
ARTICLE

Accuracy of bioelectrical impedance analysis and skinfold
thickness in the assessment of body composition in people
with chronic spinal cord injury
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STUDY DESIGN: Cross-sectional study.
OBJECTIVES: This study: (1) investigated the accuracy of bioelectrical impedance analysis (BIA) and skinfold thickness relative to
dual-energy X-ray absorptiometry (DXA) in the assessment of body composition in people with spinal cord injury (SCI), and whether
sex and lesion characteristics affect the accuracy, (2) developed new prediction equations to estimate fat free mass (FFM) and
percentage fat mass (FM%) in a general SCI population using BIA and skinfolds outcomes.
SETTING: University, the Netherlands.
METHODS: Fifty participants with SCI (19 females; median time since injury: 15 years) were tested by DXA, single-frequency BIA (SF-
BIA), segmental multi-frequency BIA (segmental MF-BIA), and anthropometry (height, body mass, calf circumference, and skinfold
thickness) during a visit. Personal and lesion characteristics were registered.
RESULTS: Compared to DXA, SF-BIA showed the smallest mean difference in estimating FM%, but with large limits of agreement
(mean difference=−2.2%; limits of agreement: −12.8 to 8.3%). BIA and skinfold thickness tended to show a better estimation of
FM% in females, participants with tetraplegia, or with motor incomplete injury. New equations for predicting FFM and FM% were
developed with good explained variances (FFM: R2= 0.94; FM%: R2= 0.66).
CONCLUSIONS: None of the measurement techniques accurately estimated FM% because of the wide individual variation and,
therefore, should be used with caution. The accuracy of the techniques differed in different subgroups. The newly developed
equations for predicting FFM and FM% should be cross-validated in future studies.

Spinal Cord (2022) 60:228–236; https://doi.org/10.1038/s41393-021-00682-w

INTRODUCTION
A spinal cord injury (SCI) often leads to paresis, which can cause
muscle atrophy, metabolic disorder, and physical inactivity [1].
The physiological and lifestyle changes result in a decrease of fat
free mass (FFM) and an increase in fat mass (FM), leading to a
higher prevalence of obesity and several adverse metabolic
sequelae such as insulin resistance, hyperlipidemia, and cardio-
vascular diseases in people with chronic SCI [2]. The loss of FFM is
mainly due to the reduction in muscle mass. This reduction could
reach up to over 50% in the first 6 months after injury in unloaded
muscles [3]. To monitor their health status, identifying individuals
at risk with percentage fat mass (FM%) ≥25% [4] and intervening
with dietary advice and exercise prescription when considered
necessary, regular assessment of body composition with accurate
methods in people with SCI is essential.
Several techniques have been used to assess body composition in

people with SCI, with dual-energy X-ray absorptiometry (DXA)
considered as the gold standard [5]. However, DXA can have limited
accessibility for many practitioners because of financial and logistical

restrictions [6]. Therefore, feasible and relatively accurate alternative
methods are needed for rehabilitation centers or dieticians. One of
such methods that shows a good estimation of FM% in the general
population is skinfold thickness [7]. The equation by Durnin and
Womersley based on the values of four skinfold sites has been widely
used in both the general population and people with SCI [6, 8–10].
Recently, Goosey-Tolfrey et al. developed a new prediction equation
that well-predicted FM% (R2= 0.84) in wheelchair athletes [10];
however, it has not been validated in the general population with SCI.
Bioelectrical impedance analysis (BIA), another body composition
measurement, has been extensively used because of its rapid
processing, noninvasiveness and relative inexpensiveness [11].
Specifically, single-frequency BIA (SF-BIA) and segmental multi-
frequency BIA (segmental MF-BIA) are widely used in both healthy
people and patients by using the measured impedance of electric
current to determine body water and calculate FFM and FM. Buchholz
et al. suggested that after adding some relevant parameters including
age, sex, height, and body mass to BIA results, body composition can
be well-predicted by using SF-BIA in people with paraplegia [12].
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However, prediction equations are population-specific, therefore the
accuracy of BIA and skinfold thickness may vary with sex and SCI
group (e.g., tetraplegia vs. paraplegia) [13]. Until now, studies about
the accuracy of BIA and skinfold thickness to evaluate body
composition in people with SCI are limited and most of them have
focused on athletes instead of the general population with SCI
[6, 9, 10, 14, 15]. These studies have shown that BIA and skinfolds
systematically underestimated FM% (BIA: 5.1–10.7%; skinfolds:
5.8–15.2%) compared to DXA. Spungen et al. found that DXA, BIA,
and skinfolds are equally valuable in estimating body fat in a general
population with SCI [15]. However, they only included 12 people with
tetraplegia. Furthermore, equations to estimate body composition
have been created only for wheelchair athletes with SCI [10]. This
population tends to have lower FM% compared to the general
population with SCI because of the high training loads [10]. Therefore,
the aim of this study was twofold: (1) to investigate the accuracy of
BIA and skinfold thickness relative to DXA in the assessment of body
composition in a general population with SCI and whether sex and
lesion characteristics affect the accuracy, and (2) to develop new
prediction equations to estimate FFM and FM% in a general
population with SCI using BIA and skinfolds outcomes.

METHODS
Participants
Fifty community-dwelling men and women with SCI, including two
wheelchair tennis athletes and two wheelchair rugby athletes, were
recruited via a rehabilitation center and the Dutch SCI patient organization.
Inclusion criteria were: people with SCI (not ventilator-dependent), aged
18–75 years, time since injury ≥12 months. Exclusion criteria were: artificial
pacemaker, epilepsy, pregnancy, fever (>38.5 degrees), progressive illness,
psychiatric disorders, severe communication obstacles, pressure ulcers, or
abnormal hydration status due to e.g., edema. This study was approved by
the Medical Ethical Committee of Slotervaart hospital and Reade
(NL64704.048.18). All participants signed an informed consent form before
data collection.

Design
During a visit, the measurements of body composition were conducted. All
measurements were scheduled with participants in a fasting state.
Caffeine, alcohol intake and heavy physical exercise were not allowed
<24 h before the measurements. Measurement order was always DXA, SF-
BIA, segmental MF-BIA, and skinfold thickness.

Personal and lesion characteristics
Age, sex, lesion level, and completeness were collected by asking
participants. Lesion characteristics were determined using the AIS criteria

[16]. Lesion level was defined by tetraplegia (lesion ≥T1) and paraplegia
(<T1) while motor complete injury was defined by AIS A or B and motor
incomplete injury by AIS C or D.

Dual-energy X-ray absorptiometry
Whole-body and segmental FFM (lean mass plus bone mineral content),
FM and FM% were assessed using DXA (Hologic Discovery, Hologic Inc.,
Waltham, Mass, USA). Standard quality control (local Standard Operating
Procedure) was performed with the calibration of the lumbar spine
phantom before every measurement on a daily basis and the weekly
calibration of radiographic uniformity. Participants were instructed to wear
loose fitting clothes and remove all jewelry. All scans and analyses were
performed by the same trained operator. To minimize produced spasms
and any discomfort on the DXA table, participants were positioned as
closely as possible to the standard protocol, with a strap used to ensure
there was no leg movement during the scan.

Bioelectrical impedance analysis
Bioelectrical impedance was measured using two methods. The Bodystat
1500MDD (Bodystat® 1500MDD, Bodystat Inc, Douglas, United Kingdom)
determined whole-body composition by the measurement of resistance and
reactance at 50 kHz (SF-BIA). The InBody S10 determined (InBody® S10,
InBody Bldg., Seoul, South-Korea) whole-body and segmental body
composition by the measurements of resistance and reactance at multiple
frequencies (1, 5, 50, 250, 500 and 1000 kHz; segmental MF-BIA). Based on the
BIA principle, the impedance of a cylindrical conductor is related to its length.
This indicates that the impedance index height2 (cm)/impedance (h2/Z; with
Z the impedance given by BIA) has a stronger linear relationship with total
body water (TBW) and FFM than impedance alone [17]. Thus, h2/Z by BIA can
be a significant predictor of body composition. Participants were instructed
to lie down in a supine position with arms and legs slightly apart on a
nonconductive surface for 5–10min before the measurement started.
According to the standard operating procedures, four adhesive electrodes
were used for measurement with the SF-BIA on the right side of the body
while six touching electrodes (three on each side) were used for
measurement with the segmental MF-BIA on both sides of the body (Fig. 1).

Anthropometry
Height was measured to the nearest 0.1 cm in a supine position with a
measuring tape. For the participants who were unable to lie fully straight,
the measured values were compared with the self-reported height. If the
values differed, an extra measurement was performed to confirm the final
measured value.
Body mass was measured to the nearest 0.1 kg with a wheelchair

accessible weighing scale (BL-5R, Christen Swiss B.V., Geldermalsen, the
Netherlands). The mass of the wheelchair and clothes were deducted from
the total mass afterwards.
Waist circumference was measured three times to the nearest 0.1 cm in

a supine position with a measuring tape at the umbilicus level after a

Fig. 1 The electrode placements of the two BIA methods. a SF-BIA (Bodystat® 1500MDD), b segmental MF-BIA ((InBody® S10).
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normal expiration. Calf circumference was measured three times with a
measuring tape at the maximum girth of the right calf. The median value
was taken for analysis according to the International Standards for
Anthropometric Assessment (ISAA) [18].
Eight skinfold sites (biceps, triceps, subscapular, iliac crest, supraspinal,

abdominal, front thigh and medial calf) were marked with a dermatographic
pen and measured following the guidelines by ISAA using a Slim Guide
Skinfold Caliper (Creative Health Products, Michigan, USA) by the same
trained operator [18]. Measurement at each site was made in triplicate with
the participant in an upright sitting position in his/her wheelchair. The median
value was taken for analysis. In case a measured value varied more than 2mm
compared to the previous measurement, an extra measurement was taken to
replace that value. The equation by Durnin–Womersley (established for able-
bodied people: Body density= c–m× log∑SKF4, measured sites: biceps,
triceps, subscapular and iliac crest, c and m are given values varying with
age and sex) was used to estimate body density [8]. Conversion of body
density to FM% was calculated using the Siri equation [19]. The equation by
Goosey-Tolfrey et al. (established for wheelchair athletes: FM%=−3.04+
0.41 × ∑SF7− 0.001 × ∑SF72+ 0.03 × Calf circumference, measured sites:
biceps, triceps, subscapular, supraspinal, abdominal, front thigh, and medial
calf and calf circumference) was used to estimate FM% [10].

Statistical analysis
The normality of the data was checked by the Shapiro–Wilk test and Q–Q
plots and all data were normally distributed. Paired sample t tests were
used to determine the systematic difference in measuring body
composition between DXA, the BIA methods and skinfold equations.
Repeated measures analysis of variance were performed to determine the
systematic difference of whole-body and segmental body composition for
different sex, lesion level and motor completeness subgroups.
Intraclass correlation coefficients (ICC) (two-way random, absolute agree-

ment) were used to test the relative agreement in the body composition
between DXA and other techniques. ICC values <0.5, between 0.5 and 0.75,
between 0.75 and 0.9, and greater than 0.9 were considered indicative of
poor, moderate, good, and excellent agreement, respectively [20]. To further
characterize the absolute agreement between different techniques,
Bland–Altman plots were created [21].
Prediction equations to estimate FFM and FM% in people with SCI were

developed using multivariate regression analysis. FFM and FM% measured
by DXA were used as dependent variables, impedance index (h2/Z) given
by SF-BIA and MF-BIA, FM% and FFM (after calculated by total body mass)
given by both skinfold equations, sex, lesion level, lesion completeness,
and time since injury were used as independent variables. All independent
variables were included separately at first and if they showed a p value
below 0.1 the variables were added to the multivariate model. Backward
elimination was used for the multivariate model until only significant

determinants remained (p < 0.05). Bland–Altman plots were used to
validate the new equations in the same group of participants as the
equation developed by checking the systematic bias, mean difference and
limits of agreement between the estimation of the new equations and the
DXA outcomes (internal validation). All statistical analyses were performed
using SPSS software (version 25, IBM, Somers, NY, USA). Bland–Altman
plots were created using MedCalc (version 18.2.1, MedCalc Software Ltd,
Ostend, Belgium). A p value < 0.05 was considered significant.

RESULTS
Descriptives
Sixty-two percent of the participants were male, 65% had a
paraplegia, and 52% had a motor complete injury. Due to
the failed connection between the electrodes and the device and
the input error of height, three participants were not able to
complete the measurement with the SF-BIA. The calf circumfer-
ence of one participant was not measured because the participant
did not want to be measured at the lower limbs at that time.
Table 1 shows descriptives of the total group and the subgroups.

SF-BIA and MF-BIA
Compared to DXA, both BIA methods had moderate to excellent
relative agreement in estimating FFM, FM, and FM%. However, SF-
BIA significantly underestimated while MF-BIA significantly over-
estimated FM% (Table 2). The mean difference of SF-BIA was
−2.2% in estimating FM% with limits of agreement from −12.8 to
8.3%. These results are visualized in Bland–Altman plots with MF-
BIA showing a proportional bias (p= 0.001) (Fig. 2).
In the subgroups, compared to DXA, SF-BIA significantly

underestimated, while MF-BIA significantly overestimated FM%
in males, participants with paraplegia or with motor complete
injury (Table 2). The relative agreement of BIA in estimating FM%
in the subgroups is shown in Table 2.

Skinfold equations
Compared to DXA, the skinfold equations by Durnin–Womersley
and Goosey-Tolfrey significantly underestimated FM%, which is
also shown in the Bland–Altman plots, and showed a moderate
relative agreement. The mean difference of Durnin–Womersley
skinfold equation was −2.9% with limits of agreement from −12.6
to 6.7%. The skinfold equation by Goosey-Tolfrey showed a
proportional bias (p= 0.005) (Fig. 2).

Table 1. Descriptives of the total group and the subgroups.

Count (%)

Male 31 (62%)

Tetraplegia 17 (35%)

Motor complete (AIS A or B) 26 (52%)

Time since injury (years), median (IQR) 15 (5–23)

Total Male Female T P Complete Incomplete

n 50 31 19 17 33 26 24

Mean (SD)

Age (years) 47 (12) 47 (12) 48 (12) 50 (11) 46 (13) 46 (11) 48 (13)

Height (m) 1.77 (0.12) 1.82 (0.13) 1.70 (0.06) 1.78 (0.11) 1.77 (0.13) 1.80 (0.11) 1.74 (0.13)

Body mass (kg) 73.9 (17.3) 79.1 (17.3) 65.5 (14.1) 72.7 (14.0) 74.5 (19.0) 74.0 (15.0) 73.7 (19.8)

BMI (kg/m2) 23.5 (4.6) 23.9 (4.2) 23.0 (5.2) 23.1 (4.2) 23.6 (4.8) 22.8 (3.7) 24.2 (5.4)

WC (cm) 90.8 (12.3) 93.8 (11.7) 86.0 (11.9) 91.0 (11.0) 90.7 (13.1) 91.1 (10.1) 90.6 (14.5)

CC (cm) 32.1 (5.1) 32.1 (5.1) 32.1 (5.1) 32.9 (4.7) 31.7 (5.3) 30.4 (3.4) 33.8 (6.0)

FM% (DXA) 29.0 (7.0) 27.0 (5.7) 32.0 (7.6) 29.9 (8.2) 28.8 (6.3) 29.8 (7.1) 28.4 (6.9)

T Tetraplegia, P paraplegia, Complete motor complete injury, Incomplete motor incomplete injury, AIS American Spinal Injury Association impairment scale, IQR
interquartile range, BMI body mass index, WC waist circumference, CC calf circumference, FM% percentage fat mass, DXA dual-energy X-ray absorptiometry .
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In the subgroups, compared to DXA, the Durnin–Womersley
skinfold equation significantly underestimated FM% in males. In
contrast, the Goosey-Tolfrey skinfold equation significantly under-
estimated FM% in females. Both skinfold equations significantly
underestimated FM% in participants with paraplegia or with

motor complete injury (Table 2). The relative agreement of
skinfold equations in estimating FM% in the subgroups is shown
in Table 2.

Table 2. Systematic differences (p values), and relative agreement (ICC) of different measurement techniques in estimating body composition
compared to DXA in the total group and the subgroups.

n Mean (SD) Mean difference (95% CI) p ICC

DXA FFM (kg) 50 52.2 (12.5) – – –

SF-BIA FFM (kg) 47 53.9 (12.7) 1.5 (0.3–2.7) 0.02 0.94

MF-BIA FFM (kg) 50 49.7 (12.0) −2.4 (−3.7 to −1.2) <0.001 0.92

DXA FM (kg) 50 21.7 (7.9) – – –

SF-BIA FM (kg) 47 20.3 (9.2) −1.5 (−2.7 to −0.3) 0.02 0.88

MF-BIA FM (kg) 50 24.2 (10.7) 2.4 (1.2–3.7) <0.001 0.86

DXA FM% 50 29.1 (7.0) – – –

SF-BIA FM% 47 27.0 (8.3) −2.2 (−3.8 to −0.6) 0.007 0.73

MF-BIA FM% 50 32.1 (10.0) 3.0 (1.3–4.7) 0.001 0.71

Skinfolds
Durnin–Womersley FM%

50 26.3 (6.7) −2.9 (−4.3 to −1.5) <0.001 0.68

Skinfolds Goosey-Tolfrey FM% 49 27.1 (5.1) −1.9 (−3.2 to −0.6) 0.005 0.69

FM% Mean (SD) Mean difference (95% CI) p ICC

Male DXA 26.6 (5.4) – – –

SF-BIA 23.7 (5.8) −3.0 (−4.8 to −1.1) 0.003 0.48

MF-BIA 31.1 (9.4) 4.5 (2.2–6.8) <0.001 0.60

Durnin–Womersley 23.1 (5.3) −3.5 (−5.4 to −1.6) <0.001 0.44

Goosey-Tolfrey 26.4 (4.5) −0.2 (−1.8–1.3) 0.77 0.66

Female DXA 32.9 (7.8) – – –

SF-BIA 32.7 (9.1) −0.2 (−2.6–2.3) 0.88 0.85

MF-BIA 33.8 (11.3) 0.9 (−2.0–3.9) 0.52 0.85

Durnin–Womersley 31.2 (5.6) −1.6 (−4.1–0.8) 0.19 0.82

Goosey-Tolfrey 28.1 (6.0) −4.8 (−6.8 to −2.7) <0.001 0.69

T DXA 29.9 (8.2) – – –

SF-BIA 28.2 (8.7) −1.7 (−4.2–0.8) 0.18 0.87

MF-BIA 32.6 (10.3) 2.7 (−0.4–5.7) 0.09 0.78

Durnin–Womersley 27.5 (6.8) −2.4 (−4.8–0.1) 0.06 0.80

Goosey-Tolfrey 27.8 (4.9) −2.1 (−4.4–0.2) 0.07 0.65

P DXA 28.4 (6.3) – – –

SF-BIA 26.3 (8.2) −2.1 (−4.0 to −0.1) 0.04 0.63

MF-BIA 31.9 (10) 3.5 (1.1–5.9) 0.005 0.67

Durnin–Womersley 25.3 (6.5) −3.1 (−5.0 to −1.2) 0.002 0.60

Goosey-Tolfrey 26.6 (5.3) −1.8 (−3.5–0.0) 0.05 0.71

Complete DXA 29.7 (7.2) – – –

SF-BIA 25.7 (8.6) −4.0 (−6.0 to −2.0) <0.001 0.70

MF-BIA 33.4 (8.7) 3.7 (1.1–6.4) 0.007 0.73

Durnin–Womersley 25.8 (6.2) −3.9 (−6.0 to −1.8) 0.001 0.65

Goosey-Tolfrey 27.1 (4.6) −2.5 (−4.5 to −0.6) 0.013 0.68

Incomplete DXA 28.2 (7.0) – – –

SF-BIA 28.3 (8.1) 0.1 (−1.9–2.1) 0.90 0.79

MF-BIA 30.8 (11.4) 2.7 (−5.3–0.0) 0.05 0.69

Durnin–Womersley 26.4 (7.2) −1.8 (−3.9–0.3) 0.09 0.72

Goosey-Tolfrey 26.9 (5.7) −1.3 (−3.2–0.7) 0.20 0.70

DXA dual-energy X-ray absorptiometry, SF-BIA single-frequency bioelectrical impedance analysis, MF-BIA multi-frequency bioelectrical impedance analysis, FFM
fat free mass, FM fat mass, FM% percentage fat mass, T tetraplegia, P paraplegia, Complete motor complete injury, Incomplete motor incomplete injury.
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Segmental body composition
Compared to DXA, segmental MF-BIA significantly underestimated
FFM in the arms and trunk and overestimated FFM in the legs.
In the subgroups, segmental MF-BIA significantly underesti-

mated arms FFM in the males but not in females (males: p < 0.001;
females: p= 0.08). It also showed a significant overestimation
of legs FFM in males but not in females (males: p < 0.001; females:
p= 0.996), a significant underestimation of arm FFM in
both participants with tetraplegia and paraplegia (tetraplegia:
p= 0.02; paraplegia: p < 0.001), a significant underestimation
of trunk FFM in both participants with tetraplegia and
paraplegia (tetraplegia: p < 0.001; paraplegia: p= 0.001), and a
significant overestimation of leg FFM in participants with motor
complete injury but not in participants with motor incomplete
injury (motor complete: p < 0.001; motor incomplete: p= 0.67)
(Table 3).

New equations for predicting FFM and FM%
Table 4 shows the included variables and the coefficient of
determination (R2) of all the newly developed prediction
equations for the general population of people with SCI and the
internal validation results.
For predicting FFM, the new equation with the highest R2

included FFM calculated by Goosey-Tolfrey skinfold equation and
total body mass and sex (R2= 0.94), see Eq. 1 below.

FFM kgð Þ ¼ �4:481 � 2:388 ´ sex þ 1:081 ´ FFM (1)

The new equation for predicting FFM by SF-BIA included the
impedance index (R2= 0.83), see Eq. 2 below.

FFMðkgÞ ¼ 5:697 þ 0:881 ´ impedance index (2)

Fig. 2 Bland-Altman plots to compare the accuracy in measuring percentage fat mass (FM%). Bland–Altman plots to show absolute
agreement between percentage fat mass (FM%) measured by DXA and MF-BIA (a), SF-BIA (b), skinfold equations by Durnin–Womersley (c), and
Goosey-Tolfrey et al. (d) in different sex, lesion level, and motor completeness subgroups. M male, F female, T tetraplegia, P paraplegia, C motor
complete injury, and IC motor incomplete injury. DW skinfold equation by Durnin-Womersley, GT skinfold equation by Goosey-Tolfrey et al. The mean
value of DXA and the other technique is on the x-axis, and the mean difference is on the y-axis. The solid line is the mean difference for each
comparison. The dotted lines above and below the mean difference are the upper and lower limits of agreement. MF-BIA (p< 0.001, y=−9.1874+
0.3978x, 95% CI of the slope, 0.2092–0.5864) and skinfold equation by Goosey-Tolfrey et al. (p= 0.005, y= 7.0788− 0.3218x, 95% CI of the slope,
−0.5410 to −0.1027) show a proportional bias with the 95% CI of the regression lines in the plots.
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Since the impedance index given by BIA was not significant
when predicting FM%, the new equations for predicting FM%
were developed based on the two skinfold equations.
The new equation with the highest R2 included FM% estimated

by Goosey-Tolfrey skinfold equation and sex (R2= 0.66), see Eq. 3
below.

FM% ¼ 1:804 þ 4:524 ´ sex þ 0:939

´ FM%
(3)

DISCUSSION
According to our results, SF-BIA, MF-BIA, skinfold equations by
Durnin–Womersley or by Goosey-Tolfrey et al. did not accurately
estimate FM% in a general population of people with SCI. Among
all the measurement techniques, SF-BIA showed the smallest
mean difference in estimating FM% compared to DXA, but its
large limits of agreement indicated the wide individual variation.
Except for the estimation of skinfold equation by Goosey-Tolfrey
et al. in males, the accuracy for estimation of FM% was better in
females, participants with tetraplegia or with motor incomplete
injury compared to their counterparts. New equations were
developed for predicting FFM and FM% by SF-BIA, MF-BIA, and
skinfold equations by Durnin–Womersley and Goosey-Tolfrey et al.
showing good explained variances.
Based on impedance measures, BIA can estimate TBW from which

FFM and FM are calculated [12]. Patel et al. reported that SF-BIA was
a more accurate and less biased predictor of TBW than MF-BIA in
critically ill participants [22]. This is in line with our results that SF-BIA
showed better accuracy in estimating FM% than MF-BIA, which
showed a proportional bias. An explanation for this result might be
that impedance values do not appear to capture peripheral edema
in a SCI group [23]. Although our study excluded patients with
severe edema, MF-BIA results still showed that 74% (37 persons) of
the participants were in an overhydrated state as they showed an
ECW/TBW above 0.40 (ranged from 0.40 to 0.42) according to the
commonly used cut-off value in different patient groups [24–26].
Since peripheral edema is a common clinical finding in people with
SCI especially in the lower limbs due to the absence of the leg
skeletal muscle pump [23, 27], it would be useful to measure the
hydration status accurately in people with SCI and compare the
accuracy of BIA in measuring body composition between people in
an overhydrated state and people in a euhydration state. This could
shed some light on whether the altered hydration in people with SCI
might cause significant bias when measuring with BIA.
People with tetraplegia might have lower FFM and higher FM

compared to able-bodied people and individuals with paraplegia
because of the partial inability to use both arms independently for
physical activity and food intake in daily life [13]. Therefore, a worse
estimation by BIA in people with tetraplegia might be expected.
However, we found that both BIA methods showed a better
estimation in participants with tetraplegia than with paraplegia. This
might be partly explained by the lesion characteristics of participants
with tetraplegia. Among these participants (17 persons), five
participants had a high lesion (between C3 and C5), but four of
them were with a motor incomplete injury (AIS D). This finding should
be confirmed in a larger sample of participants with tetraplegia and
paraplegia, while the effect of hydration status in people with SCI
should also be considered. Moreover, a motor complete injury might
lead to a greater decline in FFM because of severe muscle atrophy
compared to those with motor incomplete injury [13]. The muscle
atrophy could change the body geometry such as the cross-sectional
area of the limbs [3]. Since SF-BIA assumes that the body is a
homogenous conductive cylinder of uniform length and cross-
sectional area, the changes in body geometry may cause a significant
measurement bias when using SF-BIA for people with motor
complete injury. The body shape should be better represented by

five interconnected cylinders (trunk, two legs, and two arms) as
segmental MF-BIA supposes. The reason why segmental MF-BIA still
showed a significant overestimation of FM% in motor completeness
subgroups might also be related to the potential measurement bias
due to the altered hydration status in people with SCI.
The segmental body composition outcomes estimated by

segmental MF-BIA revealed similar trends as the whole-body
composition outcomes, i.e., the estimation of segmental FFM
tended to be better in females, participants with tetraplegia or
with motor incomplete injury than in males, participants with
paraplegia or with motor complete injury. This confirmed the
previous findings that high relative errors for arms (13 to 17%) and
legs (10 to 13%) FFM were found with segmental BIA measure-
ments in able-bodied people [28, 29].
The equation by Goosey-Tolfrey included three more measure-

ment sites together with calf circumference compared to the
equation by Durnin–Womersley, taking more inter-individual
variation in fat distribution into account, which might lead to a
better estimation in males, participants with paraplegia or with
motor incomplete injury [10]. Furthermore, unlike the
Durnin–Womersley equation that was developed in able-bodied
people, the Goosey-Tolfrey equation was developed in a group of
wheelchair athletes that included 73% of people with SCI and the
mean FFM of that group was similar to the mean FFM in our study.
Those similarities between the two studies might explain the
better estimation of the Goosey-Tolfrey skinfold equation.
However, the Goosey-Tolfrey skinfold equation showed a propor-
tional bias when estimating FM% compared to DXA, which
indicated that it should be interpreted with caution when
applying in the general SCI population. Moreover, our study
found a larger bias, i.e., lower accuracy, in people with SCI when
using the Durnin–Womersley skinfold equation in estimating FM%
(mean difference: 2.9%; limits of agreement: −6.7 to 12.6%)
compared to an able-bodied population (mean difference: 1%;
limits of agreement: −7.1 to 8.5%) [30].
A possible explanation for why the Goosey-Tolfrey skinfold

equation showed a better estimation in males than in females in
our study might be that the equation was developed among male
wheelchair athletes. Furthermore, as the Durnin–Womersley
skinfold equation only included the measurement sites of upper
extremities, the estimation might not entirely reflect the whole-
body FM% in participants with paraplegia. The arms FFM in people
with paraplegia could be even higher than able-bodied people
while their legs FM% could be much lower [23]. Similarly, only
including the measurement sites of upper extremities could lead
to a significant underestimation of FM% in participants with motor
complete injury due to the severe muscle atrophy in their lower
extremities [3].
Our results are consistent with previous findings that BIA and

skinfolds had large variability at the individual level when
estimating FM% in wheelchair athletes [6, 10, 14]. Therefore,
new equations to predict FFM and FM% in the general population
with SCI were developed. Our new equations for predicting FFM
and FM% by BIA and skinfold equations showed good explained
variances with R2 above 0.6 and good internal validity with small
mean differences and relatively narrow limits of agreement.
However, as proportional bias was found in both MF-BIA and the
Goosey-Tolfrey skinfold equation when estimating FM%, our new
equations based on these techniques should be utilized with
caution and further validated to investigate whether the new
equations could be useful in clinical practice. When comparing the
accuracy of similar equations derived by BIA in able-bodied
people, we found similar R2 (able-bodied: 0.83–0.90; our new
equations: 0.83–0.94), but the prediction error of able-bodied
equations (2.9–3.9 kg) was smaller than our new equations
(3.1–5.3 kg) [31]. It should be noted that our new equations
should still be cross-validated in future studies, and the able-
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bodied equations were developed in a much larger sample with
the age range from 12 to 94 years.
The strength of this study is that the comparisons between

different measurement techniques were made in a more
heterogeneous and representative SCI group, and can, therefore,
be well-generalized to that population. A limitation is that our
sample size did not allow us to cross-validate the new equations in
a different group. Although our new equations showed good
internal validity, the external validity of the new equations remains
unclear. Furthermore, we did not measure the length of trunk and
leg, disallowing the cross-validation for the prediction equation of
TBW in people with paraplegia developed by Buchholz et al. which
was reported to perform well in that group [12].
Since BIA and skinfold thickness measurements have shown

high reliability in measuring able-bodied population [32, 33], they
might still be useful tools in clinical practice if their reliability is
high enough to monitor body composition changes over time in
people with SCI. These techniques should be used and interpreted
with caution regarding the individual variation resulted from
personal and lesion characteristics. According to a previous study,
it should also be noted that potential measurement errors might
arise by DXA if the variation in soft tissue hydration was severe
(perhaps in the range of 20–25% of total soft tissue mass), but this
error is normally small under normal or even most clinical
conditions and should not pose any substantial limitations to the
accuracy of the DXA technique [34].
Future studies need to validate the new prediction equations

from our study and investigate whether other techniques such as
Bioimpedance spectroscopy may be more accurate in estimating
whole-body and segmental body composition in people with
chronic SCI. To our knowledge, the reliability of SF-BIA, segmental
MF-BIA, and skinfold equations is population-specific and seems
to be less reliable when estimating body composition in patients
or elderly [32, 35]. Since no studies have tested the reliability of
these techniques in people with SCI, studies with a large sample
size are needed to investigate whether these techniques can be
used to monitor longitudinal changes in body composition.
In conclusion, SF-BIA, segmental MF-BIA, skinfold equations by

Durnin–Womersley or by Goosey-Tolfrey et al. did not accurately
estimate FM% in a general SCI population. Although SF-BIA
showed the smallest mean difference in estimating FM%, it should
be used and interpreted with caution because of the wide
individual variation. Except for the estimation of skinfold equation
by Goosey-Tolfrey et al. in males, all the measurement techniques
tended to show a better estimation of FM% in females,
participants with tetraplegia or with motor incomplete injury than
in males, participants with paraplegia or with motor complete
injury. Future studies should investigate the reliability of BIA and
skinfold equations and whether more accurate measurement
techniques could be used when estimating whole-body or
segmental body composition in the general SCI population.
Besides, new prediction equations of FFM and FM% were
developed with good explained variances. The new equations
should be cross-validated in future studies.
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