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The gold standard to determine muscle morphological parameters is magnetic resonance imaging (MRI).
To measure large muscles like the vastus lateralis (VL) in one sequence, scanners with a large field of view
(FOV) and a high flux density are needed. However, large scanners are expensive and not always avail-
able. The purpose of the current study was to develop a marker-based approach to reconstruct the VL
from several separate MRI sequences, acquired with a low-field MRI scanner. The VL muscle of 21 volun-
teers was marked at one-third and two-third of thigh length using fish oil capsules. Three consecutive
MRI sequences (i.e. proximal, medial and distal part) of the thigh were captured between the markers
and the muscle insertion and origin. After a manual segmentation of the VL the muscle was reconstructed
using the developed approach. The muscle volume, maximal anatomical cross-sectional area and length
were 715.1 ± 93.4 cm3, 34.0 ± 4.0 cm2 and 34.4 ± 2.2 cm respectively. The procedure showed an average
error between 0.9% and 2.2% for the reconstructed muscle volume, the averaged RMSD between the
cross-sectional areas of two overlapping sequences were between 0.80 ± 0.71 cm2 and 0.88 ± 0.78 cm2.
The proposed approach provides an appropriate accuracy for muscle volume assessment, as the esti-
mated error for muscle volume calculation was quite small. The reconstruction quality depends mainly
on the proper marker attachment and identification, as well as the spatial resolution of the image
sequences. We are confident that the presented method can be used in most investigations regarding
muscle morphology.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The measurement of muscle morphology (i.e. volume, anatom-
ical cross-sectional area and length) is important in musculoskele-
tal research for the evaluation of training interventions (Blazevich
et al., 2007; Vikne et al., 2006), the assessment of age-related mus-
cle alterations (Mersmann et al., 2017; O’Brien et al., 2010) and the
quantification of changes in muscle properties due to disease
(Bland et al., 2011; Guler et al., 2016; Moreau et al., 2009). The gold
standard methodology for the reconstruction of muscle morphol-
ogy in vivo is based on magnetic resonance imaging (MRI)
(Barber et al., 2009; Marcon et al., 2014; Walton et al., 1997).
MRI is non-invasive, free of ionising radiation and provides high
resolution images (Engstrom et al., 1991; Walton et al., 1997).
The precise determination of muscle volume requires the recon-
struction of the muscle by analyzing multiple MRI scans along a
certain body axis (i.e. longitudinal axis) of the entire muscle.

Capturing large muscles like the vastus lateralis (VL) in a single
MRI scan is only possible in high-field scanners providing a large
field of view (FOV). However, high-field devices with a magnetic
flux density above 1 Tesla (T) are rarely accessible (Schless et al.,
2017) and mainly used in a clinical context. Therefore, low-field
MRI scanners with a low magnetic flux density of 0.2–0.25 T and
a small field of view have been alternatively used to determine
muscle morphology for scientific purposes (Albracht et al., 2008;
O’Brien et al., 2010; Seynnes et al., 2009). The financial costs of
low-field scanners are substantially lower compared to high-field
scanners (Coffey et al., 2013; Lee et al., 2015), however, a reposi-
tioning of the participants with respect to the FOV is needed to
provide a sufficient number of images for a total reconstruction
of large muscles like the VL.

From our perspective, the reconstruction of large muscles from
several MRI sequences is the most crucial limitation when using
small FOV scanners. Therefore, our purpose was to present a
marker-based approach for a total reconstruction of a large muscle
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(i.e. VL) from three separate MRI sequences, acquired with a low-
field and small FOV MRI scanner. The proposed methodology will
enable researchers to reconstruct large muscles using small FOV
MRI scanners.
2. Methods

2.1. Experimental design

MRI scans at three different sections of the thigh were taken
from 21 male participants (age: 26.8 ± 4.6 y, height:
178.8 ± 6.5 cm, body mass: 73.2 ± 8.7 kg). All participants included
in the study were informed about the aim and the measurement
procedures and gave their written consent to participate in the
investigation. The study was performed in accordance with
the declaration of Helsinki and approved by the ethics board of
the Humboldt-Universität zu Berlin.
2.2. Measurement

Prior to the MRI measurement the participant’s thigh length
was measured between the greater trochanter and the lateral epi-
condyle. The distance was separated in three segments and the
segment borders were marked with a skin marking pen. At the
two marks on the thigh elastic marker belts were attached accord-
ingly (Fig. 1A). The marker belts consisted of elastic straps with
three fish oil capsules. The fish oil capsules (from now on named
marker) were later easy to identify in the image series, since they
provide a bright signal in T1 weighted MRI sequences. Finally, the
border of the marker belt was highlighted with the skin marking
pen and secured at the participant’s leg with tape. The procedures
allowed to control and reduce the marker belts’ movement during
the necessary repositioning of the participants in the scanner
throughout the measurement.

After the preparation, the participants were positioned supine
in an open 0.25 Tesla MRI scanner (G-Scan, Esaote, Genua, Italy).
First, the most proximal third of the thigh (proximal sequence)
was scanned with 52 slices (Turbo 3D T1 weighted, TE: 16 ms,
Fig. 1. Process of muscle reconstruction from the participants’ preparation (A), manual v
shows the elastic straps with the fish oil capsules attached to the leg. Image B shows appr
the proximal (top) and medial (bottom) muscle segment. Image C shows a model of the
parts on the basis of the respective digitized fish oil capsules. (For interpretation of the r
this article.)
TR: 39 ms, slice thickness: 3.1 mm, no gaps). Afterwards the partic-
ipants were repositioned in the scanner with respect to the FOV
and the medial (medial sequence), followed by the distal (distal
sequence) part of the thigh were scanned. The scanning settings
for the medial and distal sequence were the same as we described
before for the proximal sequence. During repositioning in the scan-
ner, the position of the marker belt was carefully controlled to
avoid any potential movement. In all measurements, we took care
that at least one marker was completely visible in either of the two
consecutive scanned sequences.
2.3. Muscle reconstruction

In the captured image sequences the border of the VL muscle
was manually identified in every slice using the software Osirix
(version 4.0, Pixmeo, Geneva, Swiss), segmenting precisely the
inner layer of the epimysium (Fig. 1B). Care was taken that at least
an overlap of three slices for two subsequent sequences (i.e.
proximal-medial and medial-distal) was digitized. The three mark-
ers were manually identified in each image sequence. Although in
some cases only a part of a marker was visible within a sequence,
in the most cases the fish oil capsules were visible in their entire
length (i.e. each marker was visible for 8 to 10 consecutive slices).
Fig. 1B provides an MRI image with the identified VL and the mark-
ers in the proximal and medial scanning sequence of the thigh at
the same longitudinal position (i.e. overlapping region). The ana-
lyzed sequences were post-processed using a custom written Mat-
lab (2012, The Mathworks, Natick, USA) algorithm for the
connected sequences (i.e. proximal-medial sequence and medial-
distal sequence).

In a first step, the algorithm calculated the shift in the z-
direction (i.e. longitudinal axis of the MRI scanner) between two
consecutive sequences using the identified markers. For each mar-
ker that was completely visible (being present in at least eight
slices) and segmented, the necessary shift of the more distal
sequence was calculated to superimpose the corresponding marker
in the more proximal sequence along the longitudinal axis (i.e. the
proximal end of a marker being in the same z-level in both
astus lateralis segmentation (B) and model of the reconstructed muscle (C). Image A
oximately the same identified part of the muscle and the fish oil capsules in a slice in
fully reconstructed muscle with its proximal (red), medial (green) and distal (blue)
eferences to colour in this figure legend, the reader is referred to the web version of



Fig. 3. Average muscle anatomical cross-sectional area and standard deviation (error bars) along the muscle length. Values were calculated in 10% intervals from the
proximal to the distal part of the muscle. The vertical lines indicate the mean (solid grey lines) and standard deviation (dashed grey lines) of the position of the overlapping
areas of the proximal-medial (left) and medial-distal (right) MRI sequences.
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Fig. 2. Example of the procedure of the MRI sequence shift in the Z-direction (i.e. longitudinal axis of the MRI scanner) with respect to the contributing slices of the markers in
two connected sequences. The left image shows the sequence before the shift and the right image thereafter. To improve visibility, the rotation and translation of the more
proximal part (second step of the reconstruction process) were already applied in the left image. Before the shift the left marker is visible in the same relative slices in the
proximal (red) and distal (blue) sequence (zero offset). For the middle marker the proximal and the distal part show an offset of three slices between the sequences. For the
right marker the offset between both sequences is one slice. Hence the total offset is 4/3 slices (4 slices by 3 markers). Consequently the distal part is shifted by 4/3 of the slice
thickness in the direction toward the more proximal part. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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sequences). The resultant shift of the sequence was calculated as
the average shift of the individual markers. Details of the proce-
dure are presented exemplary in Fig. 2. The accuracy of the marker
length identification and the resultant shift calculation is affected
by the resolution in the z-direction (i.e. slice thickness). With a
lower resolution, it is more likely that the real marker endpoints
are between two slices and not in a scanned image. In conse-
quence, the identified markers’ endpoints may introduce an inac-
curacy of one slice thickness. This potential error was reduced by
allowing an additional shift between the two sequences by plus/
minus one slice in either direction. The allowed additional shift
was calculated using a least square approach that minimized the
squared differences in muscle anatomical cross-sectional area
(ACSA) in the overlapping parts.

After the shift of the two consecutive sequences in the z-
direction, we determined the rotation around the z-axis and the
translation in the transverse plane (i.e. x-y plane) between two
scanning sequences. A transformationmatrix Twas calculatedusing
homogenous coordinates to describe the rotation and translation of
the distal in relation to the proximal sequence in the transverse
plane. First, the geometrical centers (c) of the identified markers in
the transverse plane of both sequences were represented in
homogenous coordinates, particularly c1i ¼ ð x1i y1i 1 Þ0 for the
more proximal part and c2i ¼ ð x2i y2i 1 Þ0 for the more distal part
with i 2 f1; � � � ;3g. Then the transformation matrix

T ¼ R
tx
ty

0 0 1

0
@

1
A with a 2D rotation matrix R and a translation

t ¼ ðtx; tyÞ, was determined using constrained optimization to min-
imize the squared distances between c1i and T � c2i . The optimization
constraint was that the determinant of the rotation matrix R needs
to be one. Lastly, the distal sequence was transformed using the
matrix T to superimpose over the proximal sequence in the overlap-
ping region. Finally, after the two reconstruction steps the muscle
volumewas calculated by integrating theACSAalong the z-axiswith
the trapezoidal rule. The steps from the participant preparation to
the final muscle volume reconstruction are shown in Fig. 1A–C.

From the reconstructed muscle we determined volume,
maximal cross-sectional area (ACSAmax) and length of the VL
muscle. We calculated the probable error in the reconstructed



Table 1
Estimated effect of possible errors in muscle sequence overlap on the whole muscle volume (715.1 ± 93.4 cm3) calculation. The error is calculated with regard to the average
muscle cross-sectional area at the overlapping region under the assumption of an overlap of one slice between two sequences (the equations for error calculation are given in the
methods section). Results are shown for the proximal-medial and medial-distal sequence separately and as the sum of both overlapping regions.

Proximal-medial sequence Medial-distal sequence Sum of both overlapping regions

Absolute error [cm3] Relative error [%] Absolute error [cm3] Relative error [%] Absolute error [cm3] Relative error [%]

8.9 1.2 6.7 0.9 15.6 2.2
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muscle volume for one slice overlap between two sequences
using the following equations: probable volume error ¼
volume at overlap
total muscle volume ½�100%� and volume at overlap ¼ ACSAavg �
erroneous slices at overlap � slice thickness, with ACSAavg as the
average cross-sectional area at sequence overlap. In addition,

the root mean square deviation RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1
ACSA1;i�ACSA2;ið Þ2

n

r

between the cross-sectional areas of two overlapping sequences
was calculated. With ACSA1 and ACSA2 being the cross-sectional
areas in the overlapping region (e.g. proximal and medial) and n
the number of overlapping slices.
3. Results

The average muscle volume, ACSAmax and length were
715.1 ± 93.4 cm3, 34.0 ± 4.0 cm2 and 34.4 ± 2.2 cm respectively.
The average position of the overlapping region, in respect to the
muscle length was at 35.3 ± 3.3% from the proximal to medial
sequence and at 70.0 ± 4.0% from the medial to distal sequence
(Fig. 3). The average ACSA at the proximal to medial sequence
overlap was 28.9 ± 4.6 cm2 and 21.7 ± 3.6 cm2 at the medial to dis-
tal overlap. The average error in muscle volume was between 0.9%
and 2.2% for an error of one slice in the overlapping regions
(Table 1). The averaged RMSD between the areas of the two
sequences was 0.80 ± 0.71 cm2 at the proximal to medial sequence
and 0.88 ± 0.78 cm2 at the medial to distal sequence (i.e. 2.8% and
4.0% respectively).
4. Discussion

In the current study we provided a methodological approach to
reconstruct the entire VL muscle from several connected MRI
sequences of a low-field, small FOV MRI scanner. The calculated
VL muscle volumes were similar to literature reports using large
field of view scanners (Mersmann et al., 2015; O’Brien et al.,
2009). Furthermore, the estimated error of the proposed method
was approximately 2% for the whole VL muscle volume reconstruc-
tion. Therefore, the presented method can be used without rele-
vant limitations for the assessment of muscle morphology.

The expected changes in the VL muscle volume after training
interventions are higher than 10% (Blazevich et al., 2007) and,
therefore, well detectable with the proposed approach. Similarly,
the reported differences in VL muscle volume due to disease
(Hart et al., 2012) or aging (O’Brien et al., 2010) are higher than
10%, which supports the applicability of the proposed methodology
in cross-sectional studies too. The small error in volume assess-
ment can be attributed to the small slice thickness (e.g. 3.1 mm)
in the MRI scanning, which resulted in a high spatial measurement
accuracy. Furthermore the high spatial resolution in combination
with the small estimated number of erroneous overlapping slices
(±1) resulted in a rather low error of 0.9–2.2% (Table 1) in the over-
lapping regions (CSA � slice thickness) to the total muscle volume.
This was despite the large ACSA of 84.3% (proximal-medial) and
63.9% (medial-distal) of the ACSAmax in the overlapping regions.
Moreover, the RMSD between the areas in the overlapping regions
was 2.8% between the proximal and medial sequence and 4%
between the medial and distal sequence, giving almost identical
area sizes in the overlapping regions after the transformation.

Using the presented approach, the error in muscle length deter-
mination is ±1 slice at the insertion and origin of the muscle due to
the spatial resolution of the MRI measurement and an additional
±1 slice at the overlapping regions. However, the spatial resolution
is a general issue of the MRI methodology and not related to the
proposed approach. The possible error induced at the two overlap-
ping regions of ±6.2 mm (2 � 3.1 mm slice thickness) is within
(Maden-Wilkinson et al., 2014; Marcon et al., 2014; O’Brien
et al., 2009) or below (Blazevich et al., 2007; Ogawa et al., 2012;
Vikne et al., 2006) the slice thickness (i.e. measurement error) of
other investigations. Accordingly, a larger slice thickness or inter
slice gaps can result in a larger error in the muscle length determi-
nation due to improper identification of the muscles’ insertion and
origin in the MRI sequence (spatial resolution). Hence, it is reason-
able to argue that the small slice thickness (with no gaps) and the
high accuracy of the sequence composition in our approach
ensured that the possible error in muscle length from the overlap-
ping regions is marginal.

5. Conclusion

The developed algorithm reconstructed the muscle volume
from three different MRI scans on the basis of manually identified
external markers (fish oil capsules) within the scans. The recon-
struction quality depends mainly on the proper marker attachment
and identification, as well as high spatial resolution (small slice
thickness and no gaps). With the proposed method we were able
to accurately reconstruct the VL muscle and calculate volume,
ACSAmax and length, from three connected MRI sequences captured
with a small FOV scanner. Hence, the method allows using small
FOV MRI scanners for the assessment of the morphology of large
muscles.
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