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Medial gastrocnemius muscle growth during
adolescence is mediated by increased fascicle diameter
rather than by longitudinal fascicle growth

Guido Weide,"? Peter A. Huijing," Josina C. Maas,? Jules G. Becher,? Jaap Harlaar? and
Richard T. Jaspers'

'Faculty of Human Movement Sciences, Laboratory for Myology, MOVE Research Institute Amsterdam, VU University
Amsterdam, Amsterdam, The Netherlands

2Department of Rehabilitation Medicine, MOVE Research Institute Amsterdam, VU University Medical Center, Amsterdam, The
Netherlands

Abstract

Using a cross-sectional design, the purpose of this study was to determine how pennate gastrocnemius medialis
(GM) muscle geometry changes as a function of adolescent age. Sixteen healthy adolescent males (aged 10-19
years) participated in this study. GM muscle geometry was measured within the mid-longitudinal plane
obtained from a 3D voxel-array composed of transverse ultrasound images. Images were taken at footplate
angles corresponding to standardised externally applied footplate moments (between 4 Nm plantar flexion and
6 Nm dorsal flexion). Muscle activity was recorded using surface electromyography (EMG), expressed as a
percentage of maximal voluntary contraction (%MVC). To minimise the effects of muscle excitation, EMG
inclusion criteria were set at <10% of MVC. In practice, however, normalised EMG levels were much lower. For
adolescent subjects with increasing ages, GM muscle (belly) length increased due to an increase in the length
component of the physiological cross-sectional area measured within the mid-longitudinal plane. No difference
was found between fascicles at different ages, but the aponeurosis length and pennation angle increased by
0.5cm year™' and 0.5 ° per year, respectively. Footplate angles corresponding to externally applied 0 and 4 Nm
plantarflexion moments were not associated with different adolescent ages. In contrast, footplate angles
corresponding to externally applied 4 and 6 Nm dorsal flexion moments decreased by 10 ° between 10 and 19
years. In conclusion, we found that in adolescents’ pennate GM muscles, longitudinal muscle growth is
mediated predominantly by increased muscle fascicle diameter.

Key words: adolescents; development; gastrocnemius medialis; growth; hypertrophy;
physiological cross-sectional area; ultrasound imaging.
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Introduction

Skeletal muscles have the ability to adapt size and length—
force characteristics to meet functional demands in daily
life. During the process of maturation, skeletal muscles
need to adapt in length to accommodate for bone growth
(Haines, 1932), and they increase in their physiological
cross-sectional area (PCSA) to generate sufficient force over
a muscular length range corresponding to the required
range of joint motion in daily life movements.

Correspondence

Richard T. Jaspers, Faculty of Human Movement Sciences, Laboratory for
Myology, MOVE Research Institute Amsterdam, VU University Amster-
dam, Van der Boechorststraat 9, 1081 BT Amsterdam, The Netherlands.
T: 00 31 20 5988463, E: r.t.jaspers@vu.n/

Accepted for publication 3 March 2015
Article published online 16 April 2015

Length—force characteristics of a muscle can typically be
described by optimum length, active slack length and
length range of active force exertion, as well as optimal
active force. However, in vivo, the feasibility of assessing
such variables is extremely low. Major morphological deter-
minants of variables of muscle length-force characteristics
are muscle physiological cross-sectional area, muscle fibre
length (i.e. number of sarcomeres arranged in series) and
lengths of serial elastic components (aponeurosis and ten-
don), as well as the angle of pennation [Y(fasc); Huijing,
1985]. Morphological assessment of muscle geometry
in vivo is feasible using ultrasound imaging (Kawakami
et al. 1993; Bénard et al. 2009).

Recent application of ultrasound imaging has enhanced
insight regarding childhood growth of human m. gastroc-
nemius medialis (GM). During childhood (5-12 years), GM
develops by uniform scaling: both fascicle length [/(fasc)]
and length component of physiological cross-sectional
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area (¢Af) increase, without any change in y(fasc) (Bénard
et al. 2011). In adolescents, growth mechanisms may be
different from that of childhood, as from the onset of
puberty, sex hormones play an important role in tissue
and organ growth (Round, 1999). During human adoles-
cence, the muscle belly length, and tendon and fascicle
length of knee-extensors (mm. vastii medialis/intermedius/
lateralis as well as of m. rectus femoris) and m. gastrocne-
mius lateralis (GL) are reported to increase proportionally
(Morse et al. 2008; O'Brien et al. 2010). However, relative
increases in Af are bigger than those of fascicle length
(Morse et al. 2008; O'Brien et al. 2010). Previous to ultra-
sound imaging techniques becoming widely available,
most knowledge regarding changes in muscle geometry
during adolescent growth has been derived from animal
studies. During pre-adolescent development, for rats, an
increase of GM muscle belly length is achieved without
addition of sarcomeres in series [i.e. increase in /(fasc);
Woittiez et al. 1986; De Koning et al. 1987; Heslinga &
Huijing, 1990]. During adolescence, serum levels of
growth factors are increased (Clark & Rogol, 1996; Rogol
et al. 2002). For ex vivo cultured mature muscle fibres,
such growth factors induce hypertrophy, and no addition
of sarcomeres in series (Jaspers et al. 2008; Watt et al.
2010). Therefore, if elevated serum levels of growth fac-
tors are involved in muscle development, their effects are
likely to appear as hypertrophy rather than as addition
of sarcomeres in series.

The main objective of the present study was to investi-
gate how human GM muscle geometry adapts during ado-
lescence, and to investigate whether these adaptations
involve muscle fascicle length increases, as seen in children,
or exclusively involve muscle trophy effects increasing physi-
ological cross-sectional area (Af), as seen in adolescent rats.
We hypothesised that GM longitudinal growth is mediated
by an increase in the length component of the physiological
cross-sectional area of the muscle rather than by an increase
in fascicle length.

Materials and methods

Subjects

Sixteen male Caucasian participants aged between 10 and 19 years
volunteered to participate in this study. Before participating, sub-
jects and parents (if subjects aged younger than 18years) were
informed about the nature of the experiment and signed for
informed consent. The study complies with the declaration of Hel-
sinki, and was approved by the Faculty of Human Movement Sci-
ences Ethics Committee. Prior to participation in this study, it was
established that participants were free of major physical disorders
and were not involved in training that might have dramatically
affected muscular hypertrophy. Growth effects during adolescence
were studied on participants with ages ranging from 10 to 19 years,
as full epiphyseal unions of lower limb long bones are confirmed at
the age of 20 years (Cardoso, 2008).
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Anthropometry

For all subjects, measurements were performed by the same asses-
sor. Prior to subsequent assessments, body height and body mass
were measured, and tibia length ¢(tib) of the target leg was approx-
imated as the mean of distances measured medially and laterally
from the tibia plateau to the most prominent spot of the malleolus
on the appropriate side.

Gonio-dynamometer:  externally applied ankle

moments induced footplate angles

Footplate angles attained in response to different external
moments applied on the footplate were quantified to assess charac-
teristics of the GM muscle. Subjects were lying prone on a examina-
tion table with both feet protruding over the edge (i.e. free
movements at the ankle). The right leg was positioned centrally on
the table with the tibia aligned horizontally. If needed, supports
were used to elevate the distal part of the lower leg to attain such
alignment (Fig. 1a). Measurements were performed using a cus-
tom-designed apparatus (Bénard et al. 2010), consisting of an
adjustable footplate and a torque wrench equipped with an incli-
nometer (below referred to as the gonio-dynamometer; Huijing
et al. 2013). The gonio-dynamometer could be docked in the foot-
plate (Fig. 1a) and move the ankle (i.e. angle-fixator detached).
Dorsal flexion angle and moments are indicated as positive values.

The adjustable footplate allows adjustments aimed at fixing the
subtalar joint during footplate rotations (for details, see Huijing
et al. 2013). Externally moments or footplate angles were either
applied or measured for a total of five conditions in the following
order: (i) footplate angle corresponding to 0 Nm (9 nm); (ii) foot-
plate angle corresponding to —4 Nm (Ppjantar —a nm); (iii) footplate
angle corresponding to 4 Nm (Pgorsai 4 nm); (iv) externally applied
moment corresponding to 0 ° footplate angle; (v) footplate angle
corresponding to 6 Nm (Pyorsal 6 nm)- FOr each condition, measure-
ments were repeated eight times, each held for 5 seconds, with 5
seconds rest in between. In order to minimise the effects of hystere-
sis, 2 minutes of rest was taken between consecutive measurement
conditions.

Three-dimensional ultrasound imaging

Based on moment-angle footplate results, ultrasound scans of a
part of GM volume were collected at 0 Nm (99 nm) and 6 Nm (Pyorsal
6 nm) dorsal flexion moment exerted. From these ultrasound scans,
mid-longitudinal images were reconstructed to examine muscle
geometry. Three-dimensional ultrasound imaging was preferred
over a more conventional 2D approach because of pilot work indi-
cating improved results for the 3D approach. Table 1 shows the
results for two human cadavers, comparing 2D and 3D ultrasound
techniques to anatomical measurements after dissection.

Footplate angles were fixed at the angle corresponding to the
footplate angle-moment measurements (Fig. 1a). Once fixed, a
continuous ultrasound scan was made along the middle of the mus-
cle belly towards the distal end of the tendon with the ultrasound
transducer in a transverse orientation using a B-mode ultrasound
device (Technos MPX; ESAOTE S.p.A., Italy) and a 5-cm linear array
probe (12.5 MHz; Fig. 1b). Ultrasound video was sampled at 25 Hz
using an AD-video converter (Canopus ADVC-330, Grass valley)
connected via a FireWire cable to a computer. During the scan, a
single Optotrak 3020 system (Northern Digital, Waterloo, ON, Can-
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ada) was used to track a 3-marker frame that was mounted to the
probe. Position and orientation data were sampled at a frequency
of 25 Hz. Prior to imaging, the setup had been calibrated by track-
ing a cross-point of two wires in a water cube. For that purpose,
probe position and orientation were changed while keeping the
cross-wire visible within the ultrasound video (Prager et al. 1998).

The protocol used for ultrasound scans was as follows. First,
skin markers indicating the location of lateral and medial con-
dyles were applied, as well as markers indicating the lateral and
medial border of GM along its length (Fig. 1b, markers 1-4,
respectively). Thereafter, a thick layer of gel (about 5mm) was
used to cover the scanning area, thereby increasing the probe
contact surface area and minimising pressure exerted on the skin
and underlying muscles. At the start of the scan, the probe was
positioned at a longitudinal orientation with respect to the GM,
slightly lateral to the lateral condyle. Next, without changing ori-
entation, the probe was moved towards the medial condyle.
Subsequently, probe orientation was changed to being transverse
with respect to GM, and the scan continued within the borders
drawn on the skin towards the most distal part of the Achilles
tendon (Fig. 1b, marker 6).

Post-experimentally, using software custom-programmed in maT-
LA, ultrasound probe position, orientation and video output data
were used to create a 3D image of the scanned muscle (Gee et al.
2004). Based on the probe position and orientation, 2D ultrasound
images consisting of pixels with grey values were placed within a
designated 3D volume consisting of voxels (3D pixels). Voxels that
were left empty were completed by nearest-neighbour interpola-
tion of nearby assigned voxels (Gee et al. 2004).

Electromyography (EMG)

During gonio-dynamometer and ultrasound measurements, surface
EMG of the tibialis anterior (TA) and GL muscles was collected in
order to quantify muscle excitation. For the ultrasound measure-
ment, we needed the surface of the GM to be free of electrodes,
and we assumed activity levels in both heads of the gastrocnemius
to be similar. The preparation of the skin and placements of the
EMG electrodes was performed according to SENIAM instructions
(Freriks et al. 1999). According to SENIAM instructions, electrode
longitudinal position was set at 1/3 the distance from origin to

insertion. Based on palpation, the electrodes were positioned at the
centre of the muscle width. Using a multichannel system (MOBI;
TMS-International, The Netherlands), EMG signals were A/D con-
verted at 1024 Hz and synchronously recorded on a PC.

Prior to gonio-dynamometer and ultrasound measurements,
participants were asked to perform a 5 seconds isometric maxi-
mal voluntary contraction (MVC; against resistance supplied by
the assessor) towards dorsal and plantar flexion. During this
MVC, participants lay prone on the table while the footplate
angle was kept perpendicular to the tibia (i.e. at 0° angle). Post-
experimentally, EMG signals recorded during gonio-dynamometer
and ultrasound measurements were high-pass filtered at 20 Hz,
to suppress movement artefacts, rectified and subsequently low-
pass filtered at 5Hz, to obtain the envelope. Filtered signals for
TA and GL activity during gonio-dynamometer and ultrasound
measurements were normalised for peak TA and GL MVC,
respectively [EMG (%MVC)]. To minimise the effects of muscle
excitation, data from gonio-dynamometer and ultrasound mea-
surements were excluded from analysis if normalised peak EMG
values exceeded 10% of MVC.

Data analysis

Externally applied footplate moments and resulting
footplate rotation

Data obtained during gonio-dynamometer measurements were
averaged over five trials for each condition for each participant
individually.

Variables of GM geometry

Using a custom-made image analysis tool, programmed in mATLAB
(version 7.1; The Mathworks), variables of muscle geometry were
measured (described in detail in Bénard et al. 2011). The mid-longi-
tudinal plane of the muscle belly was determined by placing mar-
kers at the following tree locations (Fig. 1c, markers 7-10,
respectively). Within the transverse plane, a first marker was posi-
tioned at a % distance between the most prominent aspects of the
medial and lateral femur condyles. The position of this marker
serves as a representative of the most proximal part of the muscle
belly, thereby neglecting the fact that the origin of the GM runs

Fig. 1 Diagram of set-up of gonio-dynamometer and ultrasound measurements. (a) Exerting moments: lower right-leg is shown in a lateral sagittal
view. This leg is supported in a horizontal orientation. The foot is fixed to the foot-fixation, which in turn is rigidly connected to the hand-held go-
nio-dynamometer. The dynamometer is used both to apply an external moment and consequently measure the corresponding degree of sagittal
footplate rotation. During the exertion of moments and measuring resulting footplate angle, the angle-fixator is not used. (b—d) Details of 3D ultra-
sound recordings. For scans with the ultrasound probe, the footplate angle is fixed with the angle-fixator at angles corresponding to those
recorded during exertion of 0 and 6 Nm dorsal flexion. (a) An example of a path of the scan of ultrasound probe. The scan starts at the lateral
femur condyle (marker 1), and continues towards the medial condyle (marker 2). Then, the probe is rotated to image gastrocnemius medialis (GM)
transversally, and the scanning path continues through the middle between lateral and medial markers (3 and 4) indicating GM borders towards
the most distal part of the muscle belly (marker 5), subsequently continuing along the Achilles tendon to the calcaneus marker (6). (b) Three orien-
tation markers are used to determine the mid-longitudinal plane: at % distance between the medial (marker 2) and lateral (marker 1) most promi-
nent point of the femur condyles was used to determine the GM origin (7), at the most distal part of the muscle belly (8), and at a line
perpendicular to the tangent of the distal aponeurosis in the transverse plane (dotted line near marker 8) (9). An additional marker is placed at the
central intersection of the Achilles tendon and the calcaneus to measure tendon length (10). (c) Measurement of muscle geometry within the GM.
In steps: (1) muscle belly length (¢m), i.e. between the origin and muscle-tendon junction; (2) tendon length (¢t) from the distal end of the muscle
belly to the calcaneus bone; (3) #fasc is calculated at 1/3 of the muscle belly, with the chosen orientation and the inclination between the specified
proximal and distal aponeurosis; (4) fascicle-aponeurosis angle Y(fasc), being the mean of the angle between the fascicle line and the proximal
and distal aponeurosis; (5) aponeurosis length (¢a), determined as the longest side of the parallelogram (planimetric muscle model) constructed
[consisting ¢m, £(fasc) and Y(fasc)l; (6) length component of physiological cross-sectional area (¢Af), perpendicular to both fascicle line and extrapo-
lated aponeurosis line. (d) Planimetric muscle model in which all geometric variables are displayed on site.

© 2015 Anatomical Society



into the popliteal fossa. The second marker was positioned at the
most distal end of the GM muscle belly in the middle of the distal
aponeurosis within the transverse plane. The third marker was
placed within the same transverse plane perpendicular to the distal
aponeurosis from the second marker. Based on a cadaver study by
Bénard et al. (2009), the plane composed of these three markers
has proved to be a good estimate of the orientation of the mid-lon-
gitudinal plane regardless of individual variation of GM detailed
anatomy. Finally, within the transverse plane a final marker was
placed at the attachment point of the Achilles tendon (most proxi-
mal) onto the calcaneus bone allowing measurement of tendon
length. Repeatability of finding the target plane within the 3D
reconstruction was tested in a pilot study. Two consecutive scans
were compared for five subjects. Repeatability was expressed in
terms of the coefficient of variance of distance between the ana-
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tomical landmarks [COV = (SD/mean)*100%)]. The results revealed a
high repeatability COV = 1.00% (range: 0.36-1.54%).

Within the GM mid-longitudinal plane, muscle geometry vari-
ables were assessed (Fig. 1d). (i) Within this plane at a distance cor-
responding to % of muscle belly length from the estimated origin,
between the proximal and distal aponeurosis, a line was plotted
and rotated as a visual aid to match orientation of the target mus-
cle fascicles. (ii) For measurements of fascicle length, five markers
were positioned on both the proximal and distal aponeurosis sur-
rounding the intersection with the target muscle fascicle. To deter-
mine aponeurosis orientations, polynomials were plotted best
fitting the five markers for each aponeurosis. Using the marked
locations, the following variables were assessed and calculated
within the mid-longitudinal plane constituting a modelled parallel-
ogram (planimetric muscle model; Van der Linden et al. 1998a;
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Fig. 1e): (i) muscle belly length (¢m), i.e. distance between estimated
origin and distal end of the most distal fascicle; (ii) ¢(fasc) calculated
as the distances along the line representing the fascicle and its
intersection with the fitted polynomials; (iii) fascicle aponeurosis
angle Y(fasc) being the mean of: (a) the sharp angle between the
fascicle line and the tangent of the polynomial at the intersection
with the distal polynomial; and (b) the sharp angle between the fas-
cicle line and the tangent of the polynomial at the intersection with
the proximal aponeurosis polynomial; (iv) aponeurosis length (¢a),
determined as the longest side of the modelled parallelogram con-
structed by /m, /(fasc) and Y(fasc); (v) the length component of the
physiological cross-sectional area (¢Af), being the sum of all fibre
diameters within the muscle including associated extracellular
matrix materials within the mid-longitudinal plane (Fig. 1e; Van der
Linden et al. 1998b); and (vi) muscle-tendon complex length, being
the distance between the representation of the most proximal part
of the muscle belly and the most proximal attachment point of the
Achilles tendon on the calcaneus.

A pilot study for the present subject population indicated that
making use of more than three independent estimates of the mid-
longitudinal plane, standard variation did not decrease further.
Within each selected plane, three analyses of muscle geometry were
used in further statistical analysis, so in total nine variables were
calculated. Standard deviations of variables of muscle geometry
(within each individual) were relatively small (max < 9%, on average)
and did not decrease any further when a higher number of estimates
was made. An additional pilot study showed high repeatability
(expressed in terms of coefficient of variation) in variables of muscle
geometry measured post-experimentally between two reconstructed
scans (COV about 4% in both fascicle length and pennation angle).

Statistics

Relationships between anthropometric variables and age were
examined by linear regression analyses, and assessed using scatter
plots. Regression line slopes and Pearson’s coefficients of correla-
tion were calculated using SPSS (version 20.0; SPSS). The relation-
ships between dependent variables of muscle geometry [i.e. /m, ¢t
((fasc), Y(fasc), ¢a, (Af] and independent variable age were exam-
ined using generalised estimating equations techniques (GEE; SPSS,
version 20.0; SPSS), allowing correction for dependency of repeated
measures of one factor (i.e. condition), and were used to test for
main effects of net ankle moments and age. In addition to age,
tibia length plays an important role in muscular development of
adolescents. In order to examine the effects of tibia length on mus-
cle development, length variables of muscle geometry were norma-
lised for tibia length. GEE was also used to test for significant
effects of age on normalised dependent length variables /m//tib, (t/
(tib, ((fasc)/ttib, ¢alttib, ¢Af/¢tib and independent variable age. The
level of significance for all statistics was set at P < 0.05.

Table 1 Comparison of 2D and 3D ultrasound imaging results to ana-
tomical measurements.

Cadaver Method {(fasc) (cm) Y(fasc) (°)

1 Section 4.17 12.09
2D ultrasound 3.95 (-5.3%) 10.12 (—-16.3%)
3D ultrasound 4.19 (+0.4%) 10.65 (—11.9%)
2 Section 3.40 28.33
2D ultrasound 4.24 (+24.8%) 25.60 (—9.6%)
3D ultrasound 3.48 (+2.48%) 29.79 (+7.9%)

Results

Anthropometric variables

Sixteen male adolescent Caucasian subjects (mean age +
SD: 15.2 + 3.1 years, ranging from 10 to 19 years) partici-
pated in this study.

Body mass, body height and tibia length increased by 4.2
kg year™', 4.2cm year ' and 0.8cm year ', respectively
(Table 2: Fig. 2). With age, for every 1 cm increase in body
height, body mass increased by 1.0 kg. For each 1 cm gain
in tibia length, body mass increased by 5.2 kg.

Degree of muscle excitation

During gonio-dynamometer and ultrasound measure-
ments, EMG activity recordings were used to quantify
muscle excitation. For all participants, maximal muscle
excitation of both TA and GL ranged between 0.3 and
7.9%MVC, and mean £SD=1.24+ 1.1%MVC. Such low
levels of muscle excitation scored well below the criterion
a priori set at 10%MVC.

Potential contributions of foot deformation to
changes in footplate angle

To check for potential age-related changes in contributions
to dorsal flexion footplate rotation by deformations of
fore- and midfoot, the following arguments were consid-
ered. If growth of tibia lengths was the only factor consid-
ered, muscle-tendon complex length (/fm+t, being the sum
of muscle belly and tendon length) normalised for tibia
length (¢m+t/¢tib) should attain equal values for equal foot-
plate angles at different ages, unless some changes in foot-
plate angle were allowed by acute foot deformation
(Huijing et al. 2013). At a footplate angle =0°, /m+t//tib
did not differ (P=0.59) between the younger (10-14 years)
and older subjects (15-19 years) in the adolescent group
(Fig. 3). Therefore, we have no indication that potential
contributions of deformation of fore- and midfoot at dorsal
flexion footplate angles change as a function of age.

During adolescence, dorsal flexion range of motion
decreased significantly (Fig. 4). Footplate angles corre-
sponding to externally applied 4 and 6 Nm (dorsal flexion)
decreased significantly by —1.03 and —0.99° per vyear,
respectively (Fig. 4). In contrast, footplate angles at 0 and
—4Nm (plantar flexion) were not age-related (Table 3;
Fig. 4).

Adolescent growth; effects on variables of GM
geometry

Adolescent growth is accompanied by increases of GM belly
length at a rate of 0.5cm year ' (Fig. 5a). During adoles-
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Fig. 2 Growth-related changes of
anthropometrical variables of adolescent boys
as a function of age. (a) Body height (cm), (b)
body mass (kg) and (c) tibia length (cm)
[¢(tib)]. All of the presented anthropometric
variables changed significantly with factor

Body height (cm)
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Fig. 3 Test for the effects of age on potential effects of foot defor-
mation on footplate angles. It has been shown by Huijing et al. (2013)
that deformation within mid- and forefoot potentially contributes to
changes in dorsal flexion footplate angle. This would cause differences
in muscle-tendon complex lengths when compared at equal angles.
However, differences in tibia length between the youngest and oldest
participants (see also Fig. 2c) would create similar inequalities that
should, however, be removed after normalisation for tibia length.
Mean values and SE of muscle-tendon complex length normalised for
tibia length (¢m+t/¢tib) are plotted as a function of footplate angle.
Footplate angle is presented as the deviation from its value with the
tibia bone perpendicular to the footplate. At footplate angle =0 °,
/m+t/¢tib did not differ (P=0.59) between the younger (10-14 years)
and older subjects (15-19 years) of the adolescent group. Therefore,
we have no indication that potential contributions of deformation of
fore- and midfoot at dorsal flexion footplate angles change as a func-
tion of age.

cence, potential increases of ¢t are fully obscured statisti-
cally by substantial inter-individual variation not related to
growth, so no significant effects could be shown. However,
the data suggest that growth rates of 0.4 cm year ' seem
feasible (Fig. 5b), so that final judgement regarding tendon
length should be deferred. The intramuscular length vari-
ables ¢Af and (a increased significantly with age (increases
of 0.3 and 0.5 cm, respectively; Fig. 5d,e). However, /(fasc)
was not associated with age (Fig. 5¢). As /(fasc) is to be con-
sidered unchanged, major increases in /m can only be
ascribed to net effects of geometric changes found in /Af
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Fig. 4 Externally applied ankle moments and induced footplate rota-
tion. Induced footplate angles at 6 Nm dorsal, 4 Nm dorsal, 0 and 4
Nm plantar flexion are shown over age. Individual values are plotted,
and the corresponding measured angles for 6 and 4 Nm dorsal flexion
(dfl) changed significantly with age; whereas 0 and 4 Nm plantar flex-
ion (pfl) did not change with age. Correlation coefficients r with age
are shown for the four conditions.

and ¢a, and more minor possible effects of Y(fasc). The latter
variable increased significantly (at a rate of 0.5 ° per year),
which, if present in isolation, would yield small decreases of
¢m. The fact that Y(fasc) does increase indicates that effects
of increasing ¢a are not sufficient to fully accommodate
increases in summed fibre diameters (trophy) within the
mid-longitudinal GM plane (Fig. 7).

Does segment length explain growth in muscular
length variables?

Figure 6 presents length variables of GM normalised for
tibia length. GEE indicates that a significant main effect
cannot be shown for any of the length variables normalised
for tibia length [¢t/¢tib, ¢a/ttib, ((fasc)/ftib], with the notable
exception of (Af, normalised for /tib. This indicates that
effects of increasing Af (i.e. trophy) of muscle fibres as a
function of age are explained by more factors than just
tibia growth. Changes of other normalised length variables
are quantitatively explained by tibia growth, unless true
deviations from this principle are obscured by substantial
variation of these variables inter-individually.
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Table 2 For ages between 10 and 19 years, intercept at age 10 years
and increases per year of anthropometrics and correlation coefficient r
with age are presented.

Increase Intercept at Correlation
Variable per year age 10 years with age (r)
Age (years) 1 10 1%
Body height (cm) 4.2 146.4 0.9*
Body mass (kg) 4.2 35.5 0.9*
£(tib) (cm) 0.8 345 0.7*

The increase and intercept values are based on regression analysis.
*=p<0.05

Table 3 For ages between 10 and 19 years, intercept at age 10 years,
and increases per year of standardised ankle moments and resulting
footplate angles and correlation coefficient r with age are presented.

Increase Intercept at Correlation
Condition per year age 10 years with age (r)
Pdorsal 6 Nm (o) -1.0 20.3 —0.6*
Qdorsal 4 Nm (O) -1.0 15.0 —0.7*
o nm (°) -0.2 -7.8 -0.2
Qplantar —4 Nm ) 0.8 —-46.6 04
*=p<0.05

These results indicate that during adolescent growth, mus-
cle belly length increases are mediated by fascicle trophy and
concomitant increases of aponeurosis length and angle of
pennation between muscle fibres and aponeurosis [Y(fasc)].

Discussion

In agreement with our hypothesis, our present results indi-
cate that, during adolescence, GM muscle geometry adapts
to changing functional demands by increasing the length
component of the physiological cross-sectional area without
changing fascicle length. Simultaneously, dorsal footplate
angles measured at standardised conditions decrease. In
contrast, footplate angles at standardised neutral and plan-
tarflexion positions were not associated with age (Fig. 4).

Limitations of the study

The following limitations regarding the 3D ultrasound and
gonio-dynamometer techniques are described extensively
and discussed by Bénard et al. (2009, 2010, 2011).

1 Images obtained using 3D ultrasound have a lower
spatial resolution than images obtained with 2D ultra-
sound.

2 Externally applied moments are measured on the foot-
plate. Ideally, we would like to know the net moment
at the talocrural joint.

3 The measured footplate angles at the standardised
moments are not solely an effect of GM architecture.

4 Implicit assumption of homogeneity of fascicle-related
variables (length and angle).

However, two additional limitations should be pointed
out.

1 Comparing geometry during adolescence requires
examination at a (at least similar) reference length.
Ideally this length would be muscle optimum length
(i.e. muscle length at which actively optimal force
is attained). For adult plantar flexors, muscle opti-
mum length was approximated (to be between +15°
< footplate < +20 °; Sale et al. 1982). For adolescents,
the joint ankle at which plantar flexor muscles attain
optimum length is unknown and may even change with
age. In order to properly determine in vivo muscle opti-
mum length, new techniques need to be developed for
determining in vivo sarcomere lengths. Until such time,
we are limited to making comparisons with external
conditions set as similar as possible, or not studying the
phenomena at all.

2 Comparing anthropometric and geometric variables
with chronological age during adolescence yields sub-
stantial variances (Nordentoft, 1964; Nottelmann et al.
1987), possibly caused by individual variation, and
effects of factors such as pubertal stage or hormonal
levels. These factors may confound results particularly
with a cross-sectional study design, and to overcome
effects of these factors, ideally a longitudinal study
design should be executed. However, such an
approach was not feasible for us at the present time.

Anthropometric changes during adolescence and
implications for GM muscle adaptation

In our cross-sectional sample (10-19 years old), comparison
of mean growth rates of body mass show that body mass
increased four times with body height as a function of age.
Such proportional growth rates resemble those reported
for a large cohort of similar aged adolescents (WHO, 2007;
body mass: 5kg year ' and body height: 3.87 cm year ).
Comparison of anthropometric changes reported for chil-
dren (5-12years old) reveals that mean growth rates for
body mass and height of children (3.9 kg year ' and 5.78
cm year™ ", respectively; WHO, 2007) differ from adoles-
cents. For each centimetre increase in body height, children
gain 0.67 kg of body mass, while adolescents gain 1.29 kg
body mass (according to WHO, 2007). This implies that with
a comparable amount of body height growth, adolescents
need to account for relatively twice as much body mass as
children.

Comparison of tibia length growth of adolescents and
children indicates substantial differences. Mean tibia
growth rates for adolescents [0.97 cm year ™' (present data)]
are half those of children (1.91 cm year™"; Oeffinger et al.
2010; Bénard et al. 2011). Along with the decrease in body
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height growth, tibia length growth decreases. With every 1
cm increase in tibia length, children gain 2.04 kg while ado-
lescents gain 5.15kg of body mass. To account for the
higher body mass imposed moment's muscular adaptations
are necessary to provide sufficient force over the muscle
length range corresponding to daily life movements.

Geometrical
adolescence

adaptations in human GM during

Given the changes in body mass and tibia length during
adolescence, it is expected that during adolescence GM
muscle tendon-complex will increase its optimum length
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and physiological cross-sectional area (Morse et al. 2008;
O’'Brien et al. 2010). It has been postulated that muscle
length is regulated such that muscle optimum length is
attained at a joint angle at which the muscle is most fre-
quently active (Herring et al. 1984; Huijing & Jaspers, 2005).
Our present results regarding absolute GM muscle-tendon
complex length at externally applied 0 and 6 Nm moments
agree to a large extent with that postulation, as during
adolescence GM length increased proportionally to tibia
length. However, an increase in tendon length, as a func-
tion of age, could not be confirmed statistically. Even so, it
is likely that such a lack of statistical evidence is caused by
high individual variation of muscle belly and tendon
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lengths (e.g. comparatively short tendons observed in two
subjects).

To determine how GM muscle belly adapts during adoles-
cence, we measured variables of GM geometry at different
ages. A major finding was that fascicle length did not

change in subjects with increasing age. In contrast, for chil-
dren, increases in /(fasc) as well as /Af have been shown for
GM (Bénard et al. 2011). It should be noted that, because of
the very high degree of pennation of the GM, in addition
to increases in fascicle length, ¢Af will also contribute to

© 2015 Anatomical Society



muscle belly length (Swatland, 1980). However, finding high
fascicle angles with the aponeurosis does not necessarily
imply that the muscle is more pennate, as for the degree of
pennation also angular orientation with respect to the line
of pull (angle alpha) should be considered (Zuurbier & Huij-
ing, 1993; angle alpha could also be small in combination
with high values of fascicle angle with the aponeurosis; Wil-
lems & Huijing, 1992). Whenever the angle alpha is small,
increases in ¢Af will not contribute much to increases in
muscle belly length. The present results show that, during
adolescence, ¢Af increases contribute substantially to GM
length growth. Note that, /Af increases induced by trophy
are more likely to occur than those induced by hyperplasia
(cf. Rowe & Goldspink, 1969; Goldspink, 1972).

Most knowledge regarding changes in muscle geometry
during adolescent growth is derived from studies conducted
in young adult rats (Woittiez et al. 1986; De Koning et al.
1987; Heslinga & Huijing, 1990; Heslinga et al. 1995) of
comparable human adolescent ages (cf. Quinn, 2005; rats
reach sexual maturity at about 50 days and humans at
about 11.5 years). Similar to our present findings, GM mus-
cle belly length in adolescent rats was shown to increase
due to trophy, as no increase in fascicle length was found
(Woittiez et al. 1986; De Koning et al. 1987; Heslinga & Hu-
ijing, 1990). Muscle fibre lengths did not change as no sar-
comeres in series were added. Apparently, addition of
sarcomeres in series was not necessary as trophy-induced
increases in muscle belly length matched increases in tibia
length (Heslinga et al. 1995). In contrast to very pennate rat
GM, less pennate rat m. soleus increased predominantly by
the addition of sarcomeres in series as a result of the strain-
induced /(tibia) length growth (Heslinga et al. 1995). These
studies imply that mechanical factors responsible for addi-
tion of serial sarcomeres with fibres of similarly strained
muscle are less in very pennate muscle than a much less
pennate muscle. Therefore, we conclude that the fascicle
orientation affects the mechanism of muscular adaption.

Our present results are in accordance with results on mus-
cle characteristics in human adolescents mainly focusing on
muscle fibre size (trophy; Aherne et al. 1971; Vogler & Bove,
1985; Oertel, 1988). In boys aged 0-14 years, post mortem
examination of gastrocnemius muscle shows that fibre size
increased (by 124 pm? year™'; Aherne et al. 1971). Different
rates of increase were reported for different muscles
(m. quadriceps, m. vastus lateralis, m. rectus femoris,
m. deltoideus, m. biceps brachii; Aherne et al. 1971; Vogler
& Bove, 1985; Oertel, 1988). However, rates of fibre size
increase normalised for values at age = 10 years are quite
similar, as shown by our calculations from these studies.
Mean muscle fibre size growth after adolescence (> 19
years) stops (Lexell & Taylor, 1991; Lexell et al. 1992).

In vivo ultrasound data of boys and adults indicate that the
muscle belly, tendon and fascicle length of the knee-exten-
sors and GL adapt proportionally (Morse et al. 2008; O’Brien
et al. 2010). Our finding is not in agreement with such results
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for the GM muscle. However, relative increases in physiologi-
cal cross-sectional area precede increases in fascicle length in
knee extensors as well as GL similar to our GM results, indicat-
ing that adult muscles are to be considered more suitable for
force generation. Morse et al. (2008) conducted measure-
ments on ultrasound images of GL in boys (n=11, age =
10.9 + 0.3 years) and men (n=12, age = 25.3 + 4.4 years). It
should be noted that no information on moments exerted
was considered. They reported that, in vivo, lengths of the
muscle belly, tendon and fascicle adapt proportionally with
muscle-tendon complex length allowing pennation angles
[of fascicles with the aponeurosis Y(fasc)] to remain similar.
For knee extensors, O'Brien et al. (2010) reported similar
findings for such comparisons between men and boys. Our
present findings are not in accordance with these reports.
Despite the fact that a part of m. gastrocnemius has been
the object of study in our work and that of Morse et al.
(2008), such differences are quite likely affected by differ-
ences in muscle geometry, as well as in the functional role
between these two different heads. The GL is less pennate
and has longer fascicles (more serial sarcomeres) than GM,
making the GL more suitable for activity at higher shortening
velocities (Huijing, 1985; Maganaris et al. 1998; Abe & Fukas-
hiro, 2001). In addition, the conditions of measurements may
have contributed to the differences. For example, in order to
reach 20 ° footplate dorsal flexion in our youngest subjects,
we had to apply an external moment of 6 Nm. Because we
found that the footplate angle corresponding to 6 Nm dorsal
flexion decreased as a function of age, an even higher addi-
tional external moment (> 6 Nm) must have been applied by
Morse et al. (2008) to attain the same footplate angle in
adults. This makes it conceivable that, in their case, some
acute stretching of fascicles may have confounded measure-
ment of effects of longer term adaptation of fascicle length
in adults. GM has to adapt to both length and force condi-
tions altered by the effects of growth. However, during ado-
lescence apparently increases in (Af match with GM length
changes of the increased tibia length without persistent
straining of muscle fibres that would lead to increases in
serial sarcomeres numbers within fibres. In contrast, for chil-
dren (5-12 years), having a less pennate GM (Bénard et al.
2011), increases of /Af are not sufficient to allow increases of
¢/m and ¢t to match with longitudinal bone growth, inducing
persistently higher muscle fibre strains, until this stimulus for
addition of serial sarcomeres is removed by adding sarco-
meres in series, which becomes apparent as higher fascicle
lengths in ultrasound images.

Adaptation of GM geometry during adolescence
affects footplate range of motion

During adolescence in males, dorsal flexion footplate angles
(at 4 and 6 Nm) decrease by about 1 ° per year. With growth,
decreasing ranges of motion are found commonly (Cheng
et al. 1991; Vandervoort et al. 1992). Note, however, that
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depending on the direction of movement, differences may
exist, as we did not find any decrease in the footplate angle
at plantar flexion (at —4 Nm applied external moment). Pas-
sive joint resistance may be affected by changes in joint cap-
sules, ligaments and muscle-tendon complexes (Cheng et al.
1991; Latash & Zatsiorsky, 1993; Gajdosik et al. 1999). How-
ever, contributions of each of these structures to altering dor-
sal ranges of motion are still unknown. The contribution of
GM to ankle joint stiffness has been quantified by several
studies (Riener & Edrich, 1999; Silder et al. 2007). Within the
muscle-tendon complex, joint resistance may be affected by
intracellular elements; via cross-linking of actin-myosin fila-
ments, titin filaments and collagen composition in connec-
tive tissues (i.e. tendons, aponeurosis, endomysia, perimysia
and epimysia; Clark & Rogol, 1996; Gajdosik, 2001; Rogol
et al. 2002; Hoang et al. 2007). A likely explanation for a
decreasing footplate dorsal flexion range of motion, i.e. with
GM increasing in ¢Af, is that resistance to muscle lengthening
increases due to more parallel arranged materials.

In conclusion, in the cross-sectional sample, increases of
tibia length and subsequent GM lengthening allow adapta-
tion as a function of age to be mediated by increases of
(Af. Simultaneously, dorsal footplate range of motion
becomes smaller. Therefore, it is concluded that increases of
(Af contribute both to longitudinal muscle belly growth,
and to increased muscle and joint stiffness. The former is
sufficient to match tibia length increases, so that long-term
adaptation of fascicle length and presumably serial number
of sarcomeres within muscle fibres is not necessary.
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