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Abstract. Background. Architectural properties of the muscles are the prime predictors of functional attrib-
utes and force-generating capacity of the muscles. This data is vital for musculoskeletal modelling and select-
ing the appropriate muscle-tendon units for tendon transfers.

Cadaveric data for architectural properties is the gold standard and primary input for musculoskeletal
modelling. There is a paucity of these datasets, especially in the leg muscles.

Methods. Sixty muscles of the anterior and lateral compartments from twelve formalin-fixed lower limbs
were studied for gross architecture, including the peculiar fibre arrangements and architectural properties of
muscles. Muscle weight, muscle length, fibre length, pennation angle and sarcomere length were measured.
Normalised fibre length, fibre length to muscle length ratio (FL/ML ratio), and the physiological cross-sec-
tional area (PCSA) were calculated from the obtained data.

Results. Muscles displayed a combination of architectural strategies and were partly fusiform and partly
pennate. The tibialis anterior and peroneus longus were the heaviest muscles in their respective compartments
and showed more extensive origin from the nearby deep facial sheets.

Long fibre length and less pennation angle were seen in muscles of the extensor compartment. Potential
muscle power was highest in the tibialis anterior and peroneus longus and least in the extensor hallucis longus.

Conclusions. Arching of the foot and eversion are peculiar to humans and recent in evolution. Due to the
functional demand of maintaining the medial longitudinal arch and eversion, the tibialis anterior and per-
oneus longus have more muscle weight and larger physiological cross-sectional area and are potentially more
powerful.

Extensor compartment muscles were architecturally more suited for excursions because of the long fibre
length and less pennation angle.

This study contributes baseline normative data for musculoskeletal modelling platforms and simulation
tools — an emerging area in biomechanics and tendon transfers.

Keywords: Medial longitudinal arch, Musculoskeletal modelling, Pennation angle, Sarcomere length, Tendon
transfer.
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Kojy raumeny architekttira: funkciné ir klinikiné reiksmé

Santrauka. Kontekstas. Architektirinés raumeny savybés yra pirminés svarbos pozymiai, kuriais remiantis
galima prognozuoti funkcinius raumeny pozymius ir raumeny gebéjima kurti galia. Sie duomenys gyvybiskai
svarbiis raumeny ir kauly (skeleto) modeliavimui atlikti bei parinkti tinkamus raumens ir sausgysliy derinius,
kai atliekamas sausgysliy perkélimas.

Raumeny ir kauly (skeleto) modeliavimas tiriant raumeny architektiirines savybes yra paremtas mirusiyjy
tyrimais. Tokie tyrimai, manoma, atitinka auksciausius standartus ir yra svarbus duomeny $altinis. Taciau
tokiy duomeny rinkiniy kiekis yra menkas, ypac kalbant apie kojy raumenis.

Metodai. Buvo istirta 60 paimty i§ dvylikos formaline preparuoty apatiniy galiiniy priekinio ir $oninio
segmenty raumeny siekiant iSanalizuoti bendrajg architektarg. Tirtas konkrediy pluosty iSsidéstymas ir ar-
chitektairinés raumeny savybés. Matuota raumeny svoris, raumeny ilgis, pluosto ilgis, penacijos kampas ir
sarkomero ilgis. I$ gauty duomeny apskaiciuotas normalizuotas pluosto ilgis, pluosto ilgio ir raumens ilgio
santykis (FL/ML santykis) bei fiziologinio skerspjivio plotas (PCSA plotas).

Rezultatai. Raumenys atskleidé jvairiy architektariniy strategijy derinj. Jie buvo dalinai verpstés formos,
dalinai jstrizinis. Tibialis anterior ir peroneus longus buvo sunkiausi savo segmenty raumenys.

Ekstensoriaus segmento raumeny buvo nustatytas didesnis pluosto ilgis bei mazesnis penacijos kampas.
Didziausig potencialig galig generavo tibialis anterior ir peroneus longus raumenys, o maziausia buvo extensor
hallucis longus raumens galia.

I$vados. Pédos islinkimas ir eversija yra budinga tik Zzmonéms. Tai yra naujas reiskinys evoliucijoje. Dél
funkcinés batinybés islaikyti medialine isilgine arkq ir eversijg tibialis anterior ir peroneus longus raumenys
pasizymi didesniu svoriu ir didesniu fiziologiniu skerspjavio plotu. Potencialiai tai yra galingesni raumenys.

Ekstensoriaus segmento raumenys architekttiri$kai yra tinkamesni ekskursijos, nes jy pluosto ilgis yra
didesnis, o penacijos kampas yra mazesnis.

Sis tyrimas suteikia pradiniy norminiy duomeny raumeny ir kauly modeliavimo platformoms bei simu-
liacijy jrankiams, kurie yra vis labiau populiaréjanti biomechanikos ir sausgysliy perkélimo tyrimy sritis.

Raktazodziai: Medialiné isilginé arka, raumeny ir kauly modeliavimas, penacijos kampas, sarkomero ilgis,
sausgyslés perkélimas.

Introduction

Structure-function relationships in skeletal muscles have been examined quite extensively micro-
scopically. However, less attention has been paid to the macroscopic arrangement of muscle fibres,
known as muscle architecture. Muscle architecture can be defined as “the arrangement of muscle
fibres within a muscle relative to its axis of force generation” [1]. Architectural properties of muscles
are considered good indicators of force generation and potential for excursion [2]. Architectural dif-
ferences are thus the best predictors of force generation [1].

Gans emphasised that the arrangement of fibres in a muscle reflects its function. Parallel fibered
muscles are primitive and simplest, providing maximum excursion. The pennate arrangement of
fibres allows more fibres to be packed in a muscle, increasing the cross-sectional area and potential
force production [3].

The principles of tendon transfers have been refined over time. It is now understood that prop-
erties of muscles like expendability, adequate strength and excursion of the transferred unit are
of prime importance [1]. When choosing an adequate muscle-tendon unit to be transferred, the
treating physician has to ensure that the unit is expendable, meaning there must be another mus-
cle-tendon unit that can perform the donor unit’s original function. The muscle-tendon unit being
transferred should have adequate strength and excursion to be effective [4].

In the last two decades, attempts have been made to study the architectural properties of muscles
frequently used in tendon or muscle transfers. However, most available studies have focussed on the
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muscle architecture of forearm muscles [5-9], and relatively few studies have focussed on leg muscles
[10-12].

In their recent works, Kissane et al. have demonstrated that the muscle architectural properties
are key inputs to the central nervous system, and the muscle spindle abundance is significantly cor-
related with the muscle architecture (fibre length, pennation angle and physiological cross-sectional
area), thus modulating locomotion [13,14].

Knowledge of baseline architectural properties shall also help in reliably measuring the outcome
of therapeutic interventions targeted at improving muscle power which is dependent on architec-
tural properties [15].

Computational modelling and in-silico studies is an emerging field of biomechanics. Cadaveric
and experimental data is the primary input for such modelling. Human muscle architecture is also
investigated using ultrasound and MRI [16-18]. However, due to the limitations of current-generation
imaging facilities, the gold standard for muscle architecture data remains the dissection of a cadaver
[12]. Therefore, the present study intends to describe the gross architecture, including the peculiar fibre
arrangements and architectural properties of muscles in the anterior and lateral leg compartments.

Material and methods

This was a descriptive, cross-sectional, exploratory cadaveric study on twelve formalin-fixed em-
balmed lower limbs in the Department of Anatomy. Gross architecture and architectural properties
of the muscle of the anterior and lateral compartments of the leg were studied.

Lower limbs with any evidence of congenital/acquired anatomic abnormalities/deformity were
excluded.

Muscles were observed and dissected along its tendon to study the gross architecture. The shape
of the muscle and fibre pattern was recorded in terms of pennation. The special origin of fibres was
also recorded.

The following parameters were measured in architectural analysis: a) muscle weight, b) muscle
length, c) fibre length, d) pennation angle and e) sarcomere length. After removing the surrounding
fascia and fat tissues, the muscles were harvested intact (from the most proximal origin to the most
distal tendon attachment). They were stored in 1x phosphate-buffered saline for 24-48 hours before
architectural measurements. Muscle specimens were removed from the buffer and gently blotted dry.
The following constituents formed 1x phosphate-buffered saline - 800 millilitres of distilled water, 8 g
of sodium chloride (NaCl), 0.2 g of potassium chloride (KCl), 1.44 g of sodium hydrogen phosphate
(Na,HPO,, 0.24 g of potassium dihydrogen phosphate KH,PO,, pH (potential of hydrogen) adjusted
to 7.4 with hydrogen chloride (HCI) and distilled water added to a total volume of 1 litre [19].

Muscle weight (MW) was recorded using a Digital Weighing machine with measurements of up
to 2 decimals. The muscle was weighed, but the weight was not corrected for formaldehyde fixation.
The external tendons, connective tissue and fat were removed before weighing.

Muscle length (ML) was measured as the distance from the origin of the most proximal muscle
fibres to the insertion of the most distal muscle fibres by thread and centimetre scale.

Pennation angle (PA) was measured with a goniometer; a protractor was kept over it for more
precision. Pennation angle was obtained from the proximal, middle, and distal muscle portions and
averaged to yield one value per muscle.

Depending on the morphology of the muscle, pennation angle was calculated from the unipen-
nate and bipennate parts of the muscle (Figure 1). Circumpennate portions were not included as
calculation of pennation was not possible with the methodology used. The mean of pennation angle
of different muscle parts was considered the final value.

Muscle fibre length. The muscles were placed in 20% nitric acid to partially digest the connec-
tive tissue surrounding the muscles and allow the separation of approximately 0.1mm thick bundles.
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Figure 2. Showing measurement of fibre length with digital vernier calliper.

The average digestion time was 48 hours. Thin fibre bundles were separated, kept straight without
stretching, and length was measured with a digital vernier calliper (Figure 2). The muscle was di-
vided into three equal parts. Three readings were taken from the centre of each part. The average of
the three readings was taken as the final value.

Sarcomere length: After acid digestion, individual fibres were removed with forceps and with
the aid of a microscope. Sections of fibre approximately 5 mm long were mounted on a micrometry
slide using isotonic saline (Figure 3). The muscle was divided into three equal parts. Three sections
were taken from the centre of each part. Digital images of the fibre sections were taken from a light
microscope at 100x magnification. Two readings were recorded from one section, so a total of six
readings were recorded from one muscle.

Fibre length was normalised to compensate for natural fibre length variation simply because
muscles were fixed at different joint angles. For normalisation of fibre length, the sarcomere length
within a specimen was measured, and a standard sarcomere length (2.7 um) was selected. Then all
raw fibre lengths were normalised using the following equation:

FL'(cm) x SL(um)
SL’(pm)

FL - normalized fibre length, FL' - raw fibre length, SL - standard sarcomere length (2.7 pm), SU -

experimentally measured sarcomere length [9].

FL (cm) =

197



Acta Medica Lituanica. 2023. Online ahead of print. DOI: https://doi.org/10.15388/Amed.2023.30.2.12

Figure 3. Showing the micrometry of one muscle fibre at a scale of 10x.

Fibre length to muscle length ratio (FL/ML ratio) was calculated by dividing fibre length by
muscle length.
The physiological cross-sectional area (PCSA) was calculated using the following equation:

MW (g) x cosf
p(zi5) x FL(cm)’
0 is the surface pennation angle, and p is muscle density (1.056 g cm™).

PCSA(cmz) =

Fibre length / muscle weight ratio and PCSA / muscle weight ratio were also calculated.
Findings of all study parameters of architectural properties were subjected to Descriptive statis-
tics by SPSS version 21.

Results

Gross architecture

The gross architecture in the muscles of the anterior and lateral leg compartments varied within and
across the compartments. It was observed usually that the muscle had a uniform fusiform pattern
in their proximal fourth or proximal third. Here the muscle fibre ran almost parallel to the long
axis of the muscle. In the distal two-thirds or three-fourths, the muscles assumed a pennate pattern
(unipennate/bipennate/circumpennate), arranging themselves around an aponeurosis which was
initially in the form of broad aponeurosis and, when traced distally, thickened to form a tendon.
The gross architecture of individual muscles, as observed in the present study, was as follows.

Muscles of lateral compartment

The upper third to an upper fourth of each muscle was fusiform, and the remaining portion was
variably pennate (Fig. 4 i-v).

Peroneus longus. The lower three-fourths was unipennate, where the fibres arising from bony
attachment as well as fascial covering of the peroneus longus converge towards the intramuscular
aponeurosis (Fig. 41 & 5).
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Fig. 4 (i-v) shows the muscles of the anterior and lateral compartments as visualised from their superficial
surface. Arrow represents the fusiform portion, and arrows b and ¢ the pennate portions. 4 (i) - peroneus
longus; 4 (ii) — peroneus brevis; 4 (iii) - tibialis anterior; 4 (iv) — extensor hallucis longus; 4 (v) — extensor
digitorum longus and peroneus tertius (EDL and PT).
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Fig. 2 shows the origin of muscle fibres from the fascia covering the muscle (arrowheads). Fibres
are seen inserting into the intramuscular tendon.

Peroneus brevis. Was bipennate in the middle one-third and unipennate in the lower one-third
(Fig. 4 ii).

Muscles of anterior compartment

Tibialis anterior

The muscle was triangular in cross-section, with the base directed superficially. In the middle half,
fibres converge onto the intramuscular aponeurosis from all aspects, making it circumpennate. In
the lower one-fourth, the muscle was unipennate (Fig. 4 iii).

Extensor hallucis longus

The intramuscular aponeurosis is uniform throughout, with a pointed apex. The lower three-fourths
of the muscle was unipennate (Fig. 4 iv).

Extensor digitorum longus and peroneus tertius (EDL and PT)

The extensor digitorum longus and peroneus tertius muscle belly were conjoint in the upper part.
The distal two-thirds of the muscle is separated into five intramuscular aponeuroses with unipen-
nate fibres inserted into them (Fig. 4 ii).

Architectural analysis of muscles of anterior and lateral compartments

Twelve samples were taken for the measurements of each muscle. Average values for all the archi-
tectural parameters of individual muscles are compiled in Table 1. Peroneus tertius was considered
a part of the extensor digitorum longus, as the muscle was inseparable from the extensor digitorum
longus.

Architectural analysis

Peroneus longus measured twice as heavy compared to peroneus brevis. In the anterior compart-
ment, the tibialis anterior is twice as heavy as extensor digitorum longus and four times that of
extensor hallucis longus.

Extensor digitorum longus was the longest muscle closely followed by tibialis anterior.

Pennation angle for anterior compartment muscles was comparatively less than muscles of lateral
compartment ranging from 10 to 14 degrees. In the lateral compartment, pennation angle for per-
oneus longus and peroneus brevis is similar around 18 degrees.

Muscles of the anterior compartment have long fibre length owing to more excursion produced
by the muscles. These muscles’ fibre length was almost double compared to the lateral compartment.
Tibialis anterior has a high physiological cross-sectional area, whereas extensor hallucis longus and
extensor digitorum longus have low physiological cross-sectional area among leg muscles.

Sarcomere length for tibialis anterior and extensor hallucis longus was lower, whereas for exten-
sor digitorum longus, peroneus longus and peroneus brevis, it was higher.

Discussion

Architectural properties of the muscles are the best indicators of muscle function. The muscle power
and excursion are determined by properties like muscle weight, fibre length, pennation angle and
physiological cross-sectional area [1, 3, 20, 21]. The muscles of the anterior and lateral compart-
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Figure 5. Showing 2.5 sarcomere in 0.01 mm of micrometry scale.

ments exhibit a combination of architectural strategies to optimise the function ascribed to them.
This was evident in all the muscles as they combined fusiform (parallel) and pennate arrangement.
The parallel fibres determine the excursion of the muscles, whereas the pennation adds the number
of muscle fibres, and thus the resultant force.

Architecture properties showed a peculiar trend as follows.

Tibialis anterior was 2 to 4 times heavier than the other extensor compartment muscles. This
indicates more powerful muscle action.

The pennation angle of the extensor compartment muscles was smaller and fibre length and nor-
malised fibre length were larger, which indicates their predominant role in the excursion [2].

The physiological cross-sectional area is the summation of the force exerted by individual mus-
cle fibres and determines the force generation capacity of the muscle-tendon units [3]. Pennation
results in an increased number of muscle fibres, but there is a resultant loss of force which is com-
pensated by increased physiological cross-sectional area to achieve a critical balance of enhancing
the ultimate action of the muscle.

While physiological cross-sectional area determines the force generation capacity and fibre length
relative velocity of contraction, muscle power is the product of force and velocity [21]. Hence, the
potential muscle power in descending order was: tibialis anterior followed by peroneus longus, ex-
tensor digitorum longus, and peroneus tertius, and the least powerful was extensor hallucis longus.
This underscores their role in maintaining the arch and eversion of the foot. It was observed that
the muscles tibialis anterior, extensor digitorum longus, peroneus longus and peroneus brevis also
originated considerably from the nearest available deep facial sheets. This was most prominently
observed in the case of tibialis anterior and peroneus longus.

The muscle weight of the tibialis anterior and the pennation angle of peroneus tertius showed
high variability both in our study and that of Ward et al. (2009) [11]; however, fibre length and
physiological cross-sectional area were less variable. This may be because these parameters are inde-
pendent of individual anthropometric data. Our findings conformed to those of Ward et al. (2009)
in those parameters [11].

In a recent in-vivo study, Charles et al. (2019) have studied muscle architectural properties with
the help of Diftfusion Tensor Imaging (DTI) in young adults and have underscored the importance
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of architectural properties for muscular skeletal modelling. However, they have also accepted this
method’s limitations in terms of its consistency and for measuring fiber length, sarcomere length
and pennation angle [27].

Musculoskeletal modelling is being increasingly used to create virtual models of the human bio-
logical system. These models are used for in-silico biomechanical analysis viz. normal and abnormal
gait analysis, joint and ligament forces and help predict the success of novel and ongoing surgical
and rehabilitation modalities [28].

Architectural properties of the anterior and lateral compartments have not been extensively stud-
ied. Cadaveric data is a gold standard for obtaining the normative values for the architectural prop-
erties of the muscles for musculoskeletal modelling. Amongst the available cadaveric studies, Ward
et al. (2009) have conducted on 21 limbs, while other studies are restricted to only 2-3 limbs [8,11,
20-26]. There seems to be a paucity of cadaveric data, The study will be an addition to the baseline
normative data for musculoskeletal modelling and simulation.

The result of this study will aid plastic and orthopaedic surgeons in choosing the appropriate
muscle-tendon unit as per requirement in cases of tendon and muscle transfers. When choosing an
adequate muscle-tendon unit to be transferred, the treating physician has to ensure that the unit is
expendable, meaning there must be another muscle-tendon unit that can perform the donor unit’s
original function. The muscle-tendon unit being transferred should have adequate strength and
excursion to be effective [4].

Musculoskeletal system is very adaptive to interventions like muscle strengthening, stretching,
constraint induced training, treadmill training, and functional electrical stimulation. In clinical con-
ditions like cerebral palsy even pharmacological interventions targeting the central nervous system
can alter the architectural properties. The knowledge of baseline architectural properties would help
in reliably measuring the response to such interventions [15].

Arching of foot and eversion are peculiarly human traits and are still under evolution. Conse-
quently, the muscles engaged in these actions are expected to be more powerful. Besides acting
as dorsiflexors, the extensor compartment muscles have additional functions, e.g., tibialis anterior
maintains the medial longitudinal arch and peroneus tertius part of extensor digitorum longus acts
as an evertor. Similarly, amongst the lateral compartment muscles, peroneus longus, besides being
an evertor, also maintains the medial longitudinal arch. The architectural properties of these muscles
and their relative potential muscle power conform to their roles.

Conclusion

The architectural properties of tibialis anterior make it suitable for force as well as excursion. Exten-
sor muscles are more suited for the excursion. The potential muscle power in descending order was
tibialis anterior> peroneus longus> extensor digitorum longus> peroneus brevis> extensor hallucis
longus (TA>PL>EDL>PB>EHL). Muscles supporting the medial longitudinal arch were potentially
more powerful followed by evertors.

Limitations

The cadaveric limbs belonged to male cadavers only, owing to paucity of female cadaveric limbs
available for study.

The pennation angle was calculated from the unipennate and bipennate parts of the muscle. Cir-
cumpennate portions were not included as calculation of pennation was not possible with the meth-
odology used.
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