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Aims

Ultrasound-guided injection techniques are expected to enhance therapeutic efficacy for
skeletal muscle injuries and disorders, but basic knowledge is lacking. The purpose of this study
was to examine the diagnostic accuracy of ultrasound for abnormal skeletal muscle lesions, and
to examine the distribution patterns of solution and cells injected into abnormal muscle lesions
under ultrasound guidance.

Methods

A cardiotoxin (CTX)-induced muscle injury model was used. Briefly, CTX was injected into tibialis
anterior muscle in rats under ultrasound observation. First, the diagnostic accuracy of abnormal
muscle lesions on ultrasound was examined by comparing ultrasound findings and histology.
Next, Fast Green solution and green fluorescent protein (GFP)-labelled cells were simultaneously
injected into the abnormal muscle lesions under ultrasound guidance, and their distribution was
evaluated.

Results

Evaluation of short-axis ultrasound images and cross-sectional histological staining showed
a strong correlation (r = 0.927; p < 0.001) between the maximum muscle damage area in
ultrasound and haematoxylin and eosin (H&E) staining evaluations. Histological analysis showed
that ultrasound-guided injection could successfully deliver Fast Green solution around the
myofibres at the site of injury. In contrast, the distribution of injected cells was very localized
compared to the area stained with Fast Green.

Conclusion

This experimental animal study demonstrated the potential of ultrasound to quantitatively
visualize abnormalities of skeletal muscle. It also showed that ultrasound-guided injections
allowed for highly accurate distribution of solution and cells in abnormal muscle tissue, but
the patterns of solution and cell distribution were markedly different. Although future studies
using a more clinically relevant model are necessary, these results are important findings when
considering biological therapies for skeletal muscle injuries and disorders.

Article focus Key messages

* Ultrasound-guided injection techniques * Ultrasonographic and histological
are expected to enhance therapeutic evaluations have high correlation with
efficacy for skeletal muscle injuries and regard to quantification of the abnormal
disorders, but basic knowledge is still muscle tissue lesions.
lacking. * Histological analysis showed that ultra-

sound-guided injection could successfully
deliver solution and cells in abnormal
muscle tissue, but the patterns of solution
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and cell distribution were markedly different.

Strengths and limitations

e Ultrasound-guided intervention employing clinically used
devices was performed on the in vivo model.

e This study used the cardiotoxin (CTX)-induced muscle
injury model, a model which is frequently used but differs
from clinical practice.

Introduction

Skeletal muscle injuries and disorders are basically diagnosed
on history and physical examination, and in many cases
imaging studies, including ultrasound, provide important
information. Ultrasound-guided interventions, such as biopsy,
aspiration, and infusion of drugs, are extremely important
procedures in many areas of clinical medicine." Ultrasound-
based diagnosis of skeletal muscle disorders has been
reported to be comparable to that of MRI in the prognosis
of indirect traumatic muscle injury, and may also be used
to diagnose neuromuscular disorders.>* Although it is known
that high-resolution ultrasound images reflect normal skeletal
muscle tissue well, relatively few reports have examined
how ultrasound images reflect abnormal muscle tissue.”** In
particular, few studies have used histological findings as the
gold standard, and studies focusing on skeletal muscle injuries
and disorders are extremely limited.””

In recent years, much basic and translational research
has focused on biological therapies for various skeletal
muscle disorders, including traumatic skeletal muscle injuries,
neuromuscular diseases with spasticity, and muscle atro-
phy.”™* Local administration via intramuscular injection has
been recognized as a particularly useful method for local-
ized disease owing to its safety and local residence time.”
Although several animal studies and human clinical trials have
been designed and conducted to evaluate various aspects of
this technique,’® there is no consensus on the administration
protocols, including drug dose, cell numbers, injection site, or
frequency of injection. In the case of intramuscular injections
into skeletal muscle tissue, which has dense connective tissue,
the distribution of the injected substance is expected to be
affected by the properties of the injected substance and the
condition of the injection site; however, there is insufficient
knowledge in this area.”"’

We hypothesized that there would be histological
findings corresponding to ultrasonographic findings of
skeletal muscle injuries and disorders, and that ultrasound
would allow quantitative assessment of the area of muscle
injury. We also hypothesized that solutions and cells injec-
ted into injured muscle tissue would show different distribu-
tion patterns. To investigate these hypotheses, we used the
rat cardiotoxin (CTX)-induced muscle injury model, which
is frequently used as a highly reproducible model of mus-
cle injury. This experimental animal study was designed
to explore the following: to compare the largest damaged
muscle area between ultrasound evaluation and histological
haematoxylin and eosin (H&E) staining after determining the
inter- and intraobserver accuracy histological and ultrasound
evaluations; and to evaluate the distribution of solutions and
cells injected under ultrasound guidance. Although there
are some issues, such as differences in muscle tissue size
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and composition, which affect ultrasound evaluation when
compared to actual human muscle injury, the results obtained
are expected to provide basic data for conducting human
clinical studies.

Methods

Animals

This research has been approved by the institutional review
board (IRB) of the authors’ affiliated institution. All the animal
experiments in this study adhered to the ARRIVE guidelines,
and an ARRIVE checklist is included in the Supplementary
Material to show this. A total of 30 male Wistar Hannover rats
(Nihon Clea, Japan) aged eight to 13 weeks were used in the
experiments. CAG-EGFP rats were purchased from Japan SLC
(Japan). The rats were housed (two per cage) in a temper-
ature-controlled room with a 12-hour day/night cycle, and
an adequate amount of food and water was provided ad
libitum. A mixture of three agents was administered intraper-
itoneally to achieve analgesia and sedation: medetomidine
(Domitor; Nippon Zenyaku Kogyo, Japan) 0.3 mg/kg; midazo-
lam (Dormicum; Maruishi Pharmaceutical, Japan) 4.0 mg/kg;
and butorphanol (Vetorphale; Meiji Seika Pharma, Japan)
5.0 mg/kg.

Study design and sample size

In this study, muscle lesions were created on only one
lower limb of the animals. Inter- and intraobserver intra-
class correlation coefficient (ICC) in histological and ultraso-
nographic evaluations was performed on ten tibialis lesions
created in the anterior muscle used for the study. Quantita-
tive comparison of abnormal lesions in ultrasound images
and H&E staining was performed using lesions created in
12 tibialis anterior muscles. Comparison of solution and cell
distribution immediately after injection was performed using
lesions created in five tibialis anterior muscles. A total of 30
rats were used in this study. In addition to the animals used for
the aforementioned measurements (17 rats), six rats were used
for establishing the ultrasound-guided injection technique,
six rats for examining histological findings, and one rat for
collecting adipose-derived cells.

Ultrasound examination

The rats were evaluated in B (brightness) mode using
SONIMAGE HS1 ultrasound system with a linear probe HL18-4
(10 MHz) (Konica Minolta, Japan). The spatial resolution of
this system was 0.13 mm or less (distance direction), 0.3 mm
or less (azimuth direction). Prior to ultrasound examination,
the tibialis anterior (TA) muscle was delineated by placing
the rat in a supine, fixed position with the knee and ankle
joints in extension, and the body hair on the lower limb
of the rat was removed. Short-axis ultrasound images were
acquired as perpendicular to the muscle fibres as possible,
using echogenicity as a cue. To obtain a long-axis image, the
probe was manipulated with care to make the beam parallel to
the muscle fibres.

Generation of skeletal muscle injury model by ultrasound-
guided CTX injection

Needles of 25 G (SGE, Australia) or 30 G (Termo Co., Japan)
diameter were inserted in the centre of the long and short
axes of the TA muscle, and 25 to 150 pl of 10 uM CTX
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Fig. 1

Ultrasound-guided cardiotoxin injection into rat tibialis anterior muscle. In the macroscopic photographs, probe positions during long-axis/short-axis
imaging are shown. Blue arrows indicate the direction of needle puncture. In the ultrasound images, positions of the needle in the muscle tissue are

indicated with white arrows. Scale bars =2 mm.

(Latoxan, France) was injected under ultrasound observation
using long-axis in-plane techniques (25 ul for one rat, 50 pl
for nine rats, and 150 pl for two rats). To measure the lesion
size, still images with the largest damaged area were selected
by checking the stored short-axis video image frame-by-frame.
The standard video frame rate was 15 frames per second.

Ultrasound-guided drug/cell injection into the injured
muscle lesion

Animals were used 24 hours after injection of 100 pl of 10 uM
CTX. Adipose-derived cells were isolated from a CAG-EGFP
rat using a standard collagenase digestion. Cells at passage
2 were prepared with Fast Green solution (0.2%). A needle
tip was placed in the lesion under ultrasound guidance,
and 100 pl (1 x 10° cells) of cell suspension was injected.
Within 30 minutes after injection, the TA muscle was har-
vested. The measurements of the distribution area of Fast
Green and GFP-positive cells were performed using same
sections. Picrosirius red (PSR) staining and immunostaining
were performed using serial sections.

Preparation of frozen tissue sections
The rats were euthanized by exsanguination following deep
anaesthesia with isoflurane, and the TA muscle was harvested.

After skin and fascia incisions, the distal tendon was cut and
collected as a single mass to avoid damaging the muscle
tissue. The TA muscle was quick-frozen using isopentane
cooled with liquid nitrogen and stored at -80°C. A cryostat
(CM1860; Leica) was used for preparation of 10 um frozen
sections. Careful attention was paid to obtain cross-sections
perpendicular to the long axis of the tibialis anterior muscle.

H&E and PSR staining

H&E staining, which is frequently used for histological
evaluation of skeletal muscle morphology, and PSR staining,
which is excellent for depicting collagen fibres, were used.
TA sections were washed in phosphate-buffered saline (PBS)
for five minutes and then stained using H&E solutions
and PSR solution according to the manufacturer’s standard
protocol (Muto Pure Chemicals, Japan). In the cross-section,
it was observed that the TA muscle was separated from the
extensor digitorum longus muscle by fascia (Supplementary
Figure a).

Immunostaining

Anti-type |  collagen, anti-F4/80  antibody, anti-
laminin antibody, fluorescent phalloidin, and
4',6-diamidino-2-phenylindole (DAPI) were used to delineate
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Phalloidin

Fig.2

SR:
Polarized)

Ultrasound images and histological sections of tibialis anterior 24 hours after cardiotoxin (CTX) injection. a) Long-axis and b) short-axis ultrasound
images. ¢) In a short-axis ultrasound image, lesion containing more hypoechoic area than normal muscle tissue is outlined with a dotted line. d) to i)
Histological analysis performed using the cross-sectional sections. Staining with haematoxylin and eosin (HE), phalloidin, and anti-F4/80 antibody is
shown. g) to I) Stained images of the area bordering CTX-induced muscle injury and surrounding tissue. Myofibres, endomysium, and perimysium at
the site of muscle injury were stained with anti-collagen 1 antibody, Picrosirius red (PSR) without/with polarized microscopy, anti-laminin antibody,
phalloidin, and 4’,6-diamidino-2-phenylindole (DAPI). In the merged image, myofibres were labelled with phalloidin (red), nuclei with DAPI (blue),
and endomysium with laminin (green). Scale bars =1 mm in a) to f), 500 um in g) to i), and 100 um in j) to I).

collagen fibres, macrophages, endomysium, and muscle
fibres, respectively. After blocking with Blocking One Histo
(06349-64; Nacalai Tesque Inc., Japan) in 1x PBST (1x PBS,
0.1% Tween 20) at room temperature for one hour, the
sections were incubated at 4°C overnight with the following
primary antibodies: goat anti-type | collagen (1:200; 1310-01;
SouthernBiotech, USA), rat anti-F4/80 (1:200; ab6640; Abcam,
UK), and rabbit anti-laminin (1:200; ab11575; Abcam). For
anti-type | collagen, the immune complexes were detected
using anti-goat IgG H&L (HRP) (1:500; ab97110; Abcam)
and ImmPACT DAB (SK-4105; Vector Laboratories, USA).
For anti-F4/80 and anti-laminin, the immune complexes
were detected using anti-rat IgG (H + L) Alexa Fluor 594
(1:400; A-21209; Invitrogen, Thermo Fisher Scientific, USA)
or anti-rabbit 1gG (H + L) Alexa Fluor 488 (1:400; A-21206;
Invitrogen) antibodies. The actin cytoskeleton was visual-
ized using Acti-stain 555 Fluorescent phalloidin (PHDHT1;
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Cytoskeleton, USA). Images were obtained using a DMi8 (Leica
Microsystems, Germany) microscope or an Olympus BX53
microscope (Olympus, Japan).

Quantitative evaluations

All quantitative evaluations in this study were performed using
short-axis ultrasound and histological images of the tibialis
anterior muscle. For histological measurements, H&E staining
images, which are frequently used to evaluate CTX-induced
muscle lesions, were evaluated. To evaluate the distribution
of Fast Green and GFP-positive cells, bright-field and fluo-
rescence images were acquired without additional staining.
The blue-stained regions (as the distribution of injected Fast
Green solution) and fluorescent regions (as the distribution
of injected cells) were measured, respectively. The region
of interest (ROI) was determined using the hand tool func-
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Table I. Inter- and intraobserver intraclass correlation coefficient in
histological and ultrasonographic evaluations.

Intraobserver Interobserver
Variable ICC(1,1) 95% ClI ICC(2,1) 95% CI
Ultrasound
evaluation  0.9743 0.9062t00.9935 0.9724 0.8995 to 0.993
Histological
measure-
ment 0.9803 0.9324t00.9946 0.9822 0.9353 t0 0.9952

ICC, intraclass correlation coefficient.

tion of Lenaraf 220b software (Vector Japan, Japan) and was
quantitatively measured.

Intra- and interobserver reproducibility

Two examiners (TK and SO, two orthopaedic surgeons
experienced in musculoskeletal ultrasound measurements)
independently performed histological and ultrasound
assessments on randomly selected and blinded CTX-induced
lesions (11 lesions for histology, ten lesions for ultrasound).
The trials were performed on two different days and analyzed
independently by two observers (TK and SO). Both intra- and
interobserver reliability rates were assessed using ICC.

Statistical analysis
The relationship between ultrasound and H&E staining for
quantitative assessment of the area of muscle damage
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Fig. 4
The distribution of the injected solution and cells. a) to j) Images of cryosections immediately created after injection. a) Brightfield image. b) and c)
Images of staining with Picrosirius red (PSR). d) to g) Images of area indicated by solid line in panel a). d) Brightfield image. e) Image of staining with
anti-laminin antibody. f) Image of staining with PSR. g) Image of staining with anti-collagen 1 antibody. h) to j) Images of area indicated by dotted
line in panel a). h) Brightfield image. i) GFP-positive cells. j) Image of phase contrast. k) Graph showing a comparison between Fast Green-stained and
GFP-positive areas. Scale bars = 1 mm for upper panels, 200 um for middle panels, and 100 um for lower panels.

was investigated using Pearson correlation coefficient and
Bland-Altman plots. Both intra- and interobserver reliabilities
were assessed using ICC. Analyses were performed using
GraphPad Prism 9.0.0 (GraphPad Software, USA) or Ekuseru-
Toukei (Social Survey Research Information Co., Ltd., Japan).
Data are presented as mean (SD), and statistical significance
was set at p < 0.05.

Results

Ultrasound-guided CTX injection into rat tibialis anterior
muscle

The rat TA muscle was reproducibly delineated along the
long and short axes (Figure 1). Using short axis out-of-plane
and long-axis in-plane techniques, CTX was injected into the
muscle belly near the centre of the long axis of the TA muscle
while confirming the needle tip position in the ultrasound
image. The muscle tissue injected with the drug solution
became more hyperechoic than the surrounding tissue.

Histological analysis of lesions with abnormal patterns in
ultrasound images

Ultrasound images obtained 24 hours after CTX injection
showed areas with lower echogenicity than healthy muscle
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fibres in both the short- and long-axis images (Figures 2a
to 2c). Haematoxylin and eosin (H&E) staining of the sam-
ples prepared following the ultrasound observations revealed
damaged areas with reduced eosin staining (Figure 2d),
absence of phalloidin-stained myofibres in some areas (Figure
2e), and expression of macrophage markers in some areas
(Figure 2). Collagen 1 staining signal was reduced in the
injured region (Figure 2g), and PSR-stained perimysium was
fragmented (Figures 2h and 2i). In the injured area, muscle
fibres showing morphological changes were observed (Figure
2j). These abnormally shaped muscle fibres showed decreased
expression of phalloidin (Figure 2k), but not of laminin, which
indicates endomysium (basal lamina) (Figure 2I).

Quantitative comparison of abnormal lesions in ultrasound
images and H&E staining

Various sizes of muscle lesions were observed as a result
of injecting different volumes of CTX solution at the same
concentration (Figure 3a, Supplementary Figures b and c).
Evaluation of short-axis ultrasound images and cross-sec-
tional histological staining showed a strong correlation (r =
0.927; p < 0.001) between the maximum muscle damage
area in ultrasound and H&E staining evaluations (Figure 3b).
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The relationship between muscle membranes and distribution of injected cells. a) and b) Images of staining with anti-collagen 1 antibody. Solid line
in panel a) indicates area shown in panel b). The cells were distributed in a pattern along the perimysium. c) to h) Images of injected cells in injured
muscle tissue. c) and d) Images of staining with Picrosirius red. Fragmented red signals were observed at the margins of the cell aggregates. ) to h)
The merged images labelled with laminin (red) and nuclei with 4’,6-diamidino-2-phenylindole (DAPI) (blue). No clear contact between the laminin

staining and cell aggregates was observed. Scale bars = 100 um.

Ultrasound measurements were significantly lower (mean 86%
(SD 14)) than histological measurements (Figure 3c). Both
intra- and interobserver reproducibility of the quantitative
assessment of the muscle injury area by ultrasound imaging
and histological analysis were sufficiently high (Table I).

Distribution of solution injected under ultrasound guidance
into CTX-induced skeletal muscle injury lesions

During ultrasound-guided injection of Fast Green solution into
muscle lesions 24 hours after CTX injection, an increase in the
muscle tissue cross-sectional area was observed (Supplemen-
tary Video 1). Tissue samples prepared immediately after the
injection showed wide distribution of the Fast Green stain
in the muscle injury lesions (Figures 4a, 4d, and 4h). PSR
staining signal was absent or fragmented (Figures 4b, 4c, and
4f), and laminin staining signal was discontinuous (Figure 4e)
in Fast Green-stained areas. In contrast, strong PSR staining
signal with continuity and anti-collagen 1 antibody signal
were observed in areas lacking Fast Green staining (Figures
4b, 4c, 4f, and 4q).

Distribution of cells injected under ultrasound guidance into
CTX-induced skeletal muscle injury lesions

The distribution of cells injected into the area of muscle injury
was localized to 2.7% + 0.9% of the Fast Green solution
distribution area (Figures 4h to 4k). The cells were distrib-
uted in a pattern along the perimysium, and fragmented PSR
staining was observed at the margins of the cell aggregates
(Figures 5a to 5d, 5e, and 5g). No contact between the laminin
staining and cell aggregates was observed (Figures 5f and 5h).

Discussion
In this study, the quantitative assessment of the muscle
injury area by ultrasound imaging and histological analysis

was sufficiently reproducible. The evaluation of short-axis
ultrasound images and cross-sectional histological staining
showed a strong correlation between the maximum muscle
damage area in ultrasound and H&E staining evaluations. It
also showed that ultrasound-guided injections allowed for
highly accurate distribution of solution and cells in abnormal
muscle tissue, but the patterns of solution and cell distribution
were markedly different.

Although studies using animal muscle injury models
have been reported previously, including one that compared
ultrasound and histological evaluation of muscle tissue using
mepivacaine-injected rats, and another that demonstrated the
relationship between the ratio of fibrous tissue and echo
intensity in canine muscle specimens,”® quantitative evalua-
tion of the muscle tissue has not been fully established, and
several unresolved issues remain. In addition, muscle injuries
are often detected in ultrasound images in clinical scenar-
ios,’ but to the best of our knowledge there are no reports
comparing them to histological findings. Although further
studies are needed to generalize the results of this study,
they highlight the utility of ultrasound imaging in skeletal
muscle injuries and disorders. Muscle thickness and cross-sec-
tional area are commonly used to quantitatively evaluate
ultrasound images of skeletal muscles.” In the present study,
we quantified the muscle damage area using a method
with high inter-rater reliability, and demonstrated a strong
correlation between ultrasound and histological assessments.
Although assessment of the size of space-occupying lesions
in the liver and breast tissue has been found to be of high
value,'”?° there have been few attempts to assess the extent of
skeletal muscle damage.’

Ultrasound-guided interventions are frequently used in
clinical practice for local anaesthesia, nerve blocks for pain
treatment, and aspiration of haematomas and abscesses, and
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greatly enhance the accuracy of the approach to the target
tissue.”’ In the present study, histological evaluation confirmed
that ultrasound-guided injection allowed for precise distribu-
tion of the solution and cells to the site of muscle injury, thus
providing new evidence for the utility of ultrasound-guided
intervention.”? In addition, the clear differences in ultrasound
images based on the injection site (healthy or damaged tissue)
demonstrate the importance of using ultrasound imaging to
inject drugs precisely into lesions in clinical practice. The
results of this study strongly suggest that the structure of
the muscle tissue, particularly the condition of the endomy-
sium and perimysium, is an important factor in solution and
cell distribution. With regard to distribution within the tissue,
the molecular size and affinity of the injected drug solution
would also be a crucial factor. In this study, only the Fast
Green solution prepared in PBS was examined, and further
studies using multiple drug solutions are needed. Studies
on intramuscular cells in X-linked muscular dystrophy (MDX)
mice, CTX-induced injured muscle tissue, and transplantation
studies in patients with DMD and healthy primates have all
reported few viable cells and their localization,>* indicating
that the site and technique of muscle transplantation are
important.

This study has several limitations. First, as a CTX-
induced muscle injury model was used for the ultrasound
imaging studies, the intramuscular injection model is not
identical to actual muscle disease or skeletal muscle injury.
Future studies using a more clinically relevant model are
necessary. Furthermore, the differences in muscle size and
muscle and connective tissue composition between rodent
and human muscle tissue may also affect ultrasound imaging
and distribution of administered material. A second important
limitation is that both the ultrasound images and distribu-
tion of the solution and cells in the muscle tissue follow-
ing intramuscular injections were evaluated cross-sectionally;
further studies are warranted to evaluate longitudinal sections,
which may provide clinically meaningful findings. Moreover, in
the present study all quantitative evaluations were performed
using only short-axis ultrasound and histological images of the
tibialis anterior. Naturally, 3D evaluation and both long-axis
and short-axis evaluation are desirable in order to evaluate 3D
structures. However, in ultrasound images of skeletal muscle, it
is difficult to distinguish lesions from healthy areas in long-
axis images compared to short-axis images, where it is easier
to obtain images perpendicular to the muscle fibres. The
possibility of quantitative evaluation of injured muscle lesions
by ultrasound, as demonstrated in this study, is currently
limited.

In conclusion, short-axis ultrasound images and
cross-sectional histological staining showed a strong
correlation with regard to quantitative assessment of
damaged muscle tissue in this CTX-induced muscle injury
model. In addition, ultrasound-guided injections were shown
to provide accurate delivery of solutions and cells in abnormal
muscle tissue. The distribution patterns of solutions and cells
injected into damaged muscle tissue were markedly different
and highly dependent on the condition of the myofibres and
muscle membrane. The results of this study are expected to
provide essential knowledge for diagnosis and therapeutic
interventions in skeletal muscle injuries and disorders using
ultrasound.
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Supplementary material

Figures showing the anatomical information of histological images
and quantitative measurements of muscle injury areas. A video

is also included showing the ultrasound-guided solution injection
into the cardiotoxin-induced muscle lesion. An ARRIVE checklist is
included to show that the ARRIVE guidelines were adhered to in this
study.
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