yu et al. 2010). Body vol-
ume estimations were based on regression equations using stat-
ure, body mass, and body density (Sendroy and Cecchini 1959; 
Sendroy and Collison 1966; Wakat et al. 1971). Both stature and 
body mass are relatively easy to obtain from living humans, but 
body density is more complicated, given variation in body com-
position and individual fluctuation, and age-related changes be-
tween lean body mass and fat tissue (Krzywicki and Chinn 1967; 
Sendroy and Cecchini 1959; Sendroy and Collison 1966).

The regression equations for body surface area and body volume 
using stature and body mass were also applied to skeletal sam-
ples and fossil record (Churchill 2006; Collard and Cross 2017; 
Ruff 1993; Stibel 2023); however, in these, some of the limita-
tions observed in living humans were even more accentuated 
and had a larger impact on the resulting accuracy. While stature 
can be estimated from bones with reasonable accuracy (percent 
prediction error < 2%), body mass can be affected by an error 
even larger than 20% (Ruff et  al.  2012; Ruff and Wood  2023). 
Another factor influencing the accuracy of final body vol-
ume and surface area taken from the skeleton is preservation. 
Techniques with the highest accuracy, such as an anatomical re-
construction of stature (Maijanen 2009; Raxter et al. 2006) and 
bi-iliac breadth and stature for body mass estimation (Ruff and 
Wood 2023), are the most sensitive to the degree of preservation. 
Moreover, stature and body mass showed allometric variation 
among past populations due to differences in subsistence and 
ecological changes (Ruff and Wood 2023). Similarly, estimating 
body density from skeletal records is challenging, primarily due 
to the unknown variation in the proportion of lean body mass to 
fat among past populations.

For body surface area and body volume estimation, body pro-
portionality is often discussed regarding thermoregulation 
and ecogeographic rules (Bogin et  al.  2022; Churchill  2006; 

Geist  1990; Katzmarzyk and Leonard  1998; Ocobock  2024; 
Pomeroy et al. 2021; Ruff 1994). The effect of variation in body 
proportions on body surface area among human populations 
was partly solved using a geometric approach and a multiseg-
ment technique (Cross et al. 2008; Kasabova and Holliday 2015; 
Ruff 1991, 1993, 1994). The geometric approach for estimating 
body surface area was applied in Ruff's model using stature and 
bi-iliac breadth for computation (Ruff  1991, 1993, 1994). This 
model reflects variation in bi-iliac breadth and its effect on the 
body surface area to body volume ratio. In the multisegment 
technique, the body segments are represented by geometric sol-
ids that also reflect the variability in upper and lower limb pro-
portions (Cross et al. 2008; Kasabova and Holliday 2015). Each 
geometric solid can be defined by its length and radii (Kasabova 
and Holliday 2015) or circumferences (Cross et al. 2008), which 
are measured either by standard somatometric techniques on 
living humans (Cross et  al.  2008) or osteometric approaches 
from the skeletal record (Kasabova and Holliday 2015). Finally, 
body surface area and body volume are computed using the sum 
of surface areas and volumes of each segment (Kasabova and 
Holliday 2015).

The key limitation in the geometric approach and multisegment 
technique is the fact that it has been developed using values of 
body surface area and body volume derived from stature and 
body mass, rather than being directly measured on the body 
from which linear measurements were taken (Kasabova and 
Holliday 2015; Ruff 1991). Moreover, body volume was approx-
imated by body mass, but the density of different tissues of the 
body was replaced by the mean body density taken from medical 
research (Kasabova and Holliday 2015). Finally, some multiseg-
ment models so far have not included certain segments, such as 
the foot, or did not study each body part as an individual seg-
ment (Kasabova and Holliday 2015).

The goal of our paper is to develop a multisegment model for 
the estimation of body surface area and body volume, testing 
its accuracy using 3D body scans. We divided the human body 
into eight individual segments represented by simple geometric 
solids, with the division of upper and lower limbs into sepa-
rate parts, including the foot. We tested the approximation for 
trunk shape by three different geometric solids: a cylinder with 
a circular base, a cylinder with an elliptical base, and a cuboid. 
Body surface area and body volume were computed by summing 
selected geometric solids whose surface area and volume were 
calculated using linear dimensions obtained from surface scans 
of the human body. Computed body surface area and body vol-
ume were tested against the “true value” measured directly on 
the human body, taken from surface scans. Finally, we tested 
the agreement among previous techniques used for body surface 
area and body volume estimation (DuBois and DuBois  1916; 
Kasabova and Holliday 2015; Ruff 1991).

2   |   Material and Methods

2.1   |   Sample

Our sample, selected from Kordsmeyer and Penke (2019), con-
sisted of young adult males (n = 60; mean age: 24.6 ± 3.2 years, 
mean stature: 180.1 ± 10.0 cm, mean body mass: 78.1 ± 14.4 kg). 
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The sample is further characterized in Table  1 (see also 
Kordsmeyer et  al.  2018; Kordsmeyer and Penke  2019). 
Participants were mostly students from the University of 
Göttingen (Germany) of European origin. This study was ap-
proved by the Georg-Elias-Müller-Institute of Psychology's 
Ethics Committee (no. 111).

2.2   |   Multisegment Model

Our model for estimation of body surface area and body 
volume consists of three central segments (head, neck, and 
trunk) and five bilateral segments (upper arm, forearm, thigh, 
lower leg, and foot), and is visualized in Figure 1. Each body 
segment was represented by a geometric solid. The head seg-
ment was modeled as a sphere, and the neck segment as a 
cylinder. We modeled three variants of the trunk segment: 
(1) circular trunk as a cylinder with a base of a circle (model 
with circular trunk), (2) elliptical trunk as a cylinder with the 
base of an ellipse (model with elliptical trunk), and (3) cuboi-
dal trunk as a cuboid (model with cuboidal trunk). The upper 
arm, thigh, and lower leg were modeled as a cylinder, the 
forearm as a conical frustum, and the foot segment as a half-
cylinder. Equations for the estimation of segmental surface 
area and segmental volume are provided in Table 2. Surface 
areas of segments modeled as a cylinder, cuboid, and conical 
frustum (neck, trunk, upper arm, forearm, thigh, and lower 
leg) excluded the bases. In head surface area, we subtracted 
the base of the neck segment to account for the articulation 
of the head and neck. In foot surface area, we subtracted the 
distal base of the lower leg segment to account for the artic-
ulation of the lower leg and foot (Table  2). We excluded the 
hand as an individual segment from our model due to the im-
possibility of measuring its surface area and volume on our 
body scans, resulting in the omission of approximately 5% of 
the total body surface area (Hsu and Yu 2010; Lee et al. 2007; 
Yu et al. 2008; refer to Table 3 for relative hand surface area 
values from literature) and 1.3% of the body volume (Kasabova 

TABLE 1    |    Sample description.

Mean SD Minimum Maximum

Age (years) 24.6 3.2 18.0 34.0

Stature (cm) 180.1 10.0 159.7 201.2

Body mass 
(kg)

78.1 14.4 52.7 109.8

BMI (kg/m2) 24.0 3.8 17.1 35.9

Bi-iliac 
breadth (cm)

32.0 2.6 27.9 37.7

Lower limb 
length (cm)

79.4 5.4 67.9 92.0

Body surface 
area (m2)

1.9 0.2 1.5 2.4

Body volume 
(dm3)

78.8 14.3 52.4 111.3

Note: BMI denotes body mass index. Lower limb length is defined as the sum 
of thigh length (as defined in Table 4) and the distance of the Tibiale externum 
point from the ground.

FIGURE 1    |    Multisegment model with trunk variants. Presented model variants with trunk segment cross-sections of one representative individ-
ual at level of the chest circumference in the normal position (M 61) (first row), waist level (M 62) (second row), level of the point iliocristale (third 
row), and level of hip circumference (M 64(1)) (fourth row) interleaved on the outline of the circular model (A), elliptical model (B), and cuboidal 
model (C).
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and Holliday  2015). To incorporate each hand segment into 
the whole-body surface area and volume estimate, we calcu-
lated hand surface area and volume so that they accounted 
for 2.5% of the body surface and 0.65% of the body volume. 
Estimated body surface area and estimated body volume were 
obtained by summing the calculated surface areas and vol-
umes of individual segments, respectively.

2.3   |   Imaging

The true values for body surface area and body volume 
were obtained from surface scanning images. Each partic-
ipant was scanned using a VitussmartXXL scanner (Human 
Solutions GmbH, Kaiserslautern, Germany) with a cubic 
scanning volume according to the DIN EN ISO 20685 with 
a data density of 27 points/cm2 (Bretschneider et  al.  2009; 
Kordsmeyer et  al.  2019). Each participant wore tight under-
wear (Kordsmeyer et  al.  2019). During a 10-s scan, partici-
pants were instructed to breathe normally. Each participant 
was standing straight with legs hip-width apart, upper limbs 

stretched out and held slightly away from the body, making 
fists with the thumbs pointing forward, and head in line with 
the Frankfort horizontal (for a detailed description of the 
scanning protocol, see Kordsmeyer et al. 2019).

2.4   |   Measurements

Surface, volume, and individual measurements were taken 
from surface scans using the 3D Measure Up V software 
(ver. 2.2, ProtoTech Solutions, Pune, Maharashtra, India). 
All measurements were taken by a single observer; therefore, 
interobserver error does not affect the presented results. The 
coefficient of variation of all measurements was below 3%, in-
dicating a suitable level of accuracy for practical application. 
True values for surface area and volume were taken either 
from the whole body or from each segment defined in Figure 1. 
Surface and volume for segments were taken between mea-
sured planes placed at the boundary between two segments. 
Finally, estimated surface areas and volumes were computed 
from equations representing geometric properties of each seg-
ment (Table  4) using 17 anthropometric measurements, fol-
lowing the technique described by Knussmann (1988).

2.5   |   Analyses

We tested the accuracy of our estimates of segmental surface 
areas, segmental volumes, body surface area, and body volume 
relative to scanned values using Pearson's correlation coeffi-
cient, reduced major axis regression in linear and logarithmic 
space, mean percentage difference, mean percentage absolute 
difference, and standard error of the estimate. The reduced 
major axis (RMA) regression analysis was chosen here over the 
ordinary least squares regression or major axis regression, as 
it is preferable when the variables on both axes are subject to 
error (Aiello 1992; Sokal and Rohlf 1995). To determine if the 
ratio between estimated and scanned values is isometric, we as-
sessed whether the slope given by the RMA regression equation 

TABLE 2    |    Equations for calculation of the surface area and volume of segments.

Segment Surface area Volume

Head Shead = 4�rhead
2
− �rneck

2 Vhead =
4

3
�rhead

3

Neck Sneck = 2�rneckhneck Vneck = �rneck
2hneck

Circular trunk Scirculartrunk = 2�rmlhtrunk Vcirculartrunk = �rml
2htrunk

Elliptical trunk Sellipticaltrunk = �
3

2

�

rml + rap
�

−
√

rmlraphtrunk Vellipticaltrunk = �rmlraphtrunk

Cuboidal trunk Scuboidaltrunk = 2
(

2rmlhtrunk + 2raphtrunk
)

Vcuboidaltrunk = 2rml2raphtrunk

Upper arm Supperarm = 2�rupperarmlupperarm Vupperarm = �rupperarm
2lupperarm

Forearm
Sforearm = �

(

rupperarm + rforearm
)

√

lforearm
2
+

(

rupperarm−rforearm
)2 Vforearm =

�lforearm
3

(

rupperarm
2
+ rupperarmrforearm + rforearm

2
)

Thigh Sthigh = �rthighlthigh Vthigh = �

(

rthigh

2

)2

lthigh

Lower leg Slowerleg = 2�rlowerlegllowerleg Vlowerleg = �rlowerleg
2llowerleg

Foot Sfoot = �rfoot
(

rfoot + lfoot
)

+ 2rfootvfoot − �rankle
2

Vfoot =
�rfoot

2lfoot
2

Note: For the definition of abbreviations, see Table 4.

TABLE 3    |    Relative hand surface area from literature.

Study
Sample 

size

Hand 
surface 

area 
(%BSA) SD

Studied 
sample

Tikuisis 
et al. (2001)

12 2.48 0.46 Italy, 
Netherlands, 

USA

Yu 
et al. (2008)

135 2.39 0.23 Taiwan

Lee 
et al. (2007)

34 2.46 0.19 South Korea

Note: All referenced samples are males.

 26927691, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajpa.70256 by G

eorg-A
ugust-U

niversitaet, W
iley O

nline L
ibrary on [14/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 13American Journal of Biological Anthropology, 2026

in logarithmic space differs from 1.0 based on the confidence 
interval and p value. We also calculated the surface area and 
volume of individual segments relative to the whole body. We 
calculated the mean percentage difference (MD%) to assess 
overestimation and underestimation, and the mean percentage 
absolute difference (MAD%) to assess the accuracy following 
Sládek et al. (2010) as follows:

where EV is the estimated value, SV is the scanned value, and n 
is the number of participants. The MD% corresponds to the bias 

parameter in the Bland–Altman analysis when the differences 
between methods are expressed as percentages of the true value. 
Additional Bland–Altman parameters are presented in Figure S1. 
To assess the biological importance of MAD%, we compared the 
absolute units given by MAD% with the standard deviation of BSA 
and BV, respectively. We calculated the standard error of estimate 
(%SEE) in order to be able to compare this value given by previous 
models on our dataset with that previously published, following 
Pineau and Ramirez Rozzi (2022), as follows:

All statistical analyses were done in Microsoft Excel and 
Past 4.01.

(1)
MD% =

n
∑

i= 1

��

EVi − SVi
�

∕SVi
�

⋅ 100

n
,

(2)
MAD% =

n
∑

i= 1

�

EVi − SVi� ∕SVi
�

⋅ 100

n
,

(3)%SEE =

⎛

⎜

⎜

⎜

⎜

⎜

⎝

�

1

n

n
∑

i= 1

�

SVi−EVi
�2

SVi

⎞

⎟

⎟

⎟

⎟

⎟

⎠

⋅ 100

TABLE 4    |    Body dimensions.

Dimension Abbreviation Description

Head radius rhead Half of the distance between glabella and opisthocranion points (M 1)

Neck radius rneck Calculated from the measured neck circumference (M 63) using the 
formula: rneck =

Cneck
2�

, where Cneck is the circumference of the neck

Trunk mediolateral radius rml Half of the bi-iliac breadth (M 40)

Trunk anteroposterior radius rap Half of the distance between iliospinale anterius and 
iliospinale posterius points [M 43(1)]

Upper arm radius rUA Half of the biepicondylar width of the humerus [M 52(3)]

Forearm distal radius rforearm Half of the distal diameter of the forearm [M 52(4)]

Thigh radius rthigh Quarter of the bi-iliac breadth (M 40)

Lower leg radius rlower leg Half of the distance between merion laterale and merion mediale points (M 59d)

Foot half-cylinder radius rfoot Half of the distance of the supratarsale tibiale point from the ground

Radius of subtracted circle rankle Half of the distance between supratarsale tibiale and supratarsale fibulare 
points (M 59e) which is the radius of the circle whose contents have been 

deducted due to the segment's connection to the lower leg segment

Neck height hneck Determined by subtracting the distances of the gnathion point from the 
ground [M 3(1)] and of the cervicale point from the ground (M 19)

Trunk height htrunk Determined by subtracting the distance of the cervicale point from 
the ground (M 19) and the sum of the thigh segment length (lthigh) 

and the distances of the tibiale externum point from the ground

Upper arm length lUA Upper arm length (M 47)

Forearm length lforearm Forearm length

Thigh length lthigh Determined by subtracting the distances of the iliospinale anterius point 
from the ground (M 13) and of the tibiale externum point from the ground 
which determined the value from which we subtracted 7% to obtain the 
length of the femur (Fetter et al. 1967), from which we subtracted 27% of 
the length to obtain the final length of the thigh segment, as roughly this 

portion of the femur occurs above the crotch area and is therefore assigned 
to the trunk segment (Collard and Cross 2017; Cross et al. 2008)

Lower leg length llower leg Determined by subtracting the distances of the tibiale externum point 
from the ground and of the supratarsale tibiale point from the ground

Foot length lfoot Foot length (M 58)

Note: Labels in parentheses correspond to the numbering system used in Knussmann (1988).
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3   |   Results

Segmental surface area estimation statistics are given in Table 5. 
Plots of the estimated segmental surface area against scanned 
segmental surface area in logarithmic space are shown in 
Figure  2. Segmental surface area estimates were significantly 
correlated with the scanned segmental surface area (Pearson's r: 
0.652–0.903; p < 0.001), with the lowest correlation coefficients 
being in the head (r = 0.715) and upper arm (r = 0.652). The es-
timated segmental surface areas of the head, trunk, forearm, 
thigh, lower leg, and foot were isometric to the scanned segmen-
tal surface area. The estimated surface area of the upper arm 
segment showed negative allometry, and the estimated neck 
segmental surface area showed positive allometry. Segmental 
surface area was overestimated in the circular trunk, cuboidal 
trunk, and thigh as indicated by positive MD% (p < 0.001) and 

underestimated in all other segments as indicated by negative 
MD% (p < 0.001). All segments had MAD% significantly differ-
ent from zero (p < 0.001). The MAD% between the estimated 
and scanned segmental surface area was 6%–10% for most of the 
segments except for the elliptical trunk (13%), head (15%), and 
neck (33%).

Segmental volume estimation statistics are given in Table 6. Plots 
of the estimated segmental volume against scanned segmental 
volume in logarithmic space are shown in Figure 3. Segmental 
volume estimates were correlated with the scanned segmental 
volume (Pearson's r > 0.621; p < 0.001), especially for the trunk 
and neck segments (Pearson's r = 0.898–0.914; p < 0.001). The 
estimated segmental volumes of the head, neck, trunk, fore-
arm, thigh, lower leg, and foot were isometric to the scanned 
segmental surface area. The estimated volume of the upper 

TABLE 5    |    Statistics for estimation of the surface area of segments of our model.

Model Pearson's r RMA regression Log slope (CI) MD% (SD) MAD% (SD) %SEE

Head 0.715*** y = 0.7002x + 214.040 0.844 (0.633; 1.017) −14.90 (7.01)*** 14.93 (6.94)*** 17.27

Neck 0.807*** y = 0.7792x − 24.339 1.235 (1.026; 1.410)* −32.57 (12.31)*** 32.57 (12.31)*** 36.80

Circular trunk 0.898*** y = 1.0263x + 86.702 0.988 (0.852; 1.085) 4.01 (5.46)*** 5.69 (3.68)*** 6.75

Elliptical trunk 0.892*** y = 0.8719x – 35.281 1.008 (0.873; 1.110) −13.19 (4.75)*** 13.19 (4.75)*** 14.40

Cuboidal trunk 0.889*** y = 1.1030x − 83.874 1.014 (0.871; 1.119) 9.26 (6.08)*** 9.52 (5.68)*** 10.99

Upper arm 0.652*** y = 0.5421x + 322.670 0.642 (0.431; 0.778)* −5.11 (11.23)*** 8.79 (8.66)*** 16.63

Forearm 0.903*** y = 0.9816x – 39.661 1.074 (0.940; 1.199) −8.60 (4.79)*** 8.67 (4.65)*** 10.01

Thigh 0.769*** y = 1.1282x – 118.700 1.044 (0.855; 1.198) 5.86 (8.64)*** 8.12 (6.56)*** 10.34

Lower leg 0.873*** y = 1.0179x – 60.088 1.058 (0.896; 1.180) −3.28 (6.46)*** 6.16 (3.82)*** 7.38

Foot 0.826*** y = 1.1757x – 124.740 1.249 (0.993; 1.456) −3.94 (6.86)*** 6.09 (5.05)*** 7.83

Note: Pearson's r is the result of correlation between estimated surface area and scanned surface area; Equation of reduced major axis regression; Log slope (CI), slope 
of reduced major axis regression equation in logarithmic space with confidence interval of the slope; MD%, mean percentage difference; MAD%, mean percentage 
absolute difference; %SEE, standard error of estimate; For Pearson's r, MD%, and MAD% the asterisks denote significant difference from zero; For Log slope the 
asterisk denotes significant difference from 1. Levels of significance are labeled as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 2    |    RMA regression plot of estimated surface area (SA) against scanned SA in logarithmic space for individual segments. The dashed line 
represents a hypothetical isometric model.
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arm segment showed negative allometry. Our models overes-
timated the volume of the circular trunk, cuboidal trunk, and 
thigh, as indicated by positive MD% (p < 0.001), and underesti-
mated all other segments, as indicated by negative MD% values 
(p < 0.01). All segments had MAD% significantly different from 
0 (p < 0.001). The MAD% between the scanned and estimated 
segment volume was below 10% for the head and cuboidal trunk, 
10%–20% for most of the segments, and > 20% for circular trunk, 
upper arm, and foot.

Relative surface area and volume of scanned segments are given 
in Table 7. The trunk segment had the highest impact on both 
body surface area and body volume, accounting for 37% and 
59%, respectively. The thigh segment had the second highest 
contribution, followed by the lower leg and upper arm segments. 
Among all segments, the neck contributed the least, represent-
ing roughly 1% of both body surface area and body volume.

Body surface area (BSA) estimation statistics are given in Table 8. 
Plot of the estimated BSA against scanned BSA in logarithmic 
space is shown in Figure 4. The results of the Bland–Altman anal-
ysis are presented in Figure S1. The estimated BSA of each tested 
model was highly correlated with the scanned BSA (Pearson's 
r = 0.928–0.970; p < 0.001). The estimated BSA of all models was 
isometric to the scanned BSA except the Ruff model (1991), which 
showed positive allometry. Our model with a circular trunk over-
estimated BSA by 1%, and the model with a cuboidal trunk by 3%, 
as indicated by positive MD% values, whereas the model with an 
elliptical trunk underestimated BSA by 6%. All previously pub-
lished models had positive MD% and thus overestimated the BSA 
by 4%–6% (p < 0.001). All models had MAD% significantly differ-
ent from 0 (p < 0.001). Estimates of BSA from our circular-trunk 
model had the lowest MAD%, followed by those from our cuboidal-
trunk model and the previously published models. Our model with 
an elliptical trunk had the highest MAD% of all models.

TABLE 6    |    Statistics for the estimation of the volume of segments of our model.

Model Pearson's r RMA regression Log slope (CI) MD% (SD) MAD% (SD) %SEE

Head 0.692*** y = 0.8606x + 486.960 0.908 (0.728, 1.059) −3.51 (9.76)** 7.83 (6.80)*** 11.39

Neck 0.910*** y = 0.9144x − 20.177 1.077 (0.892, 1.209) −11.72 (12.07)*** 12.91 (10.79)*** 17.64

Circular trunk 0.914*** y = 1.2049x + 2959.600 0.927 (0.794, 1.033) 27.60 (10.97)*** 27.60 (10.97)*** 28.73

Elliptical trunk 0.898*** y = 0.8206x + 198.210 0.974 (0.833, 1.107) −17.07 (8.20)*** 17.61 (6.96)*** 19.80

Cuboidal trunk 0.898*** y = 1.0448x + 252.370 0.974 (0.828, 1.098) 5.59 (10.44)*** 9.08 (7.61)*** 10.82

Upper arm 0.760*** y = 0.6486x + 222.180 0.869 (0.745, 0.990)* −22.59 (10.30)*** 22.64 (10.20)*** 27.48

Forearm 0.802*** y = 0.8411x + 69.544 0.927 (0.774, 1.060) −7.86 (11.16)*** 11.26 (7.71)*** 14.85

Thigh 0.768*** y = 1.1892x – 228.870 0.994 (0.821, 1.325) 16.08 (15.18)*** 17.96 (12.90)*** 21.17

Lower leg 0.799*** y = 0.9824x – 116.190 1.077 (0.899, 1.207) −5.29 (12.13)** 11.19 (7.05)*** 13.86

Foot 0.621*** y = 0.8776x − 74.510 1.189 (0.879, 1.446) −20.39 (10.90)*** 20.49 (10.69)*** 25.28

Note: For description of symbols and variables see Table 5.

FIGURE 3    |    RMA regression plot of estimated volume (V) against scanned V in logarithmic space for individual segments. The dashed line rep-
resents a hypothetical isometric model.
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Body volume (BV) estimation statistics are provided in Table  9. 
The plot of the estimated BV against scanned BV in logarithmic 
space is shown in Figure 5. The results of the Bland–Altman anal-
ysis are presented in Figure S1. The estimated BV of each tested 
model was highly correlated with the scanned BV (Pearson's 
r = 0.915–0.939; p < 0.001). The estimated BV of all models was iso-
metric to the scanned BV. The model with a cuboidal trunk had 
the MD% closest to 0%. The model with an elliptical trunk and the 
Kasabova and Holliday model (Kasabova and Holliday 2015) un-
derestimated BV, and the model with a circular trunk and the Ruff 
model (Ruff 1991) overestimated the BV. The MAD% of our model 
with a cuboidal trunk (6%) was lower than in our other models 
(10%–16%) and in previously published models by Kasabova and 
Holliday (2015; 11%), and Ruff (1991; 86%). Comparison of MAD% 
with the standard deviation of scanned volume showed that the 
MAD% of the model with an elliptical and cuboidal trunk is 
smaller than the standard deviation. The model with a circular 
trunk had MAD% larger than the standard deviation.

4   |   Discussion

We have presented a new technique for estimating body sur-
face area and body volume and tested it using 3D whole-body 
scans using a multisegment model with circular, elliptical, 
and cuboidal geometric approximations for the trunk. Body 
surface area was overestimated by the circular-trunk model 

by 1% and by the cuboidal-trunk model by 3%, respectively, 
and it was underestimated by the elliptical-trunk model by 
6%. For body volume, the model with a cuboidal trunk over-
estimates BV by 3%, and the model with an elliptical trunk 
by 10%. The model with a circular trunk overestimates BV by 
17% and therefore does not seem suitable for BV estimation. 
Individual body segments differ in their contribution to BSA 
and BV, with the trunk segment having the most important 
impact, making a crucially accurate estimation of trunk seg-
mental surface area and segmental volume.

Previous studies used a cylinder with a circular base for mod-
eling the trunk segment in BSA and BV estimations (Cross 
et  al.  2008; Kasabova and Holliday  2015; Ruff  1991, 1993, 
1994). However, Kasabova and Holliday (2015) proposed that 
an elliptical trunk base would provide a more accurate esti-
mate of BSA and BV, due to the anteroposteriorly flattened 
chest. Our results suggest that a trunk with a circular shape 
provides a more accurate estimation of BSA, but a less accu-
rate estimation of BV, compared to a trunk with an elliptical 
shape. The anteroposteriorly flattened thorax is also reflected 

TABLE 7    |    Relative surface area and volume of body segments.

Relative surface 
area (% of BSA)

Relative volume 
(% of BV)

Head 7.60 6.50

Neck 1.22 0.76

Trunk 36.61 59.04

Upper arm 4.27 2.46

Forearm 3.02 1.24

Thigh 8.51 7.72

Lower leg 5.98 3.66

Foot 3.01 1.12

TABLE 8    |    Statistics for estimation of the body surface area by present and previous models.

Model Pearson's r RMA regression Log slope (CI) MD% (SD)a MAD% (SD) %SEE

Circular 0.964*** y = 1.0227x − 0.0259 0.985 (0.915, 1.050) 1.00 (2.74)** 2.53 (1.45)*** 2.95

Elliptical 0.965*** y = 0.9462x − 0.0081 0.980 (0.910, 1.043) −5.75 (2.48)*** 5.75 (2.48)*** 6.36

Cuboidal 0.963*** y = 1.0502x − 0.0388 1.009 (0.937, 1.073) 3.06 (2.79)*** 3.56 (2.12)*** 4.15

DuBois and 
DuBois (1916)

0.970*** y = 1.0707x − 0.0595 1.030 (0.971, 1.073) 3.96 (2.74)*** 3.96 (2.74)*** 4.79

Ruff (1991) 0.928*** y = 1.1942x − 0.2885 1.119 (1.015, 1.211) * 4.18 (4.44)*** 5.18 (3.22)*** 6.30

Kasabova and 
Holliday (2015)

0.963*** y = 1.0467x + 0.0175 0.989 (0.914, 1.055) 5.67 (2.89)*** 5.67 (2.89)*** 6.30

Note: For description of symbols and variables see Table 5.
aMD% values correspond to the bias parameter from the Bland–Altman analysis, as presented in Figure S1.

FIGURE 4    |    RMA regression plot of estimated body surface area 
(BSA) against scanned BSA for present and previous models in logarith-
mic space. The black dashed line represents a hypothetical isometric 
model.
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by the representation by cuboidal shape. Surprisingly, the cu-
boidal shape is the most accurate for estimating BV, although 
the circular shape is still the best option for estimating BSA. 
Overall, the models with circular and cuboidal trunks are 
comparable when estimating BSA, and for BV, the model with 
a cuboidal trunk surpasses the others. The elliptical shape did 
not improve the accuracy of BSA and BV estimates and was 
the least accurate in our results. While accuracy is influenced 
by the measurements used in the model, the elliptical shape 
might perform differently if other dimensions were used in-
stead of bi-iliac breadth and the distance between the anterior 
and the posterior superior iliac spines. We chose these dimen-
sions for their reliable measurability in both living individuals 
and skeletal material, which would be challenging with other 
dimensions.

Estimates of trunk segmental surface area and volume are cru-
cial for calculating BSA and BV, as the trunk accounts for 37% 
of BSA and 59% of BV. This substantial contribution results in 
similar trends in accuracy, underestimation, and overestimation 

between trunk surface area and volume estimations and over-
all BSA and BV estimations. This also implies that further im-
provement in BSA and BV estimations depends on improving 
the representation of the trunk segment, which could signifi-
cantly enhance overall accuracy. The trunk segmental surface 
area is the most accurately estimated by the model with circular 
trunk shape (overestimates by 4%), followed by cuboidal trunk 
shape (overestimates by 9%). Regarding trunk segmental vol-
ume, the cuboidal trunk proves to be the most accurate (over-
estimates by 6%), while the circular trunk shape exhibits lower 
accuracy (overestimates by 28%). The overestimation observed 
in the circular and cuboidal trunk segmental surface area and 
volume is also reflected in the model's overestimation of BSA 
and BV, although the overestimation in whole-body estimates is 
less pronounced.

The segments other than the trunk exhibit varying levels of accu-
racy in surface area and volume estimation, with mean absolute 
percentage differences ranging from 6% to 15% for surface area 
and from 8% to 23% for volume. The thigh segment, along with 
the circular and cuboidal trunk segments, overestimates both 
surface area and volume. In contrast, the remaining segments 
generally underestimate their surface area and volume. The un-
derestimation observed in these segments offsets the overestima-
tion in the circular trunk, cuboidal trunk, and thigh segmental 
surface area and volume estimates. This balancing effect helps 
compensate for the pronounced overestimation in the trunk 
segment, resulting in a more accurate overall estimate of BSA 
and BV. However, issues arise when focusing on the surface area 
and volume of individual segments. While underestimation and 
overestimation counterbalance each other in BSA and BV esti-
mates, this offset does not occur in segmental estimates. As a re-
sult, the use of segmental surface area and volume estimates may 
be inappropriate in certain instances, such as when assessing the 
effect of limb surface area-to-volume ratio in thermoregulatory 
studies. Nonetheless, the surface area estimates of limb segments 
tend to have less pronounced underestimation and overestima-
tion compared to volume estimates, making the use of segmen-
tal surface area in heat loss calculations potentially feasible; but 
note that the upper arm showed a weaker estimated–scanned 
surface area correlation, likely reflecting soft-tissue variability 
(e.g., muscle and adipose tissue) that is not fully captured by the 
skeletal predictors.

A potential next step in the analysis of multisegmental mod-
els would be to evaluate how segment subdivision impacts the 

TABLE 9    |    Statistics for estimation of the body volume by present and previous models.

Model Pearson's r RMA regression Log slope (CI) MD% (SD)a MAD% (SD) %SEE

Circular 0.935*** y = 1.1509x + 0.8392 0.970 (0.871, 1.050) 16.45 (7.27)*** 16.49 (7.18)*** 17.80

Elliptical 0.937*** y = 0.8766x + 1.4091 0.968 (0.870, 1.048) −10.30 (5.63)*** 10.42 (5.40)*** 12.33

Cuboidal 0.933*** y = 1.0292x + 0.0851 0.983 (0.880, 1.063) 3.28 (6.75)*** 6.11 (4.35)*** 7.36

Ruff (1991) 0.915*** y = 1.9837x – 9.7968 1.038 (0.916, 1.134) 86.12 (13.76)*** 86.12 (13.76)*** 88.35

Kasabova and 
Holliday (2015)

0.939*** y = 0.8342x + 3.9503 0.940 (0.845, 1.022) −11.24 (5.40)*** 11.26 (5.36)*** 13.26

Note: For description of symbols and variables see Table 5.
aMD% values correspond to the bias parameter from the Bland–Altman analysis, as presented in Figure S1.

FIGURE 5    |    RMA regression plot of estimated body volume (BV) 
against scanned BV for present and previous models in logarithmic 
space. The black dashed line represents a hypothetical isometric model.
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accuracy of body surface area and volume estimations. This 
could aim to determine the optimal number of segments re-
quired to maximize accuracy. Previous research has shown 
that body surface area and volume can be approximated using 
a simplified model that represents the body as a single cylin-
drical segment. However, our findings reveal that while this 
cylindrical model is well-suited to compute body surface area, 
it provides low accuracy for body volume. Furthermore, our 
results suggest that the accuracy of both body surface area 
and volume estimates could potentially be enhanced by sep-
arating the thoracic/abdominal region from the pelvic area 
and applying distinct geometric representations to each seg-
ment. This refined method not only addresses the limitations 
of the single-segment model but also raises questions about 
the impact of further body segmentation on estimation accu-
racy. Future research could explore the relationship between 
model complexity and accuracy, potentially revealing an opti-
mal balance between segmentation detail and computational 
efficiency.

The main contribution of our analysis, however, is its test-
ing against true values obtained from scanned surface area 
and volume values, rather than the estimated values used in 
Ruff  (1991) and Kasabova and Holliday  (2015), who relied 
on independently estimated body surface area and mass. A 
comparison of our model estimates with previous models' 
estimates of BSA shows that previous and our models have 
good accuracy, with MAD% between 2% and 6%. Our mod-
el's BV estimates, as well as the ones from Kasabova and 
Holliday (2015), have a comparable MAD% range of 6%–16%, 
whereas Ruff  (1991) overestimates BV (MAD% = 86%). The 
large overestimation in Ruff 's model, which visualizes the 
whole body as a single cylinder with a circular base, could be 
due to less matter around the head and lower limbs compared 
to the trunk, which influences the width of the cylinder used 
to model the whole body. Despite comparable accuracy among 
models, our circular-trunk and cuboidal-trunk models gen-
erally yield better BSA and BV estimates, respectively, across 
most test results.

Although our model has been tested only in living humans, 
most of the required anthropometric dimensions have a skeletal 
counterpart. Our model should therefore be applicable to skele-
tal material after soft-tissue adjustment or after testing its accu-
racy using whole-body CT scans. Additionally, a larger number 
of dimensions required by our model places a relatively high 
demand on the degree of preservation, or necessitates the use 
of equations to calculate missing dimensions. Thus, in terms of 
the number of dimensions required, it might be desirable to use 
the DuBois and DuBois equation using body height and body 
mass (DuBois and DuBois  1916), the Ruff model using body 
height and pelvic bi-iliac breadth (Ruff 1991), or Kasabova and 
Holliday (2015) model requiring body height and eight other di-
mensions measured (Kasabova and Holliday 2015). The applica-
bility of the new model to skeletal material is also limited by the 
lack of an osteometric representation of the neck diameter. Since 
the neck segment accounts for less than 1% of the BSA and BV, 
we do not consider this problematic.

Our model was tested only on adult male bodies and may not 
be generalizable to female and non-adult bodies that deviate 

in size and proportions from our sample. Although our sample 
had a higher mean body mass (78 kg) and stature (180 cm) than 
any of the 31 male samples from diverse ecogeographic regions 
compiled by Ruff (1994; 43–76 kg, 145–175 cm) (Figure S2), indi-
vidual variation in our sample overlaps with averages from 84% 
of these populations (excluding the five populations with the 
lowest body mass) and should be thus broadly representative of 
human male variation in overall body shape. More importantly, 
the accuracy of our models does not appear to be systematically 
influenced by body size or body proportions, as indicated by 
the absence of significant correlations between MD% and body 
mass, lower limb length/stature, trunk height/stature, or bi-iliac 
breadth/stature (Figures S3 and S4). These results indicate that 
our models are applicable to men from other populations with 
diverse body sizes and proportions and are thus useful for study-
ing ecogeographical variation in BSA and BV. The robustness of 
our models to variation in body size and proportions also sug-
gests that the balancing between overestimated and underesti-
mated segments holds across this variation.

5   |   Conclusions

This study presented a new model for estimating BSA and BV, 
comprising three variants that differ in the representation of 
trunk segments. The model variants were tested using 3D whole-
body scans of living participants. Presented model variants 
allow for BSA and BV estimations as well as segmental surface 
area and volume estimations with varying accuracy. While the 
circular and cuboidal trunk and thigh segments tended to over-
estimate surface area and volume, other segments generally un-
derestimated these metrics, resulting in higher accuracy of the 
presented model for whole-body estimation than for segmental 
estimations. This underscores challenges in applying segmental 
estimates, particularly in studies involving limb surface area to 
volume ratio in thermoregulation.

In conclusion, we recommend using models with circular and 
cuboidal trunks for BSA estimates, while the model with a cu-
boidal trunk is recommended for BV estimates. However, if BSA 
and BV need to be estimated together (e.g., in the case of com-
puting the BSA-to-BV ratio), we recommend using the estimate 
based on the cuboidal-trunk model.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Bland–Altman analysis of 
body surface area (BSA) and body volume (BV) estimates generated by 
our models (top two rows) and by previously published models (bottom 
two rows). Differences between methods (Y-axis) are expressed as a per-
centage of the scanned value; accordingly, the bias values correspond to 
the mean percentage difference (%MD) reported in Tables 8 and 9. The 
solid line represents the ordinary least squares fit (in case of slope being 
significantly different from zero), with shaded areas indicating the 95% 
confidence interval. Figure S2: Relationship between stature and body 
mass in our sample 14 (both sample mean and individual data points 
are shown) and other male samples from five ecogeographic regions 
(only means are shown, solid line: reduced major axis regression; Ruff 
1994). Figure S3: Bivariate distributions showing the relationships 
between the mean percentage difference (%MD) of body surface area 
(BSA) estimates and variables representing body size and proportions. 
Lower limb length is defined in Table 1, and trunk height and bi-iliac 
breadth are both defined in Table  4. Pearson correlation analysis re-
vealed no statistically significant associations in any of the models. The 
analysis had 80% statistical power to detect an effect size of r ≥ 0.511. 
Figure S4: Bivariate distributions showing the relationships between 
the mean percentage difference (%MD) of body volume (BV) estimates 
and variables representing body size and proportions (as described in 
Figure S3). Pearson correlation analysis revealed no statistically signif-
icant associations in any of the models. The analysis had 80% statistical 
power to detect an effect size of r ≥ 0.511. 
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