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We developed an innovative gel pad that covers the entire lower leg to remove
artifacts due to the pressure of the transducer in freehand 3-dimensional ultraso-
nography. In comparison to the reference method in water, this study showed
that this new method was valid (bias, 3.4 mL; limit of agreement, 7.7 mL for a
volume of ~220 mL) and reliable (coefficient of variation, <1.1%) for the mea-
surement of gastrocnemius medialis muscle volume. Considering that it is easier
to use than the water tank technique, it has much promise for volumetric mea-
surement of many muscles.
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uscle volume assessments are very important for
l \ / I diagnosis, assessments of interventions, and descriptions
of normal and pathologic growth.'™ Currently, magnetic
resonance imaging (MRI) is the “reference standard” for in vivo
muscular volume measurement.” However, it remains expensive, is
difficult to access, and requires long acquisition times without
motion while being within a relatively enclosed space, which, for
some people, is uncomfortable and claustrophobic in the magnet.
Freehand 3-dimensional ultrasonography (3DUS) is an alternative
method that has been validated when compared to MRI
measurements.” This is a low-cost method, as it requires only a
conventional 2-dimensional ultrasonography (US) scanner and a
tracking system to measure the 3-dimensional (3D) position of the
transducer,”” both of which are much less in cost compared to an
MRI unit.

However, soft tissue deformation induced by the transducer
sweeps generates a biased 3D reconstruction and could lead to
errors in volume measurement.® This issue is more problematic
when the muscle volume cannot be obtained using a single sweep,
as is the case for most of the main lower limb muscles. Thus, mus-
cle volume acquisitions using 3DUS are currently done in a water
tank.® Although scanning in a water tank is feasible for the distal
muscles such as the plantar flexors, it is much more complicated
for proximal muscles of the leg, trunk, or arm. This strongly limits
the clinical applicability of 3DUS. Cenni et al’ recently proposed
an innovative solution by adding a gel pad to the transducer with
a shape that fits the curvature of the lower leg. This method signif-
icantly decreased muscle deformation compared to a scan
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performed without the gel pad but left room for
improvement because the pressure applied could not
be constant during the multiple sweeps.

To help the 3DUS acquisition, we designed a
larger contoured gel pad that fits to the whole lower leg
to scan a flat surface and distribute the pressure of the
transducer more homogeneously. The aim of this study
was to compare gastrocnemius medialis (GM) muscle
volume obtained by 3DUS using this customized gel
pad and measurements performed in a water tank.

Materials and Methods

Participants

Sixteen healthy participants volunteered for this study.
The study protocol and procedures were approved by
the local Ethics Committee (Rennes Ouest V, CPP-
MIP-010). Informed consent for the study was obtained
from all participants, in accordance with the World
Medical Association Declaration of Helsinki (2013).

Gel Pad Design

We used a single mold to make a gel pad that could fit
all of our participants (Figure 1A). Stereolithography
(3D  printing; 3DExperience; Dassault Systémes,
Vélizy-Villacoublay, France) was chosen to obtain a
smooth internal surface for the mold. The mold was
made in a thermoplastic polymer called acrylonitrile
butadiene styrene. Three-dimensional plans were drawn
with Solidworks software (Dassault Systémes). The pad
was made with 2.7 L of distilled water, 675 g of porcine
gelatin (Bloom Louis Francois, Croissy Beaubourg,

France), 5.94 g of chlorphenesin, and petroleum jelly
to facilitate demolding. One gel pad was used for the
whole data collection in this study.

Three-Dimensional US Acquisitions

The method used to perform 3DUS acquisitions was
previously described in detail.">>™ Briefly, images
were recorded with an Aixplorer version 12.3 scanner
(SuperSonic  Imagine, Aix-en-Provence, France)
equipped with a 10-2 linear transducer (40-mm field
of view; Vermon, Tours, France). The position and
orientation of the US transducer were measured with
4 reflective passive markers rigidly fixed to the trans-
ducer surface. This “rigid body” was tracked by an
optoelectrical motion capture system (Optitrack;
NaturalPoint, Corvallis, OR) with 9 cameras (Flex
13). Temporal and spatial calibrations of the trans-
ducer were established in a water tank according to
recommendations from the Stradwin version 5.4 soft-
ware manual'® (Mechanical Engineering, Cambridge
University, Cambridge, England). It consists of track-
ing the bottom of the tank to account for both the
temporal gap between US and 3D motion capture
and calculating the 3D position of the US image. The
root mean square error obtained during the calibra-
tion process was consistently lower than 0.4 mm. It
evaluates the error between a pixel localized in a B-
scan coordinate system and its corresponding loca-
tion in the volume coordinate system obtained."!

Three-Dimensional US Protocol
Scanning was performed by a single operator that had
no previous experience with US. He did a long

Figure 1. A, Gel pad placed on the lower leg of a participant. B, Positioning of the participant for the 3DUS-gel pad condition with the gel
pad sitting on the right leg of a participant positioned in the tank. The 3DUS-water condition was performed in the same position but with

water in the tank.




training session (>S50 hours) and numerous pilots to
ensure good reliability. Participants underwent 2 identi-
cal sessions on 2 separate days within a week. Anatomic
landmarks were determined by 2-dimensional B-mode
US to identify proximal and distal boundaries for the
scanning. Proximally, the most superficial aspect of the
inferior margin of the medial tibial condyle was chosen
and distally, the GM musculotendinous junction.'” A
thin band of adhesive tape was then set on the proximal
landmark to be seen on US images.

For the reference condition, 3DUS-water, the right
leg of the participants was placed in a water tank in a
resting kneeling position, as previously described.® For
the 3DUS-gel condition, participants were in the same
position but without water, and the gel pad was fitted
on their test leg (Figure 1B). Coupling gel was added
between the gel pad and the skin and on the gel pad
surface to enable a steady sliding scan procedure during
each sweep. The position of the thigh was standardized
between conditions with an inclinometer. For practical
reasons, the condition order was not randomized, and
the 3DUS-gel measurements were always performed
before the 3DUS-water measurement.

Three 3DUS acquisitions were performed for
each condition. A sweep consisted of moving the
transducer to scan the GM muscle from the proximal
to the distal boundaries. Between 3 and S sweeps
were performed for each acquisition, depending on
the size of the GM muscle of each participant. An
overlap of approximately 0.5 cm was implemented to
prevent any gap between the different sweeps and to
save time during data processing.” At the end of each
acquisition, the absence of gaps was checked.

Data Analysis

Stradwin software was used for the manual segmenta-
tion of the GM muscle, which was undertaken every
10 images (approximately every 0.5 cm) by a single
experimenter (Figure 2) who was experienced in the
segmentation process.” Specific data volume results
for each participant were compiled only at the end of
the study to avoid any rater analysis effect. Interrater
reliability of the segmentation process was evaluated
by a second trained experimenter on 10 participants
randomly chosen in session 1. On the basis of a
model published by Treece et al," the Stradwin soft-
ware transformed the segmented cross-sectional areas
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in a smoothed model to obtain the GM shape and
corresponding volume.

Statistical Analysis

The validity of the experimental technique versus the refer-
ence method was assessed by Bland—Altman analyses'*
and the 95% the limit of agreement. Intrasession, interses-
sion, and interoperator reliability of the 3D scanning pro-
cess were assessed for both gel pad and water conditions
by intraclass correlation coefficients, coefficients of varia-
tion (CVs), and the standard error of measurements
(SEM)."® The minimum detectable change was also calcu-

lated as SEM X V2 X 1.96.

Figure 2. A, Typical segmentation performed for the 3DUS-water
method. B, Three-dimensional reconstruction obtained at the end
of the processing. C, Typical segmentation performed for the
3DUS-gel pad method. D, Three-dimensional reconstruction
obtained at the end of the processing. For this participant, the
muscle volumes were 299.7 and 293.0 mL for the 3DUS-water and
3DUS-gel pad methods, respectively. Note that the B-mode image
quality was slightly better in the 3DUS-gel pad condition, and the
segmentation was slightly easier. Blue lines represent the image
borders of the successive sweeps.
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Results 3DUS-gel condition (Table 1). The mean bias

between the methods was 3.4 + 3.9 mL with a limit
The 16 participants included S women and 11 men of agreement of 7.7 mL. Bias was significant, with a
(mean age + SD, 22.7 & 1.5 years; body weight,  95% confidence interval of 2.1 mL (Figure 3A). It

68.9 £ 6.9 kg; and height, 175.6 + 6.4 cm). revealed a small underestimation of the GM muscle

volume for the 3DUS-gel versus 3DUS-water condi-
Validity tion. Validity was also assessed with only the first
With the 3 measurements for each condition, the vol-  acquisition (trial) of each condition, and this showed

ume obtained in the 3DUS-water condition was  a bias of 2.7 & 4.4 mL with a limit of agreement of
2219 4 36.4 mL versus 218.6 &= 36.2 mL for the 8.7 mL (Table 1 and Figure 3B). It was indicative of

Table 1. Validity: Comparison of GM Muscle Volume (Bland—Altman Analysis) Between 3DUS-Water and 3DUS-Gel

Parameter 3DUS-Water, mL 3DUS-Gel, mL Bias, mL LoA, mL Bias, % LoA, % Cl, mL
3scans 2219+ 364 218.6 £36.2 34+£39 77 15+£17 34 21
1scan 2217+ 36.1 219.0 £36.2 27 +44 8.7 13+20 39 23

Data are presented as mean + SD where applicable. Bias indicates mean difference; Cl, 95% confidence interval; LoA, 95% limit of agree-
ment 42 SDs; 3 scans, mean of the 3 scans of a session; and 1 scan: first scan of the session.

Figure 3. Bland-Altman plots showing the differences between the 3DUS-gel and 3DUS-water methods. Data are the mean of the 3 scans
of the first session (A) and only the first scan of the first session (B).
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Table 2. Reliability of the 3DUS-Water and 3DUS-Gel Methods to Scan GM Muscle Volume

3DUS-Water 3DUS-Gel

Parameter ICC CV, % SEM, mL MDC, mL ICC CV, % SEM, mL MDC, mL
Intersession

3 scans 1.00 11 2.6 71 0.99 16 33 9.3

1scan 0.99 13 3.0 8.4 0.99 19 4.0 11.0
Intrasession

3 x1scan 1.00 1.0 23 6.2 1.00 1.0 23 6.4
Interrater

3 scans 1.00 0.7 15 42 1.00 0.7 15 42

1scan 1.00 11 2.4 6.5 1.00 11 22 6.0

ICC indicates intraclass correlation coefficient; and MDC, minimal detectable change.



a similar underestimation of the volume when using
the gel pad with only a single acquisition compared
to 3 scans.

Reliability

Overall, the reliability of the volume measurements was
excellent (intraclass correlation coefficient, >0.99 for all
conditions; Table 2). For the intrasession reliability, the
CV and SEM were 1.0% and 2.3 mL, respectively,
regardless of the method. For the between-day reliabil-
ity, the CV and SEM were low for both the 3DUS-water
condition (CV, 1.1%; SEM, 2.6 mL) and the 3DUS-gel
condition (CV, 1.6%; SEM, 3.3 mL). For both methods,
the 3 measurements only marginally improved the inter-
session reliability. The interrater reliability was also
excellent, with very similar results for both methods
(3 measurements, CV, 0.7%; SEM, 1.5 mL; 1 measure-
ment, CV, 1.1%; SEM, 2.3 mL).

Discussion

This study shows that the use of a gel pad is a reliable
and valid alternative to the water tank protocol for mea-
suring the GM muscle volume using 3DUS. The reliabil-
ity analysis showed values that were similar to the
literature. Barber et al® obtained CVs of 3.4% and 6.6%
for intrasession and interrater reliability, respectively, on
the GM muscle of children. Cenni et al® also measured
the GM muscle volume of healthy children and children
with cerebral palsy. They reported SEMs for intrasession
reliability of 1.9 and 1.7 mL and for interrater reliability
of 1.2 and 1.4 mL in these groups. Mean volumes of the
GM muscle were notably smaller in the children: approx-
imately 50 mL for both of these studies compared to
our adult participants. This finding provides an explana-
tion for the higher CV values in these studies compared
to our study. To our knowledge, intersession reliability
for 3DUS was not previously described in the literature.
In this study, a small but significant underestimation
was found for the 3DUS-gel method versus 3DUS-water
method (&3 mL [1.4%]). This finding is in the same
range as those reported for volume measurements using
the 3DUS-water method compared to computed tomog-
raphy and MRI. Thus, Barber et al® reported a nonsignif-
icant bias of approximately 2 mL for GM muscle volume
measured by the 3DUS water tank method versus MRL
However, the limit of agreement (~18 mL) was much
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higher than in our study (~8 mL). Therefore, it could
be hypothesized that the 3DUS-gel method would pre-
sent no underestimation compared to MRI, which
remains the reference standard for muscle volume mea-
surements. In addition, Cenni et al’ found a difference of
2.3 mL (2.8%) between a method that used a gel pad
transducer to reduce soft tissue deformation and the
water tank method.

A limitation of this study was that the whole mus-
cle volume was not scanned. We used the most super-
ficial aspect of the inferior margin of the medial tibial
condyle as the proximal boundary of the muscle. This
landmark leads to an underestimation of the actual
GM muscle volume with an underestimation of
11.8% =£ 2.8% compared to the whole GM muscle
volume.'> However, the rationale for our boundary
was principally a “trade-off” situation to achieve our
aim of scanning in the same anatomic position in
both conditions. Although the gel pad could not be
placed more proximal, because of the flexed knee
position, if we had used an extended knee, we could
not have scanned in the water without having the par-
ticipant lying prone in a pool, which was not feasible.
The small but significant underestimation found
when using the gel pad could in part have been due
to proximal GM muscle deformation that shifted part
of the muscle to the zone that was not measured.
Additionally, it has been reported that in the proximal
zone, muscle boundaries can appear unclear and
induce higher variability in measurements.'* In sev-
eral cases during this study, we observed that muscle
boundaries were easier to see when using the gel pad
compared to the water tank (Figure 2).

We acknowledge that our gel pad probably
induced a global pressure and an initial deformation
to the muscle scanned. This is the probable explana-
tion for the volume underestimation with our method
because the whole muscle was not scanned (see pre-
vious paragraph). However, this deformation was
constant during the scanning and should not bias the
volume measurement of a whole muscle, since the
muscle can be considered isovolumic. Our gel pad
enables the experimenter to apply very limited pres-
sure during a sweep and between sweeps. This is
because the surface of the gel pad is flat, which limits
the influence of longitudinal (within a sweep) and
transverse (between sweeps) changes in shape of the
calf due to the pressure applied with the transducer.
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It was not the case with the gel pad developed by
Cenni et al,” which reduced the muscle deformation
by about 46%. For all these reasons, we are convinced
that our gel pad method is currently the best solution
to minimize the artifacts due to transducer compres-
sion during sweeps using freehand 3DUS scanning.

Interestingly, from a resource perspective, the
same pad was satisfactorily used for all the partici-
pants despite a wide range of muscle volumes that
were measured (160-299 mL). Furthermore, com-
pared to water, operators using the gel pad for scan-
ning anecdotally reported that it was easier to
perform the required movements of the transducer
with the presence of the flat scanning surface that can
be used to visualize the previous sweeps with the
mark created by the US coupling gel.

In conclusion, across a number of statistical
parameters, the gel pad technique was shown to be a
valid and reliable method to assess GM muscle vol-
ume. The method does not require the leg to be
placed in water, which is more comfortable for the
participant and examiner. It also does not require the
presence of a relatively large tank that must be filled
and cleaned thoroughly after each session with a par-
ticipant. Finally, operators found the gel pad tech-
nique easier to perform, and data collection times for
each participant were notably shorter when using the
gel pad. Overall, this study addresses a methodologi-
cal gap in volumetric measurements of muscles that
will affect the understanding of muscle disorders in
which atrophy is a main symptom (eg, Duchenne
muscular dystrophy and cerebral palsy).
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