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ARTICLE INFO ABSTRACT

Keywords: This study investigated the intra-day and inter-day reliability of electrical impedance myography (EIM) com-
EIM ponents and explored sex and regional differences in healthy adults’ anterior thigh muscles. Using a multifre-
Muscle quaht_y_ quency device, impedance values across various frequencies, alongside 50-kHz resistance (R), reactance (Xc),
ﬁ;’c(i}lli;s;lgf:non and phase angle (PhA) were assessed in both sexes and at whole anterior thigh, proximal and distal regions.
Bioimpedance analysis Findings revealed excellent reliability (ICC > 0.90) and low standard error of measurement (<5.0 %) for
impedance at all frequencies, 50-kHz R, Xc, and PhA regardless of sex or measurement region during both intra-
day and inter-day assessments. Moreover, differences were observed between women and men across most
parameters, except for Xc, indicating the sensitivity of EIM in detecting established disparities in tissue
composition between sexes. Notably, whole anterior thigh impedance at all frequencies and 50-kHz R, Xc, and
PhA displayed dissimilarities compared to proximal or distal regions in both sexes. Additionally, women
exhibited differences between proximal and distal regions in the 100-kHz impedance and 50-kHz impedance, R,
Xc, and PhA highlighting possible variations in tissue composition along the muscle length compared to men.
These findings underscore the relevance of electrode placement and emphasize sex-specific differences in EIM

assessments within anterior thigh muscle regions.

1. Introduction

Bioelectrical impedance analysis (BIA) is a widely recognized
method for estimating body composition (Kyle et al., 2004). BIA can be
implemented at the whole-body level or focused on specific body re-
gions, offering localized information (i.e., segmental BIA) (Kyle et al.,
2004). Additionally, statistical vector analysis (BIVA) of BIA compo-
nents enables assessment of hydration status and body composition in
various diseases, allowing for comparisons across populations (Campa
et al., 2023; Piccoli et al., 2002).

Electrical impedance myography (EIM) is an emerging technique in
impedance analysis that shares physiological principles with BIA
(Rutkove, 2009; Sanchez and Rutkove, 2017). In EIM, a painless, high-
frequency, low-amplitude electrical alternating current is applied to a
specific localized region via an outer pair of surface electrodes without
inducing any neuromuscular activity (Sanchez and Rutkove, 2017). By
knowing the magnitude of the injected current and measuring the
resultant voltages detected from the inner pair of surface electrodes it is
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possible to determine the investigated region impedance, an index of the
obstruction of the current flow through the biological tissues (Cebrian-
Ponce et al., 2021; Rutkove, 2009; Sanchez and Rutkove, 2017).

The main components of impedance, namely resistance (R), reac-
tance (Xc), and phase angle (PhA), are determined from the conductive
properties of the medium through which the current flows. R is mainly
linked to the tissues conductive properties, (i.e., the intra- and extra-
cellular fluid content and electrolytes concentrations), while Xc repre-
sents the capacitive characteristic of cell membranes (i.e., their ability to
store and release electrical energy) associated with the cellular integrity
and dimension (Campa et al., 2021; De Lorenzo et al., 1997; Lukaski,
2013; Rutkove, 2009; Sanchez and Rutkove, 2017; Sardinha and Rosa,
2023). PhA can be mathematically derived from R and Xc, mainly
providing information on the intra- and extra-cellular fluid ratio as well
as cellular health (Sardinha and Rosa, 2023).

The exploration of local muscle impedance properties initially
focused on single muscle fibers (Eisenberg, 1967; Mobley et al., 1975),
gradually expanding to broader applications. Subsequently, localized
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impedance was applied in the context of muscular dystrophy (Noshiro
et al., 1993). Over the past two decades, EIM has been used to assess
muscle health status and to monitor the progression of severity in
various pathological conditions, such as atrophy, disuse, amyotrophic
lateral sclerosis, sarcopenia, and muscular dystrophies (Rutkove, 2009;
Sanchez and Rutkove, 2017). Recently, EIM was used to assess the
changes in morphological (e.g., structural changes, muscle cells mem-
brane disruption) and physiological (e.g., intra- and extra-cellular fluid
redistribution, and electrolyte content changes) muscle properties
(Cebrian-Ponce et al., 2021; Sanchez and Rutkove, 2017) during con-
tractions (Li et al., 2016b; Shiffman et al., 2003), fatiguability (Freeborn
and Fu, 2019; Huang et al.,, 2020; Li et al., 2016b), and injuries
(Nescolarde et al., 2023) in a quick, non-invasive, painless, and low-cost
manner. Therefore, this technique holds promise within the context of
exercise and sports science as it offers an additional means of assessing
changes in muscle condition induced by exercise.

EIM can be conducted using various instruments, including bio-
impedance devices featuring adhesive electrodes, typically utilized for
assessing body composition through a distinct electrode configuration
(Nescolarde et al., 2023). The evolution of EIM methodology in litera-
ture has seen a transition from initial current electrode placement at the
extremities of a body segment (e.g., hands) and voltage electrodes over
the muscle of interest (e.g., biceps brachii) (Rutkove et al., 2005) to a
more refined linear array configuration with both current and voltage
electrodes directly over the muscle of interest (Rutkove, 2009). Recent
advancements have introduced portable devices featuring fixed elec-
trode positions, enhancing the technique’s accessibility and standardi-
zation (Hobson-Webb et al., 2018; Longo et al., 2021; Narayanaswami
etal., 2012). To date, limited investigations have explored the reliability
of EIM across different muscle groups in healthy individuals, encom-
passing the knee extensors (Martinez-Gonzalez et al., 2020; Rutkove
et al., 2006), knee flexors (de Honorato et al., 2021), tibialis anterior
(Rutkove et al., 2006), and upper limb musculature (Geisbush et al.,
2015; Hu et al., 2021; Narayanaswami et al., 2012; Rutkove et al.,
2006). Overall, these studies have consistently demonstrated favorable
reliability across various impedance parameters, albeit occasionally
noting moderate intraclass correlation coefficient values for Xc (de
Honorato et al., 2021; Martinez-Gonzalez et al., 2020). However, pre-
vious investigations included both women and men grouped together
(Martinez-Gonzalez et al., 2020; Rutkove et al., 2006), discarding
different body composition usually detectable in women and men
(Bredella, 2017; Storchle et al., 2017). Particularly for the knee exten-
sors, a complexity in muscle fascicle arrangement was previously re-
ported (Blazevich et al., 2006), so that the electrodes position may affect
the results. It is also noteworthy that the existing literature on EIM
reliability remains relatively limited.

Therefore, the aims of the present study were to assess: i) the anterior
thigh muscles intra-day and inter-day EIM reliability in both women and
men separately; and ii) whether the electrodes placement at whole
anterior thigh, proximal and distal regions could influence the reliability
outcomes. Additionally, sex- and region-related differences in EIM ab-
solute values were explored.

2. Methods
2.1. Participants

A priori sample size was estimated through a sample size calculator
for reliability studies (https://wnarifin.github.io/ssc/ssicc.html) as
suggested by Borg et al. (Borg et al., 2022). Based on a previous reli-
ability test conducted in our laboratory involving 15 participants
measured on three different days, the following parameters were cho-
sen: minimum accepted reliability (intraclass correlation coefficient,
ICC) = 0.60 (moderate) (Koo and Li, 2016); expected reliability (ICC) =
0.83; significance () = 0.05; power (1 — p) = 0.80; and number of
repetitions per subject (k) = 3. The estimated sample size was 23
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participants. Therefore, to explore the reliability in both sexes, 25
women (mean + SD: age = 22.2 + 1.4 years; stature = 1.65 + 0.06 m;
body mass = 56.7 + 5.5 kg; body mass index — BMI = 21.0 + 2.0 kg/m?)
and 25 men (age = 22.3 + 1.8 years; stature = 1.77 + 0.07 m; body
mass = 74.1 + 10.9 kg; BMI = 23.6 + 2.6 kg/m?) were recruited among
the Sports Science students University population.

The participants were physically active and declared no lower limb
injuries in the previous six months or neuromuscular diseases. They
were required to abstain from training for 48 h, from drinking alcohol
and ergogenic beverages for 24 h, and from eating and drinking (except
for water) for a minimum of 3 h prior to testing. Women were tested
within two consecutive ovulation phases to take into account the fluc-
tuations in body fluids (Campa et al., 2022). After receiving a full
explanation of the aim of the study and the experimental procedures, a
written informed consent was provided. The study was conducted in
accordance with the principles of the 1975 Declaration of Helsinki, and
the local university ethical committee approved the project.

2.2. Study design

The participants reported to the laboratory on three different days
each one separated by a week (Fig. 1), at the same time of the day and
with the same room temperature (23 + 1°C). During the first visit, in-
dividual demographic and anthropometric characteristics were
collected. Subsequently, reference points for EIM electrodes positioning
were identified by means of ultrasound at three different anterior thigh
sites, i.e., whole, proximal, and distal. After skin shaving and successive
cleaning with alcohol to optimize the skin-electrode interface, EIM
electrodes were placed. The intra-day reliability was evaluated by per-
forming three impedance measurements at each site. Electrodes position
was marked with a dermographic pencil. The participants were asked to
redraw the electrode marks when they were fading away. During the
second and the third visit, the same procedures were applied to calculate
inter-day reliability. The same operator completed all procedures.

2.3. Procedures

EIM measurements were performed with Bodystat Quadscan 4000
multifrequency electrical bioimpedance apparatus (Bodystat® Itd,
Douglas, Isle of Man, UK) that provides impedance values at four fre-
quencies (5, 50, 100, and 200 kHz), whereas the impedance components
R, Xc, and PhA are provided only at 50 kHz. The analysis was conducted
on all the frequencies provided by the device to capture a range of
muscle impedance responses. Indeed, low frequencies assess extracel-
lular fluid, mid-range frequencies evaluate both intra- and extracellular
compartments, and high frequencies provide intracellular information
(Nescolarde et al., 2023). The 5-200 kHz-range is commonly used in
EIM research to assess impedance properties across different tissue
compartments, such as muscles and subcutaneous fat (Li et al., 2016a),
and for understanding both physiological (Freeborn and Fu, 2019; Li
et al., 2016b) and pathological (Geisbush et al., 2015; Roy et al., 2020)
muscle characteristics.

The participants lay supine on a medical bed for 20 min to allow a
uniform fluid distribution. Then, both legs were positioned off the bed
and the right ankle was firmly attached to the bed by Velcro straps fixing
the knee at 90° (hip joint angle ~ 160°, with 180° being full extension)
(Longo et al., 2021). The greater trochanter (GT) and rectus femoris (RF)
myotendinous junction of the right leg were located by B-mode ultra-
sound (LOGIQ S7, GE Healthcare, Milwaukee, WI, US) and marked on
the skin. The GT-RF distance was measured. For the whole thigh mea-
surements, the first distal outer electrode (adhesive contact electrode,
mod. long electrode 0525, 7 cm x 2 cm, Bodystat® Itd, Douglas, Isle of
Man, UK) was placed over the RF myotendinous junction perpendicu-
larly to the femur longitudinal axis (the line from the anterior superior
iliac spine to the center of the superior border of the patella), while the
inner electrode at 2-cm distance from the first one (Nescolarde et al.,
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2023) (Fig. 2). This distance was also determined by constraints imposed
by the impedance device, which does not allow measurements in this
configuration with greater inter-electrode space. The proximal outer
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Fig. 1. Study design. For details, see Methods.
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electrode was placed at 25 % of the GT-RF distance to avoid the overlap
with the hip bone, while the inner electrode at 2-cm distance from the
outer one (Fig. 2). For the proximal thigh measurements, another pair of

Ty
Proximal

- 25%
| GT-RF MTJ

Fig. 2. Electrodes configuration for the whole-thigh (left), distal region (center), and proximal region (right) assessments. The reference points for determining inter-
electrode distance are shown: GT, greater trochanter; RF MTJ, rectus femoris myotendinous junction; GT-RF MTJ, greater trochanter-rectus femoris myotendinous
junction distance. I, injecting current electrodes (outer); V, voltage receiving electrodes (inner).
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electrodes was placed so that the inner inter-electrode distance with the
proximal pair was 5 cm; the same 5-cm inner inter-electrode distance
was adopted for the distal thigh measurement (Fig. 2). The order of site
assessment was randomized. The participants were instructed to stay as
relaxed as possible during the data collection and to remain in the same
position during rest. At each site, the three measurements were repeated
with 5 min of rest in between. Data were immediately recorded on a
spreadsheet for subsequent analysis.

2.4. Data analysis

For intra-day analysis, the reliability of the three measurements of
impedance at 5, 50, 100, and 200 kHz, as well as 50-kHz R, Xc, and PhA
was calculated at whole, proximal, and distal anterior thigh site divided
by sex. To obtain a representative measure of each variable for the inter-
day reliability analysis, the mean of the three measurements within each
day was computed for all parameters and used for reliability calculation.
Between-sex and between-region differences in all parameters were also
assessed.

2.5. Statistical analysis

Data are presented as mean =+ standard deviation (SD) and were
analyzed using a statistical software package (IBM SPSS Statistics v. 28,
Armonk, NY, USA). Normal distributions were checked with the
Shapiro-Wilk test. ICC (two-way mixed, absolute agreement) with 95 %
confidence interval (95 %CI) was calculated intra- and inter-day. ICCs
were classified as follows: ICC < 0.5, poor; 0.5 < ICC < 0.75, moderate;
0.76 < ICC < 0.90, good; ICC > 0.90, excellent (Koo and Li, 2016). The
standard error of measurement (SEM) in percentage (SEM%) and the
minimum detectable change at 95 % confidence (MDC95%) were also
calculated for both intra- and inter-day measurements (Donoghue and
Stokes, 2009; Tesio et al., 2013). Absolute SEM was calculated as SEM =
SD x /1 —ICC and then converted to a percentage, where SD is the
pooled standard deviation of the measurements. MDC with 95 % con-
fidence was calculated as MDC = SEM x 1.96 x v/2 and then con-
verted to a percentage.

A one-way repeated-measures analysis of variance (ANOVA-RM) was
used to check for possible differences over the three intra-day and inter-
day measurements. A two-way mixed model ANOVA (between-factor:
sex, 2 levels; within-factor: region, 3 levels) was conducted on the intra-
day means of each variable to check for possible sex and regional dif-
ferences. Bonferroni’s correction was applied in case of multiple com-
parisons. Statistical significance was set at an alpha level of 0.05.

3. Results
3.1. Intra-day

Women and men descriptive EIM data for the whole anterior thigh,
proximal and distal regions are reported in Table 1. Regarding the
whole-thigh, intra-day reliability was excellent. SEM% was < 3.0 % in
women and < 2.0 % in men. In women, MDC95% was < 6.0 %,
exhibiting the highest value for PhA; in men, MDC95% was < 4.0 %,
displaying the highest value for Xc (Table 2). No significant within-sex
differences were found (p > 0.05, Table 1).

Concerning the proximal site, intra-day reliability was excellent. SEM
% was < 5.0 % in women and < 3 % in men. In women, MDC95% was <
5 % for all impedance values and R, while Xc and PhA had MDC95% of
~ 12 % and 8 %, respectively; in men, MDC95% was < 7.0 %, displaying
the highest value for Xc (Table 2). No significant within-sex differences
were found (p > 0.05, Table 1).

Regarding the distal site, intra-day reliability was excellent. SEM%
was < 5.0 % women and < 3.0 % in men. In women, MDC95% was < 5
% for all impedance values and R, while Xc and PhA had MDC95% of ~
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Table 1

Intra-day raw values (mean =+ standard deviation, SD) of electrical impedance
myography variables used for intra-day reliability calculation. The analysis of
variance for repeated measures to check for differences among the three mea-
sures is also reported.

Whole anterior Measure 1 Measure 2 Measure 3 ANOVA-RM
thigh
Women Mean & SD  Mean + SD Mean + SD
Impedance 5 62.60 + 62.16 + 62.32 + F=117,p=
kHz (Q) 5.13 5.71 5.47 0.32, qﬁ =0.05
Impedance 50 46.84 + 46.80 + 46.76 + F=0.29,p=
kHz () 4.17 4.19 4.17 0.75, ;75 =0.01
Impedance 100 41.20 + 41.20 + 41.20 + F<0.01,p =
kHz (Q) 3.87 3.85 3.89 1.00, ﬂf, < 0.01
Impedance 200 38.08 + 38.12 + 38.12 + F=0.09,p=
kHz () 4.01 3.96 4.02 0.92, nﬁ < 0.01
R 50 kHz (Q) 46.20 + 46.08 + 46.16 + F=0.53,p=
3.96 4.11 4.14 0.59, 1112, =0.02
Xc 50 kHz (Q) 9.55 + 9.55 + 9.59 + F=0.42,p=
1.35 1.41 1.37 0.66, 72 = 0.02
PhA 50 kHz (°) 11.63 + 11.68 + 11.74 + F=1.19,p=
1.58 1.68 1.75 0.31, ;ﬁ =0.05
Whole anterior Measure 1 Measure 2 Measure 3 ~ ANOVA-RM
thigh
Men Mean & SD  Mean + SD Mean + SD
Impedance 5 53.04 + 53.16 + 53.16 + F=153,p=
kHz (@) 5.08 5.09 4.91 0.23, qﬁ = 0.06
Impedance 50 36.48 + 36.48 + 36.52 + F=0.32,p=
kHz () 4.75 4.70 4.70 0.57, qf, =0.01
Impedance 100 30.68 + 30.76 + 30.72 £ F=0.49,p =
kHz (@) 4.57 4.60 4.62 0.62, nf, =0.02
Impedance 200 27.92 £ 28.00 = 27.92 £ F=0.79,p =
kHz (Q) 4.58 4.65 4.47 0.46, qﬁ =0.03
R 50 kHz (Q) 35.16 + 35.16 + 35.20 + F=0.14,p =
4.90 4.84 4.87 0.80, r]ﬁ < 0.01
Xc 50 kHz (Q) 9.73 + 9.75 + 9.78 + F=0.89,p=
1.04 1.07 1.07 0.42, qﬁ = 0.04
PhA 50 kHz (°) 15.72 + 15.73 + 15.76 + F=0.23,p=
2.68 2.64 2.63 0.80, ;75 < 0.01
Proximal Measure 1 Measure 2 Measure 3 ANOVA-RM
region
Women Mean + SD  Mean + SD Mean + SD
Impedance 5 46.32 + 46.08 + 45.96 + F=1.42,p=
kHz (Q) 5.39 5.32 5.00 0.25, ﬂf, = 0.06
Impedance 50 34.68 + 34.88 + 34.80 + F=1.49,p =
kHz (Q) 4.26 4.45 4.36 0.24, qﬁ = 0.06
Impedance 100 29.92 + 29.96 + 29.92 + F=0.12,p=
kHz (Q) 4.11 4.28 4.23 0.89, 115 < 0.01
Impedance 200 27.76 + 27.68 + 27.88 + F=197,p=
kHz (@) 4.38 4.33 4.28 0.15, 72 = 0.08
R 50 kHz (Q) 33.56 + 33.48 + 33.36 + F=221,p=
4.38 4.53 4.39 0.12, ;75 =0.08
Xc 50 kHz (Q) 6.85 + 6.86 + 6.82 + F=0.17,p=
1.47 1.42 1.22 0.85, qf, < 0.01
PhA 50 kHz (°) 11.36 + 11.39 + 11.32 + F=0.24,p=
1.98 2.00 1.81 0.70, i = 0.01
Proximal Measure 1 Measure 2 Measure 3 ~ ANOVA-RM
region
Men Mean + SD Mean + SD Mean + SD
Impedance 5 38.76 + 38.68 + 38.60 + F=0.92,p=
kHz (@) 5.20 5.19 5.07 0.40, 777 = 0.04
Impedance 50 26.76 £ 26.92 + 26.84 + F=0.92,p=
kHz (Q) 4.45 4.57 4.67 0.41, qﬁ =0.04
Impedance 100 22.24 + 22.24 + 22.28 + F=0.16,p =
kHz () 4.26 4.34 4.35 0.85, rzﬁ < 0.01
Impedance 200 20.20 + 20.24 + 20.12 + F=1.00,p =
kHz (@) 4.51 4.44 4.38 0.37, qﬁ = 0.04
R 50 kHz (Q) 25.72 + 25.68 + 25.68 + F=1.10,p=
5.01 4.97 5.02 0.90, qf, < 0.01
Xc 50 kHz (Q) 7.14 + 712 + 7.20 + F=191,p=
1.03 1.01 0.97 0.16, 115 =0.07
PhA 50 kHz (°) 16.11 + 16.11 + 16.22 + F=159,p=
3.81 3.84 3.94 0.21, qﬁ = 0.06
Distal region Measure 1 Measure 2  Measure 3 ~ ANOVA-RM
Women Mean & SD  Mean + SD Mean + SD
Impedance 5 46.16 + 46.08 + 45.92 + F=0.75,p =
kHz (Q) 6.54 6.47 6.20 0.48, :ﬁ =0.03

(continued on next page)
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Table 1 (continued)

Whole anterior Measure 1 Measure 2  Measure 3 ~ ANOVA-RM
thigh
Women Mean + SD Mean + SD Mean + SD
Impedance 50 33.08 + 32.96 + 33.04 + F=0.63,p=
kHz (©) 4.80 4.95 4.83 0.54, 115 =0.02
Impedance 100 28.92 + 28.52 + 28.40 + F=1.00,p =
kHz (Q) 4.88 5.02 5.08 0.37, nﬁ = 0.04
Impedance 200 26.36 + 26.32 + 26.40 + F=0.24,p=
kHz (Q) 5.24 5.20 5.30 0.79, 1112, =0.01
R 50 kHz (Q) 32.16 + 32.00 + 31.96 + F=282,p=
5.60 5.58 5.43 0.07, 3 = 0.10
Xc 50 kHz () 7.40 + 7.46 + 7.34 + F=093,p=
1.38 1.38 1.18 0.40, )15 = 0.04
PhA 50 kHz (°) 1291 + 13.07 + 12.90 + F=1.14,p=
2.35 2.49 2.33 0.32, qﬁ =0.04
Distal region Measure 1 Measure 2  Measure 3 ~ ANOVA-RM
Men Mean + SD Mean + SD Mean + SD
Impedance 5 38.68 + 38.72 + 38.68 + F=0.16,p =
kHz (©) 3.84 3.86 3.69 0.85, ;1}2, < 0.01
Impedance 50 26.28 + 26.12 + 26.20 + F=177,p=
kHz (©) 3.90 4.02 3.86 0.18, nﬁ =0.07
Impedance 100 21.68 + 21.80 + 21.84 + F=1.67,p=
kHz (Q) 3.90 3.83 3.86 0.20, nﬁ = 0.06
Impedance 200 19.96 + 19.80 + 19.84 + F=147,p=
kHz (©) 3.63 3.65 3.52 0.24, 11}2, =0.06
R 50 kHz (Q) 25.00 + 24.88 + 24.96 + F=0.69,p=
3.71 3.75 3.82 0.51, nﬁ =0.03
Xc 50 kHz (Q) 7.27 + 7.31 + 7.34 + F=218,p=
0.95 0.98 0.96 0.12, ﬂﬁ =0.08
PhA 50 kHz (°) 16.53 + 16.68 + 16.71 + F=212,p=
3.13 3.09 3.12 0.13, nﬁ =0.08

Women: n = 25; men: n = 25. ANOVA-RM, analysis of variance for repeated
measures; R, resistance; Xc, reactance; PhA, phase angle; 7, 2, partial eta-
squared.

12 % and 9 %, respectively; in men, MDC95% was < 6.0 %, displaying
the highest value for PhA (Table 2). No significant within-sex differences
were found (p > 0.05, Table 1).
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3.2. Inter-day

Women and men descriptive EIM data for the whole anterior thigh,
proximal, and distal site are reported in Table 3. Two women dropped
out due to reasons unrelated to the study. Hence, inter-day reliability
was calculated on 23 women. Regarding the whole-thigh, inter-day
reliability was excellent (Table 4). SEM% was < 5.0 % in women and <
3.0 % in men; in women, MDC95% was < 5 % for all impedance values
and R, while Xc and PhA had MDC95% of ~ 10 % and ~ 12 %,
respectively; in men, MDC95% was < 8.0 %, displaying the highest
value for Xc. No significant within-sex differences were found (p > 0.05,
Table 3).

Concerning the proximal site, inter-day reliability was excellent
(Table 4). SEM% was < 4.0 %, while MDC95% was < 11 % and < 9 % in
women and men, respectively. No significant within-sex differences
were found (p > 0.05, Table 3).

Concerning the distal site, inter-day reliability was excellent. SEM%
was < 4.0 % in both sexes. In women, MDC95% was < 5 % for all
impedance values and R, while Xc and PhA had MDC95% of ~ 7 %; in
men, MDC95% was overall < 10.0 % (Table 4). No significant within-sex
differences were found (p > 0.05, Table 3).

3.3. Sex and regional differences

Fig. 3 shows the between-sex and between-region comparisons in
impedance values at 5, 50, 100, and 200 kHz (Fig. 3 A, B, C, and D,
respectively), whereas Fig. 4 represents the between-sex and between-
region comparisons in 50-kHz R, Xc, and PhA (Fig. 4 A, B, and C,
respectively). The mixed-model ANOVA reported significant differences
in both main factors sex and region in impedance at 5 kHz (F = 37.97, p
<0.01, 72 = 0.44; F= 436.53, p < 0.01, 7 = 0.90), 50 kHz (F = 51.51,p
<0.01, 7 = 0.52; F = 540.62, p < 0.01, 7 = 0.92), 100 kHz (F = 51.11,
p < 0.01, 72 = 0.52; F = 633.83, p < 0.01, 7 = 0.93), 200 kHz (F =
49.31, p < 0.01, 72 = 0.51; F = 375.73, p < 0.01, Z = 0.89), R (F =
47.27,p < 0.01, 1 = 0.50; F = 771.34, p < 0.01, 2 = 0.94), and PhA (F
=32.89,p < 0.01, 72 = 0.41; F = 20.43, p < 0.01, 72 = 0.30). In Xc, only

Table 2

Intra-day reliability of electrical impedance myography variables with sensitivity of measurements.
INTRA-DAY Women (n = 23) Men (n = 25)
Whole anterior thigh ICC (95 %CI) SEM (%) MDC95% ICC (95 %CI) SEM (%) MDC95%
Impedance 5 kHz () 0.964 (0.932-0.983) 1.65 4.58 0.997 (0.994-0.998) 0.52 1.44
Impedance 50 kHz (Q) 0.992 (0.985-0.996) 0.80 2.21 0.998 (0.997-0.999) 0.58 1.60
Impedance 100 kHz (Q) 0.991 (0.983-0.996) 0.89 2.47 0.996 (0.993-0.998) 0.95 2.62
Impedance 200 kHz (Q) 0.991 (0.982-0.996) 1.00 2.76 0.997 (0.994-0.998) 0.90 2.48
R 50 kHz (Q) 0.990 (0.980-0.995) 0.88 2.45 0.996 (0.992-0.998) 0.88 2.43
Xc 50 kHz (Q) 0.985 (0.971-0.993) 1.76 4.90 0.985 (0.971-0.993) 1.33 3.71
PhA 50 kHz (°) 0.978 (0.958-0.989) 212 5.90 0.995 (0.989-0.997) 1.19 3.31
Proximal region
Impedance 5 kHz (Q) 0.978 (0.958-0.990) 1.68 4.66 0.993 (0.987-0.997) 1.11 3.09
Impedance 50 kHz (Q) 0.991 (0.982-0.996) 1.19 3.29 0.992 (0.984-0.996) 1.52 4.22
Impedance 100 kHz () 0.994 (0.988-0.996) 1.09 3.02 0.996 (0.992-0.998) 1.23 3.40
Impedance 200 kHz () 0.993 (0.986-0.997) 1.30 3.62 0.995 (0.991-0.998) 1.56 4.31
R 50 kHz (Q) 0.994 (0.988-0.997) 1.04 2.87 0.995 (0.991-0.998) 1.38 3.81
Xc 50 kHz (Q) 0.958 (0.920-0.980) 4.09 11.33 0.974 (0.950-0.988) 2.26 6.29
PhA 50 kHz (°) 0.969 (0.940-0.985) 3.00 8.29 0.995 (0.991-0.998) 1.69 4.70
Distal region
Impedance 5 kHz (Q) 0.988 (0.977-0.994) 1.52 4.21 0.994 (0.989-0.997) 0.76 2.11
Impedance 50 kHz (Q) 0.994 (0.988-0.996) 1.14 3.16 0.994 (0.988-0.996) 1.16 3.22
Impedance 100 kHz (Q) 0.996 (0.993-0.998) 1.11 3.07 0.993 (0.986-0.997) 1.48 4.12
Impedance 200 kHz (Q) 0.994 (0.989-0.997) 1.54 4.28 0.991 (0.982-0.996) 1.72 4.76
R 50 kHz (Q) 0.997 (0.993-0.998) 0.95 2.62 0.991 (0.982-0.996) 1.43 3.96
Xc 50 kHz (Q) 0.944 (0.896-0.973) 4.20 11.60 0.981 (0.964-0.991) 1.82 5.06
PhA 50 kHz (°) 0.965 (0.933-0.983) 3.45 9.54 0.988 (0.977-0.994) 2.05 5.69

Women: n = 25; men: n = 25. ICC, intraclass correlation coefficient; 95 %CI, confidence interval at 95 %; SEM, standard error of measurement; MDC95%, minimum

detectable change at 95 % confidence as a percentage; R, resistance; Xc, reactance; PhA, phase angle.
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Table 3

Inter-day raw values (mean + standard deviation, SD) of electrical impedance
myography variables used for inter-day reliability calculation. The analysis of
variance for repeated measures to check for differences among the three days is
also reported.

Whole anterior Day 1 Day 2 Day 3 ANOVA-RM
thigh
Women Mean + Mean + Mean +
SD SD SD
Impedance 5 kHz 61.25 + 61.17 + 60.68 + F=1.00,p =0.38,
Q) 5.13 5.75 4.60 i = 0.04
Impedance 50 45.95 + 46.13 + 46.10 + F=0.17,p = 0.79,
kHz (Q) 3.37 3.51 3.24 nﬁ < 0.01
Impedance 100 40.46 + 40.30 + 40.49 + F=0.16,p = 0.76,
kHz (Q) 3.10 2.98 3.50 i < 0.01
Impedance 200 37.28 + 37.51 £ 37.84 + F=1.94,p =0.15,
kHz () 3.19 3.23 3.71 i = 0.08
R 50 kHz (Q) 45.38 + 45.48 + 45.80 + F=0.74,p = 0.45,
4.04 4.78 4.61 iz = 0.03
Xc 50 kHz (Q) 9.53 + 9.59 + 9.62 + F=0.18,p =0.75,
1.38 1.41 1.38 i < 0.01
PhA 50 kHz (°) 11.73 + 11.69 + 11.93 + F = 0.55,p = 0.58,
1.68 1.71 1.80 i = 0.02
Whole anterior Day 1 Day 2 Day 3 ANOVA-RM
thigh
Men Mean + Mean + Mean +
SD SD SD
Impedance 5 kHz 53.48 + 54.05 + 53.62 + F=1.84,p=0.17,
@ 5.06 4.91 5.52 i = 0.07
Impedance 50 36.52 + 36.60 + 36.69 + F=0.22,p = 0.80,
kHz (Q) 4,51 4.59 4.71 i < 0.01
Impedance 100 30.55 = 30.81 + 30.89 + F=1.56,p =0.22,
kHz (Q) 4.40 4.49 4.30 t]ﬁ = 0.06
Impedance 200 27.43 + 27.66 + 27.54 + F=0.59,p = 0.56,
kHz (Q) 4.48 4.41 4.58 ;1}2, = 0.02
R 50 kHz (Q) 35.11 + 35.32 + 35.37 £ F=0.72,p = 0.49,
4.65 4.55 4.69 il = 0.03
Xc 50 kHz () 10.02 + 10.00 + 9.90 + F=10.48,p =0.62,
1.15 1.21 1.26 17 = 0.02
PhA 50 kHz (°) 16.12 + 15.98 + 15.93 + F=0.66,p = 0.52,
2.61 2.75 2.63 i = 0.03
Proximal region Day 1 Day 2 Day 3 ANOVA-RM
Women Mean + Mean + Mean +
SD SD SD
Impedance 5 kHz 45.65 + 45.52 + 44.96 + F=1.71,p=0.19,
((9)] 5.28 5.77 5.56 t]ﬁ =0.07
Impedance 50 34.06 + 34.00 + 34.58 + F=1.95p=0.15,
kHz (©) 3.15 3.22 3.31 nﬁ =0.08
Impedance 100 29.38 + 29.49 + 29.72 + F=0.85p=0.43,
kHz () 4.11 4.33 4.54 i = 0.04
Impedance 200 27.30 + 27.54 + 27.81 + F=1.20,p =0.31,
kHz (Q) 4.30 4.39 4.73 ;13 =0.05
R 50 kHz (Q) 32.81 + 33.39 £ 33.49 + F=1227,p=0.13,
4.19 4.35 4.55 i =0.09
Xc 50 kHz (Q) 7.00 £ 6.95 + 7.03 £ F=0.28,p=0.76,
1.38 1.35 1.44 = 0.01
PhA 50 kHz (°) 12.14 + 11.88 + 12.01 + F=0.99,p=0.38,
2.50 2.54 2.70 i = 0.04
Proximal region Day 1 Day 2 Day 3 ANOVA-RM
Men Mean + Mean + Mean +
SD SD SD
Impedance 5 kHz 38.61 + 39.11 + 39.20 + F=2.16,p=0.13,
((9)] 4.85 4.84 5.22 r]ﬁ =0.08
Impedance 50 26.99 + 27.09 + 27.36 + F=1.30,p =0.28,
kHz (Q) 4.52 4.33 4.29 nﬁ =0.05
Impedance 100 22.27 + 22.77 £ 22.60 + F=1.85,p=0.17,
kHz (@) 4.23 4.17 4.60 i = 0.07
Impedance 200 20.20 + 20.60 + 20.72 + F=221,p=0.14,
kHz (Q) 4.36 4.44 4.80 r]ﬁ =0.08
R 50 kHz (Q) 25.76 + 25.93 + 26.24 + F=1.49,p =0.24,
491 5.46 5.51 i = 0.06
Xc 50 kHz () 7.21 £ 7.21 £ 7.05 £ F=211,p =0.13,
1.05 1.07 0.98 iIF = 0.08
PhA 50 kHz (°) 16.18 + 16.10 + 15.69 + F =2.90,p = 0.06,
4.04 4.17 4.16 i =0.11
Distal region Day 1 Day 2 Day 3 ANOVA-RM
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Table 3 (continued)

Whole anterior Day 1 Day 2 Day 3 ANOVA-RM
thigh
Women Mean + Mean + Mean +
SD SD SD
Women Mean + Mean + Mean +
SD SD SD
Impedance 5 kHz 44.67 + 44.48 + 44.59 + F=0.21,p=0.81,
Q) 4.46 4.49 4.29 r]f, < 0.01
Impedance 50 33.54 £ 33.51 + 33.25 + F=10.93,p = 0.40,
kHz (@) 3.22 2.90 2.94 115 =0.04
Impedance 100 29.15 + 29.16 + 29.09 + F=0.05,p =0.95,
kHz (Q) 3.44 3.78 3.67 r]ﬁ < 0.01
Impedance 200 25.19 + 25.29 + 25.42 + F=0.87,p =042,
kHz (@) 2.60 2.58 2.80 175 = 0.04
R 50 kHz (Q) 32.59 + 32.46 + 32.26 + F=1.60,p =0.21,
3.02 3.02 3.19 g = 0.07
Xc 50 kHz (Q) 7.73 + 7.60 + 7.56 + F=1.70,p =0.19,
0.95 0.77 0.83 i = 0.04
PhA 50 kHz (°) 13.40 = 13.25 + 13.28 + F=10.30,p =0.67,
1.75 1.56 1.76 nz = 0.01
Distal region Day 1 Day 2 Day 3 ANOVA-RM
Men Mean + Mean + Mean +
SD SD SD
Impedance 5 kHz 38.71 + 38.96 + 39.01 + F=0.49,p = 0.62,
Q) 3.81 3.96 4.29 115 =0.02
Impedance 50 25.89 + 26.24 + 26.13 + F =0.60, p = 0.55,
kHz (@) 4.00 4.35 4.46 nﬁ =0.02
Impedance 100 22.05 + 22.19 + 22.47 + F=0.91,p=0.38,
kHz (Q) 3.66 3.85 4.13 )75 = 0.04
Impedance 200 20.13 £ 20.11 + 20.00 + F=0.10,p = 0.87,
kHz (Q) 3.99 4.02 3.86 115 < 0.01
R 50 kHz (Q) 24.84 + 25.21 + 24.99 + F=10.99,p=0.38,
4.01 4.59 4.18 17 = 0.04
Xc 50 kHz (Q) 7.42 + 7.33 & 7.39 + F=10.49,p = 0.62,
1.00 1.11 1.13 1y = 0.02
PhA 50 kHz (°) 16.91 + 16.55 + 16.80 + F=1.05,p = 0.36,
2.93 3.14 3.31 17 = 0.04

Note that in the inter-day assessment women sample size was n = 23 (men: n =
25). The mean value on each day was calculated over three trials. ANOVA-RM,
analysis of variance for repeated measures; R, resistance; Xc, reactance; PhA,
phase angle; 7, 2 | partial eta-squared.

the factor region was significant (F = 394.92, p < 0.01, ;1,2, = 0.89; sex: F
= 0.20, p = 0.66, 1112, = 0.004). Moreover, significant sex x region in-
teractions were found in impedance at 50 kHz (F = 9.71, p < 0.01, 115 =
0.17), 100 kHz (F=17.13,p < 0.01, ;112, =0.26), 200 kHz (F=11.03,p <
0.01, 72 =0.19), R (F= 18.25, p < 0.01, 2 = 0.28), and PhA (F = 4.30, p
=0.02, 17,2, = 0.08), whereas no significant interactions were highlighted
in impedance at 5 kHz (F = 1.58, p = 0.21, 2 = 0.03), and Xc (F = 2.04,
p = 0.14, 72 = 0.04).

Multiple comparison analyses revealed that at each region women
exhibited significantly higher values compared to men in impedance at
5, 50, 100, 200 kHz, and R, whereas men showed significantly higher
PhA than women (all comparisons p < 0.01). Conversely, Xc was not
significantly different between sexes (p-range: 0.36-0.78). Moreover, in
both sexes values of whole anterior thigh was significantly higher
compared to both proximal and distal regions in impedance at 5, 50,
100, 200 kHz, R, and Xc, whereas whole anterior thigh PhA was
significantly lower compared to the distal region only (all comparisons p
< 0.01). Furthermore, proximal and distal regions differed significantly
only in women in impedance at 50 and 100 kHz, as well as R, Xc, and
PhA (all comparisons p < 0.01).

4. Discussion

The primary objective of the present study was to assess the intra-day
and inter-day reliability of EIM using a multifrequency device in women
and men separately, considering different electrodes locations. Addi-
tionally, we assessed the sex and regional differences in EIM parameters.
The main findings indicate that impedance at all frequencies, and 50-
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Table 4

Inter-day reliability of electrical impedance myography variables with sensitivity of measurements.
INTER-DAY Women (n = 23) Men (n = 25)
Whole anterior thigh ICC (95 %CI) SEM (%) MDC95 (%) ICC (95 %CI) SEM (%) MDC95 (%)
Impedance 5 kHz (Q) 0.972 (0.944-0.987) 1.41 3.91 0.984 (0.970-0.993) 1.22 3.37
Impedance 50 kHz (Q) 0.959 (0.918-0.981) 1.48 4.11 0.988 (0.976-0.994) 1.38 3.83
Impedance 100 kHz (Q) 0.948 (0.897-0.976) 1.80 5.00 0.991 (0.983-0.996) 1.36 3.77
Impedance 200 kHz (Q) 0.970 (0.939-0.986) 1.56 4.34 0.991 (0.982-0.995) 1.55 4.28
R 50 kHz (Q) 0.974 (0.949-0.988) 1.58 4.40 0.990 (0.980-0.995) 1.31 3.65
Xc 50 kHz (Q) 0.943 (0.886-0.974) 3.47 9.64 0.946 (0.895-0.974) 2.81 7.76
PhA 50 kHz (°) 0.908 (0.836-0.964) 4.45 12.42 0.981 (0.963-0.991) 2.29 6.33
Proximal region
Impedance 5 kHz () 0.979 (0.957-0.990) 1.77 4.88 0.983 (0.967-0.992) 1.66 4.62
Impedance 50 kHz (Q) 0.957 (0.914-0.980) 1.96 5.45 0.987 (0.975-0.994) 1.84 5.12
Impedance 100 kHz (Q) 0.985 (0.969-0.993) 1.79 4.99 0.983 (0.967-0.992) 2.51 6.95
Impedance 200 kHz (Q) 0.979 (0.957-0.990) 2.35 6.55 0.985 (0.972-0.993) 2.71 7.54
R 50 kHz (Q) 0.973 (0.947-0.988) 2.16 6.01 0.988 (0.976-0.994) 2.23 6.22
Xc 50 kHz () 0.975 (0.950-0.988) 3.15 8.75 0.966 (0.935-0.984) 2.66 7.32
PhA 50 kHz (°) 0.970 (0.958-0.990) 3.72 10.31 0.987 (0.975-0.994) 2.94 8.08
Distal region
Impedance 5 kHz () 0.983 (0.966-0.992) 1.29 3.58 0.970 (0.943-0.986) 1.79 4.97
Impedance 50 kHz (Q) 0.976 (0.952-0.989) 1.40 3.87 0.975 (0.952-0.988) 2.59 7.18
Impedance 100 kHz (Q) 0.982 (0.965-0.992) 1.67 4.63 0.971 (0.945-0.986) 2.97 8.28
Impedance 200 kHz () 0.983 (0.966-0.992) 1.37 3.81 0.972 (0.946-0.987) 3.30 9.12
R 50 kHz (Q) 0.985 (0.970-0.993) 1.16 3.21 0.983 (0.967-0.992) 2.22 6.15
Xc 50 kHz (Q) 0.949 (0.898-0.977) 2.51 6.91 0.970 (0.942-0.986) 1.91 5.29
PhA 50 kHz (°) 0.959 (0.918-0.981) 2.57 7.11 0.970 (0.941-0.986) 3.23 8.98

Note that in the inter-day assessment women sample size was n = 23 (men: n = 25). ICC, intraclass correlation coefficient; 95 %CI, confidence interval at 95 %; SEM,
standard error of measurement; MDC95%, minimum detectable change at 95 % confidence as a percentage; R, resistance; Xc, reactance; PhA, phase angle.

kHz R, Xc, and PhA exhibited excellent reliability (i.e., ICC > 0.90) and
low SEM% (i.e., <5.0 %) regardless of sex and region, in both intra- and
inter-day assessments. Moreover, women and men differed in all pa-
rameters except Xc, suggesting the sensitiveness of EIM in detecting the
established sex differences. Furthermore, the multifrequency impedance
values and the 50-kHz components at the whole anterior thigh differed
than at proximal or distal regions in both sexes, with further differences
highlighted between the proximal and distal region only in women.
These findings suggest that EIM can detect differences in tissue
composition when comparing a broader area to smaller regions, while
subtle variations along the thigh length appear more pronounced in the
female cohort.

4.1. Intra- and inter-day reliability

In the present investigation we assessed the reliability of multifre-
quency impedance and 50-kHz R, Xc, and PhA in the anterior thigh
muscles of healthy adults, with the novelty of separate sex and regional
analyses. Although the 50-kHz components were analyzed separately,
50-kHz impedance was included in the analysis to allow for comparisons
with the other frequencies (Fig. 3), in which the individual components
were not displayed by the device. Previous research has also explored
the reliability of EIM in various muscles of healthy individuals across
different age groups. These studies used adhesive electrodes and focused
on muscles such as the quadriceps (Hobson-Webb et al., 2018; Martinez-
Gonzalez et al., 2020; Narayanaswami et al., 2012; Rutkove et al.,
2006), hamstrings (de Honorato et al., 2021), tibialis anterior
(Narayanaswami et al., 2012; Rutkove et al., 2006), gastrocnemius
medialis (Narayanaswami et al., 2012), and upper limb muscles
(Narayanaswami et al., 2012; Rutkove et al., 2006). Generally, from
moderate to excellent reliability was reported across studies, depending
on the parameter and the method for EIM detection (e.g., instrument,
electrodes type, dimension, placement, and inter-electrode distance). In
the present investigation, we found excellent intra- and inter-day reli-
ability (i.e., ICCs > 0.90) in impedance at all frequencies, as well as 50-
kHz R, Xc, and PhA, which is needed to accurately follow changes in

both physiological and clinical studies. Comparing our results with the
literature on knee extensors, Martinez-Gonzalez et al. (Martinez-Gon-
zalez et al., 2020) found excellent reliability in 50-kHz R and PhA when
measured 10-min and 1-week apart, while Xc reliability was moderate.
Despite the similar muscle group, differences in impedance device,
electrodes placement and experimental setup would likely explain the
reliability differences in Xc with the study by Martinez-Gonzalez et al.
(Martinez-Gonzalez et al., 2020). Rutkove et al. (Rutkove et al., 2006)
reported excellent reproducibility of 50-kHz PhA (ICC = 0.971) with a
wide range of inter-day distance (7 — 239 days). In this latter study, the
age of the participants spanned from 21 to 90 years, indicating that
regardless of age EIM was reliable, which was also observed in a recent
investigation conducted in the elderly (Hobson-Webb et al., 2018),
although with an intra-day design only (50-kHz and 200-kHz R, Xc, and
PhA ICCs > 0.90).

To the best of our knowledge, this is the first study investigating
whether electrodes location and sex could affect EIM reliability in the
anterior thigh muscles. Intra- and inter-day reliability determined at the
different thigh regions exhibited excellent ICC values with narrow 95 %
CI and low SEM% (<5.0 %) in both women and men. This suggests that
the different body composition between women and men (Bredella,
2017) and tissue distribution within the thigh muscles (Blazevich et al.,
2006) do not negatively impact the EIM reliability. Interestingly, when
analyzing the MDC95% values, the threshold for detecting possible
intra-day changes in whole anterior thigh was lower compared to both
proximal and distal site irrespective of sex. This would imply that a small
area may be biased by a greater presence of a given tissue, while a large
area overall contains a more balanced tissue distribution. Consequently,
consistency in electrodes positioning is needed when assessing cross-
sectional and longitudinal changes.

In recent studies, EIM has emerged as a valuable tool for assessing a
wide range of morphological and physiological changes in muscle
properties. For instance, a study showed R acutely increased during
muscle contraction, followed by a decrease after fatiguability-inducing
protocols (Freeborn and Fu, 2019). This observed behavior of R aligns
with the expected morphological changes occurring in muscle and
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Fig. 3. Sex and regional differences in impedance at 5 (panel A), 50 (panel B), 100 (panel C), and 200 kHz (panel D). **, between-region significant difference with p

< 0.01; ** | significantly different from men with p < 0.01.

surrounding tissues during contraction, as well as alterations in elec-
trolyte concentration following fatiguability. Additionally, reductions in
Xc and PhA were reported in cases of muscle injury compared to the non-
injured side, suggesting disruption of cell membranes and an imbalance
in intra- and extra-cellular fluid content within the injured limb
(Nescolarde et al., 2017). In this latter case, measurements were per-
formed around the muscle lesion. Therefore, the non-invasive, painless,
and cost-effective nature of EIM makes it particularly appealing for as-
sessments of muscle health, whether encompassing a wide or localized
muscle area. Hence, determining its intra- and inter-day reliability and
measurement sensitivity becomes important in this context.

In our study, the choice to evaluate EIM parameters across multiple
frequencies was induced by the physiological information different
frequencies can provide. Low frequencies (e.g., 5 kHz) primarily assess
the extracellular space, while higher frequencies (e.g., 50 kHz, 200 kHz)
allow for insights into both intra- and extracellular compartments
(Nescolarde et al., 2023; Sanchez and Rutkove, 2017; Schwartz et al.,
2015). The multifrequency approach can offer a comprehensive profile
of muscle health, as frequency-dependent changes in impedance can
reflect alterations in cellular integrity, membrane permeability, and
fluid distribution within tissues (Li et al., 2017). For example, high-
frequency measurements can help isolate intracellular changes in mus-
cle cells, which are relevant in detecting muscle damage or degeneration
in both clinical and sports contexts (Nescolarde et al., 2023; Sanchez and
Rutkove, 2017). Moreover, by capturing impedance at different fre-
quencies, multifrequency EIM provides enhanced sensitivity to detect
regional or sex-based physiological differences that may otherwise be

overlooked in single-frequency analysis (Khalil et al., 2014).

In evaluating the intra-day reliability of EIM measurements, it is
important to highlight that the electrodes were not removed and repo-
sitioned between assessments. This choice limits the scope of reliability
assessment, as variations in electrode positioning and contact are pri-
mary sources of measurement variability in EIM. By keeping the elec-
trodes in place, the ICC values observed within the short time frame of
measurements may not fully capture the potential variability that would
be introduced through repositioning. Therefore, while these intra-day
results provide insight into the device’s stability over a short interval
(potentially useful in acute interventional studies), they should be
interpreted with caution as they do not account for electrode placement
variability, which is a significant factor in practical applications of EIM.

4.2. Sex differences

The impedance and its components R, Xc, and PhA are determined
from the conductive properties of the medium through which the cur-
rent flows, depending on intra- and extra-cellular water content, elec-
trolytes concentrations, and cellular dimension and integrity (Campa
et al., 2021; Cebrian-Ponce et al., 2021; Nescolarde et al., 2023; Rut-
kove, 2009). The present study revealed differences in all the EIM pa-
rameters between women and men, except for Xc. These differences may
be attributed to the established sex-related variations in muscle mass,
fiber type composition, and fat content (Bredella, 2017; De Lorenzo
et al., 1997; Longo et al., 2021; Nescolarde et al., 2023; Storchle et al.,
2017). Indeed, the potential influence of subcutaneous fat on these
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measurements seems of particular importance. Subcutaneous fat, which
varies in distribution and thickness between individuals and across
genders (Bredella, 2017; Hogrel et al., 2015; Longo et al., 2021), can
affect EIM measurements by altering the current pathway and distri-
bution within the tissue (Jafarpoor et al., 2013). For instance, it has been
previously observed that increasing or decreasing subcutaneous fat
thickness would lead to corresponding changes in R and PhA, while Xc
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seemed less affected (Jafarpoor et al., 2013). Therefore, although we did
not directly measure subcutaneous fat thickness in our study, its
contribution to the sex-related differences in EIM measurements cannot
be overlooked. In future studies, it would be important to account for
this factor in explaining sex-related differences in impedance and its
components. Nonetheless, men typically have greater muscle mass,
including larger muscle fibers and overall muscle volume than women
(Bredella, 2017; Hogrel et al., 2015; Longo et al., 2021; Storchle et al.,
2017). Beyond subcutaneous fat, it is likely that these structural and
physiological differences would contribute to the lower impedance and
R values, together with a greater PhA in men compared to women.
Although expected, regional Xc did not differ between sex. As previously
mentioned, Xc is less affected by subcutaneous fat compared to R and
PhA (Jafarpoor et al., 2013; Sung et al., 2013); moreover, the present
population was supposed to be physically active, thus possibly reducing
the between-sex differences. Further studies are needed to confirm these
results in different populations.

4.3. Regional differences

Both women and men exhibited markedly higher values at the whole
quadriceps level compared to measurements obtained at either proximal
or distal region in impedance at all frequencies. These findings mainly
suggest that measuring impedance properties of broad areas encompass
a high quantity of less conductive tissue (e.g., subcutaneous and intra-
muscular fat, connective tissue, and bone) (Jafarpoor et al., 2013; Li
et al., 2017; Tarulli et al., 2007). The 50-kHz impedance is the most
common frequency used to assess muscle tissue properties (Nescolarde
etal., 2023; Rutkove, 2009). Consistent with the impedance, the 50-kHz
R and Xc components exhibited differences between the entire thigh and
both the proximal and distal regions in women and men. These findings
align with R and Xc being dependent on the dimension of the measured
segment (Tarulli et al., 2007). Interestingly, 50-kHz PhA was greater in
the distal region than in the whole thigh, in both sexes. PhA is mathe-
matically derived from R and Xc and is less dependent on muscle shape
and size (Tarulli et al., 2007). The literature suggests PhA as an indicator
of cellular size and integrity, as well as of the intra- and extra-cellular
fluid distribution within the analyzed segment (Li et al., 2017; Nesco-
larde et al., 2023; Rutkove, 2009; Sanchez and Rutkove, 2017). The
possible regional differences in the fluid distribution may account for
the results.

In women, there was a further difference between proximal and
distal regions at 50-kHz impedance and its components R, Xc, and PhA,
as well as at 100-kHz impedance. Despite the lack of direct measurement
of thigh composition, it can be hypothesized that factors related to
muscle cell size and/or anatomical features appear to vary along the
thigh length in women, while more consistent in men. Collectively, these
findings underscore the importance of the electrodes placement, when
assessing regional muscle bioimpedance properties.

4.4. Study limitations

The present study has several limitations that warrant consideration.
Primarily, these findings pertain specifically to the studied population,
which was represented by a small sample of physically active women
and men with small within-group variations in demographic and
anthropometric characteristics. Perhaps, reliability would not be as high
in pathological conditions impacting on tissue composition, or with a
broad age group. Further investigations are needed to explore potential
disparities in sex- and region-related reliability within other cohorts.
Additionally, our conclusions are limited by the specific instrumenta-
tion, electrode types, and interelectrode distances employed in this
study. Indeed, particularly with the whole-thigh configuration (large
current inter-electrode distance and 2-cm separation with their respec-
tive voltage electrodes), it was likely that subcutaneous fat would have
played a role in the sex-related EIM differences, mainly for R and PhA.
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Notably, we did not directly measure subcutaneous fat thickness using
ultrasound, which could have provided more detailed information about
the influence of adipose tissue on our findings. However, sex and
regional variations in subcutaneous fat tissue distribution are well
established in the literature. Future research incorporating ultrasound
measurements of subcutaneous fat thickness and exploring correction
methods to account for its influence on EIM values would enhance the
interpretation and applicability of our findings. Lastly, we could only
speculate about differences in muscle tissue distribution when exam-
ining sex and regional variations in EIM data, as no direct measurement
of muscle mass has been made. Despite these limitations, the present
experimental configuration shows excellent reliability and measurement
sensitivity. As such, it holds promise for future applications aiming to
investigate potential EIM variations in cross-sectional studies and lon-
gitudinal interventions.

5. Conclusion

We observed excellent EIM reliability of impedance values obtained
at different frequencies, as well as of R, Xc, and PhA at 50 kHz. The high
measurement reliability was independent from sex and electrodes
location. Furthermore, the present experimental setting was sensitive to
the inherent sex-differences in thigh composition, except for Xc.
Notably, women exhibited more pronounced differences between the
proximal and distal regions compared to men, suggesting a potential
non-uniform distribution of muscle-related characteristics along the
thigh length. This study extends existing knowledge on the importance
of electrode positioning by showing its impact across multiple fre-
quencies and its interaction with sex and regional differences. These
findings underline the need for standardized electrode placement pro-
tocols to ensure reliable and accurate assessments, particularly when
addressing population-specific variability in muscle properties.
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