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Abstract: Skeletal muscle injury is common in body injuries suffered in sports and car accidents. Development of
new tracers is significant for assessing muscular injury with positron emission tomography/computed tomography
(PET/CT) and monitoring repair of muscle injury in response to treatment. Copper is required for wound healing and
increased copper ions were detected in the soft tissue of wound in rodents and human. Based on the recent finding
of increased ®*Cu uptake in the traumatic brain injury, this study aimed to explore use of ®*CuCl, as a radiotracer for
molecular imaging of muscular injury using PET/CT. Focally increased ®*Cu uptake by the injured muscular tissue
(5.4 £ 1.2% ID/g) was detected in the C57BL/6 mice with electroporation-induced skeletal muscle injury by PET/CT
after intravenous injection of **CuCl, as a tracer, compared to low ®*Cu uptake associated with muscular inflamma-
tion induced by intramuscular injection of lipopolysaccharides (0.82 + 0.26% ID/g, P < 0.01) or physiological %*Cu
uptake of the non-injured muscular tissues (0.78 £ 0.20% ID/g, P < 0.01). The findings support further investigation
of ®CuCl, as a new radiotracer for molecular imaging of skeletal muscle injury using PET/CT.
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Introduction

Skeletal muscle injury is very common in ath-
letes, like soccer, basketball, and kickboxing
players who suffered traumatic injury during
sport events. It is caused by excessive force or
stress on the muscle. Muscle injury caused
pain and impaired performance which may pre-
vent or delay their return to competitions [1].
Inconvenience and discomfort associated with
such injuries caused a significant economic
impact in athletes and also in workers. Skeletal
muscle injury can also be caused by other
work-related trauma or car accidents, contrac-
tion, chemicals, myotoxins, electric shocks and
ischemia [2-5].

Imaging techniques are increasingly being used
to assess skeletal muscle injury in athletes [3,
5, 6]. Image modalities such as ultrasound or
magnetic resonance imaging (MRI) have been
used to assess location, extent, and severity of
acute muscle injuries, which assists in making
assumptions regarding prognosis and timing of

return to sports [3, 5-8]. There were attempts
to use PET/CT for assessment of metabolic
changes associated with muscle injury. PET
studies of thermally injured muscle have been
previously reported using 2-[18F]fluoro-2-de-
oxy-D-glucose ([18F] FDG) [9]. It was found that
the thermally injured muscle showed a decrease
in [18F] FDG uptake as compared to normal tis-
sues. In view of physiological back ground of
muscular [18F] FDG uptake, it is significant to
search new tracers for noninvasive assessment
of muscle injury with PET/CT.

Copper plays a critical role for many aspects of
cellular growth and metabolism in mammals,
including bran development, respiration, pep-
tide hormone production, and cellular prolifera-
tion and tumor growth [10, 11]. Copper metabo-
lism is regulated by a delicate network of copper
transporters [12, 13]. It has been known that
copper is required for repair of wound [14, 15].
Increased ®4Cu uptake by traumatized brain tis-
sue in mice was detected by PET/CT after in-
travenous injection of copper (II)-64 chloride
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(°*CuCl,) as a tracer for assessment of traumat-
ic brain injury (TBI) [16]. Intense ®*Cu radioac-
tivity was also visualized at craniotomy site in
mice subjected to controlled cortical impact
(CCl) for induction of TBI [16]. The aim of this
pilot study was to explore ®*CuCl, as a new trac-
er for molecular imaging of muscular injury
using PET/CT.

Materials and methods
Reagents, radiopharmaceuticals and animals

Lipopolysaccharides (LPS) was purchased from
Sigma-Aldrich (Saint Louis, MO). The radiophar-
maceutical, **CuCl,, was purchased from Mall-
inckrodt Institute of Radiology, Washington
University School of Medicine. Balb/c mice (8
weeks, female, n = 10) were purchased from
animal resource center, the University of Texas
Southwestern Medical Center (Dallas, TX).
Experiments of using small animals in this
study were conducted according to the protocol
approved by the UT Southwestern Institutional
Animal Care and Use Committee.

Induction of muscular injury

Muscular injury in Balb/c mice (n = 5) was
induced by electroporation using an electropor-
ator (ECM 830, Harvard apparatus). After injec-
tion of 100 pL of PBS to the leg muscles, BTX
2-needle array was inserted into muscles of left
leg at 5 mm depth and electroporation was
applied to induce muscle injury with a field
strength of 180 V/cm (pulse parameter: 90 V,
20 msec per pulse and 8 pulses in total).
Intramuscular injection of LPS (100 pg/per
injection site) was performed at contralateral
right leg to induce muscular inflammation as
control.

PET/CT imaging

PET/CT imaging of mice with electroporation-
induced muscular injury on one leg and muscu-
lar inflammation induced by LPS on another leg
were performed using an Inveon PET/CT scan-
ner (Siemens) as described previously [16-18].
Briefly, the mice were anesthetized by inhala-
tion of 3% isoflurane in 100% oxygen (3 L/min)
at room temperature after 5 days of electropor-
ation or injection of LPS and imaged at 0.5, 2
and 24 hours after intravenous injection of
#4CuCl, (2 uCi/g body weight) via the tail vein.
The dose of ®*CuCl, (2 uCi/g body weight)
selected for this study was based on the dose
of ®*CuCl, used in previous PET/CT imaging of
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traumatic brain injury [16] and copper metabo-
lism disorders in Atp7b7 knockout mouse
model of Wilson disease [17]. PET data was
reconstructed using measured attenuation,
scatter correction, and the ordered subsets
expectation maximization (OSEM) 3D iterative
algorithm, yielding an isotropic spatial resolu-
tion of about 2 mm full width at half maximum
[19]. The images were subsequently processed
and the Regions of interests (ROIs) of the mus-
cle injury site and contralateral thigh muscle
were drawn on PET/CT images. PET quantita-
tive analysis was performed to obtain decay-
corrected percentage of injected dose per gram
of tissue (% ID/g) for each ROI using Inveon
Research Workplace (IRW) software (Siemens)
as described previously [16-18].

Histological analysis of muscular tissue

Upon completion of PET/CT imaging, the mice
were euthanized under anesthesia and post-
mortem mouse tissues including injured mus-
cle and contralateral control tissues were har-
vested for histological tissue analysis. The
muscle sections were fixed in 10% NBF, embed-
ded in paraffin, and cut in 5 ym sections. The
sections were then stained with heamatoxylin
and eosin (H&E). Microscopic images of the
stained sections were recorded with an
Olympus microscope equipped with a Spot digi-
tal camera (Diagnostic Instruments, Sterling
Heights, MI).

Statistical analysis

Statistical analysis of PET data was performed
with data of quantitative PET analysis (% 1D/g)
expressed as mean * standard deviation (SD).
In order to determine whether tracer uptake
observed using PET/CT imaging (% ID/g) dif-
fered significantly between injured muscle and
non-injured muscle or muscular tissue with
LPS-induced inflammation, paired t test was
performed. A P-value of less than 0.05 was
considered to represent statistical signifi-
cance.

Results

Visualization of increased %Cu uptake by
injured muscle on PET/CT images

#4CuCl, PET/CT imaging of the mice (n = 5) with

muscular injury (left leg) and inflammation
(right leg) was performed to evaluate muscular
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Figure 1. PET/CT imaging of mouse muscular injury induced by electropora-
tion at 2 hours after injection of ®*CuCl, as a radiotracer. A. Increased ®‘Cu
uptake by the injured muscular tissue in mice subjected to electroporation
on left leg was visualized on PET/CT images, in contrast to low %*Cu uptake
in the muscular tissue of contralateral right leg with inflammation induced by
LPS injection. B. Low background ¢*Cu radioactivity in the muscular tissue of
bilateral legs of normal control mouse. LPS, lipopolysaccharides; R, right; L,

left; % ID/g, percentage of injected dose per gram.

Table 1. Biodistribution of ¢*Cu radioactivity and
muscular %*Cu uptake in mice with electropora-
tion-induced muscle injury (left leg) and LPS-
induced muscular inflammation (right leg) by
PET/CT after intravenous injection of **CuCl, as
a radiotracer

0.5 h* 2h 24 h
Liver 14.6 £3.8** 159+29 11.2+0.57
Heart 22+063 1.85+049 2.0+0.36
Muscle 0.90+£0.29 0.78+0.20 0.58 £ 0.11
Brain 0.58 £ 0.07 0.50+0.03 0.75+0.13
Kidney 7.6+28 52+14 3.6+0.52
Lung 3.0+£053 21+045 2.2+0.50

Muscle injury 4.8+ 1.8 54+045 29+0.60
Inflammation 0.84 +0.25 0.82 +0.26 0.91 +0.33

*h, hour; **% ID/g, percentage of injected dose per gram.

64Cu uptake after intravenous injection of
#4CuCl, as a tracer. Additionally, ®*CuCl, PET/CT
imaging of the mice (n = 5) without muscular
injury was performed as normal control. On the
whole body PET/CT images, there was abun-
dant ®*Cu radiotracer uptake in the liver and
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intestine of the mice, in con-
trast to low ®*Cu radioactivity
in the brain after intravenous
injection of **CuCl, (Figure 1;
Table 1). The whole body bio-
distribution of *Cu in mice
injected with ®*CuCl, intrave-
nously was similar to the
whole body biodistribution of
84Cu in C57BL/6 mice inject-
ed with %4CuCl, as described
previously [17]. Focally incre-
ased %*Cu uptake by the elec-
troporation-injured muscular
tissue was visualized in the
left leg of the mice (Figure
1A), compared to low ©®4Cu
uptake in the muscular tissue
of contralateral right leg
injected with LPS (Figure 1A),
and background %*Cu uptake
of non-injured muscle on the
bilateral legs of control mice
(Figure 1B).

7 %ID/g

0 %ID/g

PET quantification of in-
creased ®*Cu uptake by
electroporation-injured mus-
cular tissue

There was increased %*Cu uptake by the injured
muscle compared with 4Cu uptake by the mus-
cular tissue with inflammation induced by LPS
and background muscular Cu uptake in the
mice without injury (Table 1). At 2 hour post
injection, %*Cu uptake by the injured muscle on
the left leg was measured at 5.4 + 1.2% ID/g,
compared with low %*Cu uptake by the muscle
with inflammation induced by LPS on the right
leg (0.82 £ 0.26% ID/g, P < 0.01), or physiologi-
cal muscular 64Cu uptake in the bilateral legs of
control mice (0.78 + 0.20% 1D/g% ID/g, P <
0.01). The ratio of ®*Cu uptake by the injured
muscle to background %*Cu uptake by the non-
injured muscle was 7.2 at 2 h post injection.
There was no significant difference of muscular
64Cu radioactivity in the right leg injected with
LPS (0.82 £ 0.26% ID/g) compared with muscu-
lar 4Cu radioactivity in the bilateral legs of the
mice without injury or inflammation induced by
LPS (0.78 £ 0.20% ID/g, P > 0.5) at 2 hour post
injection of the tracer. PET quantitative analysis
has also revealed time-dependent changes
of 64Cu uptake by the muscular tissue injured
by electroporation, showing interval decrease
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Figure 2. PET quantification of 8Cu radioactivity and increased ®*Cu uptake by muscular tissue injured by electro-
poration. Abundant ®Cu radioactivity was present in the liver, in contrast to low physiologic ¢“Cu radioactivity in the
brain and non-injured muscle. Increased %*Cu uptake by injured muscular tissue reached peak at 2 hour post injec-
tion, which has decreased by 24 hour post injection, but still significantly higher than %*Cu uptake by the muscular
tissue with inflammation induced by LPS and low background 4Cu uptake by the non-injured muscular tissue. h,
hour; LPS, lipopolysaccharides; % ID/g, percentage of injected dose per gram.

from 5.4 + 1.2% ID/g at 2 hours post injection
to 2.9 + 0.61% ID/g at 24 hour post injection
(Figures 2, 3).

Histological analysis of muscular tissue

In contrast to normal morphology of non-injured
muscular tissue, morphological changes of
injured muscular tissue from the mice subject-
ed to electroporation was demonstrated by his-
tological analysis, showing muscle degenera-
tion, fragmentation, and necrosis on H&E
stained tissues slides by microscopic examina-
tion (Figure 3B), corresponding to increased
64Cu uptake by PET quantification (Figure 3A).
In contrast, there was only minimal increase of
64Cu uptake by the muscular tissue with inflam-
mation induced by LPS (Figure 3A), despite
infiltration of muscular tissue by large number
of inflammatory cells and macrophagocytosis
following injection of LPS, as visualized on H&E
stained tissue slides by microscopic examina-
tion (Figure 3B).

Discussion
In this pilot study, increased ®*Cu uptake by the
injured muscle was demonstrated in mice by

PET/CT after intravenous injection of **CuCl, as
a tracer. To the best of our knowledge, this is a
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first report of increased ®Cu uptake by injured
muscular tissues in mice assessed by PET/CT
imaging after intravenous injection of ®CuCl,
as a tracer.

Molecular mechanism of increased ¢*Cu uptake
in the injured muscular tissue remains to be
elucidated, which might be related to increased
demand of copper for functional activity of cel-
lular enzymes essential for wound healing pro-
cess, as suggested by previous findings of
increased copper concentration in wound fluid
or tissue [14, 15]. It was reported that there
was change of copper concentration in inflam-
mation tissue [20, 21]. We compared ©*Cu
uptake by the muscular tissue injured by elec-
troporation with ®*Cu uptake by the muscular
tissue with inflammation inducted by LPS. We
found that there was only minimal increase of
64Cu uptake by the muscular tissue with LPS-
induced inflammation, in contrast to significant-
ly increased ®*Cu uptake by the electropora-
tion-injured muscular tissue (Figures 1-3; Table
1). These findings suggested that increased
64Cu radioactivity localized at site of muscular
injury was likely due to increased flow of copper
to injured muscular tissue, not increased cop-
per uptake by the inflammatory cells associat-
ed with post-injury muscular inflammation. If
injury-specific increase of %*Cu uptake is con-
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Figure 3. Correlation of *Cu uptake on PET/CT with histological analysis of postmortem mouse muscular tissues. A.
Increased ®*Cu uptake by injured muscular tissues in mice with muscular injury caused by electroporation quanti-
fied by PET/CT after intravenous injection of ®*CuCl,, compared with low **Cu uptake by muscular inflammation in-
duced by LPS and background ®Cu uptake by non-injured muscular tissues. B. Microscopic imaging of H&E stained
postmortem mouse muscular tissue. Photo on left: non-injured mouse muscle showing normal morphology of myo-
fibers (N denotes normal). Photo at middle: Muscular tissue injured by electroporation, showing degeneration and
necrosis of myofibers and macrophagocytosis (highlighted by black arrows) with regenerating cells indicated by cen-
trally located nuclei (highlighted by white arrows). Photo on right: Muscular tissue with inflammatory cell infiltration
induced by LPS. h, hour; LPS, lipopolysaccharides; % ID/g, percentage of injected dose per gram.

firmed by further investigation in human study,
®4CuCl, will be a promising new tracer for
molecular imaging of muscle injury using PET/
CT. In this pilot study, electroporation was used
to induce muscular injury in mice as a mouse
model of muscular injury based on previous
use of electroporation for muscular gene deliv-
ery and potential use of different parameters of
electroporation to control severity and extent of
muscle injury. Additional studies are necessary
to test use of ®*CuCl,-PET/CT for assessment of
muscle injuries caused by a mechanical force
or other methods.

Focally increased %*Cu uptake detected by PET

(Figure 1) was correlated with microscopic find-
ings of degeneration and necrosis of myofibers
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and macrophagocytosis induced by electropor-
ation (Figure 3). Additional studies are neces-
sary to determine increased °*Cu uptake of
muscular injury at cellular level using autoradi-
ography, in view of limited spatial resolution of
PET/CT imaging. Additionally, high-performance
liguid chromatography inductively coupled
plasma mass spectrometry (LC-ICP-MS) may
be used to delineate molecules bound with
%4Cu in the blood of the mice injected with
®*CuCl, and determine whether increased **Cu
radioactivity in the injured muscle represent
free ®Cu bound with cellular component of
muscle fibers or deposition of ¢4Cu bound mac-
romolecules from blood due to enhanced per-
meability and retention (EPR) effect induced by
electroporation. Moreover, it remains to be
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determined whether increased flow of copper
to wound tissue is related to body response to
oxidative stress associated with muscle injury.

In comparison to other imaging modalities,
such as ultrasound and MRI, clinical applica-
tion of ®*CuCl,-PET/CT for diagnostic imaging of
acute muscular injury may be limited by high
cost, local availability, and exposure to radia-
tion. However, ®*CuCl-PET/CT may be useful as
a tool for evaluation of extent of chronic muscu-
lar injury based on its high sensitivity for meta-
bolic imaging when findings of ultrasound and
MRI are equivocal in extent of delayed repair of
muscle injury. Despite its common occurrence,
treatments for muscular injuries, such as ice
compresses, NSAIDS or muscle relaxers, were
sometimes not effective and surgery may need
to remove injured muscular tissue for extreme
cases [22, 23]. There is a need of imaging tool
to assess response of injured muscular tissue
to treatment in order to determine the time
when athletes are ready to return to sport com-
petition. In addition to its potential use for diag-
nostic imaging of muscular injury, it will be
interesting to conduct a longitudinal ®*CuCl,-
PET/CT to monitor time-dependent changes of
64Cu accumulation post muscular injury and
explore potential use of ®*CuCl,-PET/CT as a
tool for monitoring repair of injured muscular
tissue in response to treatment. This new
®4CuCl-PET/CT technology may play a role in
development of new medications or therapeu-
tic approaches for better treatment of muscu-
lar injury.

Conclusion

Focally increased ¢*Cu uptake by muscular tis-
sue injured by electroporation was detected in
mice with PET/CT after intravenous injection of
®4CuCl, as a tracer, supporting further investi-
gation of ®*CuCl, as a new tracer for PET/CT
imaging of skeletal muscle injury.
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