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Abstract
The tibialis anterior muscle plays a critical role in human ambulation and contributes 
to maintaining the upright posture. However, little is known about its muscle architec-
ture in males and females. One hundred and nine physically active males and females 
were recruited. Tibialis anterior muscle thickness, pennation angle, and fascicle length 
were measured at rest in both unipennate regions of both legs using real-time ultra-
sound imaging. A linear mixed model was used with muscle thickness, pennation angle, 
or fascicle length as the dependent variables. All models were carried out with and 
without total leg lean mass and shank length as covariates. Causal mediation analysis 
was computed to explore the effect of muscle thickness on the relationship between 
fascicle length and pennation angle. There were no significant differences between 
dominant and nondominant legs regarding muscle architecture. Muscle thickness and 
pennation angle were greater in the deep than the superficial unipennate region in 
males (1.9 mm and 1.1°, p < 0.001) and women (3.4 mm and 2.2°, p < 0.001). However, 
the fascicle length was similar in both regions for both sexes. The differences re-
mained significant after accounting for differences in leg lean mass and shank length. 
In both regions, muscle thickness was 1–3 mm greater in males and superficial penna-
tion angle 2° smaller in females (both, p < 0.001). After accounting for leg lean mass 
and shank length, sex differences remained for muscle thickness (1.6 mm, p < 0.05) 
and pennation angle (3.4°, p < 0.001) but only in the superficial region. In both regions, 
leg lean mass and shank-adjusted fascicle length were 1.4 mm longer in females than 
males (p < 0.05). The causal mediation analysis revealed that the estimation of fas-
cicle length was positive, suggesting that a 10% increase in muscle thickness would 
augment the fascicle length, allowing a 0.38° pennation angle decrease. Moreover, 
the pennation angle increases in total by 0.54° due to the suppressive effect of the 
increase in fascicle length. The estimated mediation, direct, and total effects were 
all significantly different from zero (p < 0.001). Overall, our results indicate that the 
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1  |  INTRODUC TION

The human tibialis anterior (TA) is the largest muscle in the ante-
rior compartment of the lower leg and accounts for over 60% of 
the ankle dorsiflexor muscle volume, sharing functions with the 
extensor hallucis longus, and the extensor digitorum longus (Keith 
et al., 2006). The main role of the TA is the dorsiflexion and inversion 
of the foot (Keith et al., 2006). The TA contributes to maintaining 
the upright posture (Di Giulio et al., 2009) and plays a key role in en-
ergy absorption during walking (Maharaj et al., 2019). Consequently, 
motor disorders affecting TA size and strength, such as cerebral 
palsy, negatively impact the gait cycle (Bland et al., 2011). Moreover, 
the age-associated decline in muscle strength of the TA has been 
found to increase the risk of falls (Perry et al., 2007).

Anatomically, the TA muscle originates on the lateral condyle 
of the tibia, on the upper two-thirds of the lateral surface of this 
bone, on the anterior surface of the interosseous membrane, and 
on the deep surface of the fascia cruris (Keith et al.,  2006). On 
the other end, the distal attachment is typically at the medial cu-
neiform and first metatarsal bones (Zielinska et al.,  2021). From a 
muscular architectural point of view, the TA is a bipennate muscle 
(Alexander,  1975) with a superficial and a deep region (Maganaris 
& Baltzopoulos,  1999), which have been considered symmetrical 
(Maganaris & Baltzopoulos, 1999) based on the ultrasound analysis 
of six men. To the best of our knowledge, the study by Maganaris 
and Baltzopoulos  (1999) is unique and has not been replicated. 
Moreover, it remains unknown whether sex differences exist in the 
anatomical architecture of the TA in humans.

The architecture of a muscle has important functional conse-
quences. For a given muscle volume, parallel-fibered muscles can 
generate larger excursions and achieve faster shortening speeds be-
cause they have more sarcomeres in series (Eng et al., 2018). In con-
trast, pennate muscles (e.g., TA) allow for more parallel sarcomeres, 
leading to large forces for a given muscle length (Powell et al., 1984). 
The main muscle architecture features are muscle thickness (MT), 
cross-sectional area, pennation angle (PA), and fascicle length (FL) 
(Eng et al.,  2018). Pennation angles can vary within a muscle, and 
this influences local fiber strains and hence, gearing, within a mus-
cle (Azizi & Deslauriers, 2014). The simple geometric model used by 
Azizi and Deslauriers (2014) predicts that fibers with a lower PA un-
dergo greater fiber strains than the more pennate fibers and that this 

difference will increase with the magnitude of the muscle strain. This 
means that under most conditions, fibers with a higher PA work at 
a higher gear ratio than fibers with a lower PA. However, the rela-
tionship between PA with MT, and FL is not always direct or causal. 
In this regard, discrepancies have been found in the literature when 
MT and PA are modified after resistance training but not FL (Franchi 
et al., 2016; Fukutani & Kurihara, 2015). The relationship between MT, 
PA, and FL could be studied by using causal mediation analysis (Nuzzo 
et al., 2019), although this technique has not been applied to the TA.

Increased knowledge of the human TA muscle architecture will 
provide fundamental anatomical information, which may be useful 
in the clinical setting and to develop specific programs for rehabili-
tation or to increase sports performance. Based on these previous 
findings, we hypothesized that superficial and deep unipennate re-
gions of the TA would be symmetrical. Second, we hypothesized that 
there would be muscle architecture differences in the TA attending 
to sex variables. Lastly, we hypothesized that FL would have a direct 
effect on the relationship between MT and PA. This study aimed to 
test these hypotheses.

2  |  METHODS

2.1  |  Study design and participants

This is a cross-sectional study comprising two separate measurement 
sessions. The first measurement session was conducted to perform 
pretests: anthropometrics and dual-energy X-ray absorptiometry 
(Lunar iDXA, General Electric) whole-body scans, as previously re-
ported (Calbet et al., 2017). Besides, as a part of the anthropomet-
ric measurements, the shank length (i.e., the distance between the 
proximal head of the fibula to the tip of the lateral malleolus) of both 
legs was measured as previously reported (Kunimasa et al., 2014). In 
a second visit, the participant's TA was explored by ultrasound. One 
hundred nine physically active and healthy males and females volun-
teered to participate in the study (Table 1). Subjects exercised regu-
larly, performing between 3 and 8 h of mostly moderate-intensity 
physical activity per week. Several subjects had a diverse sports tra-
jectory, with participation in different sports throughout their career, 
while most of them had practiced soccer during part of their career. 
The inclusion criteria for participation in this investigation were: age 

architectural anatomy of the tibialis anterior shows sexual dimorphism in humans. 
Tibialis anterior presents morphological asymmetries between superficial and deep 
unipennate regions in both sexes. Lastly, our causal mediation model identified a sup-
pressive effect of fascicle length on the pennation angle, suggesting that increments 
in muscle thickness are not always aligned with increments in fascicle length or the 
pennation angle.

K E Y W O R D S
fascicle length, muscle architecture, muscle thickness, pennation angle, tibialis anterior
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18–35 years; no chronic diseases or recent surgery; nonsmoking; nor-
mal resting electrocardiogram; body mass index above 18 and below 
30; no medical contraindications to exercise; and no history of dis-
ease requiring medical treatments lasting longer than 15 days during 
the preceding 6 months. All volunteers signed a written consent after 
receiving information about the aims and potential risks of the study. 
The study commenced after approval by the Ethical Committee of 
the University of Las Palmas de Gran Canaria (CEIH2017/13) and 
was carried out according to the Declaration of Helsinki. The sex and 
gender of the participants were defined based on self-reports during 
participant recruitment, and all participants reported cis gender.

2.2  |  Ultrasound imaging

Real-time two-dimensional B-mode ultrasound (Philips CX50, Philips 
Medical Systems, Netherlands) with a 38 mm linear-array transducer 
(12–3 MHz, L12-3 Broadband, Phillips), was used to bilaterally meas-
ure the muscle architecture of the TA. An operator with extensive 
experience in musculoskeletal ultrasonography performed image 
acquisition. Current guidelines and recommendations for mus-
culoskeletal ultrasound by the European Federation of Societies 
for Ultrasound in Medicine and Biology were followed (Fodor 
et al., 2022). The ultrasound depth was adjusted to 4–5 cm depend-
ing on the individual participant and the frequency was adjusted 

between 38–41 Hz. The probe was hand-held, and the measurements 
were made with the subject in a prone position with the knee flexed 
at 90° (Maganaris & Baltzopoulos, 1999) while the ankle was kept at 
90° (Figure 1). Knee and ankle angles were checked using a manual 

TA B L E  1  Descriptive characteristics of the study population reported as mean and between bracket the standard deviation.

Variable Males (n = 64) Females (n = 45) All (n = 109)

Age (years) 23.1 (3.2) 23.0 (2.8) 23.0 (3.0)

Height (cm) 176.7 (6.8) 164.5 (5.9)† 171.7 (8.8)

Weight (kg) 74.2 (7.4) 59.4 (8.5)† 68.1 (10.7)

BMI (kg/m2) 23.8 (2.2) 21.9 (2.7)† 23.0 (2.6)

Total BM (g) 3175.3 (332.1) 2444.7 (276.4)† 2873.7 (475.3)

Total FM (g) 14346.4 (4486.6) 16481.1 (4527.3)† 15227.7 (4614.8)

Total LM (g) 56633.7 (5045.0) 40461.1 (5276.8)† 49957.0 (9487.3)

Left leg LM (g) 9977.2 (909.5) 6484.2 (927.3)† 9301.2 (1659.9)

Right leg LM (g) 10148.4 (935.5) 6508.5 (946.2)† 9443.9 (1744.5)

Both legs LM (g) 20233.4 (1948.3) 14220.7 (2079.6)† 17751.1 (3577.6)

Fat (%) 19.1 (4.7) 27.5 (4.7)† 22.6 (6.3)

Right dominant leg (%) 0.80 (0.4) 0.96 (0.2)† 0.86 (0.4)

Shank length (cm) 37.8 (2.36) 34.5 (1.80)† 36.7 (2.69)

Superficial TA Thickness (cm) 1.23 (0.19) 0.94 (0.17)† 1.11 (0.23)

Deep TA thickness (cm) 1.41 (0.22) 1.28 (0.19)† 1.36 (0.21)

Total TA thickness (cm) 2.64 (0.30) 2.23 (0.25)† 2.47 (0.35)

Superficial TA FL (cm) 6.41 (1.44) 6.46 (1.79) 6.43 (1.59)

Deep TA FL (cm) 6.55 (1.61) 6.52 (1.41) 6.54 (1.53)

Superficial TA PA (°) 11.62 (2.53) 9.52 (2.45)† 10.75 (2.70)

Deep TA PA (°) 12.76 (2.65) 11.74 (3.14)‡ 12.34 (2.90)

Note: The shank length and all architectural variables are described as averaged values of both legs. p-values presented correspond to comparisons 
between males and females (†p < 0.001; ‡p < 0.02).
Abbreviations: BM, bone mass; FL, fascicle length; FM, fat mass; LM, lean mass; PA, pennation angle; TA, tibialis anterior.

F I G U R E  1  Measurement setup. The knee and ankle joint 
angles were set at 90°, and the angle was verified with a manual 
goniometer.
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goniometer. The ultrasound probe was placed perpendicular to the 
skin, and a water-soluble gel was applied to the skin to obtain a high-
resolution image without losing the detailed anatomical features of 
the muscles (Ihnatsenka & Boezaart, 2010). Each measurement site 
was marked on the skin surface with a surgical pen to ensure that the 
probe was placed in the proper position. The use of the gel meant 
that the ultrasound probe could be positioned just above the skin 
surface at each landmark without pressure being applied to the skin. 
The proximal margin of the TA central aponeurosis was determined 
from the sagittal images of the TA and was marked on the dermal sur-
face. The measurement site was placed 6 cm below the proximal end 
of the central TA aponeurosis (Muraoka et al., 2003) (Figure 2). The 
primary inclusion criterion for ultrasound image analyses was that 
the aponeuroses were parallel as the angle between the superficial 
and the intermediate aponeuroses can strongly influence the extrap-
olation methodologies (Blazevich et al., 2006; Franchi et al., 2018).

2.3  |  Tibialis anterior architecture assessment

In each unipennate region of the TA, the PA was measured at the fas-
cicle insertions into the superficial (or deep) and central aponeuroses. 
MT in each unipennate region was measured as the distance between 
the superficial (or deep) and central aponeuroses in both images' ends. 
Since TA fascicles were longer than the width of the probe, fascicle 
length was calculated by linear extrapolation of the visible portion of 
fascicles to the intersection point with the linearly projected super-
ficial aponeurosis of the muscle (Potier et al., 2009). In total, 6 PAs 
corresponding to 3 FLs were analyzed in each unipennate region, i.e., 
3 PA corresponding to the superficial and 3 PA corresponding to the 

central aponeuroses of each unipennate region following previously 
described procedures to assess TA muscle architecture (Maganaris & 
Baltzopoulos, 1999). The inclusion criteria for determining appropriate 
fascicles to analyze were the following: the fascicle insertion point into 
the central (or deep) aponeurosis must have been visible, and a reason-
able portion of the fascicle (~25% or more of the total estimated length) 
must have been visible within the ultrasound transducer's field of view 
(Franchi et al., 2020). Muscle architectonic parameters (MT, PA, and 
FL) were digitized using image-processing software (OsiriX™ DICOM 
viewer, Pixmeo). Overall, 218 images and almost ~5000 measures (12 
measures per leg) were recorded in all participants. Ultrasound reli-
ability was tested in four males before the start of the study. In brief, 
the operator acquired one image of the TA of each male at rest in the 
morning, in a relaxed state and without having exercised or done any 
vigorous activity in the previous 72 h. A person other than the opera-
tor segmented the images taken that day, without knowing to whom 
each image belonged, that is, the images were blinded. This same pro-
cedure was performed 3 days later. Thus, the intraclass correlation co-
efficient (ICC 3.1) was 0.89 for MT, 0.88 for PA, and 0.78 for FL. Our 
intrarater reliability is in line with the literature (Kwah et al., 2013) and 
it has been described according to a reference guideline for selecting 
and reporting for reliability research (Koo & Li, 2016).

2.4  |  Variables for data analysis

Leg dominance (dominant vs. nondominant), muscle architec-
tural features (MT, PA, and FL), unipennate region (superficial vs. 
deep), sex, LLM, and shank length were the main variables of data 
analysis.

F I G U R E  2  Ultrasound imaging protocol used in both unipennate regions of the TA. (a) The proximal margin of the TA central aponeurosis 
was determined from the sagittal images of the TA and was marked on the dermal surface (m1), then the measurement site was placed 6 cm 
below the proximal end of the central TA aponeurosis (m2) (b) Representative image of the TA and its two unipennate regions (c) Planimetric 
model of the TA indicating that FL was calculated by linear extrapolation of the visible portion of fascicles to the intersection point with the 
linearly projected superficial aponeurosis of the muscle. FL, fascicle length; MT, muscle thickness; PA, pennation angle; TA, tibialis anterior.
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2.5  |  Statistical analysis

Descriptive data are presented as the mean and standard deviation 
(SD). Males' and females' general characteristics were compared 
using an unpaired t-test. A linear mixed model with MT as the de-
pendent variable, fixed effects (sex, leg dominance, both unipen-
nate regions, and the interaction), and random intercept (subjects) 
was applied to compare both unipennate regions. This linear mixed 
model introduced lower extremities lean mass (LLM) and shank 
length as covariates. The same approach was adopted for FL and 
PA. For all models, marginal means, and standard errors (SEM) were 
estimated for all factor combinations. Averaged PAs (average of 6 
PAs in each unipennate region) and FLs (average of 3 FLs in each 
unipennate region) values were used for all models to characterize 
each unipennate region.

A posteriori-planned analysis consisted of exploring the effect 
of MT on the relationship between FL and PA. Mediation analysis 
for mixed models was carried out since this study has three vari-
ables (i.e., MT, FL, and PA) measured in the same participant in four 
different conditions, i.e., two factors within participants with two 
levels: leg dominance (dominant vs. nondominant) and unipennate 
region (superficial or deep). In the mediator model, FL (i.e., the me-
diator) was modeled as a linear mixed model, with MT adjusted by 
the dominant leg, and each unipennate region, sex, and their inter-
action as predictors. The outcome model, also a linear mixed model 
with PA as the dependent variable, included MT, the mediator (i.e., 
FL), and the same set of variables used in the mediator model as 
explanatory variables. Both the mediator and outcome models 
have random intercepts (subjects). Since MT is a continuous vari-
able, it is necessary to set two MT values to estimate the effect 
that this change in MT has on the PA, both directly and indirectly 
through FL (Imai et al., 2010). The increment in MT was set at 10%. 
Our mediation analyses are in line with the AGReMA statement (A 
Guideline for Reporting Mediation Analyses) of randomized con-
trolled trials and observational studies (Lee et al., 2021). The cor-
responding AGReMA checklist is provided as Data S1.

All statistical analyses were conducted with R 4.2.2 (R Foundation 
for Statistical Computing, Vienna, Austria). The package “emmeans” 
for R was used to estimate marginal means (Lenth et al., 2018). The 
mediation analysis was carried out using the R package “mediation” 
(Tingley et al., 2014). Given the number of participants included in 
this study (n = 109), we applied the central limit theorem and con-
sidered that the data could be analyzed with parametrical statistics. 
Statistical significance was set at p < 0.05.

3  |  RESULTS

3.1  |  Study population

This study analyzed one hundred and nine participants from 20 to 
26 years old. The descriptive characteristics of the study population 
are reported in Table  1. Females had a higher body fat percentage, 

less total lean mass, and less total leg lean mass than men. Most of the 
participants were right-legged. Significant differences were found in 
muscle architecture characteristics (i.e., MT and PA) of the TA between 
males and females, except for the FL of the superficial and deep uni-
pennate regions. Males had a 3.3 cm longer shank length than females 
(p < 0.001), while no significant differences were observed between 
the dominant and nondominant legs in both sexes (Table 1).

3.2  |  Muscle architecture: Main findings and sex 
differences

Linear mixed model results are shown in Table  2. There were no 
significant differences between dominant and nondominant legs re-
garding muscle architecture. MT and PA were significantly greater in 
the deep than the superficial unipennate region in men (1.9 mm and 
1.1°, p < 0.001) and women (3.4 mm and 2.2°, p < 0.001). However, 
the FL was similar in both regions for both sexes. The differences re-
mained significant after accounting for differences in LLM and shank 
length. Compared with females, the superficial and deep regions of 
the TA were 1.3 and 2.8 mm thicker in men (p < 0.001), and super-
ficial PA was 2.1° greater (p < 0.001). After accounting for LLM and 
shank length, sex differences remained for MT (1.6 mm, p = 0.02) and 
PA (3.4°, p < 0.001) in the superficial region. In both regions, LLM 
and shank-adjusted FL was 1.4 mm longer in females than males 
(p < 0.05) (Table 2).

3.3  |  Causal mediation analysis

The estimated mediation, direct, and total effects were all signifi-
cantly different from zero (p < 0.001) (Table  3). In the mediation 
model, the estimation of the mediator coefficient (i.e., FL) was posi-
tive, suggesting that a 10% increase in MT would increase FL elicit-
ing, through the increase in FL, a 0.38° reduction of the PA. Likewise, 
this 10% increase in MT has a direct effect of 0.92° on PA, implying 
that the PA increases by 0.92° per each 10% increase of MT, for a 
given FL. Since a higher thickness augments the FL, the PA increases 
in total by 0.54° due to the suppressive effect of the increase of FL.

4  |  DISCUSSION

The present investigation shows that TA muscle's superficial and 
deep unipennate regions are morphologically asymmetrical in males 
and females. In both sexes, the deep region displays higher MT 
(+2–4 mm) and greater PA (+1–2°) than the superficial region. These 
findings contrast with the symmetry reported by Maganaris and 
Baltzopoulos (Maganaris & Baltzopoulos, 1999) who did not find ar-
chitectural differences between the superficial and deep portions of 
the TA in six males measured at rest and during a maximal voluntary 
contraction. We have also modeled how an increase in MT would 
affect FL and the PA.
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4.1  |  The superficial and deep regions of the tibialis 
anterior muscle are not symmetrical

For more than 20 years, it has been considered that the TA was a 
bipennate muscle whose unipennate regions behaved like a mirror, 
that is, their architectural characteristics were similar at each side of 
the central aponeurosis. This is based on a pioneer study designed 
to assess the predictability of in vivo, ultrasound-based changes in 
human TA pennation angle from rest to maximum isometric dorsi-
flexion in 6 men (Maganaris & Baltzopoulos, 1999). Using a planimet-
ric model assuming constant thickness between superficial and deep 
aponeuroses and straight muscle fibers, the authors proposed that if 
the unipennate regions occupy equal volumes, each region accounts 
for half the force generated by the whole TA during a dorsiflexor 
MVC. In agreement with Maganaris and Baltzopoulos (Maganaris & 
Baltzopoulos, 1999), we observed similar FL in the superficial and 
deep unipennate regions of the TA. In contrast to Maganaris and 
Baltzopoulos  (1999), we found that MT and PA are greater in the 
deep than in the superficial region. Our results are robust due to the 
use of multiple measurements in both legs, in a large sample size, 
minimizing type II error (Freiman et al., 2019).

Available published data on MT of human TA with similar 
participant characteristics agree with our findings (McCreesh & 
Egan, 2011). Compared to Maganaris and Baltzopoulos, our male 
subjects had ~0.5 cm lower MT than those studied by Maganaris 
and Baltzopoulos (Maganaris & Baltzopoulos, 1999). This discrep-
ancy can be accounted for by differences in weight and height, 
which can explain ∼50% of the variance in skeletal mass in men 
and women (Janssen et al., 2000). In this line, it has been shown 
that body mass index (BMI) is associated with greater MT (Sanz-
Paris et al.,  2021) (Usgu et al.,  2021); so the higher BMI of the 
subjects analyzed by Maganaris and Baltzopoulos could explain 
the slightly higher TA MT reported in their study. Another factor 
that could explain differences in MT between studies relies on the 
procedure used to measure TA. In the present investigation, we 
applied the methods described by Muraoka et al.  (2003), which 
seemed the most appropriate given that it allowed for measuring 
MT in the TA with small variability.

In terms of PA, our results are similar to previously published ca-
daveric (Sopher et al., 2017) and living human studies (Maganaris & 
Baltzopoulos, 1999). Although there are published data on FL change 

TA B L E  3  Causal mediation analysis on the effect of muscle 
thickness in the relationship between fascicle length and pennation 
angle.

Effect Estimate
95% interval 
confidence

Indirect −0.38* (−50, −0.25)

Direct 0.92* (0.83, 1.01)

Total 0.54* (0.40, 0.70)

Note: Quasi-Bayesian mediation analyses with one thousand 
simulations.
*p < 0.001.
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of the human TA during walking (Chleboun et al., 2007) and isomet-
ric contractions (Raiteri et al., 2016) in healthy subjects, FL data of 
healthy people at rest is limited (Maganaris & Baltzopoulos, 1999).

From a functional perspective, the FL should be considered con-
jointly with the tendon length because biomechanical properties 
vary depending on the tendon-muscle fiber length ratio rTFL, defined 
as (tendon + aponeurosis)/(fascicle length) (Morl et al., 2016; Siebert 
et al., 2017). For example, muscles that act as springs in bouncing 
gates and contribute to energy conservation have long series elas-
tic components (SEC; aponeurosis and tendons) and short muscle 
fibers, resulting in high rTFL (Siebert et al., 2017). This is the case of 
the plantaris muscle of the wallaby (rTFL = 18.7) (Biewener,  1998). 
In contrast, muscles with motor function have a comparably short 
SEC and long muscle fibers like the pigeon pectoralis (rTFL = 0.4) 
(Biewener, 1998). Since the SEC was not measured in the present 
investigation, it was not possible to determine precisely the rTFL. 
Nevertheless, we have done some estimations based on anatom-
ical reports (Herbert et al.,  2002). For example, the former study 
reported a TA's distal tendon of 230 ± 31 mm, with FL of 39 ± 8 mm 
for TA. However, Herbert et al. did not measure the aponeurosis. 
It should be noted that these FLs are shorter than ours, likely due 
to differences in the measurement protocol (differences in the leg's 
position and degree of ankle flexion). Using these data, the TA rTFL 
should lie close to 5.9 (or higher after including the aponeurosis in 
the nominator). This result would correspond to a high rTFL, meaning 
that the TA is a muscle with long SEC and short muscle fibers (i.e., 
spring-like behavior) (Lai et al., 2019; Siebert et al., 2017). Further 
studies would be needed to compute accurate in vivo rTFL values for 
human TA, accounting for human variation and the potential effects 
of age, height, gender, body composition, and physical activity level.

4.2  |  Sex differences in tibialis anterior muscle 
architecture

The present investigation reports for the first time an analysis of the 
TA architectural sex differences in young, physically active humans. 
Females have a lower body size than males, which partly explains the 
smaller muscle mass of females. However, apart from body size, the 
anabolic effect of testosterone on muscle fibers and the higher pro-
portion of type I fibers in females, which have lower cross-sectional 
area than type II fibers, account for the sex dimorphism in muscle 
mass in humans (Simoneau & Bouchard, 1989). As expected, males 
displayed greater absolute values for MT in both regions of the TA 
and greater PA in the superficial region, when sex differences in 
body size are disregarded. However, after accounting for LLM and 
shank length, it became clear that females had longer fascicles than 
males in both regions and lower PA and MT in the superficial region.

Sex differences have been reported for other anatomical features 
of the lower extremity (Shultz et al., 2008). For example, there are 
sex differences in the Q angle, i.e., the angle between the quadriceps 
muscle and the patellar tendon, the distal end of the attachment site 
on the tibia of the TA, and the shape of the tibia. Thus, the variations 

in TA's attachment site suggest differences in TA's function and mus-
cle architecture, affecting gait movement and the frequency of lower 
leg disorders such as chronic exertional compartment syndrome 
(Kimata et al., 2022). In terms of Q angle, normative Q angle values 
establish 11° for men and 16° for women (Horton & Hall, 1989). An in-
crement in Q angle over these normative values would cause external 
rotation of the leg, while the opposite would cause internal rotation. 
In this regard, a higher Q angle in males has been associated with de-
creased isokinetic knee strength, power output, and torque (Sac & 
Tasmektepligil, 2018). Since it is known that joint angular rotation af-
fects muscle architecture (Karamanidis et al., 2005), this could cause 
different sex-specific muscle adaptations. However, there is contro-
versy about this topic since the accepted, though unproven, explana-
tion until 2005 was that women have greater Q angle than men due 
to a wider pelvis. However, in 2005 a group of researchers showed 
that this angle is similar (~2° difference) in men and women (Grelsamer 
et al.,  2005), although contradictory results have also been found 
showing higher Q angle in women (Mitani, 2017). Nevertheless, cau-
tion should be taken since the quadriceps angle is highly sensitive to 
errors in the definition of the center of the patella and tibial tuberosity. 
As exposed by some authors, these centers need to be defined with 
an accuracy of less than 2 mm if the error in the quadriceps angle is to 
remain below 5° (France & Nester, 2001). Our present investigation 
does not allow us to ascertain whether the Q angle could contribute 
to explaining the small sex differences in TA FL and PA observed here.

4.3  |  Fascicle length has a suppressive effect 
on the pennation angle

Our causal mediation analysis highlighted a suppressive effect of FL 
on PA, suggesting that if the FL does not increase in length con-
comitantly with MT, the PA should increase around half a degree. 
This analysis is a method to dissect the total effect of treatment 
into direct and indirect effects. The indirect effect is transmitted 
via a mediator to the outcome. Mediation analyses are inherently 
causal because the mediation question sets out to explain a mecha-
nism through which the exposure causally operates to affect the 
outcome. Mediation analysis is, therefore, an important statistical 
tool for gaining insight into the mechanisms of exposure-outcome 
effects (MacKinnon, 2012). We have been able to model the rela-
tionship between these architectural variables and know how they 
change concerning each other by analyzing interindividual's differ-
ences in a large sample of human beings.

Some authors have found that MT and PA in resistance-trained 
individuals are larger than in untrained individuals but with no dif-
ferences regarding FL. These authors indicated that FL was not 
associated with muscle size, suggesting that FL would not increase 
with resistance training (Fukutani & Kurihara, 2015). Nevertheless, 
FL may increase with exercise training depending on the predom-
inant type of muscle contraction (eccentric/concentric) (Franchi 
et al., 2016). The fact that certain types of exercise training may elicit 
an increase in MT and FL concurs with our causal mediation model.
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The relationship between MT, FL, and PA is not always direct or 
causal and requires further explanation. As previously explained, an 
increase in MT with resistance training (Franchi et al., 2018) does not 
require a direct increase in the other architectural features (Franchi 
et al., 2016; Fukutani & Kurihara, 2015). An increase in PA allows an 
increase in the physiological cross-sectional area and, thereby, max-
imal force-generating capacity (Aagaard et al.,  2001; Kawakami 
et al., 1993). However, with an increase in PA, less force from each fiber 
is transmitted along the line of action of the muscles (Azizi et al., 2008; 
Kawakami, 2005). Nevertheless, despite a less efficient transfer of force 
per muscle fiber, a greater PA allows for more muscle fibers to attach to 
the tendon as compared to a fusiform muscle (Gans & de Vree, 1987) or 
an increase of the amount of myofiber inside each fiber (increased fiber 
cross-sectional area) allowing for the production of more force.

In summary, our causal mediation model identified a suppressive 
effect of FL on PA, which is in line with some authors suggesting that 
increments in MT are not always aligned with increments in FL or PA.

4.4  |  Strengths, limitations, and future directions

The main strengths of this study are the large number of participants 
analyzed, the inclusion of males and females of similar age and levels 
of physical activity, the use of modern ultrasound equipment, the 
assessment of the lean mass of the extremities to account for the 
effects of body size and the strict identification of anatomical land-
marks and standardized procedures for image analysis. This study 
has also limitations, which relate to its cross-sectional design and 
the fact that the architectural analysis was limited to specific regions 
of the muscle. However, our measurement methodology followed 
the latest guidelines and recommendations for musculoskeletal ul-
trasound (Fodor et al., 2022), and followed the methodological rec-
ommendations made by preceding researchers for TA measurement 
(Maganaris & Baltzopoulos, 1999; Muraoka et al., 2003).

Fascicle length and PA are major constituents of muscle archi-
tecture, and they largely determine the function and shape of the 
muscle, but current 2D techniques limit their precise measurement. 
Future studies should identify FL and PA in the TA using state-of-
the-art-3D techniques such as diffusion tensor imaging (Oudeman 
et al., 2016; Schenk et al., 2013) to better understand the interac-
tion of muscle with surrounding tissue and external forces (Siebert 
et al., 2014; Yucesoy et al., 2003). Moreover, differences in muscle 
architecture in the TA's superficial and deep unipennate regions may 
impact architectural gearing. This concept refers to the relative ar-
rangement of muscle fibers, tendons, and aponeuroses in relation 
to the joint axis of rotation (Azizi & Brainerd, 2007). For example, 
differences in FL and PA can affect the torque-generating capabil-
ity of the muscle and its ability to produce force at different joint 
angles. Differences in tendon length and stiffness can impact force 
transmission to the bones and joints, movement efficiency, and per-
formance. The sexual dimorphism in TA architecture could explain 
a lower torque-generating capacity in females than in males when 
considering only MT. However, the latter could be compensated by 

the lower PA of females. Lastly, architectural gearing is likely to vary 
between different regions of the TA, contributing to this muscle's 
anatomical and functional complexity.

4.5  |  Conclusion

In summary, real-time ultrasonography showed that the tibialis an-
terior is, two-dimensionally, a nonsymmetrical bipennate muscle at 
rest in terms of muscle architecture. Moreover, a suppressive effect 
of fascicle length on pennation angle was identified, suggesting that 
increments in muscle thickness are not always aligned with incre-
ments in fascicle length or pennation angle. Small sex differences 
exist in tibialis anterior architecture, most of which remain after ac-
counting for the leg lean mass and shank length.
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