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Abstract: Body composition assessment helps conducting a healthy life or tracking the effectiveness
of a weight management therapy. Ultrasound (US)-based body composition research has gained
momentum because of the emergence of portable and inexpensive instruments bundled with user-
friendly software. Previously, US-based assessment of body fat percentage (% BF) was found
precise, but inaccurate in certain populations. Therefore, this study sought to compute % BF from
subcutaneous fat thicknesses (SFs) given by US converting an anthropometric formula that involves
skinfold thicknesses (SKFs) measured at the same sites. The symmetry of the body with respect
to the central sagittal plane is an underlying assumption in both anthropometry and US-based
body composition assessment, so measurements were taken on the right side of the body. Relying
on experimental data on skinfold compressibility, we adapted 33 SKF formulas for US use and
tested their validity against air displacement plethysmography on a study group of 97 women
(BMI = 25.4 ± 6.4 kg/m2, mean ± SD) and 107 men (BMI = 26.7 ± 5.7 kg/m2). For both sexes, the
best proprietary formula had Lin’s concordance correlation coefficient (CCC) between 0.7 and 0.73,
standard error of estimate (SEE) < 3% BF and total error (TE) > 6% BF—mainly because of the
underestimation of % BF in overweight and obese subjects. For women (men) the best adapted
formula had CCC = 0.85 (0.80), SEE = 3.2% (2.4%) BF, and TE = 4.6% (5.4%) BF. Remarkably, certain
adapted formulas were more accurate for overweight and obese people than the proprietary equations.
In conclusion, anthropometric equations provide useful starting points in the quest for novel formulas
to estimate body fat content from ultrasound measurements.

Keywords: A-mode ultrasound; body fat percentage; air displacement plethysmography

1. Introduction

Human body composition is of interest from many points of view [1]. Since body
composition measurements are within reach of the general population, many people are
eager to track their body composition while trying to adopt a healthy lifestyle [2]. Profes-
sional athletes also need periodic tests of body composition to navigate the narrow margin
between optimal performance and health risks associated with excessive leanness [3,4].
Physicians need to evaluate the body composition of their overweight and obese patients to
size up their health risks and to ascertain the efficacy of medical or lifestyle interventions [5].
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Body composition can be assessed using a variety of techniques or combinations
thereof—to quantify multiple components [6]. Multicomponent models ensure the best
accuracy but involve expensive instruments and trained personnel. Laboratory methods,
such as dual energy X-ray absorptiometry (DXA) or air displacement plethysmography
(ADP), are also costly and require adequate room [6]. Field methods, on the other hand,
provide acceptable accuracy, of about 5–6% body fat, and rely on inexpensive equipment
that can be operated in diverse settings [6,7].

The advent of ultrasound (US) as a tool of body composition assessment was favored
by the emergence of portable and affordable instruments, along with software capable
of automatic evaluation of the subcutaneous fat thickness (SF) and prediction of body
fat content [8]. Commercially available US devices are considered viable alternatives to
skinfold thickness calipers, because they are equally reliable and less demanding when it
comes to technician training [9]. The high reliability of body fat percentage (% BF) assess-
ments using amplitude (A)-mode US has been demonstrated by several studies [10–15]:
the minimum detectable change ranged from 1.3% BF [15] to 5.6% BF [11], depending on
the study sample, measurement methodology, and technician performance.

The validity of A-mode US in evaluating body composition is less well established.
For example, the BodyMetrix™ BX2000 device (IntelaMetrix, Livermore, CA, USA), called
BodyMetrix hereafter, is shipped with a proprietary software Body View™ v5.7.11043
(IntelaMetrix, Livermore, CA, USA), which includes several formulas to estimate % BF
from SFs measured by ultrasound at various anatomical locations [16]. Relevant anatomical
locations will be referred to as sites hereafter. Nevertheless, most validity studies published
so far focused on the Jackson and Pollock formulas (3-site [11,15,17–19] and 7-site [14,17,20]).
Additionally, Loenneke et al. evaluated the accuracy and reliability of the 1-site biceps
equation [11,19], whereas Baranauskas et al. tested the 3-site Pollock equation [17]. The
study of Kang et al. [21] was the first to evaluate the validity of all the prediction equations
available for men in the BodyView Pro software v5.7.11043 (IntelaMetrix, Livermore, CA,
USA). They found that the 4-site Durnin and Womerlsey equation and the 9-site Parrillo
equation were in good agreement with the DXA criterion method. All nine options offered
for men by BodyView Pro were scrutinized also by Lowry et al., but using ADP as the
criterion method [22]. They concluded that only three formulas had acceptable accuracy:
the Jackson, Pollock, and Ward equations for both the 3-site and 7-site configurations,
and the 4-site National Health Center of America (NHCA) equation. However, none of
them was deemed ideal [22] (i.e., strictly valid) according to the criteria recommended by
textbooks on body composition assessment, which require that both the standard error
of estimate and total error remain below 3.5% BF, and Pearson’s correlation coefficient
is larger than 0.8 [23]. However, the question arises whether the inaccuracy of A-mode
US-based body composition analysis stems from limitations of the prediction equations or
from erroneous measurement of the thickness of the adipose tissue layer beneath the skin.

A study conducted on cadavers [24] compared SFs given by the BodyMetrix, a low-
resolution A-mode US instrument working at 2.5 MHz, and a high-resolution B-mode
US device working at 12 MHz, the NextGen LOGIQ eR7 (GE Healthcare, Milwaukee, WI,
USA). Right after the US measurements, the cadaver was dissected at the examined sites
and physical measurements were undertaken using the ruler part of a digital caliper. The
results led to the conclusion that both A-mode and B-mode US are able to measure SFs with
submillimetric accuracy [24]. Furthermore, SFs determined using A-mode and B-mode
US were found within ±1 mm of each other also in vivo, with slightly larger differences
observed at the abdominal site [25]. Indeed, certain sites turned out to be especially difficult
to measure by ultrasonography because of the complexity of the underlying anatomical
structures; examples include the subscapular, suprailiac, and abdominal sites [24–26].
Given the high accuracy of US measurements of subcutaneous fat thickness, it seems
safe to conclude that the limited validity of A-mode US-based estimates of % BF might
result from the inappropriate structure of the prediction formula and/or the presence of
hard-to-evaluate sites in the prediction formula.
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Therefore, this study explores various options to compute % BF from subcutaneous
fat thicknesses measured using US. Our working hypothesis was that anthropometric
equations originally developed to estimate % BF from skinfold thicknesses can be adapted
to express % BF in terms of adipose tissue thicknesses given by US.

A skinfold thickness (SKF) is measured by using the thumb and the index finger of
the left hand to pick up a double layer of skin and the underlying adipose tissue. The
skinfold obtained this way is enclosed between the jaws of a caliper that indicates the
distance between its contact surfaces while exerting a standardized pressure of about
10 g/mm2 [27]. The skinfold, however, is a viscoelastic material, so it responds dynamically
to the external compression, depending on the composition of the skin and adipose tissue
at each anatomical site. During the first two seconds of compression, tissue fibers are
reoriented and the SKF decreases exponentially because of elastic deformation; then a static
compressibility plateau is observed, so the third second is the recommended time window
for an SKF measurement [27].

Skinfold compression depends on the anatomical location and differs from one person
to another [15,26,28,29]. Therefore, it is not straightforward to translate an SKF prediction
formula into a mathematical relationship between uncompressed subcutaneous fat thick-
nesses measured by US and body fat percentage. Such attempts have been made, in the
case of the 7-site Jackson and Pollock equation devised for men [30] and the 7-site Jackson,
Pollock, and Ward equation developed for women [31], by simply assuming that SKF is
twice as large as SF at each site [13,32–34]. Despite the success of the resulting equations,
such an assumption is highly controversial because it disregards the deformation of the
skinfold under the action of the caliper [35,36].

In both anthropometry and US-based body composition assessment, it is assumed
that the human body is symmetric with respect to the central sagittal plane. Therefore,
measurement sites are located on the right side of the body. Furthermore, it is assumed that
the skin thickness is the same at all sites, the fat fraction is the same in the subcutaneous
adipose within the entire body, and the subcutaneous to visceral adipose tissue ratio is the
same in all individuals [37].

The present study relied on experimental data regarding SKF compressibility to
derive estimates of % BF from US-measured subcutaneous fat thickness. We adapted
33 anthropometric formulas by replacing SKFs with SFs multiplied by the mean values
of the corresponding SKF/SF ratios reported in the literature. Then, we evaluated their
accuracy against ADP.

2. Materials and Methods

This study was conducted according to the ethical principles stated in the Declaration
of Helsinki and approved by the Committee of Research Ethics of the “Victor Babes”
University of Medicine and Pharmacy of Timisoara (resolutions no. 20 from 24 July 2019,
and no. 42 from 2 June 2022). Prospective participants were familiarized with the planned
measurement procedures and signed an informed consent form.

2.1. Subjects

We recruited volunteers for this study by flyers and social media announcements.
The inclusion criteria were the following: from 18 to 68 years of age, and adherence to
the manufacturer’s recommendations concerning the preparation for body composition
assessment by A-mode US [16] and ADP [38]. We also imposed a set of exclusion criteria,
as follows: pregnant women, people who were diagnosed with acute infections, or those
who had a health record with chronic diseases were not accepted to participate in this study.
The resulting study group comprised 94 women and 107 men spanning a wide range of
age, size, and nutritional status (Table 1).
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Table 1. Demographics of the study group: mean ± standard deviation (SD) and range of values.

All (n = 201) Women (n = 94) Men (n = 107)

Age (y) 31.6 ± 10.8 [19, 66] 32.0 ± 11.2 [19, 62] 31.3 ± 10.4 [20, 66]
Height (m) 1.71 ± 0.10 [1.49, 1.96] 1.63 ± 0.06 [1.49, 1.79] 1.78 ± 0.07 [1.55, 1.96]
BM (kg) 76.8 ± 20.0 [37.9, 160.5] 67.7 ± 16.4 [37.9, 115.5] 84.8 ± 19.5 [55.0, 160.5]
BMI (kg/m2) 26.1 ± 6.0 [16.6, 47.9] 25.4 ± 6.4 [16.6, 45.0] 26.7 ± 5.7 [17.0, 47.9]

Abbreviations: BM—body mass; BMI—body mass index.

2.2. Reference Body Composition Assessment by ADP

The reference values of body fat percentage were established for each subject by
triplicate ADP trials using a BOD POD Gold Standard Body Composition Tracking System
(COSMED USA, Concord, CA, USA) with software version 5.3.2. Scale calibration and
system quality check was performed on a daily basis.

To prepare for ADP, participants did not engage in intense exercise for 12 h, refrained
from drinking or eating for 4 h, and used the restroom within 30 min of the first measurement.

For each subject, height was measured to the nearest 0.5 cm using a GIMA 27335
wall-mounted tape measure (GIMA, Gessate, Italy). Triplicate readings were taken with
the subject’s Frankfort plane maintained horizontally, and the median was entered into the
BOD POD software. Thoracic gas volume was predicted by the software based on sex, age,
and height [38]. The subject removed her/his accessories (jewelry, watch, glasses) prior to
the first ADP trial.

To minimize artifacts stemming from air pockets kept in isothermal state next to the
body, subjects wore a Lycra® (Wilmington, DE, USA) swim cap and form-fitting swimsuit,
or single-layer compression shorts and a jog bra.

We conducted 3 consecutive ADP trials (each comprising 2 or 3 body volume measure-
ments [38]) and applied the protocol proposed by Tucker et al. [39] to establish the reference
value of % BF. Briefly, we took the mean of the first two measurements if they were within
1% BF; otherwise, we also considered the third measurement and took the mean of the
two closest values. This protocol increases the precision of BOD POD assessments (reduces
the minimal detectable change from 1.9% to 1.4% BF) at a moderate, 2.3 fold increase in the
test duration compared to single ADP trials [40].

2.3. Measurements of Subcutaneous Fat Thickness by A-Mode Ultrasound

Ultrasound measurements were conducted using the BodyMetrix™ BX2000 instru-
ment (IntelaMetrix, Livermore, CA, USA), operating in A-mode at a frequency of 2.5 MHz.
Body mass was measured to the nearest 0.01 kg using a scale connected to the BOD POD,
while height was measured to the nearest 0.5 cm using a wall-mounted tape measure
(GIMA 27335, GIMA, Gessate, Italy).

Participant profiles were created in the BodyView™ software v5.7.11043 (IntelaMetrix,
Livermore, CA, USA), including name, age, gender, height, weight, and athletic type
(Non-Athletic for visibly overweight and obese individuals and Athletic for the other
participants, as instructed by the manufacturer for people who are in good shape and
exercise regularly) [16].

A-mode US measurements of subcutaneous fat thickness were taken at 8 anatomical
locations following manufacturer recommendations [16]. Gel was applied to the transducer
head, which was then placed on the skin while maintaining minimal steady pressure
to ensure proper contact but no deformation of the underlying tissue. The transducer
was slid about 0.5 cm above and below the selected site to obtain a spatial average of
the A-mode US signal. Table 2 lists the measurement sites and the abbreviations of the
corresponding thicknesses.
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Table 2. A-mode US measurement sites and the abbreviations of the corresponding skinfold thick-
nesses (SKF) and subcutaneous fat thicknesses (SF).

Site Name Anatomical Location [37] SKF a SF a

Biceps

The most anterior point of the biceps along the line that runs horizontally at
the mid-acromiale-radiale level (midway between the most lateral point on the
upper border of the acromion and the proximal and lateral border of the head
of the radius)

BI bi

Triceps The most posterior point of the triceps along the horizontal line drawn at the
mid-acromiale-radiale level TR tr

Chest Midway between the anterior axilla and the nipple CH ch

Subscapular 2-cm along the line that descends at a 45◦ angle from the tip of the inferior
angle of the scapula SC sc

Midaxilla Along the midaxillary line, halfway between the axilla and the iliac crest AX ax

Abdomen b 2.5-cm to the right of the midpoint of the umbilicus AB ab

Suprailiac c

(Supraspinale)

At the intersection of the line that runs horizontally from the iliocristale (the
most lateral point of the iliac tubercle) and the segment that connects the
anterior axilla with the iliospinale (the most inferior point of the anterior
superior iliac spine)

SU su

Front thigh Along the anterior midline of the thigh, halfway between the inguinal fold and
the superior margin of the anterior patella TH th

a SKFs and SFs are abbreviated in uppercase and lowercase, respectively. b This site is called “Waist” in the
BodyView software shipped with the BodyMetrix device. c This site is called “Hip” in BodyView.

Fat thickness was determined using the BodyMetrix instrument. The BodyView
software analyzes the A-mode US signal to infer the distance between the body surface
and the fat-muscle interface. That is, skin thickness was part of the measured quantity.
Although including the skin thickness might induce a significant error in the case of lean
subjects (e.g., in the athletic population), this practice is implicit in skinfold thickness
measurements.

Measurements were taken in triplicate, in a rotational order, by technicians with
2 to 5 years of experience with the BodyMetrix device. Percent body fat was assessed using
3 proprietary formulas implemented in BodyView: 7-site Jackson and Pollock (JP7), 3-site
Jackson and Pollock (JP3), and 1-site biceps (Bic1). Also, body fat thickness was recorded
at the sites listed in Table 2, and the median of three assessments was used in prediction
formulas inspired by anthropometry.

2.4. Prediction of Body Fat Percentage Using Formulas Adapted from Anthropometry

We adapted 33 anthropometric formulas (15 for women and 18 for men—Tables 3 and 4,
respectively) to express body density (D) or body fat percentage (% BF) in terms of A-mode
US-measured SFs instead of SKFs.

To adapt anthropometric formulas for expressing D or % BF in terms of uncompressed
subcutaneous adipose tissue thicknesses measured by A-mode US, we relied on published
values of the SKF/SF ratio at the investigated sites. Form the work of Wagner et al. [15],
atr = TR/tr = 1.88, ach = CH/ch = 1.58, aab = AB/ab = 1.54, asu = SU/su = 1.80, and
ath = TH/th = 2.17. These were obtained by (i) averaging the SKF and SF values recorded by
two technicians for women and men, (ii) computing the above ratios for women and men
separately, and (iii) taking their mean for each site—for example, atr = (atr-women + atr-men)/2.
From Pérez-Chirinos Buxadé et al. [29], abi = BI/bi = 1.25, and asc = SC/sc = 1.68. Finally,
Borkan et al. [28] reported aax = AX/ax = 1.12.
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Table 3. Prediction formulas used in anthropometry to express body density (D) or body fat percent-
age (% BF) of women in terms of SKFs.

Acronym Authors [Reference] Formula

JP7 7-site Jackson, Pollock, Ward a,b [31] D = 1.097 − 0.00046971 × S7 + 0.00000056 × (S7)2 − 0.00012828 × Age
JP3 3-site Jackson, Pollock, Ward b [31] D = 1.0994921 − 0.0009929 × S3 + 0.0000023 × (S3)2 − 0.0001392 × Age
N3 3-site Nevill et al. [41] D = exp(0.120936 − 0.0084087 × (S3)0.532 − 0.0001178 × Age)
DW Durnin and Womersley [42] D = c − m × log10(BI + TR + SC + SU), where

c = 1.1549; m = 0.0678 if 16 ≤ Age ≤ 19
c = 1.1599; m = 0.0717 if 20 ≤ Age ≤ 29
c = 1.1423; m = 0.0632 if 30 ≤ Age ≤ 39
c = 1.1333; m = 0.0612 if 40 ≤ Age ≤ 49
c = 1.1339; m = 0.0645 if 50 ≤ Age ≤ 68

S2 2-site Sloan [43] D = 1.0764 − 0.00081 × SU − 0.00088 × TR
WB Wilmore and Behnke [44] D = 1.06234 − 0.00068 × SC − 0.00039 × TR − 0.00025 × TH
H2 2-site Hassager et al. [45] % BF = 0.07 × Age + 35 × log10(TR + SC) − 26
L4 4-site Lean et al. [46] % BF = 30.8 × log10(BI + TR + SC + SU) + 0.274 × Age − 31.7
L1 1-site Lean et al. [46] % BF = 0.730 × BMI + 0.548 × TR + 0.270 × Age − 5.9

P4 4-site Peterson et al. [47]
% BF = 22.18945 + 0.06368 × Age + 0.60404 × BMI − 0.14520 × H +
0.30919 × S4 − 0.00099562 × (S4)2, where H stands for height expressed in
cm and S4 = TR + SC + SU + TH

E7 7-site Evans et al. [48] % BF = 10.566 + 0.12077 × S7
E3 3-site Evans et al. [48] % BF = 8.997 + 0.24658 × (TR + AB + TH)
J3 3-site Jackson et al. [49] % BF = 0.4446 × S3 − 0.0012 × (S3)2 + 4.3387
B1 1-site Bacchi et al. [50] % BF = 3.071 + 0.211 × TR + 0.756 × BMI + 6.861

S1 1-site Svendsen et al. [51] Fat Mass (kg) = 1.4 × BMI + 0.48 × TR − 25.81,
and then % BF = (Fat Mass/BM) × 100%

a For anthropometric formulas that predict body density (D) based on SKF, we applied the Siri equation [52] to
compute percent body fat: % BF = (4.95/D − 4.5) × 100%. b In this table, S7 = CH + SC + AX + TR + AB + SU + TH,
and S3 = TR + SU + TH.

Table 4. Anthropometric formulas devised to predict D or % BF of men as a function of SKFs.

Acronym Authors [Reference] Formula

JP7 7-site Jackson and Pollock a,b [30] D = 1.112 − 0.00043499 × S7 + 0.00000055 × (S7)2 − 0.00028826 × Age
JP3 3-site Jackson and Pollock b [30] D = 1.10938 − 0.0008267 × S3 + 0.0000016 × (S3)2 − 0.000257 × Age
N3 3-site Nevill et al. [41] D = exp(0.109648 − 0.0021745 × (S3)0.747 − 0.0002516 × Age)
DW Durnin and Womersley [42] D = c − m × log10(BI + TR + SC + SU), where

c = 1.1620, m = 0.0630 if 17 ≤ Age ≤ 19
c = 1.1631, m = 0.0632 if 20 ≤ Age ≤ 29
c = 1.1422, m = 0.0544 if 30 ≤ Age ≤ 39
c = 1.1620, m = 0.0700 if 40 ≤ Age ≤ 49
c = 1.1715, m = 0.0779 if 50 ≤ Age ≤ 72

S2 2-site Sloan [53] D = 1.1043 − 0.001327 × TH − 0.001310 × SC
WB Wilmore and Behnke [54] D = 1.08543 − 0.000886 × AB − 0.00040 × TH
H2 2-site Hassager et al. [45] % BF = 0.12 × Age + 30 × log10(TR + SC) − 28
L4 4-site Lean et al. [46] % BF = 30.9 × log10(BI + TR + SC + SU) + 0.271 × Age − 39.9
L1 1-site Lean et al. [46] % BF = 0.742 × BMI + 0.950 × TR + 0.335 × Age − 20

P4 4-site Peterson et al. [47] % BF = 20.94878 + 0.1166 × Age − 0.11666 × H + 0.42696 × S4 − 0.00159 × (S4)2,
where H stands for height expressed in cm and S4 = TR + SC + SU + TH

E7 7-site Evans et al. [48] % BF = 10.566 + 0.12077 × S7 − 8.057
E3 3-site Evans et al. [48] % BF = 8.997 + 0.24658 × (TR + AB + TH) − 6.343
J3 3-site Jackson et al. [41] % BF = 0.2568 × (TR + SU + TH) − 0.0004 × (TR + SU + TH)2 + 4.8647
B1 1-site Bacchi et al. [50] % BF = 3.071 + 0.211 × TR + 0.756 × BMI

S1 1-site Svendsen et al. [51] Fat Mass (kg) = 1.4 × BMI + 0.48 × TR − 25.81,
and then % BF = (Fat Mass/BM) × 100%
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Table 4. Cont.

Acronym Authors [Reference] Formula

C3 3-site Civar et al. [55] % BF = 0.364 × BI+ 0.432 × TR + 0.193 × AB + 0.077 × BM − 0.891
B7 7-site Ball [56] % BF = 0.465 + 0.180 × S7 − 0.0002406 × (S7)2 + 0.06619 × Age
L3 3-site Leahy et al. [57] % BF = 0.1 × Age + 7.6 × log10(TR) + 8.8 × log10(AX) + 11.9 × log10(SU) − 11.3

a For formulas that express body density, we computed % BF from the Siri equation [52]. b In this table,
S7 = CH + SC + AX + TR + AB +SU + TH, and S3 = CH + AB + TH.

Then, in the formulas given in Tables 3 and 4, we replaced each SKF by the correspond-
ing ratio times SF. For example, in the JP7 formula we inserted S7 = ach × ch + asc × sc +
aax × ax + atr × tr + aab × ab + asu × su + ath × th and retained the other components; the
resulting formula will be referred to by the acronym JP7a—where the last character stands
for “adapted”.

2.5. Statistical Analysis

The statistical analysis of the acquired data and graphical representations were per-
formed in MATLAB R2014a (The MathWorks, Natick, MA, USA).

To evaluate the validity (accuracy) of the adapted anthropometric formulas for pre-
dicting % BF, we relied on least-squares linear regression [58] and Bland-Altman (BA)
analysis [59,60].

Least-squares linear regression analysis was performed with the output of ADP as
independent variable (x) and % BF computed from A-mode US measurements as dependent
variable (y). The extent to which the linear regression model described the variation in the
dependent variable was estimated by the coefficient of determination, R2, the square of
Pearson’s correlation coefficient.

We also computed common statistical measures of precision and accuracy: the stan-
dard error of estimate (SEE), the total error (TE), and Lin’s concordance correlation coeffi-

cient (CCC). The standard error of estimate, SEE =
√

∑n
i=1(yi − y(xi))

2/n, characterizes
the average deviation of individual scores from the line of best fit, whereas the total error,

TE =
√

∑n
i=1(yi − xi)

2/n describes the average deviation of individual scores from the
line of identity [58]. Here i = 1, 2, . . . , n labels study participants and n is the sample size.
TE is also known as pure error or root mean squared deviation [6]. Lin’s CCC is equal to
Pearson’s correlation coefficient multiplied by a bias correction factor. CCC is a statistical
measure of both validity and precision [61]. To compute CCC in MATLAB, we used the
f_CCC.m function due to Matthew [62].

The BA analysis was done by plotting the differences, di, of the scores obtained by the
compared measurement methods versus their mean. The mean value of the differences,
d, called bias, was represented by a solid horizontal line. The 95% limits of agreement are
given by d ± 1.96·SDD, where here SDD denotes the standard deviation of differences and
1.96 is the z-score associated with a 95% level of confidence. In our study, the limits of
agreement were represented by dashed horizontal lines. Finally, the lines representing the
bias and the limits of agreement were decorated by vertical error bars to show their 95%
confidence intervals (CIs) [59,60].

3. Results

In this study, we evaluated the validity of all the formulas listed in Tables 3 and 4,
adapted for A-mode US assessments. Horizontal bar plots of SEE and TE are shown in
Figure 1. The first three items, abbreviated in boldface, correspond to proprietary formulas
from the BodyView software.



Symmetry 2024, 16, 962 8 of 18

Symmetry 2024, 16, x FOR PEER REVIEW 8 of 19 
 

 

differences and 1.96 is the z-score associated with a 95% level of confidence. In our study, 
the limits of agreement were represented by dashed horizontal lines. Finally, the lines 
representing the bias and the limits of agreement were decorated by vertical error bars to 
show their 95% confidence intervals (CIs) [59,60]. 

3. Results 
In this study, we evaluated the validity of all the formulas listed in Tables 3 and 4, 

adapted for A-mode US assessments. Horizontal bar plots of SEE and TE are shown in 
Figure 1. The first three items, abbreviated in boldface, correspond to proprietary formu-
las from the BodyView software. 

 
Figure 1. Total error (TE) and standard error of estimate (SEE) of A-mode US-adapted anthropo-
metric formulas compared to ADP. Acronyms typeset in boldface refer to formulas implemented in 
BodyView. 

For women, none of the adapted formulas could compete with JP3 and JP7 in what 
concerns the SEE, but several of them ensured smaller TE. For men, most adapted formu-
las had a higher SEE than JP7, but some of them were better than it in terms of TE. Im-
portantly, B7a and L3a were on equal footing with JP7 from the point of view of the SEE 
and better than JP7 when it came to the TE. 

Figure 2 represents horizontal bar plots of Lin’s CCC between predicted % BF and 
measured % BF, given by the present ADP reference technique. 

In our heterogeneous sample of females, most of the adapted formulas ensured a 
better balance between accuracy and precision than the popular proprietary formulas. In 
our study group of males, several adapted formulas had higher CCC than JP3 and JP7. In 
particular, B7a and L3a were superior to JP3 and JP7 also from this point of view. 
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metric formulas compared to ADP. Acronyms typeset in boldface refer to formulas implemented in
BodyView.

For women, none of the adapted formulas could compete with JP3 and JP7 in what
concerns the SEE, but several of them ensured smaller TE. For men, most adapted formulas
had a higher SEE than JP7, but some of them were better than it in terms of TE. Importantly,
B7a and L3a were on equal footing with JP7 from the point of view of the SEE and better
than JP7 when it came to the TE.

Figure 2 represents horizontal bar plots of Lin’s CCC between predicted % BF and
measured % BF, given by the present ADP reference technique.
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In our heterogeneous sample of females, most of the adapted formulas ensured a
better balance between accuracy and precision than the popular proprietary formulas. In
our study group of males, several adapted formulas had higher CCC than JP3 and JP7. In
particular, B7a and L3a were superior to JP3 and JP7 also from this point of view.

We next compared the JP7 formula implemented in BodyView with the 7-site Jackson
and Pollock formula [30,31] adapted for A-mode US-derived data (JP7a). The Bland-Altman
plots shown in Figure 3 represent differences between % BF given by prediction formulas
and % BF measured using ADP.
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Figure 3 indicates that the proprietary JP7 formula is not a simple adaptation of the
corresponding anthropometric formula. For females, the JP7 formula displays a propor-
tional bias (Figure 3a), whereas the JP7a formula does not, regardless of the proportionality
constants between SKFs and SFs (Figure 3c,e). For males, the proportional bias was present
in both JP7 and JP7a, but the interval of agreement was larger for JP7 (Figure 3b,d,f).
Remarkably, the bias was the smallest for JP7a under the questionable assumption that
SKF = 2 × SF.
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To ascertain the findings of the BA analysis, we also performed a least-squares linear
regression of JP7 and JP7a compared to the reference method, ADP. Figure 4 displays scatter
plots of % BF given by prediction formulas versus % BF assessed by ADP. In each plot, the
line of equality is represented by a green dotted line and the line of best fit is represented
by a black solid line. The coefficients of determination indicate that the linear regression
model accounts for 80% to 85% of the variation in the dependent variable.
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(
R2).

For both men and women, the proprietary JP7 formula provided the smallest SEE. The
TE, however, was the largest, mainly because of the progressive underestimation of % BF in
subjects with high adiposity. The same trend was observed also for JP7a in the case of men.
In contrast, for women, the JP7a formula provided a roughly constant underestimation,
by 3.7% BF on average (Figure 3c), because the slope of the regression line was close to
1 (Figure 4c). Considering that SKF = 2 × SF brought about a further decrease in TE and
negligible change in SEE, regardless of sex (Figure 4c–f).
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The remainder of this section presents the BA analysis of the top 6 adapted formulas
for each sex, selected by taking into account their TE, SEE, and CCC.

Figure 5 displays BA plots that compare % BF of women given by the most promising
repurposed formulas with % BF measured by ADP. The corresponding linear regression
analysis results are shown in the Supplementary Material, Figure S1. Although all of the
formulas analyzed in Figure 5 displayed a proportional bias, their overall bias (the mean
value of the differences between the two techniques) was small, of the order of 1% BF.
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Figure 5. BA analysis of the accuracy of formulas that provide A-mode US-derived % BF of women.
(a) DWa-ADP; (b) P4a-ADP; (c) L4a-ADP; (d) J3a-ADP; (e) H2a-ADP; (f) B1a-ADP.

Note that only J3a would benefit from approximating the SKF by twice the correspond-
ing SF. Indeed, a comparison of Figures 5 and S2 indicates that such an approximation
would decrease the mean difference for J3, increase it for DWa, L4a, H2a, and B1a, and
leave it unaffected for P4.

Figure 6 presents the BA analysis of the most promising formulas identified for men.
The overall bias was relatively low for L3a and L4a. Nevertheless, proportional bias was
present for all of them except for JP3a, suggesting that % BF given by these prediction
formulas may be accurate only in a limited range of body adiposity (15–20% BF for B7a
and L4a, 22–28% BF for L3a, 10–15% BF for H2a, and 25–35% BF for B1a).
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Figure 6. BA analysis of the accuracy of formulas that give A-mode US-derived % BF of men.
(a) B7a-ADP; (b) L3a-ADP; (c) L4a-ADP; (d) JP3a-ADP; (e) H2a-ADP; (f) B1a-ADP.

The constant bias provided by JP3a indicates that adding 4.2% to the % BF given by
JP3a would result in a good assessment of body fat content over a wide range of body
compositions, which is concordant with ADP within an interval of agreement of ±9.6%
BF (see Table 5, 5th line). Figure S3 shows the outcome of a least-squares linear regression
analysis of the formulas scrutinized in Figure 6. The small slope of the regression line in
Figure S3, panels a, b, c, e, and f, explains the discrepancy between the SEE and TE in the
case of B7a, L3a, L4a, H2a, and B1a.
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Table 5. Results of the BA analysis of the formulas listed in Tables 3 and 4.

Women Men
Formula Bias a ± b ULA ± ULA−Bias Bias ± ULA ± ULA−Bias

JP7 c −4.81 1.01 4.54 1.75 9.35 −4.75 0.98 4.95 1.70 9.70
JP3 −6.73 1.07 3.24 1.86 9.96 −5.09 0.94 4.23 1.63 9.32
Bic1 0.56 1.55 14.93 2.68 14.37 −5.15 1.16 6.32 2.01 11.47
JP7a −3.64 0.95 5.20 1.65 8.84 −5.41 0.85 3.03 1.48 8.44
JP3a −2.67 1.03 6.86 1.78 9.53 −4.22 0.97 5.38 1.68 9.61
N3a −2.33 1.16 8.43 2.01 10.76 −3.56 1.17 8.00 2.02 11.56
DWa 0.49 0.97 9.52 1.69 9.03 −1.24 1.05 9.11 1.81 10.35
S2a −1.12 1.49 12.72 2.58 13.84 −5.36 1.84 12.89 3.19 18.25
WBa −3.31 1.15 7.39 2.00 10.70 −0.48 1.44 13.76 2.49 14.24
H2a −0.49 0.93 8.09 1.60 8.58 −4.67 1.13 6.55 1.96 11.21
L4a 1.53 0.91 10.01 1.58 8.48 −0.99 0.96 8.53 1.67 9.52
L1a 4.93 1.97 23.23 3.42 18.30 1.14 1.49 15.88 2.58 14.74
P4a 1.23 1.05 10.95 1.82 9.73 1.30 1.50 16.18 2.60 14.88
E7a −1.44 1.21 9.78 2.09 11.22 −4.96 1.12 6.10 1.93 11.06
E3a 0.87 1.68 16.50 2.92 15.63 −3.68 1.21 8.28 2.09 11.96
J3a −1.61 1.02 7.83 1.76 9.44 −4.81 1.26 7.67 2.18 12.48
B1a 2.46 0.98 11.53 1.69 9.06 3.51 1.17 15.07 2.02 11.57
S1a −0.23 1.82 16.63 3.15 16.85 −2.28 1.07 8.33 1.86 10.62
C3a −2.62 1.09 8.12 1.88 10.75
B7a −2.47 0.96 7.08 1.67 9.55
L3a 1.50 1.10 12.35 1.90 10.85

a All the quantities listed in this table are expressed in % BF. b Here, ± denotes the half-width of the corresponding
95% CI. For example, the 95% CI of the bias in the case of the JP7 formula is given by −4.81 ± 1.01 = [−5.82, −3.80].
c The acronyms typeset in boldface, in the first three lines, refer to proprietary formulas implemented in the
BodyView software (v5.7.11043).

Finally, Table 5 reports the overall bias and the upper limit of agreement (ULA), as well
as their 95% CI, for all the formulas evaluated in this study. Here, the difference ULA-Bias
is the half-width of the 95% interval of agreement.

4. Discussion

This study evaluated the hypothesis that anthropometric equations that predict
% BF as a function of skinfold thicknesses measured at certain sites can be converted
into formulas that express % BF as a function of uncompressed subcutaneous adipose tissue
thicknesses given by US at the same sites. The results reported in the previous section
suggest that, indeed, anthropometric equations represent valuable starting points in the
development of prediction formulas for US-based body composition analysis.

Our study was motivated by the need for more accurate formulas to estimate body
fat content relying on US measurements of SFs. Our primary goal was to improve the
validity of A-mode US assessments of body fat content given by the BodyMetrix device.
Nevertheless, the 33 formulas derived here may also serve investigations of human body
composition via B-mode US [13,32–34].

The proprietary equations included in the BodyView Pro software perform best in lean
men. The JP3 formula ensured accurate assessment of % BF in male athletes [15] and the
JP7 formula was found equally valid in a group of soccer players [63]. Compared to ADP,
the accuracy of % BF estimates based on the JP3, JP7, and NHCA equations was deemed
acceptable, but not ideal in relatively lean males from the general population [22].

For females, the validity of the BodyMetrix less well established. A comparative study
of all the predictions formulas from BodyView is still lacking. In the athletic population,
the JP3 formula provided an overestimation of the global adiposity by 4.6% BF compared
to ADP [15], and by 3.4% BF compared to DXA [19].

In a sample of normal-weight, college-aged subjects, against DXA as the criterion
method, the JP7 formula resulted in an underestimation of body fat content by 4.4% BF on
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average for both men and women [20]. Moreover, a proportional bias was observed, just as
in the present study (Figure 3a,b), indicating that the underestimation is more pronounced
for subjects of higher adiposity.

In a study of the validity of A-mode US in overweight and obese people, the JP7 for-
mula underpredicted the body fat percentage by 4.6% BF in comparison to the
three-compartment model based on ADP to measure body volume and bioelectrical
impedance spectroscopy to measure the total mass of body water [14].

The results obtained in the current study using the proprietary JP7 formula agree with
the literature in that it is accurate for lean men and its accuracy deteriorates gradually with
increasing body fat content (Figures 3b and 4b). In the case of women, however, we did
not observe an overestimation of % BF in lean subjects as observed previously in female
athletes [15,19], perhaps because our study group did not include competitive athletes.
Instead, we found good accuracy at % BF of the order of 20% and proportional bias leading
to progressive underestimation of % BF at larger adiposities (Figures 3a and 4a), just as in
the case of men. These results are in accord with literature data on college-aged adults with
BMI = 23.6 ± 3.6 kg/m2 [20] and middle-aged subjects with BMI = 31.5 ± 5.2 [14].

The 7-site Jackson and Pollock equation adapted for US use (JP7a) was similar to the
proprietary JP7 formula concerning the average underprediction of % BF, but it differed
in two aspects: it had a higher SEE (Figure 4c,d), and produced no proportional bias in
the case of women (Figure 3c). While the increase in SEE (by 1.4% BF for women and
0.6% BF for men) is undesirable, the constant bias, of −3.7% BF, observed for women is an
important advantage over the JP7 formula from BodyView. Indeed, one can increment the
output of JP7a to cancel the bias and obtain a % BF estimate of acceptable accuracy relative
to ADP.

Remarkably, JP7a was more accurate when SKFs were approximated by twice the
US-measured SFs (Figure 3e,f). In the case of women, the bias practically vanished (zero
entered its 95% CI), whereas in the case of men, the bias decreased about twofold. Also,
the TE decreased, ensuring an acceptable accuracy (Figure 4e,f). These findings explain the
good results reported in the literature by research groups who used JP7a assuming that
SKF = 2 × SF [13,32,33]. Although such an assumption contravenes the experimental facts
on skinfold compression by the jaws of the caliper, it compensates for the tendency of the
7-site Jackson and Pollock formula to overestimate body density and, thereby, underesti-
mate % BF.

Of all the formulas evaluated in this study, none was found to satisfy the valid-
ity criteria of having both the SEE and TE below 3.5% BF [23]. The best formulas had
SEE < 3.5% BF, TE < 4.6% BF, and CCC > 0.85 for women, and SEE < 3% BF, TE < 4.9% BF,
and CCC > 0.8 for men. Nevertheless, for specific populations, certain adapted formulas
assured better accuracy than the proprietary equations; JP7a, DWa, and H2a provided more
valid estimates of % BF than JP7 in the case of overweight and obese women, whereas in
men of this category, JP3a assured the best assessment because it only had a constant bias.
Moreover, B7a, L4a, and L3a were more accurate than JP7 for the entire group of men.

The B1a formula originated from a skinfold equation specifically developed by Bacchi
et al. for overweight and obese adults who had type-2 diabetes [50]. Yet, regardless of sex,
it ensured a better accuracy in our heterogeneous sample of clinically healthy adults than
L1a, S1a, and the proprietary 1-site biceps (Bic1) equation. These formulas are convenient
because they only require access to the upper arm of the subject. Additionally, a vast body
of evidence indicates that errors in the US measurement of limb site SFs are rare. Indeed,
in the study conducted by Müller et al. [26], out of 456 B-mode US images acquired at
limb sites only 2.9% were non-evaluable. They mentioned the triceps site as an anatomical
location with clearly stratified US image.

While weighing the benefits of the prediction equations investigated here, it is im-
portant to take into account the limitations of this study. First, we relied on ADP as the
criterion method instead of multicomponent models that take advantage of several tech-
niques [6]. ADP, however, was found in good agreement with other laboratory methods [64]
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(SEE = 3.3% BF with respect to hydrostatic weighing, and SEE < 3.5% BF with respect
to DXA [65]), as well as with the criterion 4-component model (SEE = 1.5% BF and
TE = 2.3% BF for Caucasian subjects, which earned a validity rating between “excel-
lent” and “ideal” [66]). Second, the ADP tests were conducted with thoracic gas volume
estimated by the BOD POD’s software. This was the case for 49 out of the 110 participants
in the work of Blue et al. [66]. Studies that evaluated the impact of using predicted rather
than measured lung volume in ADP trials revealed no significant differences in the general
population [67–69]. Also, measured and predicted body volumes did not differ significantly
in a sample of college-aged athletes (p = 0.343), and the corresponding ADP assessments of
% BF were within ±2% BF, with a bias of merely 0.2% BF (measured minus predicted). The
authors concluded that, within the height range of 156–185 cm, using predicted thoracic
gas volume instead of the measured one did not substantially affect the % BF estimate [70].
Third, a larger sample size would have allowed us to stratify the results by age and nutri-
tional status. Finally, the SKF/SF ratios were computed from a limited set of experimental
works. Most of them were taken from the study of Wagner et al. [15] because they used the
BodyMetrix in their US measurements following a protocol that ensured the best precision
reported in the literature. Future refinements of these ratios might result from a systematic
review and meta-analysis of comparative skinfold thickness and ultrasound measurements.
Experimental studies of skinfold compressibility, stratified by sex, age, and nutritional
status, might provide a more solid foundation for translating anthropometric formulas into
US-based prediction formulas. Further insights might arise from theoretical investigations
of biological tissue viscoelasticity.

5. Conclusions

In this study, we devised a method to turn an anthropometric formula that gives
% BF as a function of skinfold thicknesses into a formula that predicts % BF in terms of
subcutaneous fat thicknesses measured by ultrasound. We adapted skinfold equations
by replacing each SKF with the SF measured by US at the same site multiplied by the
mean value of the corresponding SKF/SF ratio reported in the literature. We applied the
proposed method for 33 anthropometric formulas, and evaluated their accuracy against
air displacement plethysmography. Although none of the resulting formulas was a valid
alternative to the criterion method, some of them outperformed the proprietary equations
provided in the BodyView software, especially in what concerns overweight and obese
individuals. Therefore, healthcare practitioners might apply them to evaluate the body
composition of their patients using portable ultrasound instruments in the clinics.

Further research may attempt converting anthropometric equations developed for
specific populations (e.g., athletes or elderly people). They might also look at more ample
modifications of the skinfold equations, such changing the constants that intervene in
various terms. Improvements of US prediction formulas derived from anthropometric
equations could rely on a deeper understanding of skinfold viscoelasticity. Experiments
conducted on various populations in conjunction with analytical and computational ap-
proaches will clarify the relationship between SKFs and SFs and pave the way toward
accurate body composition assessment using ultrasound.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/sym16080962/s1, Figure S1: Least squares linear regression
analysis of the top 6 formulas devised for women, Figure S2: Bland-Altman analysis of the validity
of formulas that predict A-mode US-derived % BF of women under the assumption that a skinfold
thickness is two times the thickness of the uncompressed subcutaneous fat, Figure S3: Linear
regression analysis of the top 6 formulas for men, Data S1: Microsoft Excel spreadsheet, DataS1.xlsx,
containing anonymized experimental data generated during this study.
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