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Abstract
Background: Whole-body bioelectrical impedance analysis (BIA) has been accepted as an indirect method to
estimate appendicular lean mass (ALM) comparable to dual-energy X-ray absorptiometry (DXA). However, single or
limited frequencies currently used for these estimates may over or under-estimate ALM. Accordingly, there is a need
to measure the impedance parameter with appendicular lean-specific across multiple frequencies to more accurately
estimate ALM. We aimed to validate muscle-specific frequency BIA equation for ALM using multifrequency BIA (MFBIA) with DXA as the reference.
Methods: 195 community-dwelling Korean older people (94 men and 101 women) aged 70 ~ 92y participated in
this study. ALM was measured by DXA and bioimpedance measures at frequencies of 5 kHz ~ 3 MHz were assessed for
independent predictive variables. Regression analyses were used to find limb-specific frequencies of bioimpedance,
to develop the ALM equations and to conduct the internal cross-validation. The six published equations and the final
equation of MF-BIA were externally cross-validated.
Results: 195 participants completed the measurements of MF-BIA and DXA. Using bivariate regression analysis, the
2 MHz impedance index explained R2 = 91.5% of variability (P < 0.001) in ALM and predictive accuracy of standard
error of estimate (SEE) was 1.0822 kg ALM (P < 0.001). Multiple stepwise regression analysis obtained in the develop‑
ment group had an adjusted R2 of 9.28% (P < 0.001) and a SEE of 0.97 kg ALM. The cross-validation group had no sig‑
nificant difference between the measured ALM and the predicted ALM (17.8 ± 3.9 kg vs. 17.7 ± 3.8 kg, P = .486) with
93.1% of R2 (P < 0.001) and 1.00 kg ALM of total error. The final regression equation was as follows: ALM = 0.247ZI@2 MH
2
z + 1.254SEXM1F0 + 0.067Xc@5 kHz + 1.739 with 93% of R (P < 0.001), 0.97 kg ALM of SEE (Subjective Rating as “excellent”
for men and “very good” for women). In the analysis of the diagnostic level for sarcopenia of the final regression, the
overall agreement was 94.9% (k = 0.779, P < 0.001) with 71.4% of sensitivity, 98.8% of specificity, 91.3 of positive predic‑
tion value and 95.3% of negative prediction value.
Conclusion: The newly developed appendicular lean-specific high-frequency BIA prediction equation has a high
predictive accuracy, sensitivity, specificity, and agreement for both individual and group measurements. Thus, the
high-frequency BIA prediction equation is suitable not only for epidemiological studies, but also for the diagnosis of
sarcopenia in clinical settings.
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Introduction
The term “sarcopenia” in 1989 was defined as the loss of
skeletal muscle mass with advancing age in an elderly
population [1]. The advanced definition of sarcopenia
in clinical practice and research has been extended to
include a decrease in muscle strength and/or physical
performance. In 2016, the World Health Organization
(WHO) classified sarcopenia with these conditions as a
muscle disease with the diagnostic ICD-10-CM: M62.84
code [1, 2]. In 2019, based on recent scientific evidence,
the European Working Group on Sarcopenia in Older
People 2 (EWGSOP2) redefined sarcopenia as “a progressive and generalized skeletal muscle disorder that
is associated with increased likelihood of adverse outcomes including falls, fractures, physical disability, and
mortality”. EWGSOP2 updated its algorithm for sarcopenia case-finding, diagnosis, and severity determination in addition to recommending a four-step pathway of
Find-Assess-Confirm-Severity (F-A-C-S) [3]. At the third
step of Confirm, appendicular lean mass (ALM) from
the dual-energy X-ray absorptiometry (DXA) is recommended as the values of the skeletal muscle mass to use
for sarcopenia diagnose [3–7].
DXA is a sophisticated machine that produces two
X-ray beams—consisting of attenuation of photons at
two different energies (i.e., 40 keV and 70 keV)—passing through the human body to evaluate bone mineral
content, body fat mass, soft lean tissue mass and ALM
by computing every pixel of DXA images. DXA has been
widely validated to assess ALM, as it is an accurate measure and the reference standard of muscle mass in four
limbs (i.e., arms and legs) for the diagnosis of sarcopenia.
However, the DXA has limitations for use in clinical setting or epidemiological studies due to the high cost and
large size of equipment, technical expertise, and risk of
radiation exposure [8, 9]. Under consideration of DXA’s
limitations, the consensus expert groups for Sarcopenia
have accepted the bioelectrical impedance analysis (BIA)
as a doubly indirect method to estimate accurate ALM.
BIA has benefits including ease of use, safety, low cost,
portability, and high reliability [3, 6, 8–10].
In BIA, electrical currents pass through the human
body to measure the body resistance (R), reactance (XC),
and impedance (Z). The software system then estimates
extracellular fluid (ECF), total body water (TBW) and
fat-free mass (FFM) based on the impedance index (ZI),
which is the ratio between squared height ( Ht2) and body
impedance (Z). ZI of approximately ~ 1.25 MHz can be

used due to a high correlation (up to ~ 0.960) with ECF
and TBW [11, 12]. By adjusting the mediating variables
of ethnicity, age group, and gender, BIA may be able to
give a more accurate prediction of TBW, FFM, and ASM
through ZI that is comparable to DXA [13]. The devices
and equations of the single-frequency whole-body BIA at
50 kHz have been recently developed for estimating ALM
[14–22]. However, a single frequency of 50 kHz, and
whole-body bioimpedance measurements (Z, R, and Xc)
in present use can be improved by using tissue-specific
multifrequency bioimpedance measurements [12, 23, 24].
Single frequency at 50 kHz or the limited range of multifrequency from 5 to 250 kHz that has been currently
applied to estimate ALM has considerably lower conductivity and lower correlation coefficient with TBW than
the higher range of multifrequency to 1.25 MHz. Consequently, these factors may lead to excessive predictive
estimation error and can cause the over-estimations or
under-estimations of ALM [11, 12, 23, 25]. Further, skeletal muscle tissue has improved conductivity at 1 MHz or
higher, and not at 50 kHz frequency, and the capacitor, or
reactance, at frequencies around 50 kHz accurately estimates the amount of skeletal muscle cells [11, 24]. It is
necessary to have the impedance measures with appendicular lean-specific wide multifrequency for the more
accurate estimation of ALM.
Thus, in the current study we aimed to validate the
muscle-specific frequency BIA prediction equation
for ALM by multifrequency (i.e., 5kz, 50 kHz, 250 kHz,
500 kHz, 1 MHz, 2 MHz and 3 MHz) BIA using DXA as
the criterion reference.

Methods
Study population

Participants in this study comprised of a total of 195
Korean urban community-dwelling older adults aged
70 – 92 years (94 men and 101 women) who live within
Seoul, South Korea, a major urban metropolis were participated in this study. All participants in this study were
recruited through advertisements in local newspapers or
social networks, advertisements on public welfare communities, or through notices from public welfare centers.
Participants with critical illness, clinical disease (heart
failure, renal failure), hospitalization within 3 months,
more than 6 kg weight loss within 6 months of measurement, unable to maintain a standing position, indwelling devices and complete or partial amputation of one
or more limbs were excluded from the study. These
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participants were instructed both fast for at least 4 h,
avoiding vigorous activity 8 h before testing, and restrict
drinking alcohol for 12 h prior to measurements at the
Body Composition Laboratory. The participant’s weight
was measured using a precision scale (Model DB-1, CAS,
South Korea) in units of 0.05 kg. The height was measured in 0.1 cm increments using a SECA 274® stadiometer (Hamburg, Germany).
Ethics and informed consent statement

The study design and procedures were reviewed by the
ethics committee of the Korean National Sport University and were approved by that ethics committee, under
reference No.1263201903HR0102. All the Participants
were apparently healthy without physical disability and
received a written informed consent. All procedures of
this study have been performed in accordance with the
Declaration of Helsinki.
Measurement of ALM mass by DXA

Each participant’s total and appendicular bone mineral
content, fat and lean body mass was measured through
whole-body DXA scan (Prodigy Advance, GE Lunar,
USA). The Spine Phantom tool provided by the manufacturer was used to calibrate the DXA equipment for daily
quality control purposes. iDXA software (version 4.0.2)
was used to analyze all scans from the original DXA
performed by a single operator for imaging scan standardization. The regions of interest (ROIs) for ASM were
assessed using the measurement published by Jeon et al.
[26]. After the manual analysis of ROIs, All DXA scans
give it the measurement for body composition including
the whole and appendicular bone minaral content, fat
and lean body mass as well as appendicular skeletal muscle mass.
Measurement of multifrequency impedance parameters
for ALM mass.
In this study, All the measurements were performed in
the supine position on a non-conductive platform using
MF-BIA (BWA 2.0, InBody Co. South Korea). Eight electrodes were placed on the dorsal surfaces of the right
and left hands, wrists, ankles, and feet during measurements, as previously described [26]. Briefly, voltage electrodes were placed the styloid process of the ulna and
medial malleolus of the right and left, and current electrodes were placed on the metatarsophalangeal joints of
the right and left hands and feet. Impedance parameters
were measured using multiple frequencies (1 kHz, 5 kHz,
50 kHz, 250 kHz, 500 kHz, 1 MHz, 2 MHz, and 3 MHz)
and alternating current (300µA) which is verified as safe
and has no electrical burden on the human body [27, 28].
The measurements by MF-BIA also calculated values
for index h
 eight2/resistance (i.e., R index, RI) and index
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height2/impedance (i.e., Z index, ZI). The device was
calibrate using the manufacture manual for the standard control circuit when conducting the measurements.
A value of less than 2% is used for the precision error of
FFM in the study.
Published prediction equations for the external
cross‑validation

The published single-frequency whole-body BIA-based
equations and the newly developed equations in this
study were used for external cross-validation and overall
agreement of the diagnostic classification of sarcopenia
with this study population. The prediction of ALM was
estimated according to the equations previously published studies presented in Table 4 [15–20] as previously
described [26].
Statistical Analysis

Statistical analyses were performed using SPSS version
26 (IBM, USA). Descriptive statistics for the physical
characteristics of participants from the development and
cross-validation groups were expressed as mean ± standard deviation (SD), and ranges. Differences between
mean values of gender from both development and
cross-validation groups were assessed by independent t
tests. The ALM@xHz equations in the development group
were developed by the multiple stepwise linear regression. The goodness-of-fit tests were conducted to determine the developmental equations and the internal and
external cross-validation study [26]. In addition, Bland–
Altman plots were performed to examine limits of agreement (LoA), bias, and percentage of individual agreement
(PIA) within the minimally acceptable standard for prediction errors [26]. Cohen’s Kappa was conducted for the
overall agreement between the diagnostic classification
of sarcopenia by BIA equations and DXA measurements.
Statistical significance was set at a p value of < 0.05.

Results
Characteristics of the Study Population

The total of 195 (men = 94, women = 101), who completed this study, were randomly assigned into a development group (n = 131) and an internal cross-validation
group (n = 64), respectively. Table 1 shows the physical
characteristics and body composition variables for each
group.
There were no differences in age and BMI among all
the groups. Men were higher and had more weight,
FFM, ALM, and Xc at 250 kHz, and more ZI or RI at all
frequencies than women in both groups (all P < 0.05).
Men had less FM, and less R at 5 kHz, 50 kHz, and
250 kHz than women in both groups (all P < 0.05). Xc at
5 kHz, and Xc at 50 kHz were in no difference between
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Table 1 Characterisitics of the participants for eqation development and cross-validation
Development Group
Men (n = 63)
Age (years)
Height (cm)
Weight (kg)
2

BMI (kg/m )
FFM (kg)
FM (kg)
PBF (%)
ALM (kg)
Xc@5 kHz
Xc@50 kHz
Xc@250 kHz
R@5 kHz
R@50 kHz
R@250 kHz
ZI@1 kHz
ZI@5 kHz
ZI@50 kHz
RI@50 kHz
ZI@250 kHz
RI@250 kHz
ZI@500 kHz
ZI@1 MHz
ZI@2 MHz
ZI@3 MHz

77.5 ± 4.1

166 ± 5.0

Cross-validation Group
Women (n = 68)

Men (n = 31)

Women (n = 33)

76.9 ± 4.4

76.5 ± 4.4

76.9 ± 3.7

67.2 ± 7.0

55.8 ± 5.5*

153 ± 4.5*

*

65.0 ± 7.5

55.3 ± 6.5

49.8 ± 4.3

37.2 ± 3.4*

23.5 ± 2.4

23.6 ± 2.5

15.2 ± 5.8

18.1 ± 4.7*

20.4 ± 2.2

*

22.9 ± 6.9
13.6 ± 4.1
38.0 ± 6.6
28.6 ± 3.8
563 ± 57
502 ± 50
453 ± 45

48.6 ± 6.0
49.6 ± 6.1
55.4 ± 6.6
55.4 ± 6.8
61.4 ± 7.2
61.3 ± 7.5
63.5 ± 7.5
65.4 ± 7.7
67.3 ± 7.9
68.7 ± 8.1

32.4 ± 5.4
14.3 ± 1.6

*

12.5 ± 3.4
37.8 ± 5.7

30.5 ± 3.4*
656 ± 66*
*

595 ± 60

*

543 ± 55

*

35.4 ± 4.1

*

36.1 ± 4.1

*

39.7 ± 4.6

*

39.5 ± 4.6

168 ± 4.5

23.7 ± 2.4

37.8 ± 3.5*

22.8 ± 5.0

32.0 ± 4.3*

15.6 ± 4.3
21.3 ± 2.1

13.8 ± 3.3
37.4 ± 4.5

48.6 ± 5.7*

14.0 ± 3.2†
39.8 ± 5.4

493 ± 46

594 ± 42*

553 ± 49
445 ± 42

50.4 ± 5.4
51.5 ± 5.5
57.8 ± 6.3

63.9 ± 7.1

47.6 ± 5.6*

14.4 ± 1.4*

31.6 ± 3.3*

43.4 ± 5.1*
46.3 ± 5.4*

17.9 ± 3.5*

27.7 ± 2.5

57.7 ± 6.4

45.0 ± 5.2*

23.8 ± 2.1

51.6 ± 4.2†

*

43.6 ± 5.1

153 ± 5.0*

64.0 ± 7.0
66.2 ± 7.2
68.1 ± 7.4
70.1 ± 7.7
71.6 ± 7.9

657 ± 46*
539 ± 38*

35.0 ± 3.9*
35.8 ± 3.9*
39.6 ± 4.3*
40.0 ± 4.4*
43.6 ± 4.7*
43.8 ± 4.8*

45.0 ± 4.8*
46.3 ± 5.0*
47.7 ± 5.1*
48.7 ± 5.2*

BMI Body bass index, FFM Fat-free mass, FM Body fat mass, PBF Percent body fat; Xc@xkHz: reactance at 5 kHz, 50 kHz and at 50 kHz; R@xkHz: resistance at 5 kHz, 50 kHz,
and 250 kHz; ZI@xkHz: impedance index at 1 kHz, 5 kHz, 50 kHz, 250 kHz, 500 kHz, 1 MHz, 2 MHz and 3 MHz; RI@xkHz: resistance index at 50 kHz, 250 kHz; * = significantly
different from women at p < 0.05; † = significantly differenct from development group at p < 0.05

men and women. The Xc at 5 kHz of women was higher
than that of women in the cross-validation group
(P < 0.05).
Bivariate regression analyses of ALM as dependent and ZIs
as independent

The results of SEE and R2 from each bivariate regression analysis inputting the impedance index of a specific frequency as an independent variable and as the
dependent variable of ALM are shown in Fig. 1. Among
the range of 0.5 to 3 MHz, ZI at 1 MHz, ZI at 2 MHz
and ZI at 3 MHz showed the highest explanatory values of determinant coefficient, and among them, ZI at
2 MHz had the highest prediction accuracy according
to the SEE.
Development and Validation of MF‑BIA Equations for ALM

For the validation study, the stepwise multiple regression analysis was used to develop the ALM equations

on 2/3 of the total sample with the remaining 1/3 used
for internal cross-validation as shown in Table 2. The
regression models for the development sample for older
people were used to predict ALM in the validation sample (Table 2). The predicted ALM in the cross-validation
group (17.68 ± 3.75 kg) did not differ from the measured
ASM in this group (17.77 ± 3.90 kg, P = 0.486) and the
total error was 1.00 kg ALM in muscle-specific frequency
at 2 MHz for ZI, subjectively rated as ““Excellent” in men
and “Very Good” in women by Jeon’s [26] and Lohman’s
criteria [8, 25, 27], which were similar to the SEEs in the
development group. As shown in Fig. 2(A) for the line of
best fit, the predicted ASM in the cross-validation group
had a significant relation with the measured ALM with a
slop of 1.00 (P < 0.001). The y-intercept showed no significant difference from zero (P = 0.967) by the bivariate linear regression analysis. In Fig. 2(B) for the Bland–Altman
plots, the residual (ALM(DXA-BIA)) was not significantly
correlated with ALMmean (Ry-y’,mean = 0.147). LoA (± 1.96
SD) were between -1.90 and 2.08 kg ALM with the PAI
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Fig. 1 Predictive accuracy and coefficient of determination in each frequency of ZI and RI from the bivariate linear regression analysis

Table 2 Prediction equations for ALM developed on 2/3 of the sample and internal cross-validated on the remaining 1/3a
Validation for BIA-based ALM prediction equation
Development group (n = 131)

  Measured ALM = 17.28 ± 3.62

  Predicted ALM = 0.254ZI@2 MHz + 1.0324sexM1F0 + 0.066Xc@5 kHz + 1.396

  R = 0.964, Adusted R2 = 0.928, SEE = 0.97 kg, CV = 5.6%, SR: Excellent (M), Very good (F),
  VIF: ZI@2 MHz = 3.39, SEXM1F0 = 3.46, Xc@5 kHz = 1.11

  Predicted ASM = 17.25 ± 3.48

Internal Cross-validation group (n = 64)
  Measured ALM = 17.77 ± 3.90

  Predicted ALM = 17.68 ± 3.75, p = 0.486*

  R = 0.965, R2 = 0.931, TE = 1.00 kg, CV = 5.6%, SR: Excellent (M), Very Good (F), PIA: 84.4%

ZI�
@2 MHz = impedance index at 2 MHz; SEXM1F0: man = 1, women = 0; XC@5 kHz = reactance at 5 kHz; SEE (Standard Error of Estimate)
= ∑ (MeasuredALM − EstimatedALM)2 ∕(N − p − 1)where p = number of predicter variables); SR = subject rating [ideal = 0.72 ~ 0.90(M),
0.54 ~ 0.65(F); excellent = 0.90 ~ 1.09(M),
�
0.65 ~ 0.83(F); very good = 1.09 ~ 1.27(M), 0.83 ~ 1.01(F); good = 1.27 ~ 1.45(M), 1.01 ~ 1.16(F); fairly good; fair; poor] [26]; TE = ∑ (MeasuredALM − EstimatedALM)2 ∕N ;
PIA = the number of individuals within ± 1.45 kg ALM for men and ± 1.16 kg ALM for women of difference between predicted and measured ALM × 100 / total),
* = paired t-test betwee measured ALM and predicted ALM

as 81.8% at the 2 MHz muscle-specific frequency in the
cross-validation group.
The Final Muscle‑Specific MF‑BIA Prediction Equations
for ALM

Thus, final equations using all the 195 older people were
developed for appendicular muscle-specific multifrequency BIA prediction of ALM (Table 3). The ZI@2 MHz,
the muscle-specific predictive factor, explained 91.5%
of variability in ALM and accumulated R2 (combined

with weight and aXc@5 kHz) explained variability up to
93.0% by adjusted R2. The group predictive accuracy
of SEE with subjective rating as “excellent” in men and
“very good” in women for appendicular lean-specific
MF-BIA prediction equation. For VIF, the newly developed equations showed no multicollinearity among
variables. There was no significant mean difference
in ALM between DXA and MF-BIA (17.44 ± 3.71 vs.
17.45 ± 3.58, P = 0.874).
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Fig. 2 Bivariate regression analyses and Bland–Altman plot for MF-BIA at 2 MHz of ZI and 5 kHz of Xc (A) The line of best fit (B) Bland–Altman plot
of the difference between ALM measured by DXA and predicted by MF-BIA from the cross-validation group; Ry-y’, mean = correlation coefficient
between the bias and the mean of the reference and predicted ALM; = men and = women who are within the subjective rating for good, = men
and women out of the subjective rating for good

External Cross‑Validation of Published Equations for ALM

Table 4 shows the results in the external cross-validation of the six published BIA equations for ALM comparing with ALM by DXA. In the equation array, there
a moderate-to-high determinant coefficient between
each ALMBIA and ALMDXA (R2 = 0.836 ~ 0.931, P < 0.001)
expect for ALMBIA by Scaroflieri, et al. The TEs of all
published equations exceeded the acceptable subjective
range as “poor”. The published equations by Vermeiren,

et al., and Peniche, et al. showed 28.2% and 55.4% of PIA
among equations that had a moderate determinant coefficient. The PIA of the equation by Vermeiren, et al. and
the equation by Peniche, et al. were 28.2% and 55.4%,
respectively, and the remaining published equations
showed 0 or 0.05% of PIA. The new MF-BIA equation
performed best in estimating the ALM with much higher
R2 and more accurate TE into the acceptable subject rating as “excellent” for men and “very good” for women.
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Table 3 The final predictive BIA equation for ALM on Korean
older people
Final Predictive Equation (n = 195)
Measured ALM = 17.44 ± 3.71

Predicted ALM = 0.247ZI@2 MHz + 1.254sexM1F0 + 0.067Xc@5 kHz + 1.739

R = 0.965, Adusted R2 = 0.930, SEE = 0.97 kg, SR: Excellent (M), Very good
(F)
CV = 5.6%, VIF: ZI@2 MHz = 3.54, SEXM1F0 = 3.57, Xc@5 kHz = 1.07

Predicted ALM = 17.45 ± 3.58

* = paired t-test betwee measured ALM and predicted ALM

In the Bland–Altman plot in the new one, there was no
significant bias (-0.01 ± 0.97 kg, P = 0.875) and significant correlation coefficient in Ry-y’,mean between measured
ALM and predicted ALM with 81.4% of PIA.
The Overall Agreement of Diagnostic Classifications

The cut-offs for sarcopenia by AWGS [10] classified the
values of ASMI obtained from the two BIA equations and
the newly developed MF-BIA equation as shown Table 5.
The overall agreement of the newly developed one was
significantly rated as “substantial” (k = 0.779, P < 0.001),
whereas that of the published BIA equations were

significantly rated as “fair” (k = 0.216 ~ 3.00, P < 0.001).
The new MF-BIA prediction equation had a specificity,
PPV, and NPV of 90% or more with a sensitivity as 71.4%.
The two published BIA equations were not able to determine sensitivity, specificity, PPV, and NPV because the
level of overall agreement was unsatisfied.

Discussion
The need for the impedance measures with a skeletal tissue-specific high-frequency that can be directly comparable to ALM measured by DXA in epidemiological and
clinical settings has led us to develop and cross-validate
accurate MF-BIA prediction equations for the ALM in
elderly men and women. The MF-BIA prediction equation developed in this study included the impedance
index (ZI) for the skeletal muscle-specific frequency at
2 MHz, reactance (Xc) at 5 kHz, and sex as variables. The
accuracy and precision of the newly developed prediction
equation for MF-BIA were high, not only at the group
level (R2 = 0.931, SEE = 0.97 kg ALM) but also at the individual level (Bias = -0.01 ± 0.97, LoA = -1.92 ~ 1.90 kg
ALM, PIA = 82.1%). The equation’s sensitivity, specificity, and overall agreement in the diagnosis of sarcopenia
make its use suitable for clinical settings and epidemiological studies. Thus, it is demonstrated that the newly

Table 4 External cross-validation of published bioimpedance-based equations for the prediction of ALM in 195 Asian Korean people
in the current study
Predicted
ALM
(kg)
Measured ALM
 Kim@2MHz_BWA2.0
Vermeiren, et al. [15]
Scafoglieri, et al. [17]
Kyle, et al. [19]
Kim, et al. [20]
Peniche, et al. [18]
a 2

Biasb
(kg)

LoA
(kg)

Pc

TE
(kg)

Subjective Rating

17.44 ± 3.71

Supine position

Sergi, et al. [16]

R2a

17.45 ± 3.58

0.931

17.51 ± 1.86

0.630

22.65 ± 4.09

0.847

16.57 ± 3.99

0.845

15.66 ± 3.37

0.918

23.62 ± 3.42

0.836

9.41 ± 2.37

0.885

-0.01 ± 0.97

Male

Female

-1.92, 1.90

.875

0.97

Excellent

Very good

1.78 ± 1.08

-0.33, 3.89

.000

2.08

Poor

Poor

-0.07 ± 2.50

-4.98, 4.84

.702

2.50

Poor

Poor

-6.18 ± 1.50

-9.12, -3.23

.000

6.36

Poor

Poor

-5.21 ± 1.60

-8.36, -2.07

.000

5.45

Poor

Poor

8.03 ± 1.68

4.74, 11.32

.000

8.21

Poor

Poor

0.87 ± 1.57

-2.21, 3.94

.000

1.79

Fair

Poor

b

c

Ry-y’, meand

PIA
(%)

0.131 (P = .068)

82.1

0.776 (P = .000)

28.2

-0.245 (P = .000)

00.5

-0.185 (P = .010)

55.4

0.319 (P = .000)

32.8

0.199 (P = .005)

00.5

0.806 (P = .000)

00.0

d

R = the coefficient of determination shared by measured and predicted ALM, Predicted minus measured value, P-value for paired t-test that bias = 0, Ry-y’, mean = correlation
coefficient between the bias and the mean of the reference and predicted ALM

Table 5 Prevalence, sensitivity and specificity of the acceptable BIA equations to determine sarcopenia
Equations

Overall Agreement
N (%)

Cohen’s Kappa

Sensitivity

Specificity

PPV

NPV

BIA@2 MHz

185(94.9)

0.779*

71.4

98.8

91.3

95.3

BIAVermeiren

108(55.4)

0.216*

100.0

47.3

25.6

100.0

BIAPeniche

143(73.3)

0.300*

70.0

73.9

32.8

93.1

AWGS Cut-off of ASMI: Female < 5.4 kg·m−2, Male < 7.0 kg·m−2, Agreement is poor if k < 0.00, slight if 0.00 < k < 0.20, fair if 0.21 < k < 0.40, moderate if 0.41 < k < 0.60,
substantial if 0.61 < k < 0.80, and almost perfect if k > 0.80; * P < 0.001
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established appendicular lean-specific 2 MHz high-frequency BIA prediction equation can be applied to clinical
settings and epidemiological studies with high accuracy.
The main achievement of the present study was the
development of a new and accurate prediction equation that validates its within-group and individual error
based on the 2 MHz high-frequency impedance index.
Said index expresses the characteristics of appendicular
lean mass, without anthropometric variables in the equation. Previous BIA prediction equations for appendicular
lean mass included age, weight, and waist circumference
as explanatory variables [14–20, 22, 25, 28], in addition
to ZI, RI, and Xc as original variables of bioimpedance
parameters to reduce the error from the assumption that
the human body has a cylindrical conductive volume
[29]. However, the use of multiple empirical variables
(or anthropometric variables) in the regression, causes
problems of multicollinearity linked to the unreliability of the estimated regression coefficient because of the
correlation between explanatory variables and increased
variance of the regression coefficient. This results in the
derivation of an inaccurate regression equation [26, 30,
31].
This study excluded the explanatory variable of sex
included in the prediction equation and added reactance based on the 2 kHz high-frequency impedance
index, thereby ensuring that the VIF (ZI = 3.54, Xc = 1.07,
Sex = 3.57) of each explanatory variable does not have
multicollinearity. Therefore, each explanatory variable
had a valid prediction equation with independent explanations for the ALM. In particular, the explanatory variability of the 2 MHz high-frequency impedance index had
among the three independent variables an of R2 = 0.915
(R = 0.957) with SEE = 1.0822 kg AMS.
The explanatory variability and SEE of ZI or RI in the
50 kHz BIA prediction equations of previous studies
were each: below 0.860 and above 1.34 kg ALM [28],
0.836 and above 1.450 kg ASM [15], below 0.852 and
above 1.283 kg ALM [17], 0.883 and 1.401 kg ALM
[16], 0.856 and 1.26 kg ALM [18]; and 0.917 and 1.53 kg
ALM [19]. The explanatory variability and error of
recently reported 250 kHz BIA prediction equations
were each: 0.906 and 1.490 kg ALM [26], 0.415 ~ 0.635
and 2.27 ~ 1.88 kg ALM [14], and 0.825 and 1.35 kg
ALM [20]. The addition of Xc of 5 kHz and sex along
with ZI as predictor variables improved the explanatory variability and SEE of the prediction equation.
Thus, the explanatory variance of R2 = 0.930 (R = 0.965)
and group predictive accuracy of SEE = 0.97 in the new
high-frequency prediction equation was superior to
that of most previously published predictive equations
(R2 = 75.7 ~ 92.5%, SEE = 1.02 kg ~ 1.46 kg) [15, 18, 19,
22, 26]. Its values were further comparable to results
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from the equations [16, 20] developed through largescale studies by Peniche and Kyle which had predictive
powers of R2 = 0.910 R2 = 0.952 and SEE = 1.01 kg and
SEE = 1.12 kg ALM, respectively. Therefore, the appendicular lean-specific 2 MHz high-frequency impedance
index used in this study showed the highest explanatory
variability and precision for the single impedance index
among all reported studies.
The reason for this is that the 2 MHz ZI has high
explanatory variability specific to appendicular lean
mass and induces conductivity ideal for the intracellular fluid, which composes up to 80% of skeletal muscles
[11, 32]. To date, there have been reports of prediction equations for fat-free mass and appendicular lean
mass using impedance index at 50 kHz, which is shown
to have the highest reactance on the Cole–Cole model
[13]. However, Deurenberg & Schouten [1992] reported
a frequency range up to 1350 kHz that did not have
high reactance, but high conductivity in both the extracellular and intracellular fluid through penetration of
the cellular membrane [12]. Their study demonstrated
that conductivity in both the extracellular and intracellular fluids under high frequency results in measurements of extracellular and intracellular fluids with
higher precision and accuracy. However, the lack of
advancements in technology and screening required for
multifrequency measurements has led the 50 kHz index
to be used most often hitherto. Said index also allows
for simple measurements and conductivity of not only
the extracellular but also the intracellular fluid [13, 33].
On the other hand, recent innovations in technology allowed high-multifrequency range measurements
at 5 kHz, 50 kHz, 250 kHz, 500 kHz, 1 MHz, 2 MHz,
and 3 MHz to be made easily and safely at lower frequencies, resulting in a higher accuracy of the measurements of the intracellular fluid. This would have enabled
this study to precisely measure the conductivity of the
intracellular fluid of skeletal muscle, which constitutes
the highest proportion of total body water. Therefore, it
may be predicted that high frequency ranges could be
used in the conversion of ZI using the conductive volume model for appendicular skeletal muscles to ALM
to obtain precise and accurate prediction equations in
the future.
Simultaneously, this study had no bias in its individual predictive accuracy, and the percentage of individual agreement (PIA) within the margin of error was
above 81%. In particular, this study had improved LoA of
-1.90 ~  + 2.08 kg ALM in comparison to LoAs of previous
studies such as: -2.68 ~ 2.41 kg ALM [28], -2.82 ~ 2.81 kg
ALM [15], -2.467 ~ 2.562 kg ALM [17], -2.22 ~ 2.22 kg
ALM [16], -2.23 ~ 2.46 kg ALM [18], -2.2 ~ 2.1 kg ALM
[19], -1.95 ~ 1.98 kg ALM [26], and -2.2 ~ 1.9 kg ALM
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[20]. This improved LoA make the novel equation suitable for predicting individual ASMs.
The present study conducted an external cross-validation between previously existing prediction equations for
the ASM of the older Korean population and those developed in this study. Acceptance standards for the predictive accuracy of regression equations were R2 above 0.800
without bias, SEE below 1.45 kg ALM for males, SEE
below 1.16 kg ALM for females, and PIA above 70% [13,
26, 27, 30].
The two-MHz high-frequency BIA regression equation,
the regression equation reported by Vermerien et al., and
that reported by Perniche met the acceptance standards
for group and individual precision. On the other hand,
regression equations by Scafogliery, Sergi, Kyle, and Kim
met standards for explanatory variance, but had large
SEE, and had PIAs largely below the acceptance standard.
This prevented these equations from meeting the acceptance standards for predictive accuracy and was unsuitable for application to older Korean people. The predictive
equations reported by Scafogliery, Sergi, and Kyle were
mostly developed based on Caucasian and African American populations, which made their application to Koreans presumably difficult. White and African Americans
have a different relationship between muscle mass and
body electrical conductivity and resistance due to their
relatively shorter torso and longer limbs in comparison to
East Asians and a higher body density in comparison to
Asians [8, 13].
These discrepancies remark the need for the development of prediction equations specific to Asian populations. In contrast, while the B
 IAKim [20] developed based
on Korean or Asian Seniors had the advantage of using
a relatively high frequency of 250 kHz, the study shared
the problems of low accuracy observed during development of the prediction equation and large margins of
error to have the lowest accuracy overall. Indeed, the
TE of BIAKim was 8.21 kg ALM in contrast to the TE of
0.97 kg ALM of the BIA prediction equation developed
in this study [20]. This made it necessary for Kim’s prediction equation for Koreans and Asian populations to be
replaced by the new prediction equation proposed in this
study. The overall results of External Cross-Validation
demonstrated that the prediction equation of Vermeiren,
that by Peniche, and the prediction equation newly developed in this study were able to provide accurate predictions for Korean seniors in both group and individual
levels.
Finally, BIA@2 MHz, BIAVermeiren, and 
BIAPeniche were
verified to check their applicability for sarcopenia diagnosis. The two BIA prediction equations by Vermeiren
and Peniche were 55.4% and 73.3% overall agreement
and Cohen’s Kappa of 0.216 and 0.300, causing detailed
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analysis on sensitivity, specificity, positive predictive
value, and negative predictive value to be impossible. In
contrast, the newly developed appendicular lean-specific
high-frequency BIA prediction equation had an overall
agreement of 94.9% and Cohen’s Kappa of 0.779 (almost
perfect), making evaluation possible due to its sensitivity, specificity, positive predictive value, and negative
predictive value to be determined suitable for individual
sarcopenia diagnoses and clinical application. In particular, the specificity, negative predictive value, and positive
predictive value showed potential for accurate diagnosis above 90%, while the sensitivity of 71.4% was much
higher than the previously reported 37%–55% [34] and
showed improved results with a sensitivity of 63.3% from
the recently reported multifrequency prediction equation
using 250 kHz ZI and 50 kHz Xc. The improved values of
sensitivity, specificity, positive predictive value, and negative predictive value would be applicable to epidemiological studies and clinical settings to a level comparable
to that of DXA, unlike previous studies. As stated previously, such improvements would be based on the electrophysiological principle behind the usage of ZI within
the 2 MHz–3 MHz range that allows sufficient conductivity in skeletal muscles [26, 32, 35]. It is recommended
that future studies develop BIA prediction equations for
appendicular skeletal muscle using ZI within the high
frequency range of 2 MHz–3 MHz.
This study developed a new appendicular lean-specific
high-frequency BIA prediction equation for the prediction of ALM based on 195 healthy older people aged
70 years and over in Korea. The relatively narrow range
of age and BMI, living environment, the health status
of the participants, and the sample size of the population under study, could affect the generalizability of our
results. This study used DXA as a reference method for
the ASM measurement. There are several limitations to
using DXA to measure the ALM. ALM measurements
were obtained by calculating the total muscle mass by
subtracting the mineral content from the lean arm and
leg mass. DXA does not separate skeletal muscle from
the skin, connective tissue, or blood vessels [36, 37].
Thus, DXA may overestimate ALM [31, 32] compared to
the gold standard (i.e., CT or MRI) to quantify body composition. Although there is a high correlation between
DXA and the gold standard, DXA has been considered as
the reference standard for the BIA model [3, 10, 38–40],
fat infiltration that occurs in aging upon the replacement
of water and connective tissue within muscle tissue with
fat can have some influence on the accuracy of skeletal
muscle mass measured using DXA [36, 41].
This study only investigated the elderly in the Seoul
area of South Korea, so caution is required when generalizing its results to other populations. In addition, this
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study only measured the ALM of the elderly to diagnose
sarcopenia, which has certain limitations in assessing sarcopenia in the elderly. Therefore, future research could
add tests to diagnose severe sarcopenia (including muscle
strength and performance), and also expand to different
groups (children, adolescents and adults) and increase
the sample size. Regarding the level of physical activity (PA), we recruited elcerly people who were apparently healthy and able to do activityes of daily living as
the research participants. Participants’ PA levels may also
have an impact on BIA results. Future research should
take morbidity/co-morbidities into consideration.

Conclusion
In conclusion, the newly developed appendicular leanspecific high-frequency BIA prediction equation has
a high predictive accuracy, sensitivity, specificity, and
agreement for both individual and group measurements. Thus, the high-frequency BIA prediction equation is suitable not only for epidemiological studies, but
also for the diagnosis of sarcopenia in clinical settings.
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