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Abstract
The aim of this review was to report on the imaging modalities used to assess morphological and architectural properties of the m. triceps surae muscle in typically developing children, and the available reliability analyses. Scopus and MEDLINE (Pubmed)
were searched systematically for all original articles published up to September
2020 measuring morphological and architectural properties of the m. triceps surae in
typically developing children (18 years or under). Thirty eligible studies were included
in this analysis, measuring fibre bundle length (FBL) (n = 11), pennation angle (PA)
(n = 10), muscle volume (MV) (n = 16) and physiological cross-sectional area (PCSA)
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(n = 4). Three primary imaging modalities were utilised to assess these architectural

6

ultrasound (3DUS; n = 9) and magnetic resonance imaging (MRI; n = 6). The mean age
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parameters in vivo: two-dimensional ultrasound (2DUS; n = 12), three-dimensional
of participants ranged from 1.4 years to 18 years old. There was an apparent increase
in m. gastrocnemius medialis MV and pCSA with age; however, no trend was evident
with FBL or PA. Analysis of correlations of muscle variables with age was limited by
a lack of longitudinal data and methodological variations between studies affecting
outcomes. Only five studies evaluated the reliability of the methods. Imaging methodologies such as MRI and US may provide valuable insight into the development of
skeletal muscle from childhood to adulthood; however, variations in methodological
approaches can significantly influence outcomes. Researchers wishing to develop a
model of typical muscle development should carry out longitudinal architectural assessment of all muscles comprising the m. triceps surae utilising a consistent approach
that minimises confounding errors.
KEYWORDS

architectural properties, imaging modalities, musculoskeletal development, paediatrics, triceps
surae
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I NTRO D U C TI O N

Several different imaging modalities can be used to quantify
the architectural parameters of a muscle. The most common mo-

Skeletal muscle architecture is a major determinant of muscle func-

dalities are two-dimensional ultrasound (2DUS), three-dimensional

tion and physical performance (Lieber & Ward, 2011). Architecture

ultrasound (3DUS), and magnetic resonance imaging (MRI). Two-

refers to the internal configuration of the contractile and connective

dimensional B-mode ultrasound represents a non-invasive, safe and

tissue elements of a muscle. Thus, two muscles with similar exter-

accessible method to assess muscle morphology (Lieber & Ward,

nal appearances can function differently because of variations in

2011; Narici, 1999). It is primarily used in research to quantify

internal structure. Internal muscle architecture can be measured

FBL and PA (Chen et al., 2018; Kawano et al., 2018; Kruse et al.,

and quantified in vivo, with various parameters defining aspects of

2018; Legerlotz et al., 2010; Mathewson et al., 2015; Mohagheghi

morphology. These parameters include fibre bundle length (FBL),

et al., 2008; Morse et al., 2008; Shortland et al., 2002; Stephensen

pennation angle (PA), muscle volume (MV), and physiological cross-

et al., 2012; Wren et al., 2010). Additionally, 2DUS ultrasound has

sectional area (pCSA).

been used to measure anatomical cross-sectional area (aCSA) and

FBL is defined as the distance from the origin of the most proxi-

estimate MV (Morse et al., 2015; Park et al., 2014; Schless et al.,

mal muscle fibres to the insertion of the most distal fibres and deter-

2018; Tomlinson et al., 2014; Vanmechelen et al., 2018). 3D ultra-

mines the excursion capacity of the muscle (Lieber & Fridén, 2000).

sound combines simultaneous 2D B-mode ultrasound imaging with

The greater the FBL, the more sarcomeres in series, and the higher

a motion tracking system to track the position and orientation of

the excursion capacity of the muscle. Hence, a higher FBL allows a

the probe while scanning (Barber et al., 2009). This allows 3D re-

greater range through which muscles can generate force and greater

constructions of skeletal muscles to be made from data that can be

maximum shortening velocity (Gans & Vree, 1987). PA is the angle be-

acquired quickly and non-invasively. MRI represents the gold stan-

tween the direction of muscle fibres and the line of action of the mus-

dard for in vivo muscle morphology due to its ability to acquire high-

cle and changes with joint position (Figure 1) (Lee et al., 2015; Lieber &

resolution 3D images. 3D ultrasound and MRI have both been used

Fridén, 2000). As the PA increases, the component of force along the

mainly for MV assessment (Barber et al., 2011a, 2011b, 2016; Cenni

line of action decreases. However, pennation also allows many more

et al., 2018a; Herskind et al., 2016; Malaiya et al., 2007; Morse et al.,

muscle fibres to fit within the same muscle volume, increasing force

2008; Oberhofer et al., 2010; Obst et al., 2017; Pitcher et al., 2018;

generation (Lieber, 2011). Additionally, a higher PA is associated with

Schless et al., 2019a, 2019b; Vanmechelen et al., 2018; Willerslev-

a shorter FBL, reducing velocity. Overall, this indicates that muscles

Olsen et al., 2018). Using diffusion tensor imaging (DTI) sequencing,

with low PAs are ideal for strong contractions over a short length. MV

it is possible to view muscle fibre bundles and aponeuroses volumet-

is an indicator of overall muscle size and is defined as the amount of

rically to quantify FBL, PA and pCSA.

space taken up by a muscle's connective and contractile tissue (Chelly

The m. gastrocnemius medialis (MG), lateralis (LG) and m. soleus

& Denis, 2001; O’Brien et al., 2009). MV is an important determinant

(SOL) muscles are skeletal muscles in the posterior compartment

of force generation and physical function. The pCSA is defined as the

of the leg, together comprising the m. triceps surae (Moore et al.,

sum of the cross-sectional areas of all the muscle fibres within the

2014). The m. triceps surae generates 80% of the force required

muscle. There is a direct relationship between pCSA and the relative

to plantarflex the ankle (Murray et al., 1976), making it essential

maximum tetanic force produced by a muscle, which can be used to

for locomotion and forward propulsion (Neptune et al., 2001;

compare the force-producing capabilities of muscles (Lieber & Fridén,

Standring, 2016). The architecture of the m. triceps surae muscle

2000; Ravichandiran et al., 2010). The pCSA can be estimated using

has been described in older children and adults with regards to the

the following equation with MV, PA and FBL:

structure–f unction relationship of skeletal muscle. Understanding
the normal changes that occur in typically developing individu-

pCSA = muscle volume × cos (PA)∕FBL

als (those without pathologies and born on time) is important for

F I G U R E 1 FBL and PA schematic illustration (left) ultrasonographic image (right)
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comparison with individuals with musculoskeletal disorders such

studies. The association between participants’ mean age and each

as cerebral palsy (Barber et al., 2011a; Willerslev-O lsen et al.,

study outcome was assessed using meta-regression.

2018). Increased knowledge of the typical development of the m.
triceps surae may provide explanations for the functional evolution
that occurs during development and growth and facilitate evalua-

3
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tion of the efficacy of interventions.
The primary aim of this review was to investigate the method-

As a result of the search, 1379 papers were found. After the ex-

ologies that have been used to quantify the muscle architecture of

clusion of ineligible studies, 30 papers met all the criteria and were

the m. triceps surae in populations from 0 to 18-years-old, as well

included in the analysis (Figure 2).

as their reliability and limitations. The secondary aim was to anal-

The outcomes of this literature review are divided into three

yse the reported muscle architecture of the m. triceps surae in pop-

parts: imaging techniques, architectural parameters and reliability.

ulations from 0 to 18-years-old to establish evident age-dependent

First, studies have made use of three primary imaging modalities to

correlations.

investigate muscle architecture in children: 2DUS, 3DUS and MRI.
These techniques possess their own strengths and limitations in as-

2
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M E TH O D S

sessing different parameters. Methodological variations also exist
between studies using the same modality, which may affect the interpretation of results and hence represents an important consid-

A literature search was conducted to find studies that investi-

eration when comparing studies. Secondly, the four architectural

gated in vivo muscle architecture of the m. triceps surae (includ-

parameters that have been included are FBL, PA, MV and pCSA.

ing FBL, PA, MV and PCSA) in participants from 0 to 18 years old.

Finally, reliability assessments of each modality have been inves-

The following terms were searched in titles, abstracts and study

tigated from that reported in the included studies. Reliability is an

keywords for the literature search: (“gastrocnemius” or “soleus”)

essential measurement in imaging research to ensure that results

and (“muscle volume” or “pennation angle” or “physiological cross-

accurately reflect the true internal 3D muscle architecture. Given

sectional area” or “fibre bundle length” or “muscle fascicle length”).

the potential utility of in vivo imaging techniques in quantifying ar-

The search was conducted in two major bibliographic databases,

chitectural measurements in longitudinal studies and aid in diagnosis

Scopus and MEDLINE (Pubmed), looking for all articles published

and management in routine clinical practice, ensuring consistent, ac-

up until September 2020. Studies were limited to original research,

curate results is crucial (Brink & Louw, 2012).

published in English, with short communications and conference
proceedings excluded. Articles were included within the review
if they investigated the muscles of the m. triceps surae of healthy,

3.1 | Imaging techniques

typically developing children (age between 0 and 18 years), with
measurements of one or more of the four architectural parame-

3.1.1 | Two-dimensional ultrasound (2DUS)

ters of interest (FBL, PA, MV and pCSA). Articles were excluded if
they did not meet the aforementioned inclusion criteria. Articles

Two-dimensional, B-mode (brightness mode) ultrasound was used

were excluded from this review based on an absence of typically

by 12 studies to measure architectural parameters of the m. triceps

developing, human participants (or those with no pathology), par-

surae in both children and young adults (Barber et al., 2017; Cenni

ticipants with a mean age older than 18 years, or an absence of

et al., 2018b; Chen et al., 2018; Kawano et al., 2018; Kruse et al.,

any gross muscle morphological and architectural properties being

2018; Legerlotz et al., 2010; Mathewson et al., 2015; Mohagheghi

examined (from FBL, PA, MV and PCSA). Additionally, articles were

et al., 2008; Morse et al., 2008; Shortland et al., 2002; Stephensen

excluded if they met any of the following conditions not written

et al., 2012; Wren et al., 2010). One factor that affects the appear-

in English, not a full journal paper. No supplementary data were

ance of tissues is the echogenicity, or the degree to which a tissue

sought from authors.

reflects or transmits ultrasound waves. Cross-sectional images of
tissue generated with this technique display dense connective tissue

2.1 | Data extraction and statistical analysis

(such as the epimysium, perimysium or aponeurosis) as appearing
hyperechoic, or light grey on the image. This contrasts with the high-
water content of muscle fibres causing them to appear hypoechoic,

Data items were extracted from eligible studies by MB and included:

or black on the image.

number of participants, mean and standard deviation of participants’

When B-mode scans are aligned with the muscle fascicles, a stri-

age, imaging methods, investigated muscle(s), ankle position and the

ating pattern of muscle fascicles can be visualised (Lichtwark, 2017),

study outcomes, including mean and standard deviation of FBL, PA,

allowing measurement of muscle architectural parameters (Bénard

MV and pCSA. Data of each study outcome were presented in sepa-

et al., 2009). Within the identified studies, the mean age of partici-

rate forest plots. We did not conduct any meta-analysis to cumu-

pants varied from 4.8 to 12.4 years old. Most studies utilising 2DUS

late the results, given the heterogeneity of participants’ age across

have measured FBL and PA (Barber et al., 2017; Cenni et al., 2018b;

4
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F I G U R E 2 Flow diagram of the literature search with study identification, screening and assessment of eligibility for inclusion in this
review
Chen et al., 2018; D’Souza et al., 2019; Kawano et al., 2018; Kruse

Determination of MV is achieved with 3D ultrasound by sweeping

et al., 2018; Legerlotz et al., 2010; Malaiya et al., 2007; Mathewson

the ultrasound transducer over the length of the muscle of interest.

et al., 2015; Mohagheghi et al., 2008; Morse et al., 2008; Shortland

The muscle boundaries must be included in the stack of images to

et al., 2002; Stephensen et al., 2012; Wren et al., 2010). Many meth-

generate an accurate reconstruction of the muscle shape, allowing

odological variations are present between studies utilising 2DUS,

for measurement of MV (Figure 3).

including differences in joint position, acquisition technique and ul-

Three-dimensional ultrasound (3DUS) is favourable due to its

trasound systems. Table 1 outlines the joint positioning (knee and

lower cost, portability, safety, high-resolution images and shorter

ankle angle) and location from which FBL/PA were measured. A

scanning times compared with MRI (Weide et al., 2017). However,

wide range of transducers and ultrasound systems have been used

3DUS can require lengthy post-p rocessing time, a motion capture

across the various studies identified in this review (Table 2).

system and trained operators. 3D freehand ultrasound techniques
have been validated against MRI for the purposes of MV evaluation in vivo (Barber et al., 2009, 2019; Noorkoiv et al., 2019).

3.1.2 | Three-dimensional ultrasound (3DUS)

Studies utilising 3DUS have used a variety of transducers. All used
a Telemed Echoblaster 128 system with either a 9 MHz (Barber

3D ultrasonography is an alternative method for measuring in vivo

et al., 2016; Obst et al., 2017) or 10 MHz (Barber et al., 2011a;

muscle architecture and was used in 9 papers (Barber et al., 2011a,

Cenni et al., 2018b; Schless et al., 2018, 2019a, 2019b; Willerslev-

2011b, 2016; Malaiya et al., 2007; Obst et al., 2017; Schless et al.,

Olsen et al., 2018) linear transducer, but one study used a lower

2018, 2019a, 2019b; Willerslev-Olsen et al., 2018). It combines 2D

frequency transducer (7.5 MHz) (Malaiya et al., 2007). In addition,

B-mode ultrasound images and 3D motion analysis to provide a di-

three different motion capture systems have been used: Optitrack

rect in vivo reconstruction of muscle morphology (Figure 3) (Hsu

(Barber et al., 2016; Obst et al., 2017; Schless et al., 2018, 2019a),

et al., 2009). A stack of 2D images is simultaneously generated while

Vicon (Barber et al., 2011a; Cenni et al., 2018b; Schless et al.,

the position and orientation of the ultrasound probe are tracked

2019b; Willerslev-O lsen et al., 2018) and Compact scan (Malaiya

using 3D motion analysis (Barber et al., 2009; Prager et al., 1998).

et al., 2007).

|
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TA B L E 1 2DUS papers that described joint positioning (knee and ankle angle) and location from which PA/FBL length measurements
were made
Ankle angle

Knee angle

Location along muscle

Contracted/relaxed

Chen et al.
(2018)

Held fixed (20°
plantarflexion)

Fully extended

Vertical to the surface of the
largest circumference of
the calf

Each participant lay prone on the
examination couch with the distal
portion of their legs off the plinth. The
ankle angle was fixed by an assistant

Kawano et al.
(2018)

Passive maximum
dorsiflexion (39.3°)

Extended

Not specified

Participants in resting position with their
legs hanging down and in the passive
maximum dorsiflexion position of the
ankle

Shortland et al.
(2002)

Angles: 0°, −15°, −30° and
resting (−23.8)

Knee extended

Distal portion of the MG

Each participant lay prone with the distal
portion of their legs off the plinth.
An assistant maintained the required
ankle position during image collection

Mohagheghi
et al. (2008)

Resting joint angle 25°

Not stated

Middle region of the MG
and LG, at the proximal,
middle and distal sections
of each muscle head

Participants lay prone on an examination
plinth with their feet hanging from its
edge during scanning

Malaiya et al.
(2007)

Resting
And maximum passive
dorsiflexion

Knees
extended

At a point half way along the
length of the muscle and
at about half the width of
the muscle

Subjects prone, relaxed position of the
foot with no external forces applied

Barber et al.
(2017)

Measurements taken
during gait

Knee extended

Medio-lateral centre of the
medial gastrocnemius

Not stated

Cenni et al.
(2018b)

Maximum plantarflexion,
maximum dorsiflexion,
50% ROM

Knee flexed to
20°

Placed longitudinally over the
fascicle plane at the mid-
muscle length, along a line
drawn between medial
femoral condyle and MG
MTJ

Participants lay prone on a bed, with the
lower leg supported on an inclined
cushion. The leg was positioned in a
custom-made orthotic to control ankle
movement in the sagittal plane

D’Souza et al.
(2019)

Mean (123°)

Not stated

The median fascicle lengths
and pennation angles of
all fascicles in a muscle

Passive conditions

Kruse et al.
(2018)

Resting joint angle (−20.8°)

Knees full
extended

Not stated

Relaxed position of the foot, with no
external force applied. Rest

Wren et al.
(2010)

Maximum dorsiflexion
(10.9°), Maximum
plantarflexion (−35.6°),
resting ankle angle
(−18.0°)

Not stated

Transducer aligned along
the middle of the medial
gastrocnemius just
proximal to the distal toe
of the muscle

Participants lay prone, a dynamometer
was used to passively dorsiflex and
plantarflex the ankle through the
range of motion

3.1.3 | Magnetic resonance imaging

architecture. DTI-based measurements of architecture rely on the
principle that the diffusion rate of water molecules is higher in the

Magnetic Resonance Imaging (MRI) has been used for the assessment

longitudinal direction of the muscle fibres than in the fibres trans-

of MV and 3D shape reconstruction. Validation for MRI has been

verse plane. It can be used to generate high resolution, 3D recon-

carried out against cadaveric muscles (Mitsiopoulos et al., 1998). An

structions of muscle architecture in vivo. DTI measures, for each

advantage of MRI over other imaging modalities is better soft tissue

voxel, the direction in which diffusion rates are the highest, pro-

contrast between fat, connective tissue and muscle (Finanger et al.,

viding a local measure of muscle fibre orientation. 3D reconstruc-

2012). MRI provides clear superficial and deep images with the same

tions generate curves (called fibre tracts) that propagate along the

efficacy. Importantly, MRI does not depend on the experience of the

primary diffusion direction throughout the muscle. Fibre tracts fol-

operator, unlike 2D and 3D US. However, MRI is expensive, and par-

low the direction of muscle fibres and can thus be used to obtain

ticipants must stay still during image acquisition, which is difficult to

quantitative measures of 3D muscle architecture such as FBL and

achieve in the younger child and infant population and may make this

PA, unlike other MRI sequences. While the use of DTI to examine

modality impractical for longitudinal studies.

skeletal muscle architecture has become increasingly common, only

Diffusion Tensor Imaging (DTI) is an MRI technique and is one of
the most recently developed methods of imaging musculoskeletal

one study has utilised DTI within a child population (D’Souza et al.,
2019) and no aponeuroses were visualised (Bolsterlee et al., 2018).

6
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TA B L E 2 The methodology of 2DUS studies
Study

Ultrasound system and transducer (field of view where available)

Chen et al. (2018)

Siemens Acuson 5000 and a 11 MHz linear ultrasound probe (50 mm field of view)

Kawano et al. (2018)

Logiq 7, GE Healthcare and a 9 MHz linear ultrasound probe (50 mm field of view)

Legerlotz et al. (2010)

Phillips HD11 Real-Time Ultrasound Machine and a 7.5 MHz linear ultrasound probe

Shortland et al. (2002)

Esaote Biomedica and a 7.5 or 10 MHz linear ultrasound probe

Cenni et al. (2018b)

Telemed Echoblaster 128 and a 10 MHz linear ultrasound probe (59 mm field of view)

Barber et al. (2017)

Telemed Echoblaster 128 and a 5 MHz linear ultrasound probe (60 mm field of view)

Wren et al. (2010)

Portable Terason ultrasound system and a 5–10 MHz linear ultrasound probe

Mohagheghi et al. (2008)

ALOKA SSD-5000 and 10 MHz linear ultrasound probe or Esaote SpA and a 12 MHz linear ultrasound probe

Stephensen et al. (2012)

Diasus Application Specific Ultrasound System and a 5–10 MHz linear array transducer (65 mm field of view)

Morse et al. (2008)

HDI-3 000, ATL and a 7.5 MHz linear ultrasound probe

Kruse et al. (2018)

LA 923, Esaote and a 10 MHz linear ultrasound probe (100 mm field of view)

Mathewson et al. (2015)

t3200 Terason portable ultrasound system and a 4–15 MHz linear ultrasound probe

F I G U R E 3 3D ultrasound motion analysis set up (top left) Ultrasound transducer with attached reflective markers (top right). An image
segmentation (bottom left). 3D reconstruction of a medial gastrocnemius using Stradwin software (bottom right)

We identified six studies that reported on MRI acquired muscle

(Oberhofer et al., 2010; Pitcher et al., 2018; Vanmechelen et al.,

morphology in our target cohort (D’Souza et al., 2019; Herskind

2018) and one a 0.2T scanner (Morse et al., 2008). Additionally,

et al., 2016; Morse et al., 2008; Oberhofer et al., 2010; Pitcher

the T1-weighted sequence is the most commonly used sequence

et al., 2018; Vanmechelen et al., 2018). Methodological variations

(Morse et al., 2008; Pitcher et al., 2018), with alternative sequences

existed between studies in the scanner and sequence that was

being Three-p oint Dixon sequence (Vanmechelen et al., 2018) and

used. Several opted for either a 3T scanner (D’Souza et al., 2019;

DTI (D’Souza et al., 2019). Two papers did not describe which se-

Herskind et al., 2016; Vanmechelen et al., 2018), or a 1.5T scanner

quence was used (Herskind et al., 2016; Oberhofer et al., 2010).
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3.2 | Architectural parameters

7

ultrasound methods, with the other modality being MRI using DTI
sequencing (D’Souza et al., 2019) (Table 3).

3.2.1 | Fibre bundle length

Most studies (as with the remaining architectural parameters)
focussed on the architectural measurements of MG (Cenni et al.,

Within the 30 identified studies, 13 measured FBL (Barber et al.,

2018b; D’Souza et al., 2019; Kawano et al., 2018; Kruse et al., 2018;

2017; Cenni et al., 2018b; Chen et al., 2018; D’Souza et al., 2019;

Malaiya et al., 2007; Shortland et al., 2002), although a few studies

Kawano et al., 2018; Kruse et al., 2018; Legerlotz et al., 2010; Malaiya

had measurements for LG and SOL (Barber et al., 2017; Chen et al.,

et al., 2007; Mathewson et al., 2015; Mohagheghi et al., 2008; Morse

2018; Mathewson et al., 2015; Morse et al., 2008; Stephensen et al.,

et al., 2008; Shortland et al., 2002; Stephensen et al., 2012). In all but

2012). Chen et al. (2018) was the only study to record measurements

one paper, FBL measurements were performed using 2D B-mode

for all muscles of the m. triceps surae, showing LG with the highest

TA B L E 3 FBL and PA measurements of the m. triceps surae in typically developing children, with studies ordered by ascending mean age
of participants
Study

Age (years)
Mean ± SD (range)

Number of
participants (m:f)

Chen et al. (2018)

4.8 ± 2.0

24
(12:12)

2DUS

Imaging

Muscle

FBL (cm)
Mean ± SD

PA(°)
Mean ± SD

Ankle position
Resting/20° PF

MG

3.70 ± 0.48

15.4 ± 3.3

LG

4.51 ± 0.72

10.7 ± 2.0

SOL

4.09 ± 1.04

14.7 ± 3.6

Kawano et al. (2018)

6.4 ± 1.3

27
(11:16)

2DUS

MG

3.14 ± 0.32

25.9 ± 3.2

4.96 ± 0.92

15.1 ± 2.5

Max DF

Legerlotz et al. (2010)

6.6 ± 2.3

21
(12:8)

2DUS

G

4.12 ± 0.62

15.7 ± 1.8

90°

2.97 ± 0.41

21.5 ± 3.3

Max PF

Shortland et al. (2002)

7.8
(7–11)

5
(3:2)

2DUS

MG

4.49 ± 1.44

16.8 ± 2.9

0° PF

Resting

4.1 ± 1.02

19.2 ± 4.2

15° PF

3.61 ± 0.63

21.4 ± 3.4

30° PF

Wren et al. (2010)

8.8 ± 2.3

21
(7:14)

2DUS

MG

—

17.9 ± 2.5

Resting PF

Mohagheghi et al. (2008)

9.1 ± 2.3
(4–14)

50
(20:30)

2DUS

MG

4.2 ± 0.5

—

Resting (−18)

LG

4.9 ± 0.6

—

Malaiya et al. (2007)

9.5
(4–13)

15
(6:9)

2DUS

MG

4.9 ± 0.4

17.0 ± 1.9

4.5 ± 0.7

15.8 ± 1.2

Max DF

Stephensen et al. (2012)

9.9 ± 1.3

19
(19:0)

2DUS

LG

5.63 ± 1.02

15.83 ± 4.21

40° PF

Barber et al. (2017)

10 ± 2.1

10

2DUS

MG

5.02 ± 0.75

—

—

SOL

3.66 ± 0.72

—

—

Cenni et al. (2018b)

10.5 ± 2.6

11
(7:4)

3DUS

MG

2.92 ± 0.41

27.3 ± 2.1

Max PF

3.81 ± 0.53

22.3 ± 2.5

50% ROM

4.56 ± 0.58

19.2 ± 2.0

Max DF

3.13 ± 0.46

24.9 ± 6.6

Max PF

4.45 ± 0.92

19.7 ± 3.3

50% ROM

2DUS

MG

Resting

5.43 ± 0.92

17.2 ± 3.2

Max DF

Morse et al. (2008)

10.9 ± 0.3

11
(11:0)

2DUS

LG

7.01 ± 0.79

10.8 ± 2.5

Resting

4.2 ± 0.8

16.6 ± 4.6

Max PF

D’Souza et al. (2019)

11.2 ± 3.6
(5–18)

20
(13:7)

MRI

MG

3.87 ± 0.68

25.6 ± 3.6

Resting

Kruse et al. (2018)

11.3 ± 2.5

12
(5:7)

2DUS

MG

4.4 ± 0.8

18.1 ± 2.7

Resting

Mathewson et al. (2015)

12.4 ± 3.4

21
(10:11)

2DUS

SOL

3.5 ± 0.9

—

30° PF

Abbreviations: DF, dorsiflexion; G, gastrocnemius; LG, lateral gastrocnemius; MG, medial gastrocnemius; PF, plantar flexion; ROM, range of motion;
SOL, soleus.
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FBL and MG with the lowest for a given joint position (Chen et al.,
2018). Mohagheghi et al. (2008) also showed that the FBL of LG was
greater than that of MG (Mohagheghi et al., 2008).
Results across studies were variable, and it was difficult to
compare studies across muscles and different ages due to the dependence of FBL on joint position. The parameters have been recorded as various degrees of plantarflexion (PF) and dorsiflexion
(DF). Joint position acts as a major confounder when comparing
the results of similar studies investigating FBL; hence it has been
included in Table 3. A meta-regression was performed demonstrating a non-significant relationship between MG FBL and age
in the identified studies (Figure 4) (Barber et al., 2017; Cenni et al.,
2018b; Chen et al., 2018; D’Souza et al., 2019; Kawano et al., 2018;
Kruse et al., 2018; Malaiya et al., 2007; Mohagheghi et al., 2008;
Shortland et al., 2002).

3.2.2 | Pennation angle
Eleven studies examined PA (Cenni et al., 2018b; Chen et al.,
2018; D’Souza et al., 2019; Kawano et al., 2018; Kruse et al., 2018;
Legerlotz et al., 2010; Malaiya et al., 2007; Morse et al., 2008;
Shortland et al., 2002; Standring, 2016; Wren et al., 2010) with ten
using a 2D ultrasound system, and one utilising a DTI MRI sequence
(Table 3).
A meta-regression was performed demonstrating a non-
significant relationship between PA and age in MG among the identified studies (Figure 4) (Cenni et al., 2018b; Chen et al., 2018; D’Souza
et al., 2019; Kawano et al., 2018; Kruse et al., 2018; Malaiya et al.,
2007; Shortland et al., 2002; Wren et al., 2010).

3.2.3 | Muscle volume
Of the 15 studies, most have assessed MV using 3DUS (Barber
et al., 2011a, 2011b, 2016; Malaiya et al., 2007; Obst et al., 2017;
Schless et al., 2018, 2019a, 2019b; Willerslev-O lsen et al., 2018)
and MRI (D’Souza et al., 2019; Herskind et al., 2016; Morse et al.,
2008; Oberhofer et al., 2010; Pitcher et al., 2018; Vanmechelen
et al., 2018). Equations have also been trialled to estimate MV
based on easily obtainable measures such as aCSA and muscle
length (ML) (Albracht et al., 2008; Mersmann et al., 2014) using
2DUS. Estimating MV is based on the equation MV = aCSAaverage × ML, where average aCSA (aCSAaverage) of a muscle is determined by the product of the maximum aCSA and a muscle form
factor. The form factor is muscle-specific and considers the non-
uniform cross-section of the muscle along its length (Vanmechelen

F I G U R E 4 (a) Meta-regression of MG FBL (mm) as the
dependent variable and age (years) as the independent variable.
(b) Meta-regression of MG PA (degrees) as the dependent variable
and age (years) as the independent variable. (c) Meta-regression
of MG MV (log ml) as the dependent variable and age (years)
as the independent variable

et al., 2018).
Eleven studies assessed the morphology of the MG in isolation

2018) (Table 4). As would be expected, the average MV of the MG

(Barber et al., 2011a, 2011b, 2016; D’Souza et al., 2019; Herskind

muscle appears to be larger within older age groups, for example,

et al., 2016; Malaiya et al., 2007; Morse et al., 2008; Oberhofer et al.,

there was a mean MV of 14.1 ml at 1.4 years (Willerslev-Olsen et al.,

2010; Obst et al., 2017; Pitcher et al., 2018; Schless et al., 2018,

2018), compared with a mean MV of 223 ml at 18 years (Barber et al.,

2019a, 2019b; Vanmechelen et al., 2018; Willerslev-Olsen et al.,

2011b); however, no formal statistical comparisons could be made.

|
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TA B L E 4 MV measurements of the m. triceps surae in typically developing children, with studies ordered by ascending mean age of
participants
Study

Age (years)
Mean ± SD (range)

Number of
participants (m:f)

Imaging

Muscle

MV (mL)
Mean ± SD

Willerslev-Olsen et al. (2018)

1.4 ± 1.1

45

3DUS

MG

14.1 ± 9.1

Herskind et al. (2016)

2.4

101
(47/54)

MRI

MG

26.3 ± 12.9

Barber et al. (2011a)

4 ± 1.2

20
(11/9)

3DUS

MG

33 ± 2

Obst et al. (2017)

4.6 ± 2.4

10
(5/5)

3DUS

MG

46.8 ± 23.7

Barber et al. (2016)

5.3 ± 1.3

78
(40/38)

3DUS

MG

47.8 ± 17.9

Pitcher et al. (2018)

8 ± 1.4 a

19

MRI

MG

34.4a

LG

22.1a

SOL

101.9a

Schless et al. (2018)

8.2 ± 1.5

15
(6/9)

3DUS

MG

53.6 ± 12.2

Schless et al. (2019b)

9.9a
7.10–11.6

67
(43/24)

3DUS

MG

62 (49.7–81.8)b

Malaiya et al. (2007)

4–13

15
(6/9)

3DUS

MG

82.1 ± 27.3

Schless et al. (2018)

9.8 ± 2.4

10
(8/2)

3DUS

MG

68.1 ± 20.6

Oberhofer et al. (2010)

10.2 ± 1.2

5

MRI

LG+MG

149.6 ± 29.92

SOL

187 ± 37.4

Morse et al. (2008)

10.9 ± 0.3

11
(11/0)

MRI

LG

64.5 ± 18.9

D’Souza et al. (2019)

11.2 ± 3.6
(5–18)

20

MRI

MG

153.9 ± 74.60

Vanmechelen et al. (2018)

16.8 ± 3.3
(10.6–23.2)

23
(16/7)

MRI

MG

237 ± 57

SOL

428 ± 107

Barber et al. (2011b)

18 ± 2
(15–20)

10
(5/5)

3DUS

MG

223 ± 21

Abbreviations: LG, lateral gastrocnemius; MG, medial gastrocnemius; SOL, soleus.
a

Data expressed as median ± median absolute deviation.

b

Data expressed as median ± inter quartile range.

MRI and 3DUS have both been utilised to measure in vivo muscle

3.3 | Reliability

volume of the m. triceps surae in 6 and 9 studies respectively.
A meta-regression was performed demonstrating the positive relation-

3.3.1 | 2DUS

ship between MV and age in MG among the identified studies (Figure 4)
(Barber et al., 2011a, 2011b, 2016; D’Souza et al., 2019; Herskind et al.,

Of the 30 studies included within this review, only three included re-

2016; Obst et al., 2017; Pitcher et al., 2018; Schless et al., 2018, 2019a,

liability testing of the 2DUS technique (Cenni et al., 2018b; Legerlotz

2019b; Vanmechelen et al., 2018; Willerslev-Olsen et al., 2018).

et al., 2010; Stephensen et al., 2012). Legerlotz et al. (2010) assessed
the intra-acquirer reliability of FBL and PA measurements from two
images that were captured during the same scanning session (Table 6)

3.2.4 | Physiological cross-sectional area

(Legerlotz et al., 2010). Measurements were taken with the ankle in
maximum plantarflexion and at 90 degrees neutral. Reliability was

Four studies assessed pCSA (n =3 MG, n = 1 LG), which demon-

assessed using the intra-class correlation coefficient (ICC), with all

strated an apparent increase in MG from age 4 to 18-years-old

ICCs ranging from good to excellent (0.868–0.983). For the purposes

(Table 5) (Barber et al., 2011a, 2011b; D’Souza et al., 2019; Morse

of this review, an ICC of over 0.7 indicates good reliability, while a

et al., 2008).

result above 0.9 indicates excellent reliability.
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Cenni et al. (2018b) assessed intra-acquirer reliability at three

developing children (Cenni et al., 2018a, 2018b), one testing the

different ankle positions (Table 7) (Cenni et al., 2018b). While most

reliability of FBL and PA measurements in different joint positions

ICCs were good to excellent, the reliability of PA measurements at

(Cenni et al., 2018b), and the other assessing the reliability of MV

50% range of motion and maximum dorsiflexion was significantly

calculations (Cenni et al., 2018a). Both reliability measurements

lower. In this study, the reliability of 2D and 3D ultrasound were com-

were quantified using the ICC.

pared for FBL and PA measurements, with the 3D technique being

Cenni et al. (2018b) assessed the inter-acquirer reliability of

determined as more reliable. This was attributed to the higher acqui-

freehand 3DUS for measurement of FBL and PA at several joint po-

sition accuracy required when using 2DUS, from which architectural

sitions (Cenni et al., 2018b). For FBL, ICCs were excellent (0.914–

measurements are calculated from a single image. Stephensen et al.

0.952), while PA ICCs were good (0.719–0.852) across different joint

(2012) assessed the test–retest reliability of 2DUS for assessment of

positions.

LG FBL and PA and found excellent ICCs (ranging from 0.99 to 1.00).

Cenni et al. (2018a) included various types of reliability, including
inter-acquirer, intra-acquirer and inter-processor reliability testing
of MV, with all reported ICCs being excellent (0.986–0.994). There

3.3.2 | 3DUS

was no intra-processor reliability which remains a gap in the current
literature.

Of the 30 studies included within this review, only two included reliability testing of 3DUS assessment of m. triceps surae of typically
TA B L E 5 pCSA measurements of the m. triceps surae in typically
developing children, with studies ordered by ascending mean age of
participants

Study

assessing m. triceps surae muscle volume (Noble et al., 2017). Inter-
reliability of muscle volume segmentation for MG and SOL in children with a mean age of 16.8 years, with ICCs of 0.984 and 0.997, re-

Barber et al. 4
(2011a) (2–5)

20
(11/9)

3D US

MG

7.3 ± 0.5

Morse et al. 10.9 ± 0.3
(2008)

11
(11/0)

2D US

LG

15.5 ± 3.2

D’Souza
et al.
(2019)

20
(13/7)

DTI

MG

38.6 ± 12.9

10
(5/5)

3D US

MG

53 ± 5

Barber et al. 18 ± 2
(2011b) (15–20)

One study was identified that included reliability analyses for MRI in
processor reliability compared two processors and found excellent

Number of
Age (years) participants
(mean ± SD) (m:f)
Imaging Muscle pCSA (cm²)

11.2 ± 3.6
(5–18)

3.4 | MRI

spectively. No studies have assessed the reliability of DTI sequence
measurements in children.

4

|

DISCUSSION

The goal of this review was to explore the methodologies utilised
in the investigation of m. triceps surae architecture in typically developing children. Most of these studies investigated MG as the

Abbreviations: LG, lateral gastrocnemius; MG, medial gastrocnemius;
SOL, soleus.

muscle of interest, with an under-representation of LG and SOL in

TA B L E 6 FBL and PA reliability with 2DUS in left and right gastrocnemius
Intra-acquirer reliability (ICC)

Study

Age (years ± SD)

Legerlotz et al. (2010)

6.3 ± 2.3

Number of
participants

Architectural
parameter

Left gastrocnemius

Right gastrocnemius

90° neutral

Max PF

90° neutral

Max PF

FBL

0.887

0.918

0.900

0.868

PA

0.876

0.960

0.876

0.942

Abbreviations: DF, Dorsiflexion; ICC, intra-class correlation coefficient; PF, plantar flexion; ROM, range of motion.

TA B L E 7 MG FBL and PA reliability with 2DUS in different ankle positions

Study

Age (years ± SD)

Number of participants

Architectural
parameter

Cenni et al. (2018b)

10.5 ± 2.6

11 (7/4)

Intra-acquirer reliability (ICC)
Max PF

50% ROM

Max DF

FBL

0.694

0.917

0.802

PA

0.963

0.210

0.663

Abbreviations: DF, dorsiflexion; ICC, intra-class correlation coefficient; PF, plantar flexion; ROM, range of motion.

|

BELL et al.

11

the results. Three imaging modalities were identified across all the

2016a; Klimstra et al., 2007; Martin et al., 2001). Inconsistent

identified studies: 2DUS, 3DUS and MRI. Within each of these tech-

probe orientation to visualise the imaging plane between studies

niques, there was marked variation in methodology between stud-

may result in measurement errors (Bénard et al., 2009; Bolsterlee

ies, namely in the acquisition process. These modalities were used to

et al., 2016b; Klimstra et al., 2007). The FBL and PA vary at dif-

differentially assess aspects of the m. triceps surae architecture, in-

ferent joint angles (Klimstra et al., 2007; Narici et al., 1996) and

cluding FBL, PA, MV and pCSA. While the results of this review show

states of contraction (Maganaris et al., 1998; Martin et al., 2001;

possible changes in MV and pCSA with age from 1 to 18 years old,

Narici et al., 1996). Finally, the measurement sites of the muscles

there were no similar, discernible trends identified with FBL and PA.

of interest were also different between studies (Agur et al., 2003;

This discrepancy may be due to methodological variations between

Bradshaw et al., 2020). Together this makes 2DUS a highly op-

studies, creating difficulty in making direct comparisons. No stud-

erator and methodology dependent method of acquiring muscle

ies assessed the m. triceps surae architecture in the first year of life.

architectural parameter measurements.

Finally, only five studies have been conducted investigating the reli-

Alongside the described limitations and challenges faced by ul-

ability of measurements across all three of the described techniques.

trasound for measurement of muscle architecture, reliability analy-

Additionally, no studies have assessed intra-processor reliability. This

ses are few. A systematic review by Kwah et al. (2013) demonstrates

review provides insight into the current literature concerning the as-

several studies investigating the reliability of 2DUS for the measure-

sessment of the m. triceps surae architectural parameters in typically

ment of FBL and PA. These studies, along with several published

developing children. These data have the potential to inform future

since, did not meet the inclusion criteria but highlighted good to ex-

research in skeletal muscle architecture, specifically relating to the

cellent reliability of 2DUS within their respective study populations

use of imaging modalities to acquire measurements of internal mor-

(Aeles et al., 2017; Gillett et al., 2013; Kannas et al., 2010; König

phology, how they are used and the populations of interest.

et al., 2014; Mcmahon et al., 2016; Mohagheghi et al., 2007; Raj
et al., 2012).

4.1 | 2DUS

Excessive pressure application via an ultrasound transducer can
influence the underlying muscle architecture and is a consideration
when utilising 3DUS for muscle volume assessment (as will be dis-

2DUS has been primarily utilised to investigate FBL and PA in typi-

cussed). Hence, this influence may translate to 2DUS use for inves-

cally developing children.

tigation of FBL and PA. However, as reported by Bolsterlee et al.

Based on pulled data from studies included in this review, no sig-

(2016a), only superficial pennation angle is affected by excessive

nificant correlation could be determined between age and FBL or

probe pressure, while measurements of deep pennation angle and

PA. However, limitations in study designs and the variation in par-

fibre bundle length are not significantly influenced.

ticipant joint positioning for measurements (with both FBL and PA

Finally, there are no studies assessing the architecture of the m.

measurements being highly dependent on this variable) make accu-

triceps surae in healthy infants. It is well known that skeletal muscle

rate comparisons challenging. Studies reporting ‘resting’ joint angle

adapts to meet the evolving functional demands of daily life. With

may add further complications for standardised comparisons, and

these gaps in the literature, however, there remain many unknowns

the complete absence of longitudinal studies further exacerbates

regarding the changes in m. triceps surae architecture from infancy

efforts to establish an age-dependent relationship.

to adolescence.

External to this review, several studies investigating differences
between child and adult muscle architecture have asserted that FBL
increases from childhood (Kannas et al., 2010; O’Brien et al., 2010).

4.2 | 3DUS

Bénard et al. (2011) demonstrated an increase in MG FBL from age 5
to 12 years, with no significant change in PA. In contrast, Binzoni et al.

Freehand 3DUS is becoming an increasingly popular method of

(2001) and Kannas et al. (2010) reported an increase in PA from in-

investigating in vivo m. triceps surae architecture, particularly

fancy to adolescence. Shortland et al. (2002) reported similar changes

those with cerebral palsy (CP) (Barber et al., 2019; Malaiya et al.,

but were only significant at one ankle angle, 30 degrees plantarflexion.

2007; Schless et al., 2019b). 3DUS has almost exclusively been

No differences in architecture can be drawn between male and

used for MV assessment. Comparing the current range of stud-

female participants across the included literature. While the num-

ies that have been performed reveals that the muscle volume of

ber of male/female participants has been included, no significant

MG tends to increase with age from childhood to adolescence.

differences in architectural parameters between genders have been

Despite the relatively limited data available on LG and SOL mus-

identified at present, supported by a single study by O’Brien et al.

cle volume measurements, there is an apparent increase with age.

(2010). Future research analysing the potential of sexual dimorphism

It is generally accepted that muscle size increases in response to

in m. triceps surae architecture may be required to contribute to a

aging throughout childhood (Kanehisa et al., 1995; Malina, 1975).

complete understanding of skeletal muscle development.

Specific studies demonstrating the typical growth of the m. triceps

2D ultrasound does have several limitations that have been

surae muscles are scarce (Morse et al., 2008; Weide et al., 2015).

described in the literature (Bénard et al., 2009; Bolsterlee et al.,

Morse et al. (2008) compared muscle size in typically developing

12
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children with that of adults, and found that the adult LG had sig-

quality can have a noticeable impact on segmentation regarding

nificantly greater MV and pCSA.

the accurate identification of muscle borders (Barber et al., 2019;

Like muscle volume, the pCSA exhibits a marked increase with
age. The observed increase in pCSA with age is likely a function

Noorkoiv et al., 2019). More significant variability between individual processors has been reported previously (Barber et al., 2019).

of the increasing functional demands faced by the m. triceps surae.
Given its role within standing and walking, the ability of m. triceps
surae to carry out its function is dependent on generating sufficient

4.3 | MRI

force to support an individual's body weight. Hence, as age and
weight increase together throughout childhood to adolescence, the

Only one study has been conducted that reported on the reliabil-

demands on the m. triceps surae increase, contributing to a mechan-

ity of MRI assessment of in vivo m. triceps surae muscle volume in

ical stimulus for the muscle to grow in size and force-generating ca-

typically developing children (Noble et al., 2017). While other stud-

pacity (Bénard et al., 2011; Binzoni et al., 2001; Weide et al., 2015).

ies exist assessing the reproducibility of MRI results, analyses of

Additionally, bone lengthening in response to increases in height and

typically developing muscles may not be reported, or grouped with

leg length likely produces muscle lengthening and growth (Weide

analyses of pathological muscles (Barber et al., 2019; Herskind et al.,

et al., 2015), contributing to a gain in muscle volume and pCSA. As

2016). The sole included study only investigated inter-processor re-

a primary indicator of the relative maximum force that can be gen-

liability and found excellent results for both MG and SOL. MRI also

erated by a muscle and the number of sarcomeres in parallel, this

presents several significant considerations that limit its overall util-

increase likely reflects an increase in the contractile force that may

ity, including its high cost and long scanning times during which par-

be generated by the MG.

ticipants must remain still.

Several studies have demonstrated that 3DUS produces reliable and reproducible results of in vivo muscle volume (Barber
et al., 2009, 2019; Cenni et al., 2016; Noorkoiv et al., 2019), with

4.4 | Limitations of the review

good agreement to results obtained using MRI (Barber et al., 2009;
Noorkoiv et al., 2019). In contrast, only one of these reliability

This review has several limitations that must be discussed. Only spe-

studies has been conducted in typically developing children (Cenni

cific architectural parameters (FBL, PA, MV and pCSA) were exam-

et al., 2018a).

ined. Other morphological and architectural measurements, such as

There are a few considerations when utilising 3DUS. Two pri-

aCSA, muscle length and stiffness, have been examined but were

mary sources of error exist when quantifying muscle volume with

omitted. Regarding age-dependent changes in architecture, the MG

this technique: acquisition and segmentation error. Acquisition er-

was exclusively discussed and analysed due to the relative scarcity

rors occur because of methodological issues relating to the scanning

of studies reporting data on LG and SOL. This review exclusively ex-

and acquiring of ultrasound data. Careful consideration of these is-

amined architecture within a specific age range; thus, no conclusions

sues is required for the method to be reliable. Firstly, tissue com-

can be made regarding the state of research in adults. Additionally,

pression resulting from excessive pressure from the transducer can

limiting this review to original, English publications has the potential

cause deformation of muscles and alterations in muscle volume cal-

to exclude potentially viable research within conference proceed-

culations (Barber et al., 2009; Cenni et al., 2018a; Raiteri et al., 2016).

ings and short communications. All studies meeting the inclusion

Studies have trialled several methods to limit the deformation of the

criteria were added to this review, regardless of study quality. This

muscle by the transducer, including the use of a water bath (Barber

creates the potential for low-quality methodology to influence the

et al., 2009), excessive acoustic gel (Barber et al., 2016; Obst et al.,

overall results and conclusions. Furthermore, only studies that had

2017; Schless et al., 2018, 2019b; Willerslev-Olsen et al., 2018) and

reported on solely typically developing data were included; hence

most recently, a curved gel pad attached to the transducer section

further elucidations could be made with normative typically devel-

(Cenni et al., 2018c; Noorkoiv et al., 2019).

oping data presented within studies of clinical populations.

Other methodological considerations during acquisition include
moving the transducer at a relatively constant velocity during a
sweep and holding the probe perpendicular to the skin to permit

5
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better image quality (Cenni et al., 2018a; MacGillivray et al., 2009).
Segmentation involves manually outlining muscles using the

Due to the limitations inherent within each in vivo imaging modality

obtained 2D B-mode US images. The corresponding borders are in-

and wide variation in study methodologies, interpretations of the

terpolated to generate a 3D mesh of a muscle from which muscle

data are challenging. Concentrated efforts to minimise confound-

volume can be quantified. Errors during the segmentation process

ing variables and detailed, consistent methodology may assist with

ultimately affect muscle volume results and come in multiple forms

the production of directly comparable results. Likewise, longitudi-

(Barber et al., 2019; Noorkoiv et al., 2019). Firstly, as the outlined

nal studies following the changes in muscle parameters over time

borders are linearly interpolated, if too few images are segmented,

may facilitate a more complete understanding of muscle develop-

muscle volume may be underestimated (Cenni et al., 2018a). Image

ment within specific developmental age bands (such as childhood

|
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to adolescence). Finally, relative to the number of studies utilising
in vivo muscle imaging to acquire measurements of muscle morphology, fewer have investigated the feasibility and reliability of
the methods used. Reliability is an essential consideration for the
future that has been underreported at present. Similar results were
observed in a recent scoping review evaluating studies investigating the architecture of children with CP (Williams et al., 2020).
Overall, non-invasive imaging modalities have a clear and definable
role in quantifying m. triceps surae muscle architecture in children
and adolescents. Explicit methodological descriptions and efforts
to minimise confounding variables must be a cornerstone of muscle
architecture investigation in future studies. Given the relative lack
of conclusions that can be drawn thus far, further investigation is
required to determine the time course of typical m. triceps surae
development. This will assist in the formation of a model of muscle
development, and its relationship with changing physical demands
that occur throughout childhood.
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