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Associations of passive muscle stiffness and muscle echo-intensity with muscle strength
Pasif kas sertligi ve kas ekojenitesinin kas kuvveti ile iliskisi
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ABSTRACT

Objective: Muscle tissue parameters including composition and stiffness of muscle can have an important effect on muscle strength. In this study, we
aimed to investigate the relationships between muscle echo-intensity (El), tendon stiffness and muscle strength in young men and women.

Methods: Ultrasound B-mode images of the Rectus Femoris (RF), Vastus Medialis (VM) and Patellar Tendon (PT) were acquired in fifty-two healthy
subjects (mean age; 27.43+5.3 years). RF, VM and PT stiffness were characterized by shear-wave elastography measurements. Quantitative evaluati-
ons were performed, including measurement of muscle and tendon thickness and muscle El. Isometric knee extension muscle strength was measu-
red using hand-held dynamometer.

Results: RF stiffness had a good correlation with muscle strength (r=-0.46, p<0.05) and had a fair correlation with Elgg(r=-0.37,p<0.05), VM stiffness
had a good correlation with muscle strength (r=0.42, p<0.05) and had a fair correlation with Elyy; (r=-0.43,p<0.05) in women. RF stiffness had a good
correlation with muscle strength (r=-0.54, p<0.05), had a good correlation with Elgg(r=-0.41,p<0.05) in men.VM stiffness had a good correlation with
muscle strength(r=-0.50; p<0.05), and had a good correlation with Ely(r=-0.60,p<0.05) in men. Elzg and Ely)y had a good relation with muscle st-
rength in men and women (For Elgg; r=-0.46; r=-0.54; for Ely); r=-0.42; r=-0.50 p<0.05, respectively)

Conclusions: This study demonstrates that there is a relationship between isometric muscle strength and passive muscle stiffness, muscle El. Additi-
onally, muscle El affects muscle stiffness in healthy men and women. Our results should be considered in elite athletes for whom the strengthening
program is important.
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Amag: Kas composiziyonu ve kas sertligi gibi kas dokusu parametreleri kas kuwvveti Uzerinde dnemli bir etkiye sahip olabilir. Bu arastirmada, saglikli
geng erkek ve kadinlarda kas eko-intensitesi (El) ile kas ve tendon sertliginin izometrik kas kuvveti ile arasindaki iliskiyi incelemeyi amagladik.

Yontem: Elli-iki saglikli katiimcinin (ortalama yas: 27,43+5,3 yil) Rektus Femoris(RF), Vastus Medialis(VM) ve Patellar Tendon(PT)’'unun B-Mod ultrason
gorantuleri elde edildi. RF, VM ve PT sertligi shear-wave elastografi élgtimleri ile karakterize edildi. Kas ve tendon kalinlg, El élgima gibi nicel deger-
lendirmeler yapildi. Izometrik diz ekstansiyon kas kuvveti hand-held dinamometre kullanilarak 6lctldu.

Bulgular: Kadinlarda RF kas sertligi ile kas kuvveti arasinda iyi bir korelasyon (r=-0.46, p<0.05), Elgg ile orta derecede bir korelasyon vardi (r=-0.37,
p<0.05). VM sertligi ile kas kuvveti arasinda iyi bir korelasyon (r= 0,42, p<0,005), Elyy; ile orta derecede bir korelasyon (r=-0,43, p<0,05) vardi. Erkek-
lerde RF sertligi ile kas kuwveti (r=-0,54, p<0.05) ve Elgg (r=-0.41, p<0.05) ile iyi bir korelasyon vardi. VM sertlidi ile kas kuvveti (r=-0.50; p<0.05) ve
Elypm(r=-0.60, p<0.05) ile iyi bir korelasyona sahipti. Kadin ve erkeklerde, Elgg ve Elyy'nin kas kuvveti arasinda negatif korelasyon bulundu (sirasiyla
Elgg igin; r=-0.46; r=-0.54; for Elyyicin; r=-0.42; r=-0.50 p<0.05)

Sonuglar: Bu galisma, izometrik kas kuvveti ile pasif kas sertligi ve El'si arasinda bir iliski oldugunu gdstermektedir. Ayrica, kas El'nin saglikli erkek ve
kadinlarda kas sertligini etkiledigini gdstermektedir. Calisma sonuglarmiz kuvvetlendirme programinin dnemli oldugu elit sporcularda mutlaka dikkate
alinmalidr.

Anahtar Sozciikler: Ekointensite, ultrasonografi, kas sertligi, shear-wave eleastografi, kas kuvveti

INTRODUCTION

Normal skeletal muscle stiffness is related to active tension  ce (2). It is suggested that muscle stiffness is closely related

resulting from muscle contraction and passive tension cre-
ated by connective tissue (1). Both passive and active musc-
le stiffness contribute to physical function. Passive stiffness
plays a role in muscle performance and exercise complian-

to decreased joint range of motion and increased muscle
stiffness is associated with joint stiffness. So, passive musc-
le stiffness has been reported as an important factor for
sports injuries. (3). Isometric and isokinetic muscle st-
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rength are known to closely related with muscle thickness
or muscle size (4).

Qualitative changes in skeletal muscle tissue are caused by
a decline in type II fibre size (5). It has also observed that
intramuscular and intermuscular fat deposition increases
with aging or inactivity (6). Skeletal muscle fat infiltration
is related with impaired muscle strength and mobility, ma-
king it an important marker for muscle health (7). Palmer et
al. (8) indicated that increased muscle echo-intensity may
contribute to the prominent passive muscle stiffness in ol-
der adults. Due to fat infiltration in the muscles, the ratio of
intramuscular adipose tissue increases and the muscle/fat
ratio decreases (9). It is thought that changes in muscle
composition attributed to fat infiltration might cause chan-
ges in viscoelastic properties of muscles and tendons. Un-
derstanding the mechanical properties and parameters of
muscles and tendons that affect their ability to generate for-
ce makes significant contributions to the improvement of
physical activity and athletic performance and prevention
of joint and muscle injuries (10). Therefore, factors affecting
the force-generating ability of skeletal muscle and tendon
structures have been a topic of current research (11). Since
muscle mechanical properties cause changes in tendon
stiffness, it has become even more important to explain the
responsible parameters (12).

Muscle and tendon stiffness is defined as an internal resis-
tance to changes in muscle and tendon shape caused by an
external force. Muscle strength production takes place with
the help of the elastic behavior of the muscles and tendons
(13). Passive stiffness is a critical determinant of muscle
performance during sportive activities and/or functional
movements. It can have a profound effect on muscle st-
rength and force production by influencing the velocity of
the contractile component (14). Tissue stiffness is also asso-
ciated with repetitive stress and strain injuries.

Ultrasonography (US) has been reported to be a valid and
reliable tool for estimating muscle mass by measuring
muscle cross-sectional area and muscle thickness, as well
as predicting muscle quality by gray-scale analysis of musc-
le echo-intensity (EI). On the other hand, shear wave elas-
tography (SWE) is an ultrasound-based technique that can
characterize the viscoelastic properties of muscles and ten-
dons based on the propagation of remotely induced shear
waves (15). Increased EI refer to higher infiltration of fibro-
tic tissue and/or adipose tissue in the muscle (16). Intra-
muscular fat leads to a reduction in maximum isometric
tension in animal models. Similarly, increases in intramus-
cular fat have been reported to result in lower specific for-
ces (force/physiological cross-sectional area) in muscle si-
mulation applications (17). This is why estimating intra-

muscular fat accumulation recently gained attention. The
effect and mechanism of intramuscular fat on the stiffness
of muscle and tendon is still unclear. Indeed, increased tis-
sue stiffness (i.e., the relationship between a given force
and the amount of strain the tissue is subjected to) can inc-
rease strength production. Therefore, tendon and muscle
stiffness and adaptations of structures within the muscle
such as muscle echo-intensity may affect muscle strength.

Decreased knee muscle strength is associated with worse-
ned mobility and performance, and increased knee prob-
lems and injuries (18). Considering the relationship of
muscle strength with various qualities, it seems important
to know how muscle strength can be improved and the ba-
sic physiological factors that affect muscle strength. If prac-
titioners want to increase the muscle strength of healthy in-
dividuals or patients with poor muscle strength, or professi-
onal athletes, they need to understand which parameters
are more important in terms of muscle strength. Therefore,
we investigated the relationship between isometric muscle
strength and muscle EI and muscle and tendon stiffness in
young healthy adults using shear wave elastography (SWE).
We hypothesized that 1) participants with less muscle EI ex-
hibit higher muscle and tendon shear modulus, as fat is
less stiff than muscle tissue. 2) Muscle EI and stiffness are
related with isometric muscle strength in healthy men and
women.

MATERIAL and METHODS

This study was reported following the “Strengthening the
Reporting of Observational Studies in Epidemiology” (ST-
ROBE) (19).

Subjects

Fifty-two (36 female, 16 male) healthy young and sedentary
adults were included. Sedentary individuals who were not
involved in any sports and did not exercise regularly for at
least 6 months were included in the study. Exclusion crite-
ria were as follows: (a) participating in any form of intense
physical activity or sporting activity in the past 72 hours,
(b) individuals who had orthopaedic or neurologic or rhe-
umatologic disease related to the lower extremity (c) had
lower extremity surgery or major trauma history, (d) partici-
pants with history of major trauma or surgery in the upper
and/or lower extremity or cardiopulmonary diseases.

Ultrasonographic Assessment

All participants were examined with grey-scale US and SWE
(Philips Medical Systems EPIQ5 Releases.o0.2, Amsterdam)
that was equipped with a high resolution linear-array probe
(8-12 MHz, code: eL18-4). A radiologist with over 15 years
musculoskeletal experience evaluated and imaged the pa-
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tellar tendon and skeletal muscles of each participant. The
participants were allowed to rest for 10 minutes in order to
evaluate the mechanical properties of the muscles and ten-
dons at resting status. Dominant side of participants was
used for ultrasonographic assessments. The leg of domi-
nance was determined by asking the subject to kick a ball.
To evaluate vastus medialis (VM) stiffness, transducer was
placed at 50% of the distance between the greater trochan-
ter and the medial condyle of the femur. To evaluate Rectus
Femoris (RF), transducer located on the midpoint of the
line connecting the anterior superior iliac spine with the
superior edge of the patella (20). During this assessment,
subjects were lying in supine position with their legs exten-
ded and relaxed. In order to asses Patellar Tendon (PT) stiff-
ness, the probe was placed at the inferior pole of patella
and aligned with the patellar tendon. Scanning of PT was
performed with the subject in supine position with knee at
30° of flexion (21). Once a clear image of the muscles and
tendon has been captured, the shear wave elastography
mode was activated. Minimal force was applied to avoid
pressure artifact during the ultrasonographic examination.

Muscle stiffness and muscle echo-intensity vs muscle strength

The probe was held steady for about 10 seconds during
SWE map acquisition. The data were expressed in kPa and
median and mean values were also presented. The kilopas-
cal (kPa) unit was used to assess the muscle stiffness (Figu-
re 1). US screen displays a color-coded elastogram. High
shear wave velocity (SWV) represents higher stiffness, low
SWYV represents low stiffness, and SWV is directly related to
tissue stiffness (22) . Image J software (Version 1.48v, Nati-
onal Institutes of Health, Bethesda, MD, USA) was used to
evaluate muscle end tendon echo-intensity. The average
echo-intensity of the muscles were ranged from between o
(black) to 255 (white) arbitrary units (a.u). Values approac-
hing o indicate more intramuscular fat, while values appro-
aching 255 indicate more muscle tissue or contractile struc-
ture. (23). Lastly, muscle and tendon thickness was measu-
red as the distance between the internal borders of the su-
perficial and deep aponeuroses (24). All ultrasonographic
measurements were made three times and the average of
the values was recorded for statistical analysis.

+ R Breast EQI 1
EQI Avg 6.53 kPa
EQI Med 5.88 kPa
EQIl Max 8.24 kPa

+ 2 R Breast EQI 2
EQI Avg 5.07 kPa
EQI Med 4.71 kPa
EQI Max 5.88 kPa

Figure 1. Measurement of elastic property of the Vastus Medialis (VM) in
longitudinal view. (A) Longitudinal grey scale sonograms of VM on the identical
scan planes. (B) Colour-coded box presentations of the VM elasticity (stiffer
areas were coded in red and softer areas in blue) superimposed on a
longitudinal grey scale sonogram of the VM

Isometric Muscle Strength

Maximal voluntary isometric quadriceps femoris muscle st-
rengths were evaluated with a Lafayette Hand-Held Dyna-
mometer model 01163 (Lafayette, Sagamore, USA) by the
same author. Participants were seated with their knees fle-
xed 60° and their feet on the ground. Dynamometer was
placed on the anterior aspect of the distal tibia, just superi-
or to the malleoli. Three assessments with 30 s rest between
measurements was performed by the same investigator (25).

Statistical Analysis

All data was analyzed using the SPSS22 (IBM Corp., Ar-
monk, NY) program. Kolmogorov—Smirnov and Shapiro-
Wilk and graphical histogram analysis were used to check
for normality and the Mann-Whitney U test and Spear-
man's test were performed. G*Power program was used in
order to determine sample size. Based on Tas et al. (26)
study, the correlation coefficient between muscle strength
and tendon stiffness was at least 0.44 and effect size was
seen to be 0.19. According to the power analysis results
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with Type-I error rates of 0.05 and 90% power, 52 subjects
were participated in the study.

RESULTS

This study included fifty-two healthy volunteers (36 wo-
men, 16 men) aged 19 to 35 years. The demographic charac-
teristics of subjects are summarized in Table 1. Women had
a mean age of 26.5£9.64 years (range, 20—35), and a mean

BMI of 25.08+5.59 (range, 17.36 — 40.56) kg/m2. Men had a
mean age of 28.74+4.32 years (range, 20-32) and a mean BMI

Table 1. Characteristics of the study subjects

of 26.44+4.87 kg/m? (range, 20.66-26.13). There were no sig-
nificant differences in age, weight, height or BMI between
men and women.. RF and VM thickness, VM stiffness, PT
stiffness and PT EI were similar between gender (p>0.05).
Women were found to have a higher RF stiffness, Elgxr and
Elyy compared to men (p<o.05). In addition, women were
observed to have a lower PT thickness compared to men
(p<o.05) (Table 1).

Mean:SD (min-max) Women (n: 36) Men (n: 16) p value
Age (years) 26.5:0.64 (20-35) 28.74+4.32 (20-32) 0.231
Height (cm) 165.134.69 (156-172) 170.68+6.16 (163-183) 0.342
Weight (kg) 68.3115.21 (44-120) 75.42+12.32(59-96) 0.085
BMI (kg/m?) 25.08+5.59 (17.36 - 40.56) 26.44+4.87(20.66-26.13) 0.123
Isometric Muscle Strength (kg-f) 22.2+4.85 (16.50-36.20) 24.08£3.18 (21.30-36.40) 0.072
Rectus Femoris 1.22+0.47 (0.74-3.41) 1.23+0.23(0.98-1.83) 0.2
Thickness (cm) AT ZeHOzglo g ) 49,

. 13.50%6.34 (7.06-30.06) 17.10%9.02 (8.24-42.4) 0.034
LTSIy, 2+11.16 ( -102) 62.62+23.14 (40.55-102) 0.019"
Echo-intensity (a.u) JOEREAE R PRERLA RS o
Vastus Medialis

) 2.95+0.70 (1.70-4.40) 2.56+0.36 (2.08-3.33) 0.075
Thickness (cm)

. 15.56+7.97 (5.88-39.40) 15.80+2.67 (5.88-34.10) 0.137
Stiffness (kPA) 80.27+11.72 (56.26.87-109) 74.43%17.06 (50.19-109.90) 0.041"
Echo-intensity (a.u) 27+11.72 (5520, 9 443:1705150.19-1099 04
GCLIE LIl 0.25+0.05 (0.15-0.35) 0.30+0.06 (0.24-0.55) 0.001"
Thickness (cm) 25+0.051015-0.35 30=0. 247055 ’

. 43.93+27.95(24.7-58.8) 55.00+20.04 (31.80-161) 0.089
Stiffness (kPA)

72.21¥19.49 (22.40-119) 7713+24.29 (40.36-122.00) 0.285

Echo-intensity (a.u)

SD; standard Deviation, *; Mann-Whitney U test, p<0.05, BMI; Body Mass Index, cm; centimeters, kg; kilogram, kg-f; kilogram-force, kPA; kilopascal, a.u; arbitrary

unit

The correlation analysis revealed that RF stiffness had a
good correlation with muscle strength (r= -0.46, p<0.05)
and had a fair correlation with Elgg (r=-0.37, p<0.05). VM
stiffness had a good correlation with muscle strength (r=
-0.42, p<0.05) and had a fair correlation with Elyy; (r=-0.43,
p<0.05) in women. It was also found that RF stiffness had a
good correlation with muscle strength (r=-0.54, p<0.05) and
had a good correlation with Elgp (r=-0.41, p<0.05). VM stiff-

ness had a good correlation with BMI (r=-0.51, p<0.05), had
a good correlation with muscle strength (r=-0.50; p<0.05),
and had a good correlation with Elyy; (r=-0.60, p<0.05) in
men. PT stiffness was not associated with muscle strength
in women and men (p>0.05) (Table 2). Elgg and Elyy had a
good relation with muscle strength in men and women (For
EIRf, 1=-0.46; 1=-0.54; for Elyp; r=-0.42; r=-0.50 p<0.05,
respectively).

Table 2. Correlations between patellar tendon stiffness, patellar tendon echo-intensity and isometric muscle strength in women and men

\WOMEN Rectus Femoris Stiffness Vastus Medialis Stiffness Patellar Tendon Stiffness
BMI -0.086 -2.72 -0.220
Isometric Extensor Muscle Strength -0.463"" -0.421"" -0.009

Rectus Femoris Echo-Intensity -0.374"" -0.147 -0.187

Vastus Medialis Echo-Intensity -0.030 -0.437"" -0.002

Patellar Tendon Echo-Intensity -0.003 -0.010 0.036

Rektus Femoris Thickness -0.072 -0.104 -0.054

Vastus Medialis Thickness -0.430 -0.200 0.067

Patellar Tendon Thickness -0171 -0.331 0.167

MEN Rectus Femoris Stiffness Vastus Medialis Stiffness Patellar Tendon Stiffness
BMI -0.258 -0.516" -0.419
Isometric Extensor Muscle Strength -0.544" -0.500" 0.604

Rectus Femoris Echo-Intensity -0.410 " 0.498 0.461

Vastus Medialis Echo-Intensity -0.428 -0.608" 0.159

Patellar Tendon Echo-Intensity 0.180 -0.558 -0.461

Rektus Femoris Thickness -0.483 0.352 0.697

Vastus Medialis Thickness -0.068 -0.350 -0.038

Patellar Tendon Thickness -0.093 -0.270 -0.228
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DISCUSSION

The major findings of the present study were that (1) the RF
and VM muscle stiffness had a good relation with Elggr and

Elyym whereas had no relation with patellar tendon stiffness
(2) Elgp and Elyy and muscle stiffness were closely related

with isometric muscle strength. Our primary results were
consistent with our hypothesis.

Deficits in the active component are more easily recognized
because of their adverse effects on daily functioning, whe-
reas similar changes in the passive component are more
difficult to identify. SWE provides information about the
mechanical and viscoelastic properties of the region in qu-
estion by generating shear waves in muscle and tendon tis-
sue and then measuring the velocity of the propagating
shear waves (27). The velocity of these shear waves is rela-
ted to the shear modulus of the muscle. Shear waves travel
faster in hard tissues and slower in soft tissues. Therefore,
the softer the tissue the slower the SWE and the smaller the
Young's modulus. It is approved that adipose tissue is softer
than skeletal muscle tissue (28). The shear modulus is ex-
pected to be higher in the muscle tissue which contains lo-
wer muscular fat than in the muscle which contains higher
muscular fat. Rahemi et al. (17) showed that the accumula-
tion of intramuscular fat or increased EI resulted in incre-
ased muscle tissue stiffness in their a finite element mode-
ling study. In our study, these assumptions were confirmed
by detecting increased fat ratio or Elgg and Ely); was asso-
stiffness

ciated with increased muscle

participants.

in healthy

Alfuraih et al. (29) reported that decline in skeletal muscle
stiffness positively correlates with muscle weakness in their
study conducted with healthy young, middle-aged and ol-
der individuals. Several studies have demonstrated relation
between age-related increase in passive muscle stiffness
and declined muscle strength (30,31).

Since the decrease in muscle strength due to sarcopenia
increase mortality, deterioration in muscle strength and po-
wer should be taken into consideration. Hirata et al. (32)
showed that younger participants had greater muscle stiff-
ness (i.e. harder) than older participants. Our study indica-
ted that passive muscle stiffness also closely related with
isometric muscle strength in healthy individuals. Differen-
ces in muscle stiffness imply that it is proportional to the
ratio of contractile and non-contractile tissues. Soft tissue
composition differs between men and women. Passive gast-
rocnemius muscle stiffness was 6% lower in women com-
pared to men (33). We observed stiffness in RF was %21 lo-
wer in healthy women when compared to healthy men.
Also, we showed that echo-intensity was higher in women.

Muscle stiffness and muscle echo-intensity vs muscle strength

On the other hand, Chino et al. (34) showed that no gender
difference was observed in the medial gastrocnemius musc-
le stiffness and also, Tang et al. (35) pointed no significant
difference in SWE values of the RF between men and wo-
men in the relaxed position. However, these studies did not
have any information on muscle echointensity. In our
study, while there was no difference in muscle and tendon
stiffness between men and women, it was found that musc-
le echo density differed according to gender.

Musculoskeletal tissue is stiffer than fat tissue so the shear
modulus is expected to be lower in muscle containing more
intramuscular fat than muscle with lower intramuscular
fat. Young et al (36) indicated that intramuscular fat was
positively correlated with BMI. Hoffman et al. (37) showed
no relation between BMI and gastrocnemius muscle stiff-
ness in different situations such as resting position and du-
ring muscle contraction. Thus, we consider that VM elastic
properties may be affected by sex and difference in intra-
muscular fat distribution. Demographic characteristics,
such as gender can influence both muscle stiffness and of
muscles EI. Furthermore, muscle echogenicity should be
considered when assessing muscle stiffness in men and
women.

We investigated the relationship between isometric knee
extensor muscle strength and muscle EI. There was a relati-
onship between Elgg and isometric muscle strength in wo-
men and there was a relationship between Elgzp and
Elymand isometric muscle strength in men. Echo-intensity
was associated with isometric muscle strength in older and
younger subjects (r = 0.27-0.64) (38). Muscular fat infiltrati-
on also has relationship with jumping and sprint perfor-
mance in younger healthy people besides relation with
muscle strength (39). Strength training and explosive move-
ments produce improvement in power by recruiting type II
fibers. Slow fibers seem to be stiffer than fast muscle fibers
(40). Considering these findings, our results possibly indi-
cate that greater fat infiltration into the muscle and lower
passive muscle stiffness are associated with lower isometric
muscle strength in healthy men and women. In future stu-
dies, it would be useful to investigate how to reduce intra-
muscular fat or muscle EI and improve the quality of musc-
le composition.

Our study had several limitations. Firstly, age group of indi-
viduals in our study do not correspond to children or older
age groups. Secondly, we included healthy participants
with no musculoskeletal problems. Lastly, there was only
one measurement site.

103



M. Karapinar, V. A. Ayyildiz

CONCLUSION

Our study denoted infiltration of adipose tissue in muscle
tissue may manifest as changes in muscle stiffness and
changes of muscle strength in healthy men and women.
The results of this study demonstrated that significant cor-
relations existed among muscle EI and muscle stiffness in
healthy participants. Moreover, RF and VM muscle EI and
muscle stiffness were negatively correlated with isometric
muscle strength.
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