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Purpose: The aim of this research was to assess the correlations between the impedance 
components and the appendicular skeletal muscle strength and functional quality indices in 
older adults. The use of the impedance parameters as potential identifiers characterizing the 
functional state of muscles could improve methods of monitoring “healthy ageing”.
Patients and Methods: A total of 346 subjectively healthy adults aged 50–83 years were 
subjected to tests. Body mass and height, hand grip strength and knee extensor strength were 
measured. Resistance, reactance and phase angle were measured using the bioelectrical 
impedance method. The relationship between the impedance parameters and the appendicu-
lar skeletal muscle strength and quality indices was evaluated using stepwise multiple 
regression.
Results: Participants aged ≥65 years were found to be characterized by lower values of the 
impedance parameters and the appendicular skeletal muscle strength and functional quality 
indices than participants 10 years younger. In both groups of sexes, the relative percentage 
differences in limb strength between the age groups were 3–6 times greater than the 
differences in appendicular skeletal muscle mass. Significant regression models for muscle 
strength and quality, with strong age, sex and reactance prediction and a weaker phase angle 
effect, were obtained.
Conclusion: The impedance components explain the part of changes in muscle strength 
which is independent of the decline in skeletal muscle mass. Phase angle and reactance can 
be suitable for diagnosing and preventing dangers connected with the decline in muscle 
quality, but it is necessary to establish their normalized reference values for older adults.
Keywords: appendicular skeletal muscles, bioelectrical impedance analysis, muscle 
strength, muscle quality, healthy ageing

Introduction
The consistent rise in the rate of population ageing is a serious health, social and 
economic problem in many countries. Therefore, in the face of global ageing 
a major challenge is to maintain mobility and optimal quality of life in older age. 
The monitoring of changes in skeletal muscles plays a significant role in controlling 
the process of healthy ageing, assessing the risk of disability and functional limita-
tions and diagnosing and preventing sarcopenia, frailty and cachexia.1 The loss of 
skeletal muscle mass and strength with age is the main consequence of the 
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biological changes taking place in the course of ageing.2 

Even though muscle mass should explain most of the 
variances in muscle strength, it was found that the decline 
in this strength is greater and quicker than the muscle mass 
deficits and that interventions increasing muscle mass do 
not necessarily increase muscle strength.3–7 The fact that 
the rate of strength loss is higher than the rate of muscle 
mass loss is due to changes in the composition and quality 
of muscles.8–10

The latest research shows that muscle strength is one of 
the best measures of muscle changes in the course of 
ageing and is more closely connected, than muscle mass, 
with physical disability and functional limitations in 
instrumental activities of daily living (IADL).11 In 2018 
the European Working Group on Sarcopenia in Older 
People (EWGSOP2) recognized muscle strength or physi-
cal performance to be a better sarcopenia identifier than 
muscle mass. Moreover, it was stated that muscle strength 
is now the most reliable measure of muscle functions.1

The fact that the decline in muscle strength in the 
course of ageing is greater and quicker than the loss of 
skeletal muscle mass is ascribed to the deterioration in 
muscle quality on the micro- and macroscopic scale. This 
is connected with the atrophy and redistribution of fibres, 
the decline in muscle metabolism, fat infiltration, myofi-
brosis and lower neuromuscular activation.11,12 Structural 
and chemical changes in muscular tissues alter their elec-
trical properties. Therefore it seems reasonable to monitor 
the quality of muscles through measurements of electrical 
impedance components. Reactance, connected with the 
capacitance of cell membranes and connective and non-
ionic tissues, and phase angle, connected with the size and 
number of cells with integral cell membranes, can be 
regarded as qualitative measures of soft tissues.13–17 

Impedance parameters are most often measured using 
bioelectrical impedance analysis (BIA), bioimpedance 
spectroscopy (BIS) or electrical impedance myography 
(EIM). The concepts and principles underlying the above 
methods are described in detail by, among others, Kyle 
et al,15 and Rutkove.16

Although previous studies have confirmed the relation-
ship between impedance and muscle strength,18–23 the 
potential for using impedance components to control mus-
cle functional quality to prevent sarcopenia, frailty, and 
cachexia is not yet well explained.

The aim of this research was to assess the correlations 
between the impedance components and the appendicular 
skeletal muscle strength and functional quality indices in 

older adults. The use of the impedance parameters as 
potential identifiers characterizing the functional state of 
muscles could improve methods of monitoring “healthy 
ageing”.

Patients and Methods
Subjects
346 adults (including 87 men and 259 women) aged 
50–83 years (64.8±6.1 years), who volunteered for the 
free tests owing to advertisements in local media, invita-
tions sent to health centres and associations of older 
people in the south-western areas of Poland, were stu-
died. This study was part of a multistage project aimed at 
assessing the physical and biological fitness of older 
people in Poland in the years 2009–2016. Data for this 
study was collected in the years 2013–2015. The pre-
condition for inclusion in the tests was the age of 50+ 
years, no medical contraindications and independence in 
everyday life (non-community dwelling persons). 
Middle-aged subjects were also included in the study, 
because the reduction of skeletal muscle mass and 
strength generally begins in the fourth decade of life.1,2 

The exclusion criteria were: presence of an electronic 
implant (eg, pacemaker) or metal prostheses, limb ampu-
tation, acute clinical condition and body mass index of 
above 50 kg/m2. Any use of medications (eg, corticos-
teroids, hormones) that could alter body composition 
was also a reason for exclusion. Participants were 
assessed as subjectively healthy on the basis of declara-
tions of good health, no difficulty walking, and no lim-
itations in daily activities.

From among all the participants (n = 346) two groups 
were distinguished with regard to age: a group of middle- 
aged people, aged 50–64 years (n = 175), and a group of 
older people who, according to WHO standards, were 65 
and more years old (n = 171).

The project was funded by the Ministry of Science and 
Higher Education (project no. N404 075337). The research 
protocol was approved (18 February 2009) by the Senate 
Research Ethics Committee of the University School of 
Physical Education in Wroclaw and was consistent with 
institutional ethical requirements for human experimenta-
tion under the Declaration of Helsinki. The participants 
were informed about the aim and methods of the research, 
the procedures used and the experimental risk. All partici-
pants provided written informed consent before entering 
the study.
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Bioelectrical Impedance Analysis and 
Anthropometric Measurements
Body height and mass were measured with an accuracy 
of respectively 0.1 cm and 0.1 kg by means of an 
electronic scale with an integrated SECA 764 digital 
stadiometer (certificate 93/42 EEC, manufacturer: Seca 
GmbH & Co. KG. Germany). Body composition, 
including skeletal muscle mass, was estimated using 
bioelectrical impedance analysis (BIA) by means of 
a TANITA MC 180 MA 8-electrode multi-frequency 
analyser (certificate 93/42 EEC, manufacturer: Tanita 
Corporation, Japan). The analyser measures impedance 
with an accuracy of 0.01 Ω and calculates phase angle 
with an accuracy of 0.01°. The resistance (R), reactance 
(Xc) and phase angle (PhA) values were measured at the 
50 kHz operating frequency of the 0.8 μA current. The 
measurement was performed in standing position on 
a platform with built-in four electrodes (2 per foot) 
and with two-electrode handgrips enabling additional 
segmental readings separately for each limb and the 
trunk. Every day prior to the tests proper the repeat-
ability of impedance measurement results was checked 
through two successive tests carried out on two volun-
teers. The analyser software uses proprietary equations 
for estimating fat-free mass and total water (including 
intra- and extracellular water) content in the body, with 
a manufacturer reported accuracy of 2%.24 The clini-
cally acceptable accuracy of the estimates by TANITA 
MC 180 MA relative to the reference methods was 
observed among individuals with normal weight, but 
not among overweight and obese population.25,26 The 
European Working Group on Sarcopenia in Older 
People recommends the use of raw BIA measurements 
with the Sergi equation for estimating ASMM.1

BIA measurements were carried out in the mornings, 
using the procedures indicated by the analyser 
manufacturer.24 When registering for this study, partici-
pants were asked not to eat, not to drink and not to under-
take any physical activity at least three hours before the 
test and to void the bladder immediately before the 
measurement.

The appendicular muscle mass (AMM) estimated by 
the analyser is the sum of appendicular skeletal muscle 
mass (ASMM) and the mass of other fat-free soft tissues 
and the water contained in them (ie fat-free mass without 
bone mass). ASMM was estimated using the predictive 
equation published by Sergi et al,27

ASMM kgð Þ ¼ � 3:964þ 0:227�Ht2=R
� �

þ 0:095�Wtð Þ

þ 1:384�sexð Þ þ 0:064�Xcð Þ;

where: ASMM - appendicular skeletal muscle mass; Ht – 
height (cm); R – resistance (Ω); Ht2/R – resistance index 
(cm2/Ω); Wt – weight (kg); sex: men = 1 and women = 0; 
Xc – reactance (Ω).

In order to minimize the differences stemming from 
inter-subject variability and considering the strong correla-
tion between muscle mass and body size, the AMM and 
ASMM values were adjusted to the square of body 
height.1

Measurement of Upper and Lower Limb 
Strength
Hand grip strength (HGS) was measured with an accuracy 
of 1 kg by means of a JAMAR (Sammons Preston Rolyan, 
USA) hydraulic hand dynamometer with an adjustable 
handle set to position 2. The recommendations of the 
American Society of Hand Therapists (ASHT), ie the 
subject seated, the shoulder adducted and neutrally rotated, 
the elbow flexed at 90°, and the forearm and the wrist in 
neutral position (the wrist between 0 and 30° of 
dorsiflexion,28 were adopted. The subjects were asked to 
perform two maximum grip strength tests for alternately 
the left hand and the right hand. Each of the tests lasted 3 
seconds and the inter-measurement interval was 15–20 
seconds long. The highest value from all the tests was 
recorded as the hand grip strength value.

Isometric knee extensor strength (KES) was measured 
with an accuracy of up to 1 N by means of a spring dynam-
ometer being part of the FallScreen© Neuroscience 
Research (NeuRA, Australia) fall risk assessment kit. The 
measurement was performed in accordance with the experi-
mental protocol described by Gandevia.29 One end of the 
spring meter was fastened with a strap to the subject’s limb 
(10 cm above the knee joint) while its other end was 
attached to the back crosspiece of the chair on which the 
subject was sitting (the hip joint and the knee joint were 
flexed at an angle of 90°). In each of the three successive 
measurements the subject stretched the dynamometer with 
the maximum force for 2–3 seconds. The highest result from 
all the measurements for both limbs was recorded as the 
knee extensor strength value.

The ratios of the measured hand-grip and knee extensor 
strength, respectively, to the estimated appendicular mus-
cle mass (HGS/AMM and KES/AMM) were adopted as 
the appendicular muscle strength indices while the ratios 
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of HGS and KES, respectively, to the estimated appendi-
cular skeletal muscle mass (HGS/ASMM and KES/ 
ASMM) were adopted as the appendicular skeletal muscle 
functional quality indices.1,30

Statistical Analysis
The normality of the distribution of all the variables was 
tested using the Shapiro–Wilk test. No normal distribution 
was confirmed for most of the variables, but the low 
asymmetry of the distributions and the possibility of com-
paring the results with the results reported by other authors 
induced us to use classical statistical description measures. 
The results were presented as mean ± standard deviation 
(Mean ± SD) and 95% confidence levels were calculated 
for the mean (95%Cl).

Nonparametric Kruskal–Wallis rank ANOVA was 
used to evaluate the differences between the gender 
and age groups. The differences between the older 
participants and the participants aged less than 65 
years in the groups of sexes were verified using the 
U Mann–Whitney test. The relationship between the 
impedance parameters and the appendicular skeletal 
muscle strength and quality indices was evaluated 
using stepwise multiple regression. All the analyses 
were carried out using STATISTICA 13.1 (StatSoft 
Polska S.A.). The results were accepted to be statisti-
cally significant at p<0.05.

Results
The descriptive characteristics of the subjects and the differ-
ences between the men and the women are presented in Table 
1. Except for BMI (indicating overweight in 44% and obesity 
in 30% of the subjects), all the analysed parameters signifi-
cantly differentiated the two groups of sexes. As expected, in 
comparison with the women, the men were characterized by 
greater body mass (Wt) and height (Ht), appendicular muscle 
mass, appendicular skeletal muscle mass, hand grip strength 
and knee extensor strength. The women were characterized 
by higher resistance and reactance values and a smaller phase 
angle than the men (Table 1). The resistance index (Ht2/R) in 
the men was 33% higher than in the women, which corre-
sponded to the relative appendicular skeletal muscle mass 
(ASMM/Ht2) greater by about 1.3 kg/m2 than in the women. 
The larger proportion of skeletal muscles in the men than in 
the women generated significantly greater strength of both 
limbs, also after correction for ASMM (by 19% for HGS/ 
ASMM and 13% for KES/ASMM).

Among all the subjects there were 49% older people, ie 
aged 65 years and more (qualified according to the WHO 
standards). In comparison with the adults aged 50–64 years, 
the older subjects were found to have significantly lower 
phase angle and reactance values. Also all the absolute and 
relative strength values were considerably lower in the older 
participants (HGS lower by 18% in the older men and by 
15% in the older women; KES lower by 27% in the older 

Table 1 Descriptive Characteristics of Study Participants

Variables Men (n = 87)  
Mean ±SD (95% CI)

Women (n = 259)  
Mean ±SD (95% CI)

p value All (n = 346)  
Mean ±SD (95% CI)

Age (years) 66.3 ± 6.9 (64.9–67.8) 64.3 ± 5.8 (63.6–65.0) 0.009 64.8 ± 6.1 (64.2–65.5)
Height (cm) 174.0 ± 7.0 (172.5–175.5) 159.5 ± 5.8 (158.8–160.2) < 0.001 163.1 ± 8.8 (162.2–164.1)

Weight (kg) 85.6 ± 13.7 (82.7–88.6) 70.4 ± 12.2 (68.9–71.9) < 0.001 74.2 ± 14.2 (72.7–75.7)

BMI (kg/m2) 28.2 ± 3.8 (27.4–29.0) 27.7 ± 4.6 (27.1–28.2) 0.239 27.8 ± 4.4 (27.3–28.3)
R (Ω) 502.0 ± 55.0 (490.3–513.7) 624.2 ± 70.5 (615.6–632.9) < 0.001 593.5 ± 85.4 (584.5–602.5)

Xc (Ω) 51.0 ± 8.5 (49.2–52.8) 58.5 ± 9.7 (57.3–59.7) < 0.001 56.6 ± 9.9 (55.6–57.7)

PhA (°) 5.80 ± 0.70 (5.65–5.95) 5.36 ± 0.68 (5.28–5.44) < 0.001 5.47 ± 0.71 (5.40–5.55)
Ht2/R (cm2/Ω) 61.2 ± 8.6 (59.3–63.0) 41.3 ± 5.2 (40.6–41.9) < 0.001 46.3 ± 10.7 (45.1–47.4)

AMM (kg) 26.7 ± 3.9 (25.9–27.6) 18.3 ± 2.2 (18.0–18.5) < 0.001 20.4 ± 4.6 (19.9–20.9)

AMM/Ht2 (kg/m2) 8.82 ± 1.02 (8.60–9.04) 7.20 ± 0.80 (7.10–7.30) < 0.001 7.61 ± 1.11 (7.49–7.72)
ASMM (kg) 22.7 ± 2.8 (22.1–23.3) 15.8 ± 2.0 (15.6–16.1) < 0.001 17.6 ± 3.7 (17.2–18.0)

ASMM/Ht2 (kg/m2) 7.49 ± 0.70 (7.34–7.64) 6.23 ± 0.69 (6.14–6.31) < 0.001 6.54 ± 0.88 (6.45–6.64)

HGS (kg) 49.1 ± 8.2 (47.3–50.8) 27.6 ± 5.1 (27.0–28.2) < 0.001 33.0 ± 11.1 (31.8–34.2)
KES (N) 361.9 ± 100.8 (340.5–383.4) 219.5 ± 59.3 (212.3–226.8) < 0.001 255.3 ± 94.8 (245.3–265.4)

Abbreviations: SD, standard deviation; CI, confidence interval; BMI, body mass index; R, resistance; Xc, reactance; PhA, phase angle; Ht, height; AMM, appendicular muscle 
mass; ASMM, appendicular skeletal muscle mass; HGS, hand grip strength; KES, knee extensor strength.
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men and by 21% in the older women) at smaller differences 
in AMM and ASMM between the two age groups. The older 
men’s skeletal muscle mass was 7% smaller than that of the 
men in the younger group. No significant differences in 
ASMM between the older women and the younger women 
were found (Table 2).

The Kruskal–Wallis variance analysis confirmed the sig-
nificant differences between the groups of sexes and age (p < 
0.001) for all the strength indices (HGS/AMM, KES/AMM) 
and the skeletal muscle quality indices (HGS/ASMM, KES/ 
ASMM) of both limbs (Figure 1). The indices were signifi-
cantly higher in the men than in the women and in both 
groups of sexes they were lower for the older subjects than 
the middle-aged subjects. In the men the difference in the 
strength index amounted to 9% for the upper limb (3 times 
larger than the difference in ASMM/Ht2) and to 18% for the 
lower limb (6 times larger than the difference in ASMM/ 
Ht2), while in the women it amounted to 15% for the upper 
limb and 20% for the lower limb (at no differences in 
ASMM/Ht2). The skeletal muscle quality index in the 
older men and women in comparison with the younger 
participants was 13–14% lower for the upper limb and 
20–21% lower for the lower limb.

The relationship between the impedance parameters 
and the appendicular muscle strength and functional 

quality indices was tested through a stepwise multiple 
regression analysis. The severity of multicollinearity of 
successive predictors was checked with the variance infla-
tion factor (VIF). Including R in the model significantly 
reduced the tolerance (1/VIF) of other factors (VIF>10). 
The body mass, height and resistance (strongly linearly 
intercorrelated) were omitted in the regression model. 
Ultimately, sex (men = 1, women = 0), age, reactance 
(Xc) and phase angle (PhA) were left in the predictive 
equations for the four indices. Statistically significant 
regression models were obtained for all the indices 
(Table 3). The Durbin-Watson (DW) statistic of the models 
indicated no autocorrelation of the residuals (1.84(4,300) < 
DW < 2). The variation in the muscle strength indices for 
the upper limb and the lower limb was explained by the 
obtained regression models in respectively 69% (SEE = 
0.175) and 45% (SEE = 2.473) while the variation in the 
appendicular skeletal muscle indices was explained in 
68% (SEE = 0.198) for the upper limb and in 43% (SEE 
= 2.880) for the lower limb. The best predictors of HGS/ 
AMM and HGS/ASMM were sex and reactance, which 
explained respectively 41% and 24% of the variance in 
muscle strength and 53% and 18% of the variance in the 
upper limb’s muscle quality index. In the case of KES/ 
AMM and KES/ASMM, age (20% and 26%) was found to 

Table 2 Impedance Components and Appendicular Muscle Strength and Quality Parameters of Study Participants by Age Groups

Variables Men Mean ±SD Women Mean ±SD

Age 50–64 Years 
(n=35)

Age 65–83 Years 
(n=52)

p value Age 50–64 Years 
(n=140)

Age 65–83 Years 
(n=119)

p value

Age (years) 59.5 ± 3.5 70.9 ± 4.3 <0.001 60.3 ± 3.4 69.1 ± 4.1 <0.001
R (Ω) 494.0 ± 59.5 507.3 ± 51.6 0.259 632.6 ± 73.4 614.3 ± 65.8 0.019

Xc (Ω) 52.1 ± 7.4 50.3 ± 9.2 0.035 60.5 ± 10.3 56.2 ± 8.3 <0.001

PhA (°) 6.02 ± 0.51 5.65 ± 0.77 0.002 5.48 ± 0.74 5.23 ± 0.58 0.001
Ht2/R (cm2/Ω) 63.7 ± 8.9 59.5 ± 8.70 0.020 41.1 ± 5.3 41.5 ± 5.1 0.308

AMM (kg) 28.5 ± 4.1 25.5 ± 3.3 0.001 18.3 ± 2.2 18.2 ± 2.1 0.748
AMM/Ht2 (kg/m2) 9.19 ± 1.06 8.57 ± 0.91 0.006 7.18 ± 0.86 7.22 ± 0.72 0.307

ASMM (kg) 23.7 ± 3.1 22.0 ± 2.4 0.011 15.9 ± 2.0 15.7 ± 1.9 0.552

ASMM/Ht2 (kg/m2) 7.63 ± 0.79 7.39 ± 0.63 0.217 6.22 ± 0.75 6.22 ± 0.62 0.579
HGS (kg) 55.1 ± 6.3 45.0 ± 6.7 <0.001 29.6 ± 4.5 25.2 ± 4.8 <0.001

HGS/AMM 1.96 ± 0.25 1.78 ± 0.28 0.005 1.63 ± 0.26 1.39 ± 0.25 <0.001

HGS/ASMM 2.35 ± 0.28 2.05 ± 0.29 <0.001 1.87 ± 0.25 1.61 ± 0.26 <0.001
KES (N) 431.6 ± 94.6 315.1 ± 74.7 <0.001 242.4 ± 55.1 192.7 ± 52.6 <0.001

KES/AMM (N/kg) 15.2 ± 3.0 12.5 ± 3.1 <0.001 13.3 ± 3.1 10.6 ± 2.8 <0.001

KES/ASMM (N/kg) 18.3 ± 3.7 14.4 ± 3.4 <0.001 15.3 ± 3.3 12.3 ± 3.2 <0.001

Abbreviations: SD, standard deviation; R, resistance; Xc, reactance; PhA, phase angle; Ht, height; Ht2/R, resistance index; AMM, appendicular muscle mass; ASMM, 
appendicular skeletal muscle mass; HGS, hand grip strength; KES, knee extensor strength; HGS/AMM and KES/AMM, appendicular muscle strength indices; HGS/ASMM and 
KES/ASMM, appendicular muscle quality indices.
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most strongly determine the strength and quality of the 
lower limb’s muscles, followed by sex (10% and 13%) and 
reactance (7% and 4%). A significant, but weak, effect of 
phase angle was observed only for the muscle strength 
indices of both limbs.

Discussion
The impedance parameters characterizing the electrical 
properties of tissues and cells, including the muscular 
ones, can be an indicator of not only their mass, but also 
their quality which translates into skeletal muscle strength 
and functionality.13,15,17,23 Using the impedance compo-
nents measured by the BIA method we focused our ana-
lyses on the strength of the appendicular muscles since 
they constitute the largest proportion in the total skeletal 
muscle mass and are a major determinant of motion gen-
eration and physical fitness.2

It has been confirmed by us that the decidedly much 
greater muscle mass and appendicular skeletal muscle 

mass of the two limbs generates in men, in comparison 
with women, greater muscle strength, which was pre-
viously documented for different groups of muscles in 
adults of various ages in numerous publications.8,11,31 

The differences were found to be the consequence of the 
strong effect of body mass on muscle strength, making it 
difficult to properly evaluate the muscle functions. This is 
an argument for the use of muscle power indices indepen-
dent of total muscle mass.3,5

Guided by the biokinetic chain principle, according to 
which no part of the musculoskeletal system functions in 
isolation (and so many body segments need to act together 
to generate the maximum muscular force), we corrected 
the measured muscle strength values for AMM and 
ASMM. If the same absolute strength value is generated 
at a lower AMM, the muscle strength index (HGS/AMM 
or KES/AMM) may suggest that either the proportion of 
ASMM in AMM is larger or the quality of ASMM is 
higher. The skeletal muscle quality index (HGS/ASMM 

Figure 1 Differences in mean appendicular muscle strength and quality indices between groups of sex and age.
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or KES/ASMM) eliminates this ambiguity since the gen-
eration of the same muscular force at a lower ASMM 
indicates better quality of the skeletal muscles. The con-
cept “muscle quality” assessed through the strength cor-
rected for skeletal muscle mass has the dimension of 
functional quality and has been accepted by EWGSOP2.1

All the indices used by us were significantly higher in 
the men than in the women, which corroborated the greater 
skeletal muscle strength and quality in men, reported in 
many studies.5,30 Moreover, the muscle strength and qual-
ity indices were significantly lower in the older partici-
pants than in the participants 10 years younger. The 
difference in muscle strength between the age groups 
considerably exceeded the reduction degree AMM/Ht2 

(3–6 times in the men and even more in the women). 
This discord reinforces the conviction that some of the 
changes in muscle force are independent of changes in 
muscle mass, all the more so because we did not observe 
a significant decrease even in the corrected AMM and 
ASMM values in the women at a simultaneous reduction 
in the absolute and relative values of HGS and KES. 

Regardless of muscle mass, declines in muscle strength 
and quality have been repeatedly reported in the results of 
longitudinal and cross-sectional studies.3,5–9 As part of 
longitudinal studies Hughes et al,6 found that in adults 
aged 46–78 years at the beginning of the studies changes 
in muscle mass after nearly 10 years amounted to merely 
5% of the changes in muscle strength. Moreover, they did 
not observe any difference between the cross-sectional and 
longitudinal analyses of the strength of the elbow and knee 
joint extensors and flexors in men and women. Similarly 
as Hughes et al,6 Goodpaster et al,5 noted a 5% share of 
fat-free mass changes in explaining the variance in muscle 
strength. After 3 years of observing changes in muscle 
mass and strength in participants aged 70–79 years, the 
annual drop in the muscle strength index of the lower 
limbs was three times larger than the drop in fat-free 
mass. Moreover, they observed that an increase in fat- 
free mass was not accompanied by the maintenance of 
strength or by an increase in strength. The above results 
were corroborated in the same cohort (Health ABC) in 
a later longitudinal study by Delmonico et al,3 who after 

Table 3 Multiple Linear Regression Models for Appendicular Muscle Strength and Quality Indices

Variables Predictor β-value (SE) b (SE) Partial R2 p-value

HGS/AMM Intercept 1.438 (0.146) <0.001 R2= 0.692 
F(4,341)=194.78 p<0.001 

SEE = 0.175

Sex 0.640 (0.040) 0.464 (0.029) 0.432 <0.001

Age −0.321 (0.032) −0.017 (0.002) 0.102 <0.001

Xc 0.493 (0.047) 0.016 (0.001) 0.596 <0.001
PhA 0.095 (0.046) 0.042 (0.020) 0.578 0.040

HGS/ASMM Intercept 2.453 (0.165) <0.001 R2= 0.680 

F(4,341)=181.4 p<0.001 

SEE = 0.198

Sex 0.729 (0.041) 0.583 (0.032) 0.432 <0.001

Age −0.415 (0.032) −0.024 (0.002) 0.102 <0.001
Xc 0.419 (0.048) 0.014 (0.002) 0.596 <0.001

PhA −0.015 (0.047) −0.007 (0.022) 0.578 0.747

KES/AMM Intercept 19.021 (2.067) <0.001 R2= 0.452 

F(4,341)=70.23 p<0.001 

SEE = 2.473

Sex 0.312 (0.053) 2.386 (0.407) 0.432 <0.001

Age −0.444 (0.042) −0.241 (0.023) 0.102 <0.001
Xc 0.269 (0.063) 0.090 (0.021) 0.596 <0.001

PhA 0.132 (0.062) 0.613 (0.287) 0.578 0.034

KES/ASMM Intercept 28.191 (2.408) <0.001 R2= 0.425 

F(4,341)=62.92 p<0.001 

SEE = 2.880

Sex 0.358 (0.054) 3.109 (0.474) 0.432 <0.001

Age −0.508 (0.043) −0.313 (0.027) 0.102 <0.001
Xc 0.208 (0.065) 0.076 (0.025) 0.596 0.002

PhA 0.050 (0.063) 0.266 (0.335) 0.578 0.428

Abbreviations: HGS, hand grip strength; KES, knee extensor strength; AMM, appendicular muscle mass; ASMM, appendicular skeletal muscle mass; HGS/AMM and KES/ 
AMM, appendicular muscle strength indices; HGS/ASMM and KES/ASMM, appendicular muscle quality indices; β, standardized regression coefficient; b, unstandardized 
regression coefficient; R2, coefficient of determination; SE, standard error; SEE, standard error of estimation; sex: men=1, women=0; Xc, reactance; PhA, phase angle; F(4,341), 
Fisher’s test result at 4 and 341 degrees of freedom.
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five-year observation recorded strength losses from two to 
as much as five times greater than the muscle mass losses.

In our study the differences in the ASMM strength and 
quality indices between the age groups were larger for the 
lower limb than the upper limb. Age was the strongest 
adverse predictor of the lower limbs’ muscle strength and 
quality while sex was the strongest determinant of the 
upper limbs’ strength and quality, indicating their larger 
deficits in the women. In independent projects Hughes 
et al,6 and Lynch et al,31 similarly observed that the age- 
related declines in strength in the body’s lower part are 
greater and quicker than in its upper part and apply more 
to women than men. Although men can sustain greater 
total muscle mass losses in the course of ageing, an earlier 
and greater decline in muscle strength and quality is 
observed in women.4,30

The significantly lower functional quality of ASMM in 
the older participants in comparison with the younger 
participants at no differences in ASMM/Ht2 between the 
age groups is identified by lower phase angle and reac-
tance values. de-Mateo-Silleras et al,19 showed significant 
correlations between the two impedance parameters and 
HGS in adults aged 52–98 years, finding the correlations 
for phase angle to be strongest. They explained the 
observed changes in the impedance parameters in older 
adults by, among other things, a reduction in the cellular 
mass of the muscular tissue, which was more noticeable in 
men than in women. In our sample, changes in reactance 
explained 24% of the strength index variance and 18% of 
the variance in the quality of the hands’ skeletal muscles. 
To a lesser degree reactance determined the strength and 
quality of knee extensor muscles, confirming the different 
rates of skeletal muscle changes in respectively the upper 
and lower limbs. The difference in reactance between the 
older participants and the younger ones was twice larger 
for the women than for the men. Previously we had 
observed that a significant reduction in reactance with 
age began earlier in women than in men.32 Moreover, the 
negative effect of age and the positive effect of sex 
demonstrated by the regression analysis of the muscle 
strength and quality prove that in the course of ageing 
women sustain earlier and greater skeletal muscle strength 
and quality losses than men.4,30

The observed decline in reactance with age is the result 
of a reduction in intracellular water and consequently, also 
in cellular mass. Cell membranes lose their integrity, 
whereby cellular reactivity decreases. These processes 
lead to disturbances in the normal functioning of cells.13 

The relationship between lower reactance and lower func-
tional skeletal muscle quality in the older adults was con-
firmed by the significant contribution of Xc to the 
regression models of the skeletal muscle strength and 
quality indices for both the limbs.

Also phase angle is considered to be a qualitative mea-
sure of soft tissues.17 Its value depends on the size and 
number of cells with integral cell membranes and on the 
amount and distribution of extracellular and intracellular 
fluids.17,18 It has been found that as a result of chemical 
and anatomical changes in skeletal muscles PhA increases 
up to early adulthood and then gradually decreases in later 
years, regardless of body composition. In healthy adults 
the phase angle at 50 kHz usually is in the range of 
5–7°.14,17,33 We recorded 74 cases of very low phase 
angle values and most of them were women (25 middle- 
aged women, 42 older women and 7 older men). These 
participants were characterized by significantly lower ske-
letal muscle strength and quality indices in comparison 
with the other participants in the respective groups of 
sexes and age. Since it has been established that phase 
angle can be a useful marker of nutritional state and 
physical and biological condition,13,17 one can suppose 
that in older adults with a too small phase angle there is 
an increased risk of a lowered functional state relative to 
the average state in the population.14,17,20

In the older participants we found significantly lower 
phase angle values, by respectively 0.4° in the men and by 
0.3° in the women, in comparison with the middle-aged 
adults. Barbosa-Silva et al,33 in men after seventy years 
old obtained PhA values (at 50 kHz) lower by nearly 0.8° 
than the values recorded in men 10 years younger. In the 
case of women, similarly as in our study, the difference in 
the phase angle between age groups amounted to 0.3°. 
Moreover, the above authors found that the changes in 
PhA with age were increasingly greater for both men and 
women. The fact that in our study PhA was a significant 
muscle strength index predictor and the previously deter-
mined stronger negative correlation of PhA with age in the 
older adults in comparison with the younger ones,32 indi-
cate progressive cellular mass diminution in the course of 
ageing. Bosy-Westphal et al,14 note that besides the above 
changes, also the quality of soft tissues, the integrity of 
cell membranes and intracellular hydration deteriorate. 
These changes weaken muscle strength, as indicated by 
the phase angle share in explaining the variation in the 
muscle strength index. The significant decrease in the 
phase angle due to ageing, correlated with strength loss, 
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has been corroborated recently by, among others, Slee 
et al,18 de-Mateo-Silleras et al,19 Basile et al,20 and 
Yamada et al.21 In addition, Slee et al,18 have shown 
a relationship between a low phase angle value and mal-
nutrition and the frailty syndrome in older people.

Although we did not find phase angle to be 
a significant predictor of changes in the skeletal muscle 
quality index of the two limbs, there are reports suggesting 
that the ageing related reduction in muscle cell size and 
cell membrane lipid content and in the amount of intracel-
lular water relative to extracellular water in muscle tissues 
correlate with low PhA values.17,33,34 The consequence of 
the above processes is myofibrosis and atrophy (especially 
type 2) of the muscle fibres responsible for muscle power 
generation.10–12,21 The identification of muscle cells 
“death” through phase angle, suggested by Basile et al,20 

is disturbed by the presence of fat cells in the muscular 
tissue since their size and number increase PhA 
values.17,21 This can be the cause of the weaker correlation 
of PhA with ASMM quality than with muscle strength, 
observed by us. The infiltration of connective-fatty tissue 
into between bundles of skeletal muscles and into muscle 
fibres (myosteatosis) changes their distribution and 
degrades the functions of the muscles.3,9,10

Phase angle and reactance altogether explained over 
25% and nearly 10% of the variation in the muscle 
strength of respectively the upper limb and the lower 
limb, but the values of these parameters and the rates of 
their change differ between the men and the women. These 
results indicate that the impedance components can 
explain the changes in skeletal muscle strength and quality 
which do not depend on the muscle mass loss due to 
ageing, but one should take into account the fact that the 
subjects’ sex and age are strong determinants.

Bioimpedance measurements by electrical impedance 
myography in a wide frequency spectrum have great 
potential for assessing the state of muscles in more loca-
lized areas than in the case of the BIA technique. EIM 
makes it possible to detect neural-muscular disorders on 
the basis of increased resistance and considerably lowered 
PhA and Xc values in comparison with the impedance of 
healthy muscles. The changes in the impedance parameters 
are ascribed to the atrophy of muscle fibres, the enlarge-
ment of intramuscular connective tissue and fatty tissue 
and to oedema.16 Since the older adults taking part in our 
study did not report any neural-muscular disorders, similar 
changes observed by us for the impedance components 
cannot be ascribed to a pathologic condition of the 

muscles, but only to changes in the quality of the muscles 
due to physiological ageing.

The use of impedance registered at different frequen-
cies to assess muscle strength and quality was reported by 
Yamada et al.22 The authors indicated that the ratio of 
high-frequency impedance (Z250kHz) to low-frequency 
impedance (Z5kHz), reflecting the intracellular water-to- 
extracellular water ratio (ECW/ICW), is strongly corre-
lated with age and muscle force. They suggested that this 
impedance ratio is an important muscle quality indicator of 
the ratio of the actual mass of muscle cells to the total 
body water. Moreover, in their next study Yamada et al,35 

showed that Z250kHz/Z5kHz included in the BIA equation 
significantly improved the accuracy of appendicular lean 
mass prediction.

The main limitation of this study is its cross-sectional 
character. The presented results do not prove a causal 
connection between changes in muscular tissue in the 
course of ageing with its electrical properties and should 
be interpreted as differences between the age groups. 
Secondly, no evaluation of the parameters which can 
have a bearing on the relationship between muscle mass 
and muscle function, such as protein intake or physical 
activity, was carried out. This study included people from 
south-western Poland and therefore our results may not be 
applicable to other populations (eg, non-Caucasian). Even 
though our observations are based on an analysis of differ-
ences between the age groups and can be generalized only 
for a population of subjectively healthy older adults, we 
think that this cross-sectional project extends the existing 
knowledge of the ageing process and can form an impor-
tant basis for orienting further research towards evaluating 
BIA potential for monitoring “healthy ageing” without the 
use of predictive equations.

We are aware that the BIA equations for estimating 
AMM and ASMM values, which we used to correct the 
strength of the limbs can be disputable since so far there 
is no agreement among researchers on the reliability of 
any of the BIA predictive equations available in the 
literature. However, we decided to use the Sergi et al,27 

equation because of the similarity of the population, ie 
healthy Caucasians aged 60–85 years, for which the equa-
tion had been formulated. Moreover, this equation is 
recommended by the European Working Group on 
Sarcopenia in Older People, which at the beginning of 
2018 updated its findings concerning, ie, the recom-
mended tools for measuring muscle mass in clinical prac-
tice and research for the purpose of diagnosing sarcopenia 
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and monitoring the progress of a treatment.1 Another 
limitation of our study is a potential bias error of 
ASMM estimates for participants below 60 years of age 
(16 men, 47 women), which can be due to the use of the 
Sergi et al,27 equation generated for the older sample. 
Yamada et al,35 reported that the BIA underestimated 
appendicular lean mass for the younger group than the 
developing equation group.

Conclusion
The study results presented here confirm that the relative 
differences in muscle strength and quality indicators 
between the elderly and the middle-aged adults are several 
times greater than the differences in appendicular skeletal 
muscle mass between these groups. The analyses indicate 
that the impedance parameters together with age and gen-
der explain the part of the changes in appendicular skeletal 
muscle strength and quality, which is independent of mus-
cle mass loss due to ageing. Therefore, it would be appro-
priate to use the impedance components as muscle 
condition identifiers in the routine monitoring of the 
aging process and to establish standardized reference reac-
tance and phase angle values for older adults for diagnos-
ing and preventing dangers connected with the decline in 
muscle strength and quality.
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