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Objective: To assess rhabdomyolysis-
associated skeletal muscle changes induced
by complete ischaemia in rabbits using MRI.

Methods: Acute ischaemia was induced in the
right hind limb of 34 New Zealand white
rabbits by arterial ligation. MRI of vastus
lateralis was carried out pre-operatively and
every hour post-operatively up to 7h. T
weighted images, 7, weighted images with
fat suppression, 7, maps and diffusion tensor
scans were obtained. The correlation of MRI
findings with histopathological changes in
biopsies of vastus lateralis was examined.

Results: Histopathology demonstrated early
cellular oedema 1h post ischaemia and irre-
versible injuries by 7 h, including loss of striation
and broken muscle fibres. T, weighted images
with fat suppression showed inhomogeneous
high signal intensity of vastus lateralis, which
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progressively increased from 2h following
ischaemia. The T, relaxation rate of ischaemic
vastus lateralis was significantly greater than
normal muscle (p<0.001) and demonstrated
a linear increase with time following ischaemia.
A similar linear increase was also found in
the ischaemic vastus lateralis apparent diffu-
sion coefficient (ADC) 1-5h post ischaemia
(p=0.006). Both the 7, ADC and fractional
anisotropy (FA) were significantly higher on
the ischaemic side 7 h post ischaemia (for 7>,
p=0.02; for ADC, p=0.004).

Conclusion: Muscle oedema is detectable on
MR images and is reflected well by T,, ADC
and FA values. MRl may have value in clinical
evaluation of rhabdomyolysis.

Advances in knowledge: Ischaemic changes
detected by MRI may have value in the diag-
nosis of rhabdomyolysis.
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Rhabdomyolysis is a syndrome of skeletal muscle break-
down characterised by myonecrosis and subsequent
leakage of intracellular contents into the circulation. The
most common causes include muscle injury, excessive
exercise, drug and alcohol abuse, muscle ischaemia, heat
stroke, toxins and infections [1]. Definitive diagnosis of
rhabdomyolysis is predominately based on laboratory
findings, which include an elevated level of serum
creatine kinase (CK) and myoglobin as well as the
presence of urinary myoglobin. Immediate and aggres-
sive interventions are critical in clinical management of
rhabdomyolysis; by preventing complications, such as
hyperkalaemia and acute renal failure, the prognosis can
be significantly improved [2].

Clinical manifestations of rhabdomyolysis vary exten-
sively from asymptomatic to life threatening. Also, the
aetiology remains elusive particularly in the early phase,
posing a challenge to identify the underlying causes.
Although elevation of the serum CK level is the most
sensitive indicator of muscle injury, levels peak rather
early and decrease rapidly after injury. When a patient
is not admitted immediately, recognition and evalua-
tion of rhabdomyolysis may become difficult. Reports
suggest that over one-quarter of patients with rhabdo-
myolysis are not clinically diagnosed [3,4].

MRI plays an important role in the detection of skeletal
muscle lesions that change muscle size, shape or signal
intensity [5,6]. Review of medical records has shown that
MR images can be used to effectively localise muscle
lesions in rhabdomyolysis and assess extent [4,7-12].
MRI has been shown to be more sensitive for detection
of rhabdomyolysis skeletal muscle lesions than ultraso-
nography and CT [8]. It has also been reported that MR
findings in rhabdomyolysis patients correlate well with
clinical symptoms and can help distinguish aetiologies
[9]. Nevertheless, prospective studies of MRI for rhab-
domyolysis and histopathological correlation of imaging
findings remain scarce.

In this study, we describe MRI of skeletal muscle
changes in a modified rabbit hind limb model of
complete ischaemia and correlate findings with histo-
pathological features of the affected muscle.

MATERIALS AND METHODS
All animal procedures were approved by the Animal Care
and Use Committee of Jinan University, Guangzhou,

China, and complied with the Guide for the Care and
Use of Laboratory Animals from the Institute of Labo-
ratory Animal Resources, Commission on Life Sciences,
National Research Council [13].

Rabbit hind limb model of acute ischaemia
A total of 34 adult New Zealand white rabbits (15 males
and 19 females, mean body weight 2769 g) were used
in this study. Acute complete ischaemia was induced in
the right hind limb of adult New Zealand white rabbits
by arterial ligation. Briefly, the rabbit was anaesthetised
by intravenous injection of 1.5% pentobarbital sodium
at a dosage of 1mlkg ' through the ear vein. The
abdomen was cut open after sterilisation to expose the
lower segment of the abdominal aorta and branches
just above the level of the right inguinal ligament.
Arterial ligation with 3-0 sutures (CT) was performed
on the right common iliac and external iliac artery,
bilateral internal iliac and iliolumbar artery and right
iliac artery at the level of the inguinal ligament.
The tail was then ligated using 7-0 sutures (CT) to
occlude the tail artery before the abdomen was
closed. Occlusion of blood vessels and the absence of
blood flow in the right hind limb were confirmed by
digital subtraction angiography (DSA) in two rabbits
(Figure 1).

In order to avoid the influence of biopsy on the sub-
sequent MRI, 10 rabbits were used for biopsy and 17
rabbits were used for MRI in our study.

Histopathology

To examine histopathological changes of skeletal muscle
in response to acute ischaemia, a biopsy of vastus lat-
eralis was taken from the right hind limb before and
every hour after arterial ligation for up to 7h (N=10).
Sections were observed after haematoxylin and eosin
staining under a light microscope (Nikon Eclipse 80i;
Nikon Corporation, Tokyo, Japan). Histological charac-
teristics of ischaemic skeletal muscle and evidence for
myonecrosis were evaluated, including cellular and in-
tercellular oedema, disruption of the cell membrane,
nucleus shrinkage or fragmentation, alterations in stria-
tion bands and inflammatory infiltration.

MRI
The right hind limb of anesthetised rabbits was scanned
by MRI (GE Signa 1.5T MRI; GE Healthcare, Pollards
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Figure 1. Digital subtraction angiography (DSA) image of the hind limb. (a) DSA showed the hind limb artery before
ligation. (b) DSA showed no blood flow in right hind limb artery following ligation.

Wood, UK) using a specialised small animal coil (7.5 cm;
GE Healthcare, Pollards Wood, UK). Each animal was
scanned before surgery and every hour after up to 7h
(N=17). MR sequences, including fast spin echo (FSE)
T, weighted imaging (T;WI), T, weighted imaging
with fat suppression (T,WI-fs), diffusion-weighted
imaging with multiple b-values and diffusion tensor
imaging (DTI) at 10 axial planes covering both hind
limbs, were performed using a single-shot spin-echo
planar imaging sequence. T, maps were derived from
T,WI acquired using a six-echo spin-echo sequence. Full
scanning parameters are given in Table 1.

Region of interest (ROI) analysis was used for the as-
sessment of signal changes. Three ROIs were located on
images with the largest cross-sectional area of the vastus
lateralis. The ROI area ranged from 15 to 19 mm?. Ty,

Table 1. MRI scanning parameters

apparent diffusion coefficient (ADC) and DTI-derived
maps were matched with corresponding images
obtained by means of T,WI-fs to ensure adequate ROI
placement and exclusion of femur or intermuscular
space. Mean T,, ADC and fractional anisotropy (FA)
values were recorded for three individual ROIs in
ischaemic and contralateral control vastus lateralis.
Mean parameter values were derived from the three
ischaemic and three non-ischaemic ROIs for each time
point.

Statistical analysis

Data were analysed using SPSS® v.13.0 (IBM, Chicago,
IL) and all values presented as the mean=standard
deviation. Comparisons between different time points
were performed by repeated measures ANOVA. Com-
parison between the ischaemic and contralateral sides

Parameter T,WI T,WI-fs T, map DTI DWI
TR (ms) 300 2000 1500 2000 2000
TE (ms) 12.2 80 40/80/120/160 100.4 63.5
Field of view (cm) 12X12 12X12 12X12 24X24 24X24
Matrix 256X224 320X224 256X160 130128 130128
NEX 4 4 4 4 8

b value (smm°) 0/600 0/600
Encoding direction R/L (15 tensors) R/L
Slice thickness/gap (mm) 4/3 4/3 4/3 4/3 4/3
Time (s) 208 188 966 528 64

DTI, diffusion tensor imaging; DWI, diffusion-weighted imaging; NEX, number of excitations; R/L, right/left; TE, echo time; TR,
repetition time; TyWI, T; weighted imaging; T,WI, T, weighted imaging; ToWI-fs, T, weighted imaging with fat suppression.
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Figure 2. (left) At Oh, cells were arranged in an orderly manner and striated muscle was clear. The muscle nucleus is
located around the muscle fibres (thick arrow) and interstitial fibrosis was thin (thin arrow). (right) At 7 h after ligation, the
muscle fibre atrophied, the volume got smaller, and the size of the nucleus increased and the nucleus was displaced (thick
arrow). Furthermore, the striated muscle was difficult to see and the interstitial fibrous tissue proliferated (thin arrow).

7h post ischaemia was analysed by paired t-test.
p<<0.05 was considered to be statistically significant.

RESULTS

Digital subtraction angiography

Before arterial ligation, DSA showed clear images of the
lower abdominal aorta and its branches (Figure 1) in
both groups of rabbits. Following ligation and estab-
lishment of ischaemia, there was no contrast visualised
within the right common and external iliac, bilateral
internal iliac or iliolumbar arteries. In the control left
limb, all iliac and iliolumbar arteries were clearly visible
before and after the surgery.

Histopathological changes of ischaemic
vastus lateralis

Figure 2 shows typical histopathological findings in the
ischaemic right vastus lateralis at longitudinal time points
after complete ischaemia. Enlargement and swelling of
muscle fibres was observed as early as 1 h post ischaemia

and swelling progressed continually afterwards. Only a
minimal amount of inflammatory infiltrate was present
throughout the study period, and granular degeneration
was found at 6h post ischaemia. By 7h, signs of irre-
versible cell damage were observed, including loss of the
striation structures, torn muscle fibres, wrinkled cell
membranes, cytoplasmic degeneration and central cell
nuclei (Figure 2).

MRI of ischaemic vastus lateralis

Because of missing data, five rabbits were excluded
from data analysis. In the other 17 rabbits, TWI of
the ischaemic right vastus lateralis demonstrated a
normal signal both before and 7h after artery ligation
(Figure 3). In contrast, an inhomogeneous increase in
signal intensity on T,WI-fs was observed as early as 2h
post ischaemia, associated with expansion of the size
of the right vastus lateralis. The signal intensity on
T,WI-fs progressively increased with time. By 7h post
ischaemia, T,WI-fs demonstrated a high signal intensity
and a slight reduction in the size of the ischaemic right

Figure 3. T; weighted imaging showed a normal signal both (left) before and (right) 7 h after artery ligation.

rabbit-34

Oh

GE MEDICA...

7 h

GE MEDICA...
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Figure 4. T, weighted imaging showed progressively increasing signal intensity in the right vastus lateralis muscle

following ischaemia, suggesting muscle oedema.

vastus lateralis. Widening of the intermuscular space was
also appreciated at this time point (Figure 4).

7> maps

T, relaxation rates for ischaemic and non-ischaemic
vastus lateralis are summarised in Table 2. There was no
significant change in T, values on the non-ischaemic
left side but a significant increase over time on the right
side (p<<0.001, repeated measure ANOVA). The mean
T, relaxation time of the ischaemic right vastus lateralis

Table 2. T, values of each vastus lateralis

Time T, value T, value
(h) (ischaemic, ms) (non-ischaemic, ms)
0 25.96+3.64 26.42+3.61
1 26.08+2.98 25.23+1.40
2 28.05+1.47 25.88+3.37
3 28.19%5.19 24.70*3.24
4 30.91+2.88 26.39+3.49
5 31.73%3.32 26.65*3.71
6 32.17+3.87 26.36+3.35
7 31.37+4.58 26.39*3.74

p<0.001; repeated measure ANOVA. The 7, value was the
most significantly different at 6 h after ischaemia.

was significantly greater than the left side at 7h post
ischaemia (right, 31.37+4.58 ms; left, 26.39+3.74 ms;
p=0.02, paired #-test). There was a linear increase in the
T, value of the ischaemic vastus lateralis with time post
ischaemia (r=0.575, p<<0.001, =0.331; Figure 5).

Diffusion tensor imaging

ADC and FA data for ischaemic and non-ischaemic vastus
lateralis are summarised in Table 3. The mean ADC was
significantly higher in the ischaemic muscle at 7h post
ischaemia (Figure 6) (right, 1.25+0.27X10"° mm?*s ™
left, 0.98+0.38X10 " mm’s ™ '; p=0.004, paired t-test).
The mean ADC value of ischaemic vastus lateralis in-
creased linearly with time post ischaema (r=0.258,
p=0.006, 12=0.067; Figure 7). Compared with the non-
ischaemic side, the FA value of the ischaemic side was
significantly lower at 3h after the ischaemia (right,
0.17%0.03; left, 0.28%0.05; p<<0.001, paired #-test) and
decreased linearly with time (r=0.889, p<<0.001,
r2=0.785; Figure 8).

DIFFUSION-WEIGHTED IMAGING

Mean ADC values derived from b/800 for each time
point are summarised in Table 4. There was a statistical
difference in the ADC values between both sides of the
hind limb (right, 1.4970.13X 10> mm?s ™ '; left, 1.35+
0.05X10> mm?*s~"; p<<0.01).
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Figure 5. The T, value of the right vastus lateralis showed a linear increase (linear regression analysis, p=0.001).
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DISCUSSION

Persistent muscle ischaemia may lead to necrosis of
muscle cells by depriving the oxygen supply and
adenosine triphosphate production [14]. Rhabdo-
myolysis can be caused by ischaemia of skeletal muscle
resulting from local or systemic conditions including
thrombosis, compartment syndrome, clamping of ves-
sels during surgery and hypotension [15-18]. In our
experiment, we modified the pre-clinical hind limb
ischaemia model described by Pu et al [19] to induce
complete ischaemia and myonecrosis in the right hind
limb of rabbits. Instead of distal ligation of the external
iliac artery and its branches below the level of the

inguinal ligament and excision of the femoral artery, we
performed more proximal arterial ligation including
the right common iliac and right external iliac artery,
the bilateral internal iliac and iliolumbar artery and the
right iliac artery at the level of the inguinal ligament.
The tail artery was also occluded. One major concern
regarding the ligation methodology is collateral circu-
lation and the compensatory mechanism of endoge-
nous angiogenesis [20]. However, our study focused
on acute limb ischaemia only and DSA images con-
firmed devascularisation of the right hind limb and
found no evidence of any collateral circulation within
the experimental period.

Table 3. Apparent diffusion coefficient (ADC) and fractional anisotropy (FA) values of each vastus lateralis

) ADC value (X102 mm? s }) FA value (X10 % mm? s )
Time (h) - : 3 ; . .
Ischaemic Non-ischaemic Ischaemic Non-ischaemic
0 1.02£0.43 0.97+0.41 0.28%+0.03 0.28+0.03
1 1.06%£0.33 1.00+0.35 0.26%0.02 0.27£0.03
2 1.11+0.29 0.96+£0.37 0.24%+0.02 0.28+0.02
3 1.13£0.30 0.96%0.39 0.22+0.02 0.29£0.04
4 1.24+0.28 1.03%0.38 0.20*+0.01 0.27%+0.01
5 1.27£0.22 1.00+0.37 0.19£0.01 0.28£0.03
6 1.28%+0.20 1.01%x0.35 0.18+0.01 0.28+0.02
7 1.25+0.27 0.98+0.38 0.17£0.03 0.28£0.03
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Figure 6. Diffusion-weighted imaging (b=600) showed the process of signal changes after artery ligation,
suggesting that water diffusion in skeletal muscle was changed. (left) Oh; (right) 7h.

The extent of skeletal muscle necrosis in complete is-
chaemia increases with the length of ischaemic period
[21]. Using an isolated muscle model, Kuzon et al [22]
concluded that 7h of ischaemia caused irreversible
muscle damage. Harris et al [14], using a gracilis
model, reported that muscle necrosis occurred after
4h and became extensive by 7 h. Consistently, in our
model, oedema of ischaemic muscle fibres occurred
almost immediately after complete ischaemia and
progressed over time. Irreversible injury, including
loss of striated structures and disrupted integrity of

the cell membrane, was observed at approximately 7 h
post ischemia. These histopathological features cor-
respond to those of rhabdomyolysis which typically
involves muscle oedema in the earliest stages and then
mMyonecrosis.

Our main MRI findings were inhomogeneous hyper-
intensity of T,WI-fs signal and increased T, values in
the ischaemic muscle. T, images reflect mobile water
content and the hyperintensity of the T,WI-fs signal in
ischaemic muscle is most likely to represent muscle

Figure 7. Apparent diffusion coefficient values of the right vastus lateralis showed a linear increase (linear regression

analysis, p=0.006).
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Figure 8. Fractional anisotropy (FA) values decreased linearly over time after ischaemia (linear regression analysis,

»<0.00D).

FA vale

oedema. Indeed, histopathology of muscle biopsies
confirmed swollen muscle fibres with the minimal pres-
ence of inflammatory cells. These results are consistent
with previous studies in which hyperintensity of T,WI
has been reported in rhabdomyolysis patients [7,9] and
experimental myonecrosis models [23]. In our experi-
ment, ischaemic muscle T, values peaked 6h post
ischaemia but reduced in the following hour. Consid-
ering that irreversible tissue damage occurred by 7h in
histopathology, the decrease in T, value may be an in-
dicator of muscle fibre breakdown and subsequent re-
lease of intracellular content.

The ADC represents diffusivity of water molecules in
a tissue and can be affected by factors such as the vis-
cosity of extracellular water and cell membrane per-
meability. Also, changes in ADC value have been shown

Table 4. Apparent diffusion coefficient (ADC) values of
each vastus lateralis

ADC value ADC value
b value (ischaemic, (non-ischaemic,
X10 > mm?*s™ ") X10 > mm?*s ")
800 1.49+0.13 1.35+0.05
p<0.01.

to be associated with altered cell size [24,25]. In skeletal
muscle, the diffusion of water mostly reflects the in-
tracellular space. Therefore, an increased ADC value
usually indicates swelling of muscle cells [26]. This
seems to be the case in our study as the results showed
a linear increase in ADC values in the affected muscle of
the acute ischaemia model. This increase correlated well
with the progressive oedema revealed by histopathol-
ogy. ADC values plateaued after 5h, matching the time
points when granular degeneration and cell necrosis
started to occur and possibly representing the peak

muscle oedema shortly before myonecrosis and muscle
cell breakdown.

The MRI findings in our study are not truly specific in
nature and similar to those observed in many other
skeletal muscle lesions. Lu et al [27] have reported
distinct MRI features in rhabdomyolysis patients and
identified heterogeneously high T, signals, which they
have attributed to the distribution pattern of myonec-
rosis. We did not observe the same in our study, pos-
sibly because irreversible injuries and cell necrosis were
rather limited in the acute phase.

In the study by Loerakker et al [27] using MRI in
rat models of hind limb ischaemia, MRI features of
muscle differed within an individual animal at the same
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scanning level, possibly indicating different tolerances
to ischaemia of different muscles. We observed a similar
phenomenon and hence both the ROI analysis and the
biopsy were obtained in the vastus lateralis muscle [28].

In summary, we have characterised MRI findings and
histopathological changes in a rabbit hind limb model of
complete ischaemia and demonstrated that MR images
are sensitive to early tissue oedema and myonecrosis.
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