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Abstract 

The appropriate use of predictive equations in estimating body composition through bioelectrical impedance analy-
sis (BIA) depends on the device used and the subject’s age, geographical ancestry, healthy status, physical activity 
level and sex. However, the presence of many isolated predictive equations in the literature makes the correct choice 
challenging, since the user may not distinguish its appropriateness. Therefore, the present systematic review aimed 
to classify each predictive equation in accordance with the independent parameters used. Sixty-four studies pub-
lished between 1988 and 2023 were identified through a systematic search of international electronic databases. We 
included studies providing predictive equations derived from criterion methods, such as multi-compartment models 
for fat, fat-free and lean soft mass, dilution techniques for total-body water and extracellular water, total-body potas-
sium for body cell mass, and magnetic resonance imaging or computerized tomography for skeletal muscle mass. 
The studies were excluded if non-criterion methods were employed or if the developed predictive equations involved 
mixed populations without specific codes or variables in the regression model. A total of 106 predictive equations 
were retrieved; 86 predictive equations were based on foot-to-hand and 20 on segmental technology, with no equa-
tions used the hand-to-hand and leg-to-leg. Classifying the subject’s characteristics, 19 were for underaged, 26 
for adults, 19 for athletes, 26 for elderly and 16 for individuals with diseases, encompassing both sexes. Practitioners 
now have an updated list of predictive equations for assessing body composition using BIA. Researchers are encour-
aged to generate novel predictive equations for scenarios not covered by the current literature.

Registration code in PROSPERO: CRD42023467894.

Keywords  BIA, Fat mass, Fat-free mass, Total body water, Resistance training, Fitness

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of 
Translational Medicine

†F. Campa and G. Coratella contributed equally to this work.

*Correspondence:
Francesco Campa
francesco.campa@unipd.it
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-3028-7802
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-024-05272-x&domain=pdf


Page 2 of 26Campa et al. Journal of Translational Medicine          (2024) 22:515 

Introduction
The determination of body composition is a common 
practice for evaluating health and nutritional status, as 
well as monitoring the effects of training or diet strate-
gies [1, 2]. While a simplistic approach involves assessing 
body composition based on body mass and its changes 
over time, breaking it down into different components 
enables a more meticulous and in-depth evaluation [3, 
4]. At the molecular level of body composition analysis 
[4] initial attempts to break down body mass were based 
on a two-component model, categorizing it into fat (FM) 
and fat-free mass (FFM), also known as lean mass [5]. It is 
worth noting that FFM is often also referred to by syno-
nyms such as lean mass or lean body mass [6]. However, 
monitoring FFM alone can obscure meaningful changes 
in body composition since its composition comprises 
several components (e.g., water, protein, and minerals) 
not considered in the assessment [5, 6].

To overcome the limitations of the two-component 
model and enhance the accuracy of body composi-
tion analysis, various multi-component models have 
been developed over time [2]. These models necessitate 
the use of one or more methods, including dual-energy 
X-ray absorptiometry (DXA) for bone mineral assess-
ment, dilution techniques for total-body water, hydro-
static weighing or air displacement plethysmography 
for body volume, total-body potassium for body cell 
mass, and magnetic resonance imaging (MRI) and com-
puted tomography for skeletal muscle or other tissues 
and organs [5]. For example, Wang et al. [3] presented a 
procedure based on a four-component model that is cur-
rently considered the state-of-art method for determining 
FFM and FM. Additionally, the use of multi-components 
models allows for the breakdown of FFM into different 
parts such as total body water (TBW), intra (ICW) and 
extracellular water (ECW), body cell mass (BCM), lean 
soft mass (LSM), skeletal muscle mass (SMM), and bone 
mass [7, 8]. With these procedures available to research-
ers, predicting body mass components by assuming 
constant hydration of FFM (i.e., TBW/FFM = 0.73) or 
neglecting the potential variation in FFM and FM density 
[6] cannot be considered as a valid approach for assess-
ing body composition. Indeed, several dated studies have 
employed coefficients such as this to derive FFM and 
subsequently FM based on TBW predictions, or they 
have relied on density assumptions to derive FFM and 
FM using only densitometry techniques (i.e., hydrostatic 
weighing or air displacement plethysmography) [9–11]. 
In particular, the practice of deriving FFM by assuming 
that TBW represents a constant fraction of it has led to 
BIA being incorrectly identified as a hydration-depend-
ent method. Therefore, a comprehensive determina-
tion of body mass components using multi-components 

models enables a valid assessment of body composition 
in different populations, especially those with non-con-
ventional hydration or density properties (e.g., children, 
athletes, or older individuals) [6, 12].

Considering the limitations of densitometric, hydro-
metric, or imaging techniques for quantifying body 
composition due to high costs, lengthy procedures, and 
non-user-friendly processes, alternative methods such 
as bioelectrical impedance analysis (BIA) or surface 
anthropometry are often employed for routine assess-
ments [13–16]. The theoretical basis of BIA revolves 
around the conductivity properties of biological tis-
sues, quantified as bioelectrical resistance and reac-
tance, deriving by conductor volumes (i.e., lean soft 
components) [17]. Bioelectrical resistance represents 
the opposition offered by the body to the flow of an 
alternating electrical current and is inversely related to 
the water and electrolyte content of tissues [17]. Bioel-
ectrical reactance is related to the capacitance proper-
ties of the cell membrane and variations that can occur 
depending on its integrity, function, and composition 
[17]. Notably, these properties can be attributed to theo-
retical models, according to which biological tissues are 
traditionally conceived as electrical circuits arranged in 
series with each other [18]. Starting from the relation-
ships between resistance and reactance with TBW [19], 
numerous BIA-based predictive equations have been 
developed over the years [20]. Previous studies have 
demonstrated that the use of different BIA technolo-
gies (i.e., hand to hand, leg to leg, foot to hand, and seg-
mental) and sampling frequencies results in different 
outputs, so that these equations cannot be interchange-
able between different devices [21–24]. Additionally, 
the choice of the equation should be made considering 
the subjects’ characteristics, such as chronological and 
biological age, geographical provenance, sex, health sta-
tus, and level of physical activity [25–27]. Therefore, the 
choice of the appropriate predictive equation is crucial 
to ensure the validity of the body composition estima-
tion. A further question is that various studies includ-
ing those providing reference data based on BIA do not 
disclose the procedures used [24, 28]. Many of these 
studies merely mention the type of software employed, 
making it impossible to discern which formulas were 
used to convert raw bioelectrical parameters into com-
ponents of body mass. Furthermore, such data may no 
longer be representative over time because companies 
producing such software can alter the equations without 
notifying users [29]. While this approach is undoubtedly 
quicker than a systematic and accurate selection of the 
most appropriate equation among those available in the 
literature, does not guarantee a high-standard validity.
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The literature is now replete with predictive equations 
developed for estimating body composition using BIA. 
However, several limitations may question the validity 
of some equations. First, the use of the two-component 
model instead of a multi-component model approach. 
Second, predicting FFM and FM starting from hydration 
or density assumptions. Third, the development of pre-
dictive models without using criterion methods. Fourth, 
mixing different populations without including specific 
factors (e.g., age, maturity status, sex, physical activity 
level) as independent variables in the predictive models 
[30]. Therefore, the present review aimed to examine the 
relevant literature to extract all the predictive equations 
currently available, and list only those free of the afore-
mentioned limitations. In addition, we provided a clear 
organization of the predictive equations based on the 
BIA technology, sampling frequency, and population 
characteristics. Such a list will help scientists and practi-
tioners select the most appropriate predictive equations 
in accordance with the BIA devices and population pecu-
liarities. Summarizing the state-of-the-art of BIA-based 
prediction of body composition will also be helpful to 
optimize the development of new predictive equations 
considering what is currently lacking in the literature. 
Obtaining accurate results would also allow for utiliz-
ing the data to evaluate other health-related parameters 
through estimating basal metabolism or the quantity of 
macronutrients based on body composition data [31]. 
Figure  1 depicts the premise and the problem at the 
basis of the present study, presenting the aims and future 
perspectives.

Methods
Search strategy and eligibility criteria
The present study was carried out following the Pre-
ferred Reporting Items for Systematic reviews and 
Meta-Analyses (PRISMA) guidelines [32]. The two 
independent researchers (F.C. and Z.N.) conducted sys-
tematic searches in Scopus, and PubMed on December 
22th, 2023, identifying potential eligible studies with-
out any restriction related to year of publication. A 
search query included combinations of at least one of 
the terms identifying BIA, with at least one of the terms 
regarding the study design, a term regarding reference 
techniques, and a term referring to body composition. 
We composed different query strings depending on the 
variability of the databases functioning, using the fol-
lowing terms: (bioelectrical impedance analysis) OR 
(bioimpedance) OR (BIA) AND (development) OR 
(new predictive equation) OR (prediction) OR (estima-
tion) OR (Dual Energy X-ray absorptiometry) OR (dilu-
tion techniques) OR (deuterium dilution) OR (tritium 
dilution) OR (bromide dilution) OR (magnetic reso-
nance imaging) OR (computerized tomography) OR 
(total-body potassium) OR (DXA) OR (MRI) AND (fat 
mass) OR (fat-free mass) OR (total body water) OR 
(body fluids) OR (extracellular water) OR (intracellular 
water) OR (body cell mass) OR (skeletal muscle mass) 
OR (lean soft mass) OR (lean soft tissue) OR (FM) OR 
(FFM) OR (TBW) OR (ECW) OR (ICW) OR (BCM) 
OR (SMM) OR (LSM) OR (LST) AND (three-compart-
ment model) OR (four-compartment model) OR (3C 
model) OR (4C model).

The inclusion criteria were as follows:

–	 Peer-reviewed articles that developed at least one 
predictive equation for estimating body mass compo-

Fig. 1  A schematization of the background and objectives set for the current study
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nents (i.e., FM, FFM, TBW, BCM, LSM, and SMM) 
using BIA.

–	 Accessible in English in full text.

The exclusion criteria were as follows:

–	 Research protocols, theses/dissertations, abstracts, 
letters to the editor, case reports, book chapters, 
guidelines, position papers, and unpublished works.

–	 Articles aimed at developing predictive equations 
without recognized reference techniques or con-
sidering a body composition assessment based on a 
two-component model for FM and FFM.

–	 Articles aimed at validating predictive equations.
–	 Articles where the characteristics of the BIA devices 

(e.g., technology and sampling frequency) were not 
available.

–	 Articles where predictive equations were developed 
by mixing different populations without including 
variables such as sex, maturity status, or age in the 
development of regression models. For example, if 
an equation included participants of both sexes and 
a sex code was included among the independent 
variables, the equation can be considered eligible. On 
the contrary, an equation including participants of 
both sexes without including a sex code in the pre-
dictive model cannot be considered eligible. Simi-
larly, an equation including participants aged from 
15 to 90  years old that does not require the age as 
independent variable was excluded from the review. 
Moreover, studies developing predictive equations 
where participants of different health status were 
mixed were not considered eligible.

Study selection and data processing
Based on the initial titles retrieved, duplicates were 
removed. After concluding the search, all records were 
compiled into the Endnote for Windows version X9, 
2018 (Clarivate, Philadelphia, USA) software to delete all 
duplicates showing the same: (a) title, authors and year 
of publication and (b) title, authors, and journal title. The 
records remaining after the deletion of duplicates were 
exported to an Excel file for Windows version 16.75.2 
(Microsoft, Washinton, EUA) organized based on essen-
tial information for screening, such as authors’ names, 
publication year, journal title, digital object identifica-
tion (DOI), article title and abstract. Abstracts identified 
from the literature searches were screened for poten-
tial inclusion by two authors (F.C. and Z.N.) and a third 
author (G.C.) when there was a disagreement between 
the first two. Data extraction included information about 
each article, such as: authors, year, reference methods, 

participants’ information (gender, age, sports, diseases, 
geographical ancestry), bioelectrical impedance tech-
niques and devices, predictive equations, and their char-
acteristics. The selected studies were grouped in five 
categories, such as under 18  years old subjects, adults, 
athletes, elderly, and people with disease.

Quality assessment
Two reviewers independently assessed the quality of 
the included studies with the Quality Assessment of 
Diagnostic Accuracy Studies (Quadas-2) [33]. This 
scale has two dimensions (risk of bias and applicabil-
ity concerns) and four domains (patient selection, index 
test, reference standard and flow and timing) that are 
scored with unclear risk, low risk, or high risk. Differ-
ences were resolved through discussions and consulta-
tions with a third researcher.

Results
Study selection
A total of 106 BIA-based predictive equations resulted 
from the 64 studies included in the review. The 
PRISMA flow chart is shown in Fig. 2.

Risk of bias
A detailed view of the quality assessment is presented 
in Supplementary Table 1. Overall, the quality of stud-
ies was good. Risk of bias was high in two [34, 35] and 
unclear in six [36–41] studies due to the low to moder-
ate (R2 < 80%) coefficient of determination (R2) resulted 
from the multiple regression models. Concerns with 
applicability were high in 19 studies [37, 42–59] 
and unclear [41, 50, 60–69] in 12 studies due to the 
restricted sample size.

Participants
A total of 40,626 individuals were involved in the present sys-
tematic review. Out of the total number, 18,417 participants 
were males and 21,414 females. Three studies involving 186 
[70], 72 [52], 462 [71], and 75 [65] subjects did not specify 
the sex of the participants. A total of 793 males, 908 females, 
and 186 subjects without sex info were included in 14 studies 
[37, 43–45, 47, 55, 57–59, 72–76] aimed to develop predic-
tive equations for subjects aged < 18 years. A total of 14,912 
males, 17,362 females, and 534 subjects without any sex 
designated were included in 14 studies [34, 42, 47, 50, 52, 
54, 61, 66, 71, 77–82] aimed to develop predictive equations 
for adults (from 18 to 65 years old) from the general popu-
lation. A total of 885 males and 396 females were included 
in 11 studies [31, 39, 48, 51, 62, 69, 83–88] aimed to develop 
predictive equations for athletes. A total of 1469 males and 
N = 2111 females were included in 17 studies [36, 38, 46, 53, 
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60, 63, 67, 68, 89–97] aimed to develop predictive equations 
for elderly people. A total of 358 males, 637 females, and 75 
subjects without sex designated were included in 8 studies 
[35, 40, 41, 56, 64, 65, 98, 99] aimed to develop predictive 
equations for people with diseases. The number of the stud-
ies for each geographical area us depicted in Fig. 2 for each of 
the considered populations (Fig. 3).

Bioelectrical impedance‑based predictive models 
according to gender, populations, and technologies
Figure  4 schematizes the number of equations avail-
able for each BIA technology (e.g., hand to hand, leg to 
leg, foot to hand, and segmental) according to sex and 
population.

The number of the predictive equations for each esti-
mable body mass component, according to sex and popu-
lation are shown in Figs. 5 and 6, for the foot to hand and 
segmental technologies, respectively.

Bioelectrical impedance‑based equations 
for under 18 years old people
Table  1 reports the characteristics of the 19 predictive 
equations developed in 14 studies on subjects < 18 years 
old from the general populations. Fifteen predictive 
equations from 11 studies were developed with a SF-BIA, 
while four predictive equations from three studies were 
developed with MF-BIA using bioelectrical parameters 
measured at 50 kHz.

Bioelectrical impedance‑based equations for adults 
from the general population
Table 2 reports the characteristics of the 26 predictive 
equations developed in 14 studies on subjects from 
the general populations. Twenty-two predictive equa-
tions from 12 studies were developed with a SF-BIA, 
while four predictive equations from two studies were 
developed with MF-BIA using bioelectrical parameters 
measured at 5, 50, and 250  kHz. Only one study pro-
vided a predictive equation using BIS at a frequency of 
50 kHz.

Bioelectrical impedance‑based equations for athletes
Table 3 reports the characteristics of the 19 predictive 
equations developed in 11 studies on athletes. Fifteen 
predictive equations from 10 studies were developed 
with a SF-BIA, while four predictive equations from 
one study were developed with MF-BIA using bioelec-
trical parameters measured at 50 kHz.

Bioelectrical impedance‑based equations for elderly
Table 4 reports the characteristics of the 26 predictive 
equations developed in 17 studies on elderly subjects. 
Seventeen predictive equations from 11 studies were 
developed with a SF-BIA, while eight predictive equa-
tions from seven studies were developed with MF-BIA 
using bioelectrical parameters measured at 2, 50, and 

Fig. 2  PRISMA Flow chart of the studies’ selection
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250  kHz. One study provided a predictive equations 
using bioelectrical parameters measured with BIS using 
at a frequency of 5 kHz.

Bioelectrical impedance‑based equations for people 
with diseases
Table  5 reports the characteristics of the 16 predictive 
equations developed in 8 studies on subjects with diseases. 
Three studies presented seven predictive equations using 
SF-BIA, while six predictive equations from two studies 
were developed with MF-BIA using bioelectrical param-
eters measured at 50 and 100  kHz. Three studies devel-
oped three predictive equation using BIS at a frequency of 
50 kHz.

Discussion
The present systematic review was designed to compile 
a list of BIA-based predictive equations for estimating 
body mass components in target populations. Specifi-
cally, we included only articles that developed new pre-
dictive models and excluded experimental designs that 
validated existing equations, mixed different popula-
tions, or used the two-component model as a reference 
for developing predictive equations. This resulted in 106 
predictive equations that met high-standard procedures, 
organized based on the four BIA technologies (i.e., hand-
to-hand, leg-to-leg, foot-to-hand, and segmental), the 
sampling frequency (i.e., single and multi-frequency) and 
five population categories (i.e., under 18 years old, adults, 

Fig. 3  World map with number of included studies for under 18 years old subjects (A), adults (B), athletes (C), elderly (D), and people with disease 
(E)
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athletes, elderly, and people with diseases). Additionally, 
the geographical areas of the participants were identified. 
The present findings provide an updated starting point 
for researchers to identify potential gaps in the literature 
and develop further predictive equations. Moreover, this 

updated list facilitates the easy identification of the most 
accurate equations for specific populations and technolo-
gies, aiding practitioners in implementing best practices.

Bioelectrical impedance‑based equations 
for under 18 years old people
Nineteen predictive equations developed in 14 studies 
on subjects under 18 years old from general populations 
were included. Two of these studies were conducted in 
the USA, where no female participants were involved 
[55, 76], while the remaining 12 studies were performed 
in different countries around the world with both sexes 
included [37, 43–45, 57–59, 72–75, 100]. Out of the 19 
equations, 12 were developed using foot to hand tech-
nology [37, 55, 58, 59, 72, 73, 75, 76, 100] and seven 
equations were developed using segmental technology 
[43–45, 57, 74]. Concerning foot-to-hand technology, 
four equations are suitable only for females [55, 76], while 
eight are suitable for both sexes [37, 58, 59, 72, 73, 75, 
100]. Regarding segmental technology, five are suitable 
for both sexes [43–45, 57, 74]. Concerning foot-to-hand 
technology, four equations were found for estimating 
FFM in females only [55, 76] and two for both sexes [59, 
73]. As for TBW, five equations are suitable for both sexes 
[37, 58, 72, 75, 100]. Considering segmental technology, 
five equations are available for estimating FFM in both 
sexes [43–45, 57, 74]. All 19 equations were developed 
at a single frequency of 50 kHz, although four predictive 
equations were developed with multifrequency devices 
but at the frequency of 50 kHz [43, 44, 57].

Fig. 4  Number of predictive equations available for each 
BIA technology (e.g., hand to hand, leg to leg, foot to hand, 
and segmental) according to sex and population

Fig. 5  Number of the predictive equations for each estimable body mass component, according to sex and population for the foot to hand 
technology. FM fat mass, FFM fat-free mass, TBW total body water, ECW extracellular water, ECW extracellular water, BCM body cell mass, LST lean soft 
mass, SMM skeletal muscle mass
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Bioelectrical impedance‑based equations for adults
Twenty-six predictive equations developed in 14 stud-
ies on adults were reviewed. Although most of the stud-
ies (n = 4) were conducted in the USA [34, 42, 54, 82], 
the largest participant number occurred in one Chinese 
study [81]. The remaining studies involved European [50, 
52, 71, 77, 101], Eastern Asian [47, 78], and Australian 
[66] populations with a balanced number of male and 
female participants. Out of the 26 available equations, 
22 were developed with foot to hand technology [34, 42, 
47, 50, 52, 54, 61, 66, 71, 77, 78, 102], and four with seg-
mental technology Concerning foot to hand technology, 
17 equations are available for both sexes [42, 47, 52, 54, 
61, 66, 71, 77, 102], while one is suitable for males [78] 
and two are suitable for females only [34, 50]. As for seg-
mental technology, four equations are suitable for both 
sexes [80, 81]. Regarding foot-to-hand technology, five 
equations are suitable for estimating FFM in males [47, 
52, 66, 71, 78] and six in females [34, 47, 50, 52, 66, 71]. 
Two equations are suitable for estimating TBW [42, 54], 
ten for estimating LSM [61, 77], and one for estimating 
SMM [82] in both sexes. Particularly, the equations pre-
dicting LSM were developed for the appendicular [61, 77] 
and trunk [61] body segments. Considering segmental 
technology, two equations for estimating FFM [81], one 
equation for estimating SMM [80], and one equation for 
estimating LSM [81] are available for males and females. 
Out of the equations for predicting FFM or LSM, both 
estimate the appendicular mass only [81]. All these equa-
tions were developed at a single frequency of 50  kHz, 
with the exception of four equations [66, 81] developed 
with a multifrequency devices that used bioelectrical 

parameters measured only at 50 kHz [66], as well as mix-
ing frequencies sampled at 50 and 250 kHz [81].

Bioelectrical impedance‑based equations for athletes
Nineteen predictive equations developed in 11 studies on 
athletes were included. Four studies involved Portuguese 
male and female participants from different sport disci-
plines [39, 69, 84, 87], while two studies recruited male 
Brazilian army cadets [85] considered as very active indi-
viduals [103] and adolescents from various sport disci-
plines [104]. One study was conducted on USA collegiate 
female athletes from different sports [62], one on Greek 
elite female dancers [51], and two studies on elite male 
soccer players in Taiwan [88] and Italy [31]. One study 
con considered Italian paddle players [48]. Out of the 19 
available equations, 15 were developed with foot to hand 
technology [31, 39, 48, 51, 62, 69, 84, 85, 87, 104], while 
four equations were developed using segmental tech-
nology [88]. Considering the foot to hand technology, 
12 equations are suitable for male [31, 39, 48, 69, 84, 85, 
87, 104] and eight for female people only [39, 51, 62, 69, 
87, 104]. As for segmental technology, four equations are 
specific for males [88], and no equation is available for 
females. Regarding foot to hand technology, we found an 
equation for estimating FM in males [48], five equations 
for estimating FFM in males [31, 69, 84, 85, 104], and four 
in females only [51, 62, 69, 104]. Moreover, we retrieved 
one equation for estimating TBW [39], one for esti-
mating ECW [39] and five for estimating LSM [31, 87], 
where three of them are suitable for both sexes [39, 87], 
and two in male only [31]. As for segmental technology, 
four equations for estimating whole-body, upper-limb, 

Fig. 6  Number of the predictive equations for each estimable body mass component, according to sex and population for the segmental 
technology. FM fat mass, FFM fat-free mass, TBW total body water, LST lean soft mass, SMM skeletal muscle mass
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lower-limb, and trunk FFM are available for males only 
[88]. All these equations were developed at a single fre-
quency of 50 kHz, even those developed using a multifre-
quency device [88].

Bioelectrical impedance‑based equations for elderly
Twenty-six predictive equations developed in 17 studies 
on the elderly were included. The selected studies encom-
passed Central[36, 38, 49] and Southern American [46, 
67], European [53, 63, 89–91, 93, 95, 97], and Asian [68, 
94] male and female participants. Out of the 26 available 
equations, 23 were developed with foot to hand technol-
ogy [36, 38, 46, 49, 53, 63, 67, 89–93, 95, 97], while three 
equations were developed using segmental technology 
[68, 94]. Concerning foot-to-hand technology, three pre-
dictive equations were suitable for males [36, 49, 53] and 
four for females only [36, 49, 53, 97], while thirteen equa-
tions suitable for both sexes [38, 46, 63, 67, 89–93, 95]. 
Two different equations are available to determine FM 
in males and females [53], while there are two equations 
for assessing FFM in males [36, 49], three in females only 
[36, 49, 97], and five suitable for both sexes [89, 91]. There 
is one equation for estimating BCM [63], four equations 
for assessing appendicular LSM [46, 67, 92, 93], and one 
equation for assessing SMM [95] suitable for males and 
females. As for the segmental technology, only the appen-
dicular LSM is currently possible to be determined using 
two equations suitable for both sexes [68, 94]. Sixteen 
equations were developed using single frequency devices 
at 50 kHz [36, 38, 46, 49, 53, 63, 67, 89–91, 97], while the 
equations developed with multifrequency devices were 
obtained measuring the bioelectrical parameters at 5 kHz 
[95], 50  kHz [93, 94], 250  kHz [92], or 50 and 250  kHz 
[68].

Bioelectrical impedance‑based equations for people 
with diseases
Sixteen predictive equations developed in eight stud-
ies on people with diseases were included. The selected 
studies included European [35, 40, 56, 64, 65, 98] and 
Asian [41, 99] male and female participants. Out of the 
16 available equations, 14 were developed with foot to 
hand technology [40, 64, 98] and eight using segmental 
technology [40, 41, 56, 64, 65, 98, 99]. Regarding the foot 
to hand technology, there is one equation suitable for 
assessing FFM in overweight and obese postmenopausal 
females [98], four for appendicular FM and FFM in func-
tionally limited male and female individuals [40], four for 
assessing FFM in amputee males [41], one for predicting 
TBW in anorexic females [56], and three for appendicu-
lar LSM in frail [64], chronic kidney [65], or hemodialy-
sis male and female subjects [99]. Seven equations were 
developed using single frequency devices at 50 kHz [35, 

40, 98], while 9 equations were made with multifre-
quency devices involving measures obtained at 50 [41, 
64, 65, 99] and 100 kHz [56]. However, the use of BIA in 
individuals with underlying medical conditions necessi-
tates a thorough consideration of the reliability features 
inherent in the measurements. This is imperative due to 
the heightened likelihood of fluctuations in water con-
tent, which may manifest more frequently in this cohort 
compared to other populations [105].

Limitations of the review and future perspectives
One limitation of the current manuscript may con-
cern the grouping of predictive equations based on the 
BIA technology, since different devices using the same 
technology may yield different outcomes due to poten-
tial between-device inconsistencies [106], even though 
agreement has been observed [21]. Therefore, new com-
parisons between different devices of the same technol-
ogy should be conducted. Other considerations could 
be made, not merely as limitations of the present man-
uscript but intrinsic to BIA. First, considering the lack 
of agreement between bioelectrical values obtained at 
different frequencies [21, 107], the sampling frequency 
information has been reported for each of the included 
studies. In this regard, future studies should clarify the 
advantages of using multi-frequency devices given that 
most predictive equations predominantly include meas-
ures obtained at a single frequency of 50  kHz. Second, 
the procedures for BIA were updated in 2004 [15] and 
further in 2020 for athletes [2]. Therefore, inconsistencies 
in methodological procedures (e.g., the standardization 
of food and beverage intake before the assessment, elec-
trode placement, skin cleansing) may have impacted the 
final outcomes for each study [108]. Third, the standard 
error is often reported as absolute values of body mass, 
and this does not take into account how much each error 
is related to the total body mass. For example, a standard 
error of 1.5 kg in a female population with a mean FFM 
equal to 50  kg is less precise than in men with a mean 
FFM equal to 80 kg. Fourth, even though some variables 
are not directly estimated by the BIA (e.g., FM and ICW), 
these can be easily derived as the difference between the 
body mass and the FFM (for FM) or the total water and 
the ECW (for ICW). Lastly, the utilization of multicom-
ponent models to estimate body composition may be sus-
ceptible to error propagation, stemming from the use of 
multiple methods for reference body composition values. 
A procedure for identifying the most valid equation for 
predicting body composition is illustrated in Fig. 7. There 
is reason to believe that such procedures will be consid-
ered in the development of AI-based software systems in 
the future.
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Conclusions
Numerous predictive equations for quantifying body 
composition with BIA have been developed using high-
standard procedures. However, upon categorizing these 
equations based on BIA technology, target population, 
and estimable body mass components, the overall avail-
ability of predictive equations seems limited. Notably, 
no predictive equations for hand to hand and leg to leg 
technology are included here, implying that these BIA 
devices predominantly employ procedures of low qual-
ity, often unknown, and lacking scrutiny, with equations 
typically owned by manufacturers. In contrast, there are 
several predictive equations available for foot to hand 
and segmental technology. However, the accuracy of esti-
mating certain body components is compromised due to 
the absence of population-specific predictive equations. 
Given the necessity for reference values and BIA-based 
predictive equations to be population- and technology-
specific, the current findings underscore the urgency of 
developing new predictive equations tailored to specific 
BIA technology, population characteristics, and body 
mass components. Nevertheless, the foot to hand tech-
nology stands out with the highest number of predictive 
equations, offering the most accurate estimation of body 

composition. That said, the predictive equations available 
so far do not cover all possible combinations of technol-
ogy, population and body mass component. Hence, the 
present manuscript may be helpful to pinpoint what has 
been done so far and what is currently lacking, so to gen-
erate novel predictive equations in cases not covered by 
the present literature. This may help to increase the trust 
of the practitioners in the BIA, often doubtful about the 
goodness of the results provided by inaccurate equa-
tions included in the device. Practitioners now possess 
an updated list of predictive equations for assessing body 
composition.
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