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Introduction 

A number of studies have documented that the microgravity 
environment encountered during spacefl ight or simulated by 
using models of weightlessness induces alterations in skeletal 
muscle function [1-13]. In the absence of weight-bearing 
activity, strength loss is the most evident consequence of 
atrophy. Moreover, showed that muscle strength decreased 

during bed-rest or immersion and suggested that the loss of 
strength [4,5] was due primary to muscle atrophy [6,7]. Muscle 
atrophy has been shown to be pronounced in the lower limb 
muscles [8], and it has often been observed that the reduction 
of strength is greater than that of muscle size [8,9]. Therefore, 
these observed changes following a period of immobilization 
may cause changes in fascicle length.

Abstract

Architectural properties of the triceps surae muscles complex were determined in vivo for thirty subjects. These subjects were assigned to two groups. The fi rst 
group of subjects consisted of 8 healthy men and the second group of subjects was composed of 22 patients with motor disorders. The ankle was positioned at -15 ° 
(dorsifl exion), and 0 ° (neutral anatomical position), and 15 °, and 30 ° (plantarfl exion), with the knee set at 120 °and with an angle in the ankle joint of 90 °. At each position, 
longitudinal ultrasonic images of the Medial (MG) and Lateral (LG) Gastrocnemius and Soleus (SOL) muscles were obtained while the subject was relaxed (passive) and 
performed 50 % maximal voluntary isometric plantar fl exion (active), from which fascicle Lengths (L) and angles (Θ) with respect to the aponeuroses were determined. 
From the ultrasonic image, it was observed that and Θ changed during an isometric contraction of the triceps surae muscle. Changes in L and were expressed as a 
function of relative torque. The Θ change was not identical for the three muscles. The fascicle Θ of MG demonstrated the greatest variation in three muscles. The effects 
of activation and relaxation positions were signifi cant in all three muscles. The differences in MG fascicle Θ because of changes in ankle positions were signifi cant among 
control and patients both in the passive and active conditions. Fascicle Θ of LG and SOL not differed among control and patient in the relaxation condition but not in the 
activation condition. For LG, and SOL ol fascicle Θ were changes were larger in control with the patients. The mean values fascicle Θ of MG, LG, and SOL an isometric 
contraction (50 % MVC) in the control groups increased by 60 %, 41 %, and 41 %, respectively; in the patient groups were a smaller increase, by 28 %, 26 %, and 36 %, 
respectively. Different lengths and angles of fascicles, and their changes bу contraction by patients and normal subjects, might bе related to differences in force-producing 
capabilities of the muscles and elastic characteristics of tendons and aponeuroses.

New & noteworthy

The present work was the fi rst to combine measuring the fi ber length and pennation angle (ultrasound imaging) as main determinants of mechanical force production 
and the muscle function patients and healthy human. Elderly age is not the reason for reducing the contractile properties of the calf muscle according to the study of 
ultrasound architecture of the muscle. Changes in muscle architecture are due to disease and physical inactivity. Studying skeletal muscle architecture is important in 
understanding the pathological changes caused by diseases or physical inactivity. These results will help in the early stages of the disease, as well as in the treatment and 
rehabilitation of the patient to determine the prognosis of the functional state of the muscle and the amount of possible physical exertion.
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Most skeletal muscles in humans are more or less pennated 
[10], in which muscle fi bres are arranged at an angle with 
respect to the line of action of the muscle. The angle of muscle 
fi bres with respect to the tendon action line is an important 
functional characteristic of the muscle. A large pennation angle 
allows more contractile material to be placed along the tendon 
increasing the muscle’s force generating capacity, results in 
a less effi cient force transmission through the tendon and 
results in a reduced fi bre length, compromising shortening 
velocity and excursion range [11]. Pennation angle changes 
proportionally as a function of isometric contraction intensity. 

Muscle architecture, i.e. geometrical arrangement of fi bres 
within a muscle, has been shown to have a substantial infl uence 
on the force-generating capabilities of the muscle [12]. This 
angulation (pennation angle) has been shown to affect force 
transmission from muscle fi bres to tendon, and hence muscle 
force generation [10,12]. The architecture of a skeletal muscle 
is an important determinant of its functional characteristics 
[10]. Human muscle architecture may be studied noninvasively 
in vivo both at rest and during muscle contraction, by using 
real-time ultrasonography [12]. Indeed, several investigators 
[13] have demonstrated that during isometric contractions 
muscle architecture undergoes remarkable changes. Changes 
in fi ber length by contraction are thus expressed as fascicle 
length changes.

In an attempt to improve our understanding of in vivo changes 
of muscle architecture, modern imaging techniques have been 
used [12-14]. Real-time ultrasonography enables in vivo muscle 
scanning and offers promise for a realistic determination of 
changes in muscle architecture [12]. Real-time Ultrasonic (US) 
measurements were taken in the present study in the Triceps 
Surae (TS) muscle in healthy man and patients. In this report, 
we have studied by means of ultrasonography the relationships 
between architectural parameters [lengths fascicles (L), and 
pennation angles (Θ) of fascicles, and Muscle Thickness (MT)] 
and level of force exerted in highly-subjects and patient with 
consequences of cerebral palsy. The purpose of our research 
work was to determine in vivo changes in pennation angle 
and fi bre length in each muscle of the triceps surae complex 
[medial (MG) and lateral (LG) gastrocnemius and soleus (SOL) 
muscles], both at rest and moment produced voluntarily 
during an isometric ankle plantarfl exion. We employed real-
time ultrasonography to visualize fascicles in vivo. 

Methods

Subjects 

Thirty subjects participated in this study. These subjects 
were assigned to two groups. The fi rst group of subjects 
consisted of 8 healthy men (average age: 52 ± 3.6 years), and 
the second group of subjects was composed of 22 patients 
men and women (average age: 55 ± 3.4 years) with motor 
disorders caused: sharp infringement of brain blood circulation 
and its consequence - hemiparesis, consequences of cerebral 
palsy, myelopathy, radiculopathy on the background of 
osteochondrosis of the spine, obliterating atherosclerosis 
of the vessels of the lower extremities, and hypodynamia on 

the background trauma of shins. Prior to the experiment, 
the details and possible risks of the protocols were explained 
to the subjects and written informed consent was obtained 
from each of them. The study was approved by the Medical 
Ethics Committee is accordance with the Helsinki Declaration. 
Subjects were familiarized with all the testing procedures 1 
week prior to the baseline tests.

Ankle extension torque

Participants were seated upright in Isokinetic Dynamometer 
Biodex (Biodex System 4 PRO™, Biodex Medical Systems, 
Shirley, New York, USA) chair with their trunk positioned and 
secured to the seatback with waist and shoulder belts to ensure 
consistent positioning and minimal movement. The hips 
were positioned to 90 ° with the knee and the knee joint was 
positioned at 120 ° and the ankle was in the 90 ° joint angle. The 
lateral malleolus of the right foot was aligned with the axis of 
rotation on the Biodex dynamometer. The foot was fastened 
to the footplate with inelastic straps that were fi rmly secured 
behind and on the underside of the footplate to prevent heel 
lift. When heel lift occurred or torque did not return to baseline 
protocol was stopped and repeated after 3–5-min rest. Subjects 
performed three sets of four repetitions of maximal isokinetic 
ankle extension at an angular velocity of 0°/s-1 with a 2-min 
resting period between contractions unless the third trial 
exceeded one of the two fi rst ones by more than 10 %. In that 
case an additional trial was performed. The participants were 
instructed to grip the side handles to help stabilize the trunk.

Ultrasound scanning 

The longitudinal US images of the MG and LG muscles 
were obtained at 30 % proximal level of lower leg (the distance 
between the lateral malleolus of the fi bula and the lateral 
condyle of the tibia), and soleus (SOL) muscles were obtained 
at 50 % of the distance between the poplitealcrease and the 
center of the lateral malleolus the using the B-mode ultrasound 
apparatus Sonoline Elegra (Sonoline Elegra, Siemens, 
Germany). Briefl y, the measurements were carried out while 
the subjects stood with their weight evenly distributed between 
both legs. The mediolateral widths of the MG and LG muscles 
were determined by ultrasound over the skin surface, and the 
position of one-half of the width was used as a measurement 
site. The echoes from interspaces of fascicles and from the 
superfi cial and deep aponeurosis were visualized [15].

A real-time B-mode US apparatus (Sonoline Elegra, 
Siemens, Germany) with a 7.5-MHz linear-array probe (with 
80-mm scanning length) was used to obtain sagittal images 
of the GM, GL and SOL, at rest and at 50 % of plantarfl exor 
MVC at the neutral ankle position. A transducer with a 7.5-
MHz linear-array probe was placed perpendicular to the tissue 
interface. A marker ( ) was placed between the skin and the 
ultrasonic probe as the landmark to confi rm that the probe 
did not move during measurements. The scanning head was 
coated with water-soluble transmission gel, which provided 
acoustic contact without depressing the dermal surface. The 
subcutaneous adipose tissue-muscle interface and the muscle-
bone interface were identifi ed from the ultrasonic image, 
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and the distance from the adipose tissue-muscle interface to 
the muscle-bone interface was adopted as representative of 
muscle thickness. All measurements were performed on the 
right leg. During all measurements, subjects were instructed 
to relax their leg muscles. Each subject’s right foot was fi rmly 
attached to a dynamometer (Cybex® II, USA). The subjects 
were verbally encouraged to perform static contractions with 
the ankle plantarfl exor with a maximum possible effort. Three 
contractions were performed by a 1 min rest interval between 
bouts and the highest value was considered the Maximum 
Voluntary Contraction (MVC). US images were obtained during 
the experimental trial on the previously determined stronger 
leg. Each subject was then asked to maintain the stronger leg 
contractions for at least 2-3 s at the neutral ankle position. 

The fascicle pennation angle ( ) was measured from the 
angles between the echo of the deep aponeurosis of each muscle 
and interspaces among the fascicles of that muscle [12,13]. The 
length of fascicles (L) across the deep and superfi cial aponeurosis 
was measured as a straight line between the insertion points of 
the fascicle, onto the aponeurosis of the muscle [16,16]. The MG 
and LG muscle fascicles generally extended off the ultrasound 
scan window and it was therefore necessary to estimate part of 
the fascicular trajectory. Using digitizing software, the visible 
portion of the fascicle was measured and the remaining part 
was estimated assuming linear continuation of the fascicle and 
aponeurosis in the proximal direction. Previously reported that 
the order of error associated with this method of fascicle length 
estimation is ~4 % [17].

Muscle Thickness (MT) was measured as the distance 
between the superfi cial and the deep aponeuroses echoes, and 
L at rest was measured as the length of the line drawn along 
the echoes parallel to the fascicles from the deep up to the 
superfi cial [13] Figure 1. 

US images were calculated by US-system, using program 
Magic View 300 (Siemens) with archiving the data by Sienet 
(Siemens, Germany). In each muscle the average of the fi ve 
images was used for data analysis.

Statistical analysis 

Data were checked for normality of distribution using 
the Kolmogorov–Smirnov test. Independent-sample Student 
t-tests were used to test for baseline differences between the 
two groups for all reported variables. Paired-sample Student 
t-tests were used to test for differences the two groups. A 2×2 
factorial analysis of variance was used to test for differences 
between groups (healthy men and patients). Data are reported 
as means ±SD unless otherwise stated; the level of signifi cance 
was accepted at p < 0.05.

Results

The US fi ndings in the patient groups were compared to 
of a control group. From the US image, it was observed that L 
and Θ changed during in the passive condition and specially 
the active condition. The degree of L change was not identical 
for the three muscles The effects relaxation and an isometric 
contraction of the triceps surae muscle (50 % MVC) on L were 
signifi cant for MG and LG and there was also a signifi cant 
interaction between control and patients in these muscles 
(Figure 2). In other words, in MG and LG, changes in L changes 
were larger with the SOL. In the active condition, L of MG were 
not different between control and patients, although in the 
passive condition the difference was signifi cant. The L of SOL 
were not different.

From the US image, it was observed that and  changed 
during an isometric contraction of the TS muscle. Changes in 
L and were expressed as a function of relative torque. The  
change was not identical for the three muscles. The fascicle  of 
MG demonstrated the greatest variation in three muscles. The 
effects of activation and relaxation positions were signifi cant 
in all three muscles. The differences in MG fascicle  because 
of changes in ankle positions were signifi cant among control 
and patients both in the passive and active conditions. Fascicle 
 of LG and SOL not differed among control and patient in the 
relaxation condition but not in the activation condition. For 
LG, and SOL ol fascicle  were changes were larger in control 
with the patients. The mean values fascicle  of MG, LG, and 
SOL an isometric contraction (50 % MVC) in the control groups 
increased by 60 %, 41 %, and 41 %, respectively; in the patient 
groups were a smaller increase, by 28 %, 26 %, and 36 %, 
respectively (Figure 2).

MT of MG and LG were not signifi cantly greater in control 
than in patients, but in SOL were loss than in control. Changes 
in MT were expressed as a function of relative torque. TM of 
MG at was no signifi cantly different between rest and 50 % 
MVC. In contrast, MT of LG and SOL increased from rest to MVC 
by 21.9 % (p < 0.05) and 17.9 % (p < 0.05), respectively. In MG 
and SOL patients was not signifi cantly different either between 
different imaged. TM LG and SOL were not signifi cantly greater 
in patients by 10.7 % and 3.6 %, respectively, but MG was 
decreased by 3.6 %. 

Discussion

Our results show that the US image method applied is valid 
and reliable for assessing the size of a large, individual, human 

MG
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Figure 1: Ultrasound images of longitudinal sections of the medialis gastrocnemius 
(MG) muscle during rest. A marker ( ) was placed between the skin and the 
ultrasonic probe as the landmark to confi rm that the probe did not move during 
measurements. The ultrasound transducer was placed over the muscle at the level 
of 30 % of the distance between the popliteal fold and the center of the lateral 
malleolus. The fi ber length was measured along an ultrasound signal line drawn 
parallel to a fi ber between the deep and superfi cial aponeuroses. The pennation 
angle was measured as an angle of the line drawn parallel to a fi ber between the 
deep and superfi cial aponeuroses. A white line superimposed on the ultrasound 
image shows the path of a bunch (fi ber) between the superfi cial and deep 
aponeuroses. Θ pennation angle; L fi ber length; 
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locomotor muscle. This method can provide information on 
cross-section area changes along the entire muscle length in 
response to training, disuse or as a spacefl ights.

Internal architecture of the TS complex (MG) was altered. 
Both fascicle length and pennation angle were reduced after in 
patients groups, this strongly suggests a loss of both in-series 
and in-parallel sarcomeres, respectively. This observation 
is in agreement with previous fi ndings in disuse conditions 
[9,18-20]. The functional consequence of the decreased 
fascicle length was a reduced shortening during contraction. 
It is necessary to note, that at some patients with motor 
disorders, having restriction of mobility, the normal ultrasonic 
architecture of muscles was marked. It is possible to assume, 
that disuse of a muscle is not the unique factor infl uencing on 
the ultrasonic architecture of muscles. Studying of architecture 
of muscles at patients with various motor disorders allows to 
understand better the intimate processes in healthy persons 
under infl uence of various factors, including microgravitation, 
long space fl ights, where restriction of impellent activity takes 
place, despite of using preventive measures, and experiments 
on animals demonstrate the development of a muscular 
atrophy in conditions of microgravitation.

In conclusion, this study shows for the fi rst time that 
in patients with motor impairment under conditions of 
performing a functional load, changes in muscle architecture 
differ from healthy subjects. The present data suggest that 
the architecture and contractile capacity of human pennate 

muscle are interrelated, in vivo. It is assumed that some of 
the noted features of muscle architecture due to disease and 
physical inactivity require further study. Moreover, it can 
be assumed that the conditions of weightlessness - physical 
inactivity, can also be the cause of such changes in the muscle 
system. Studying skeletal muscle architecture is important in 
understanding the pathological changes caused by diseases or 
physical inactivity. These results will help in the early stages 
of the disease, as well as in the treatment and rehabilitation of 
the patient to determine the prognosis of the functional state 
of the muscle and the amount of possible physical exertion.

The method of ultrasound scanning of muscles is a highly 
informative and accessible method for assessing the architecture 
of skeletal muscles in humans and can be used in combination 
with other methods to assess the functional state of muscles 
and to study the mechanisms that determine changes under 
the infl uence of various factors, and a comparative study of 
muscle architecture in patients with different motor disorders 
is important for understanding the processes occurring in 
healthy individuals under the infl uence of various factors, 
including microgravity, sports training, with various diseases 
and during treatment and rehabilitation.
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