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Abstract

The production of triceps surae plantarflexion moment is complex in that the Achilles tendon
moment arm affects the Achilles tendon force by determining the muscle length change and
shortening velocity during ankle rotation. In addition, there is evidence for associations
between the sizes of muscles and their moment arm at the joints they span. These relation-
ships between muscle architecture and tendon moment arm ultimately affect the muscle’s
force generating capacity and are thus important for understanding the roles played by mus-
cles in producing locomotion. The purpose of this study was to investigate in vivo the rela-
tionship between architecture of two plantarflexors and the Achilles tendon moment arm in a
healthy adult population. Ultrasound-based measurements were made of the architecture
(fascicle length, muscle volume, physiological cross-sectional area, and anatomical cross-
sectional area) of the lateral and medial gastrocnemius and the Achilles tendon moment
arm was assessed using a technique that combined ultrasound imaging and motion analy-
sis. Positive correlations were observed between the length (r = 0.499, p = 0.049) and size
variables (muscle volume r =0.621, p=0.010; ACSA r=0.536, p = 0.032) of the lateral gas-
trocnemius and the Achilles tendon moment arm, but correlations were only observed for
size variables (muscle volume r = 0.638, p = 0.008; PCSA r=0.525, p=0.037; ACSAr=
0.544, p = 0.029), and not the length, of the medial gastrocnemius. These findings suggest
lateral gastrocnemius adapts to moment arms to maintain force production throughout the
range of motion across individuals, while the medial gastrocnemius does not and is thus bet-
ter suited for static force generation.

Introduction

Muscle strength, considered in terms of the moment produced by a muscle about a joint it
spans, is attributable to both the force produced by the muscle and the muscle’s leverage (i.e.,
the moment arm of the tendon about the joint center or joint axis). Attention to how force and
leverage not only combine but also interact with one another is critical to furthering
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knowledge of how human movement is either enabled or limited by muscle function. The
ankle plantarflexor moment generated by the lateral and medial heads of gastrocnemius (LG
and MG) and soleus, for example, has been studied with reference to factors presumed to
influence the triceps surae forces, as well as in relation to the moment arm of the Achilles ten-
don (ATMA). These investigations often have been focused on associations between locomo-
tor function and muscle force generating parameters [1, 2] or ATMA [3-5].

A muscle’s moment arm about a joint directly determines the muscular moment generated
about the joint for a given muscle force, but moment arm may also modulate the production
of muscle force. Moment arm has a role in determining force because it is proportional to the
muscle-tendon unit length change for a given joint rotation [6]. All else equal, muscle-tendon
length changes will be less when the moment arm is smaller, and this reduction may lead to
smaller changes in sarcomere lengths and slower sarcomere shortening velocities, each of
which influence muscle force generating capacity through force-length and force-velocity
effects [7, 8]. Nagano and Komura [9] used musculoskeletal computer simulations to demon-
strate such interactions between ATMA and plantarflexor force during the generation of plan-
tarflexor power and moment. They showed that shortening ATMA while maintaining
plantarflexor optimal fiber length in a musculoskeletal model could reduce plantarflexor short-
ening velocity to such an extent that the loss of leverage was overcome by enhanced force pro-
duction, resulting in greater joint moment and joint power during rapid plantarflexion
movements. This surprising finding that muscular power and moment could be enhanced by
reducing muscle moment arm depended on holding optimal fiber lengths constant; if the
number of sarcomeres is reduced proportionally with moment arm, there would be no differ-
ence in fiber length changes with movement, and moment and power would be less due to the
reduction in leverage.

The question of whether fiber (or fascicle) length is proportional to moment arm across
individuals is important because a lack of proportionality would imply inter-individual differ-
ences in the capacity of specific muscles to generate force and, therefore, contribute to move-
ment. For example, a muscle that has a smaller ratio of fiber length to moment arm should see
a more rapid decrease in force during concentric contraction due to greater sarcomere short-
ening and more rapid sarcomere shortening velocity, making the muscle better suited to iso-
metric force generation, if all else is equal [7, 8]. Conversely, a muscle that has a larger fiber
length to moment arm ratio, whether that muscle is the corresponding muscle in a different
individual or a different muscle in the same individual, is better suited to maintaining force
during shortening [7, 8]. In this case, sarcomere shortening and shortening velocity are
reduced due to the presence of more sarcomeres in series, less total shortening for a given
change in joint angle, or a combination of both of these factors.

The limited evidence we have on how optimal muscle fiber length scales with muscle
moment arm across individuals in humans suggests that these variables are not well correlated.
Lieber et al. [10] found considerable variability across participants in intraoperative measure-
ments of the rate of sarcomere shortening with joint angle in two human forearm muscles, a
finding indicative of a lack of correlation between optimal fiber length and moment arm.
Maganaris et al. [11], using fascicle length as a proxy for fiber length, failed to find significant
correlations between triceps surae fiber lengths with ATMA, nor did they find significant cor-
relations between fiber length and patellar tendon moment arm for two of the vasti muscles.
Similarly, Infantolino et al. [12] found the ratio of optimal fascicle length to moment arm to
vary widely across eight first dorsal interosseus specimens taken from cadavers. Son et al. [13]
found no significant correlations between the optimal fascicle lengths of eight plantarflexors
and the length of the calcaneus (a frequent proxy for ATMA) in cadaveric specimens. Lastly,
Murray et al. [14] also found no correlation between optimal fascicle length and peak tendon
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moment arm for most of the elbow muscles, also in cadavers. However, there was a strong cor-
relation found for the brachioradialis and extensor carpi radialis longus, which are the two
elbow muscles with the longest fibers.

Similarly, an association between muscle moment arm and muscle size would have implica-
tions for inter-individual variation in maximal joint moment and power. Maximal joint
moment has been found to be strongly correlated with muscle size, whether size is character-
ized by muscle volume, physiological cross-sectional area (PCSA), or anatomical cross-sec-
tional area (ACSA) [15, 16]. Muscle moment arm has also been found to correlate positively
with maximal joint moment [17-21], but few studies have examined whether muscle size and
moment arm are large in the same individuals, or whether such covariation of moment arm
and muscle size is attributable to body size effects. Positive correlations have been found
between the ACSA of triceps brachii with respect to their elbow extension moment arm that
may occur due to differences in muscle size across individuals [22, 23]. Quadriceps volume has
also been found to correlate with patellar tendon moment arm at the knee [20]. At the ankle,
Baxter and Piazza [17] found a correlation between triceps surae muscle volume and ATMA
(although the correlation did not reach levels of statistical significance, with p = 0.054), and
Rasske et al. [5] noted greater ATMA at instants during the stance phase of walking when the
plantarflexors were loaded, as compared to when the ankle was at the same angle but
unloaded.

The purpose of the present study was to investigate further whether muscle length (fascicle
length) and muscle size (muscle volume, PCSA, and ACSA) correlate with ATMA in untrained
healthy young adults. We considered this relationship in two plantarflexor muscles, the LG
and MG, which are known to differ in their architecture. LG tends to have a structure opti-
mized for force production over a range of motion (with longer optimal fiber length and a
smaller PCSA) and MG is better suited for isometric force production (with shorter optimal
fiber length and greater PCSA) [8]. We hypothesized that, for both muscles, (1) fascicle length
would correlate positively with ATMA, maintaining similar sarcomere operating ranges across
individuals; and (2) muscle size variables (muscle volume, PCSA, and ACSA) would also cor-
relate positively with ATMA because a larger muscle would tend to draw the tendon away
from the ankle joint axis [3, 5, 22-25]. Recognizing body size as a potential confounding vari-
able in the relationships between moment arm, fascicle length, and muscle size, we performed
additional regression analyses that included body mass and height to determine whether
moment arm independently explained variation in the dependent variables.

Methodology
Participants

Sixteen healthy young adult participants (9M/7F; stature 1.69 + 0.09 m; body mass

70.30 + 12.41 kg; age 27.8 + 5.0 y) were recruited for this study. Individuals were excluded
from the study if they were under 18 or above 45 years of age, had a significant history of lower
limb musculoskeletal injuries or surgeries, neurological impairments, current ankle or foot
pain, had a BMI greater than 30 kg m™%, or competed in athletics at the college level or higher.
All research study protocols were approved by the Institutional Review Board
(STUDY00020090) at The Pennsylvania State University, and each participant provided
informed consent prior to data collection.

Anthropometric measures

Data collection was completed in a single testing session for each participant in which height
and body mass were recorded, followed by measurement of shank and foot lengths with a tape
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measure as the participant was standing in anatomical position. Shank length was the distance
from the lateral tibial condyle to the lateral malleolus, and foot length was measured as the dis-
tance from the posterior aspect of the calcaneus to the anterior tip of the hallux.

Ultrasound and motion system calibration and synchronization

Ultrasound imaging was used in conjunction with three-dimensional motion analysis to deter-
mine muscle volumes and ATMA using procedures described below. Prior to data collections,
spatial calibration of the ultrasound probe was completed using the single-wall phantom pro-
cedure that has been previously described and validated by Prager et al. [26] and Stradwin soft-
ware (v. 6.2, 64bit; Machine Intelligence Laboratory; Cambridge, UK). This probe calibration
yielded homogeneous transformations between the ultrasound image coordinate system and a
local probe coordinate system. This transformation was subsequently used to place the image
in the global reference frame. Briefly, this procedure involved rigidly attaching cluster of four
markers to the ultrasound probe. Using a pointer with markers attached, three virtual markers
were then created that were fixed within the probe coordinate system and aligned with the
probe imaging plane.

Ultrasound images were obtained using a 60 mm linear ultrasound probe (LV9.0/60/128Z-
2) with a B-mode ultrasound system (30 Hz; LogicScan 128, Telemed, Lithuania; 64-bit Echo
Wave II software, v. 4.1.0), synchronized with an 8-camera motion capture system (Eagle cam-
eras; Cortex software v. 8.1.0.2017; Motion Analysis Corporation) recording marker coordi-
nates at 100 Hz. Synchronization of motion data and ultrasound images was accomplished
using a 5 V analog square wave output by the ultrasound beam former and sampled as an ana-
log input to the data acquisition board of the motion system (National instruments PCle-6259;
Austin, TX). After data collection, marker trajectories were trimmed to be coincident with the
ultrasound data, and the motion and ultrasound data were combined to create Stradwin input
files, using a custom-written routine in MATLAB R2022b (Mathworks, Inc; Natick, MA),
where a calibration procedure was carried out that minimized errors in phantom location in a
least-squares sense.

Muscle volume

The volumes of LG and MG were measured using B-mode ultrasonography images and the
motion capture system. The participant lay prone on an examination table with their right foot
extending past the end of the table and the dorsum of the foot aligned with end of table. The
right leg was scanned for all participants, with the knee fully extended and the ankle in neutral
position. A gelatin mold with a calf-shaped cavity was draped over the posterior aspect of the
shank, covering the region beginning at the inferior margin of the tibial condyles to approxi-
mately two thirds of the way down the shank (Fig 1B). The participant was instructed to relax
their muscles and remain as still as possible during the ultrasound scanning trials, and scan-
ning trials were re-collected if participant movement was detected by the experimenter.

Two overlapping sets of approximately parallel, proximal-to-distal ultrasound image sweeps
were collected for both the LG and MG, with ultrasound images of transverse cross-sections of
each muscle being recorded at 30 Hz. Each sweep was completed in approximately 15-20 s.
Most of the participants’ muscles were imaged in two sweeps, but a third sweep was required
for participants with larger muscles to ensure coverage of the entire muscle. Ultrasound gel
was applied to the interfaces between the skin and gelatin mold and between the gelatin and
the ultrasound probe. The entire image acquisition procedure was repeated five times for each
muscle.
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(A)

(B)

(C)

Fig 1. Ultrasound image data collection sequence. (A) Static quasi-sagittal plane ultrasound imaging of gastrocnemius. (B)
Transverse ultrasound imaging of gastrocnemius for estimation of muscle volume. (C) Ultrasound imaging of the Achilles tendon
along with tracking of the shank and foot for estimation of ATMA during toe-raise motions.

https://doi.org/10.1371/journal.pone.0309406.9001
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Marker trajectories and ultrasound images were then processed using a custom-written
MATLAB script. Marker coordinates were filtered with a bidirectional, 4™ order low-pass But-
terworth filter with a 25 Hz cut-off frequency. Input files for Stradwin were created that con-
tained the marker trajectories, local probe and ultrasound image coordinate systems (along
with the homogenous transformation between these coordinate systems), ultrasound data
specifications (e.g., image resolution, video frame count, and image depth), and binary ultra-
sound video data. Linear interpolation of the 100 Hz motion capture data was used to align the
motion data with the ultrasound image data that were captured at 30 Hz. Muscle boundaries
were segmented to create contours (Fig 2A and 2C) separated by approximately 3 mm, at
every fifth frame of the ultrasound images. All contours were manually determined by a single
investigator (LFD). In Stradwin, maximal disc-guided shape-based interpolation was used to
create three-dimensional models of the surfaces of both the LG and MG (Fig 2D). Muscle vol-
umes were calculated in Stradwin from the contours using cubic planimetry integration algo-
rithms described by Treece et al. [27]. Representative muscle volumes for each muscle were
then computed by averaging three of the five model muscle volumes. The two trials most dif-
ferent from the median were excluded from this average, and models with muscle cross sec-
tions that were noticeably misaligned were not considered in the average calculation.

Separate tests of phantoms were completed to establish the reliability and accuracy of the
volume estimates. Coefficients of variation for volume acquisition for phantoms of different
sizes were all less than 0.5% and the average error was -1.9 + 3.3%. Further details of these tests
are found in S1 Appendix.

Fig 2. Segmentation and volume acquisition. (A) Contour created by segmenting LG boundaries. (B) Two overlapping, parallel stacks of planar ultrasound
images that were taken along the length of the muscle. (C) Contours separated by approximately 3 mm along the length of the muscle. (D) Surface interpolated
through the contours, from which muscle volume was computed.

https://doi.org/10.1371/journal.pone.0309406.9002
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Muscle architecture parameters

Fascicle length and pennation angle were measured from quasi-sagittal plane static ultrasound
images of the LG and MG. These images were collected as the participants stood in anatomical
position with their knees and ankles in neutral position. Sets of five static ultrasound images
were collected from the central region of the LG and MG (Fig 1A). The method described by
Benard et al. [28] was followed to position the probe for these images: First, transverse images
at the distal end of the muscle belly (approximately mid-shank) were made and the probe was
adjusted until the deep aponeurosis was parallel to the bottom of the image. Then, the probe
was rotated approximately 90° to align it with the mid-longitudinal axis and gradually moved
proximally until the image was within the central region of the muscle (approximately two-
thirds of the shank length up from the ankle), where the curvature of the fascicles and aponeu-
roses appeared to be minimized.

Each static ultrasound image of LG or MG was analyzed to calculate muscle architecture
variables using a custom MATLAB script. The top and bottom extremes of each image were
identified and the distance between these extremes in pixels was related to the scanning depth
(in mm) to find a scaling factor (mm per pixel). Proximal and distal points were selected on
the superficial and deep aponeuroses and on a representative fascicle (Fig 3). Muscle thickness
was assessed proximally and distally as distance between the superficial and deep aponeurosis
points along the image vertical direction [29, 30]. Muscle thickness, ,,, was then determined
as the average of the proximal and distal thicknesses. Pennation angle, 8, was calculated as the
acute angle between the fascicle and the deep aponeurosis [29, 30]. Fascicle length, Ly was cal-
culated according to

L=—" (1)

Fig 3. Estimation of pennation angle and fascicle length from an ultrasound image. A representative image of
medial gastrocnemius is shown. Points were selected on the superficial and deep aponeuroses at the proximal and
distal ends of the visible portion of the muscle and were used to estimate a proximal and distal thickness (t; and t,).
Muscle thickness, t,,, was the average of these two values. Pennation angle was the acute angle formed by the line
segment representing the deep aponeurosis and a line segment formed by two points selected on a muscle fascicle.
Fascicle length, Lg, was computed from thickness and pennation angle according to Eq 1.

https://doi.org/10.1371/journal.pone.0309406.g003
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Fascicle lengths and pennation angles were estimated in this manner five times for each
image and an average fascicle length was taken.

Distances in pixels were then scaled to determine fascicle lengths in millimeters or centime-
ters. ACSA was estimated by calculating the maximum cross-sectional area from the cross-sec-
tion contours of the muscle of interest. PCSA was calculated as the quotient of muscle volume,
V. and average fascicle length, Ls multiplied by the cosine of the pennation angle, 8 [31]:

PCSA = Y *cos(0) (2)
Lf

Achilles tendon moment arm

Following the procedures previously described by Wade et al. [32], ATMA was measured by
combining ultrasound imaging with three-dimensional motion analysis (using the same motion
analysis system described above), but with some differences. A low-profile ultrasound probe
(LV7.5/60/128Z-2) and custom designed 3D-printed plastic probe holder were used that more
effectively held the scanning system in place over the tendon, in a standardized location approx-
imately 2 to 3 cm above the malleoli. Following imaging of the Achilles tendon and functional
determination of the ankle axis from the relative motion of the foot and shank during weight-
bearing calf raises [32], two maximally separated proximal and distal points along the tendon
line of action were found in every ultrasound image frame corresponding to four angles of
interest: 0° (neutral position) and 5°, 10°, and 15° of plantarflexion. This was done by locating
sagittal plane midpoints between the superficial and deep boundaries of the Achilles tendon in a
custom-written MATLAB routine. A tendon midline was created connecting the tendon
boundary midpoints, and this was taken to represent the tendon line of action. The coordinates
of the tendon boundary midpoints in the image coordinate system were scaled from pixels to
mm and transformed from the image coordinate system into the global frame. Finally, the
ATMA about the ankle axis was calculated as described by Wade et al. [32]: First the moment of
the unit force vector along the tendon about a point on the ankle axis was found, and then the
length of the projection of that moment vector onto the ankle axis was computed.

Statistical analysis

Simple linear regressions were performed to find correlations between ATMA (assessed at
neutral ankle position) and the following muscle architecture parameters for each of LG and
MG: fascicle length, muscle volume, PCSA, and ACSA. Statistical significance was defined
using a threshold of o = 0.05.

The influence of body-size variables was investigated using a forward-backward stepwise linear
regression procedure to determine a multiple regression model for each LG and MG architecture
response variable. The starting model contained the predictor variables ATMA along with body
height, body mass, and the interactions between ATMA and height and mass. A predictor was
added to the model if the p-value of the F-statistic was less than 0.05 and removed if the p-value was
greater than 0.1. When ATMA was present among the predictor variables in the final model, this
was taken to indicate that variation in ATMA contributes to the response variable in a manner that
extends beyond body size. This analysis was carried out using the MATLAB function stepwiselmy().

Results

Mean ATMA in neutral ankle position was 47.5 + 9.3 mm and was found to increase with
plantarflexion (Table 1). Mean fascicle length was substantially greater for LG, and pennation
angle, PCSA, and ACSA were greater for MG (Table 2).
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Table 1. Means and standard deviations (n = 16) of Achilles tendon moment arm at 0°, 5° plantarflexion (PF), 10°
plantarflexion, and 15° plantarflexion of the lateral gastrocnemius and medial gastrocnemius.

ankle angle (degrees) Achilles tendon moment arm (mm)
0° 47.5%9.3
5° PF 49.1+£94
10° PF 50.2+9.7
15° PF 51.7+£9.5

https://doi.org/10.1371/journal.pone.0309406.t001

A significant moderate correlation was found between fascicle length and ATMA measured
in neutral ankle position for LG (r = 0.499; p = 0.049), but the correlation between MG fascicle
length and ATMA was not significant (r = 0.229; p = 0.393) (Fig 4). Similar significant (or
nearly significant) and non-significant correlations were found between LG and MG fascicle
length and ATMA assessed at the other ankle positions considered: 5° PF, 10° PF, and 15° PF.
The same is true for all the correlations reported below, so we present the correlations involv-
ing ATMA measured in neutral position here and the remaining correlation results are pre-
sented in S2 Appendix.

Significant moderate correlations were also found between all MG size variables (volume,
PCSA, and ACSA) and ATMA, and between two of the three LG size variables and ATMA.
MG volume was correlated with ATMA (r = 0.638; p = 0.008), as were MG PCSA (r = 0.525;

p =0.037) and MG ACSA (r = 0.544; p = 0.029) (Figs 5-7). For LG, similar moderate correla-
tions were found between LG volume and ATMA (r = 0.621; p = 0.010) and between LG
ACSA and ATMA (r = 0.536; p = 0.032), but significant correlation was not found between LG
PCSA and ATMA (r = 0.330; p = 0.212) (Figs 5-7).

ATMA was found to correlate moderately with both height (r = 0.574; p = 0.020) and body
mass (r = 0.633; p = 0.009) in our sample. Stepwise regressions that included body-size vari-
ables produced models that in many cases, however, retained ATMA as a significant predictor
of LG and MG architecture variables (Table 3). ATMA was the only remaining significant pre-
dictor of LG fascicle length and MG muscle volume, and it was retained along with body mass
in the models for LG muscle volume and LG PCSA. For both LG muscle volume and LG
PCSA, the term representing the interaction between body mass and ATMA was retained in
the model, although the resulting model for LG PCSA only trended toward significance
(p = 0.080). Interaction plots for these two models showed that the association between each
outcome variable and ATMA depended on body mass in very different ways (Fig 8). When
body mass was held fixed at a value at the upper end of the range of our sample, there was a
positive dependence of each variable on ATMA, but for a small body mass, each varied

Table 2. Means and standard deviations for fascicle length, pennation angle, muscle volume, physiological cross-sectional area (PCSA), and anatomical cross-sec-
tional area (ACSA) of the lateral gastrocnemius and medial gastrocnemius.

outcome variable all (n =16)
fascicle length (mm) 79.0 + 14.9
pennation angle (°) 109 +2.7
muscle volume (cm®) 128.0 +41.0
PCSA (cm?) 16.8+ 6.4
ACSA (cm?) 10.6 +2.7

lateral gastrocnemius medial gastrocnemius
M(@n=9) F(n=7) all (n=16) Mm=9) F(n=7)
82.0 £ 15.0 75.2£15.0 60.3 +9.0 589177 62.3 +£10.8
11.5+29 10.1 2.6 189 +3.4 20.2+3.2 17.3+3.1
146.5 + 35.0 104.3 + 37.5 203.2 +56.8 2344+ 449 163.0 +45.2
189+7.2 14.1 £ 4.1 343+9.8 40.2+7.1 26.6 £7.1
119 £2.6 89+21 14.4+3.0 16.1 £2.3 122+2.4

Results are presented for all participants, and for the male and female subgroups.

https://doi.org/10.1371/journal.pone.0309406.t002
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negatively with ATMA. Only body mass and/or body height were retained in the models for
MG PCSA and ACSA for both muscles.

Discussion

Among the key findings in this study is that significant positive correlations were found
between fascicle length and ATMA for LG but not for MG (Fig 4). All muscle size variables
(muscle volume, PCSA, and ACSA) were correlated with ATMA, with the exception of PCSA
for LG (Figs 5-7). These correlations could not be entirely attributed to the influence of body
size, as ATMA was retained in several of the stepwise regression models (Table 3), suggesting
that some of the variation in LG fascicle length, muscle volume, and PCSA, as well as MG
PCSA were explained by ATMA.

The findings of this study partially supported the hypotheses. The hypothesis that there
would be a positive correlation between fascicle length and ATMA was supported for LG but
not for MG (Fig 4). Muscle size variables were generally positively correlated with ATMA for
both muscles, supporting the second hypothesis, but some of these correlations seemed to be
due to body-size effects (Figs 5-7; Table 3).
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Fascicle lengths of the LG (79.0 + 14.9 mm) and MG (60.3 + 9.0 mm) were comparable to
values previously reported by Fouré et al. [33] (LG, 91.0 £ 31.0 mm; MG, 58.0 + 11.0 mm),
Maganaris et al. [21] (LG, 74.0 £ 3.4 mm; MG, 45.0 + 2.3 mm), and Crouzier et al. [34] (LG,
67.0 £ 8.0 mm; MG, 59.0 = 7.0 mm). Additionally, the average relative differences between the
muscle volumes (LG and MG) of the present study and other studies were ~19% and ~14%,
respectively [34-38]. The differences observed between the muscle volumes of the present
study and previous studies might be explained by factors such as the predominance of male
subjects in previous studies (often >80%), unlike the present study (9 of 16 male), and differ-
ences in methods for muscle volume estimation.

Our results also generally agree with those from previous investigations of the relationship
between tendon moment arm and muscle geometry across joint systems. Similar to the present
study, Baxter and Piazza [17] reported a positive correlation between triceps surae muscle vol-
ume and ATMA, although this relationship only approached significance (p = 0.054). In con-
trast to the results of the present study, Maganaris et al. [11] observed no correlation either
between plantarflexor fascicle length and Achilles tendon moment arm, or between quadriceps
fascicle lengths and patellar tendon moment arm measured in vivo. Sugisaki et al. [22] and
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Sugisaki et al. [23] reported positive correlations between triceps brachii anatomical cross-sec-
tional area (ACSA) and tendon moment arm, findings that correspond to the correlations
between ACSA and ATMA for both LG and MG found in the present study. Additionally,
using a cadaver model, Murray et al. [14] reported strong, significant positive correlations
between optimal fascicle lengths and peak tendon moment arms across several elbow muscles.
Across specimens for the same muscle, however, these correlations were observed only for the
brachioradialis and extensor carpi radialis longus. Interestingly, these were the two muscles
with the smallest cross-sectional area and longest fibers, which is also characteristic of LG (for
which a correlation was found between fascicle length and moment arm in the present study)
relative to MG (for which no such correlation was found). These findings suggest that fascicle
length may scale more closely with moment arm in muscles that have long fibers and small
size.

The correlations across individuals between fascicle length and moment arm observed in
this study for LG and by Murray et al. [14] for longer-fibered elbow muscles suggest an archi-
tectural arrangement by which reductions in muscle force generation are moderated when
joint excursions are large. When individuals with longer ATMA for have correspondingly
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Table 3. Regression models predicting lateral gastrocnemius and medial gastrocnemius architecture variables that were produced by a stepwise regression
procedure.

lateral gastrocnemius medial gastrocnemius

outcome variable model r’ P model r’ P
fascicle length (mm) 41.2 + 0.80 ATMA 0.249 0.049* N/A N/A N/A
muscle volume (cm?) 439.2-5.47 M 0.629 0.006* 18.2 + 3.89 ATMA 0.408 0.008*

-11.1 ATMA +

0.177 M*ATMA
PCSA (cm?) 93.5-1.12M - 0.419 0.080 -1.99 + 0.459 M 0.340 0.018*

2.42 ATMA +

0.034 M*ATMA

ACSA (cm?) 0.82+0.139M 0.393 0.009* -169+185H 0.319 0.023*

This procedure included body-size variables body mass (M) and body height (H) in addition to Achilles tendon moment arm (ATMA). For the medial gastrocnemius
fascicle length, no predictors except the constant term remained in the model following the stepwise procedure. An asterisk
(*) denotes a significant difference between the resulting model and the constant model at the o = 0.05 level.

https://doi.org/10.1371/journal.pone.0309406.t003
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Fig 8. Interaction plots for the two models determined using stepwise regression that retained the term
representing the interaction between body mass and Achilles tendon moment arm. Lines show the model-
predicted dependence of (A) lateral gastrocnemius muscle volume and (B) lateral gastrocnemius physiological cross-
sectional area (PCSA) on Achilles tendon moment arm for three fixed values of body mass.

https://doi.org/10.1371/journal.pone.0309406.g008

longer LG fascicles, sarcomere operating ranges will be similar across individuals and thus the
loss of force generating capacity (due to more rapid sarcomere shortening velocities) that
might occur with shorter fascicles and longer moment arms is mitigated. It is notable that LG
fascicle length was best predicted by ATMA alone, even when body size is taken into account
(Table 3). Further study is needed to understand how LG contributions to plantarflexor
moment depend on body size; the interactions we found suggest that individuals with higher
body masses rely on greater moment arms and LG muscle size in a way that smaller individuals
do not (Fig 8).

While we did find correlations between muscle size and ATMA for MG, it appears that
these relationships may be attributable to body size. No correlations were found between MG
fascicle length and ATMA, nor between MG fascicle length and height or body mass. Muscles
like MG, with a relatively large PCSA and short fibers, may be better suited for contributing to
postural stabilization [7, 8] rather than for dynamic force production during shortening over
large length changes, compared to muscles like LG that have longer fibers. It is important to
note, however, that muscle contributions to function during movement are determined by
many factors beyond the architecture parameters considered here, including muscle
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composition, motor unit recruitment, and differences in how movements are performed. An
accurate assessment of how muscle architecture contributes to function would need to take
such factors into account.

The correlations we found between ACSA (for both LG and MG) and ATMA could be seen
as evidence of larger plantarflexor muscles having longer ATMAs due to inter-individual dif-
ferences in muscle size previously noted for both the triceps surae [5] and for the elbow exten-
sors [22]. We did not find the ACSA of either muscle to be correlated with ATMA
independent of body size, however. This finding suggests that larger individuals may have
larger muscles that tend to draw the tendon path away from the joint. Maganaris et al. noted a
similar effect when they described increases in ATMA that accompanied triceps surae contrac-
tion [24].

There are certain limitations to this study. Though the present protocol for ultrasound of
muscle architecture is based on the protocols used in prior studies [28, 30, 39, 40], errors may
arise when using this method. Processing images when fascicles extend beyond the ultrasound
field of view, or when fascicular and aponeurotic curvature is excessive, can lead to inaccurate
estimations of fascicle lengths [41]. Additionally, potential errors in fascicle length estimations
can come from tissue deformation due to applying excessive probe surface pressure to superfi-
cial tissues [38] and misaligning the ultrasound probe with the fascicular plane during imaging
[28]. Muscle architecture was also measured only in the central region to estimate average fas-
cicle length for a muscle, but muscle geometry varies by region of measurement. However, the
central region is often used to capture muscle architecture since fascicle lengths tend to be
more homogenous in this region [40], and the fascicle lengths of the present study were com-
parable to those published previously (see above). Furthermore, fascicle length was used as a
proxy for fiber length, and therefore sarcomere lengths, but sarcomere lengths tend to vary by
fibers across muscle region and joint angle [42-45]. However, in the present study, fascicle
lengths were estimated, across participants, within approximately the same joint angle (e.g.,
neutral ankle angle) and region of the muscles (e.g., central). Recent evidence suggests an asso-
ciation between fascicle length and sarcomere lengths by region of the muscle and joint angle
[42], and serial sarcomere numbers tend to adapt in response to typical mechanical loading
patterns to optimize force at routinely expressed joint angles [46, 47]. Lastly, we acknowledge
that some of our measurements of muscle structure were made with the muscles at rest (mus-
cle volumes and ACSA) while other were made with the muscles under load (fascicle length
and pennation angle during standing; ATMA during weight-bearing calf raises). Values mea-
sured for ATMA have been shown to depend on the contractile state of the triceps surae [5,
24], and it is possible that this mismatch could have affected our results. This concern is miti-
gated somewhat because skeletal muscle volume changes between rest and contraction have
been demonstrated to be negligible [48] and because all other measures except ACSA are
made under some form of load.

The findings of the present study suggest avenues for further study on how plantarflexor
muscle architecture adapts to ATMA and on the determinants of muscular plantarflexor
moments. Our finding that fascicle length is positively correlated with ATMA for LG suggest a
preservation of muscle length and velocity operating ranges across individuals that should be
investigated further using techniques that permit assessment of sarcomere lengths. We did not
find an association between fascicle length and ATMA for MG, and future work should con-
sider whether this architecture, seemingly well suited to static stabilization, prevents MG from
contributing positive work during dynamic shortening tasks in some individuals. The positive
correlations found between size variables (for both LG and MG) and ATMA are similar to
recent evidence that differences in muscle size is associated with variation in ATMA [5, 22,
23]. The present results identifying relationships between architecture variables cannot say
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anything directly about how these associations come about, whether it is through training his-
tory, genetic determinants, or other factors. Further study is needed using approaches that per-
mit control of such factors, such as animal models.
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