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ABSTRACT

Deep tissue injury (DTI) is difficult to detect in the early phase. Creatine phosphokinase (CPK) as a muscle enzyme
could represent a promising indicator of DTI. However, serum CPK levels reflect the systemic condition rather than
the local wound environment. Wound exudates can be indicative of the local wound environment. This study
aimed to investigate the usefulness of CPK levels in wound exudates as an indicator of DTI. Rats were divided
into control, 6 hours 10-kg and 6 hours 20-kg loading groups. Serum samples were obtained before wounding,
and at 8 and 12 hours, and 1, 2 and 3 days after wounding, while exudate samples were obtained on days 2 and
3. Serum CPK levels were markedly increased in the 10-kg and 20-kg groups at 8 and 12 hours after loading
compared with the baseline value and control group, but decreased to the normal level on day 1. In both loading
groups, exudate CPK levels were high on day 2 and decreased on day 3. Muscle necrosis was more severe in the
20-kg group than in the 10-kg group by histological examination. This is the first study to indicate the potential of
CPK in wound exudates as an indicator of DTI.
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Deep tissue injury

INTRODUCTION

Pressure ulcers are a major health burden in
many countries worldwide. The prevalence of
pressure ulcers in the USA was reported to be
14-3-15-6% in acute care settings (1). Approxi-
mately 2-5 million pressure ulcers are treated
each year in acute care facilities alone, with
a staggering estimated cost of $11 billion (2). The
cost of treating an individual pressure ulcer
ranges from $500 to $40 000 depending on the
severity of the wound (2). Although the preva-
lence of pressure ulcers in Japan is relatively low
compared with the US and European countries,
the proportion of severe pressure ulcers in Japan
is high, with the proportions of stage III and
stage IV pressure ulcers estimated as 22-5% and
12-1%, respectively (3). Previous studies have
revealed that some of these severe ulcers
progress from deep tissue injury (DTI) (4,5).

DTI is defined as an ulcer that develops from
a deep tissue (muscle) region and deteriorates
towards the superficial skin, making it especially
difficult to detect in clinical settings because
ulceration is not present and the depth of tissue
damage cannot be readily determined, resulting
in progression to stage IIl and stage IV pressure
ulcers (6). As DTI deteriorates into stage III and
stage IV pressure ulcers (4-6), early detection of
its occurrence is indispensable for early initiation
of treatment to prevent such deterioration.
However, the early stage of DTI remains difficult
to detect in clinical settings because DTI cannot
be evaluated solely by visual assessment (4).
Other parameters reported in previous studies
also remain insufficient for routine and simple
application in clinical settings. A previous study
used an in vitro model to monitor DTI occurrence
and it is therefore difficult to apply the results to
clinical settings (7). Other studies regarding
indicators of DTI have focused on the use of
magnetic resonance imaging (8) and ultrasound
to assess the muscle damage (9). Although these
devices are promising, none of them is specific for
muscle damage (8). In addition, they are also
difficult to perform routinely and require exper-
tise to interpret the results.

As DTI begins in the muscle tissue, the
enzymes found in muscle tissue could represent
promising indicators for the detection of muscle
damage. Creatine phosphokinase (CPK) is a skel-
etal muscle enzyme that is extremely sensitive to
muscle damage (10). Under normal conditions,
the CPK enzyme is mainly present in skeletal
muscle and released into the blood at very low

levels. When muscle damage occurs, the intra-
cellular enzymes, including CPK, leak into the
extracellular space, resulting in increased CPK
levels in the blood (10,11). Hagisawa et al. (10)
applied loads of 2.3 kg/3-14 cm” to the scapula
and 3 kg/3-14 cm? to the thoracic spine of
porcines for 6 hours, and reported marked
increases in the serum CPK levels at 2 hours
after unloading. However, serum CPK levels
reflect the systemic condition rather than the
local wound microenvironment, and are there-
fore difficult to interpret when applied in clinical
settings where patients may have muscle dam-
age caused by issues other than DTI.

Wound exudates, which are produced during
the inflammation process of tissue damage,
represent a promising resource for wound assess-
ment because they reflect the status of the wound
microenvironment (12,13), and also provide
a simple and non invasive method for collecting
samples from patients. Therefore, we focused on
the detection of CPK in wound exudates as an
indicator of DTI. However, it remained unclear
whether CPK levels in exudate samples could act
as indicators of DTI severity. Therefore, we
conducted animal studies and measured the
CPK levels in wound exudate samples to clarify
whether these levels can act as indicators of DTI
severity by creating muscle damage with different
degrees of severity as confirmed by histological
analysis as the gold standard.

MATERIALS AND METHODS

Animals

Wistar rats at 13-14 weeks of age, weighing
285-300 g, were used. The rats were purchased
from Sankyo Labo Service Corporation (Tokyo,
Japan), and maintained under controlled light
conditions (12 hlight:12 h dark) with free access
to food and water. The experimental protocols
were approved by the Animal Research Com-
mittee of The University of Tokyo, Tokyo, Japan.

Experimental protocols

A modified pressure ulcer model was used for
DTI creation and exudate production (14).
Briefly, after shaving the right flank region,
two 2-cm incisions (5 cm apart) that extended to
the subperitoneum were created using a scalpel
and a metal plate was inserted subperitoneally
under anaesthesia with intraperitoneal injection
of pentobarbital sodium (Somnopentyl; Kyor-
itsu Seiyaku Corporation, Tokyo, Japan; 30 mg/
kg body weight). Pressure was applied by
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lowering a cylinder with a contact area of 3 cm”.
After relieving the pressure, the metal plate was
removed and the incisions were sutured (14). A
transparent semipermeable dressing (Tegaderm
HP; 3M Health Care Limited, Tokyo, Japan) was
applied to the wound area and a polyurethane
foam dressing (Hydrosite; Smith & Nephew
Wound Management KK, Tokyo, Japan) was
applied to the incision sites to prevent contam-
ination of the wound by the exudates from the
incision sites.

A total of eight rats were divided into three
groups as follows: control group (two rats);
6 hours 10-kg loading group (three rats); and
6 hours 20-kg loading group (three rats). The
rats in the control and experimental groups all
underwent the same procedure for the incisions
and plate insertion. As the model involved the
creation of incisions and metal plate insertion,
the control group was used to investigate the
effects of the incisions and metal plate insertion
on CPKrelease to differentiate these effects from
those of the compressive loading.

Blood and exudate samples and
measurements

Blood samples (0-2 ml) were obtained from the
tail vein before wounding, and at 8 and 12 hours,
and 1, 2 and 3 days after wounding. Exudate
samples (30-80 pl) were obtained from the
wound sites on days 2 and 3 by aspirating the
pooled exudates under the transparent film using
a syringe. The blood and exudate samples were
centrifuged at 6000 rpm for 10 minutes and
stored at —80°C until analysis. The CPK concen-
trations in the samples were determined enzy-
matically by a commercial laboratory (SRL Inc.,
Tokyo, Japan) using the method recommended
by The Japan Society of Clinical Chemistry (15).
The CPK activities were expressed as IU/1

Histological examinations

The tissue samples were harvested on day 3,
fixed with 4% paraformaldehyde, dehydrated
through a graded series of alcohol and xylene,

and embedded in paraffin. Next, the tissue
samples were cut into 5-pm-thick sections and
stained with haematoxylin and eosin (HE) to
detect muscle damage. Histological observa-
tions of the muscle tissue were carried out under
a light microscope.

Histological analysis was conducted using
both qualitative and quantitative methods. The
number of necrotic fibres in the deep muscle was
measured quantitatively using the image process-
ing package Image] developed by the National
Institutes for Health (16). The images were
obtained by dividing the HE-stained wound area
into five areas, and then randomly capturing
images of two regions of interest in each area
using a digital microscope under 100x magnifi-
cation in both loading groups to reduce bias.
Therefore, a total of 10 images were analysed for
each tissue section. The number of damaged
muscle fibres was quantified using unsupervised
k-clustering method through the k-means algo-
rithm in the Image] processing package (16-18).
The k-clustering method is widely used in
medical areas to classify DNA patterns (19,20)
and quantify cancerous cells (21-23).

The images were divided into four clusters:
necrotic fibres, healthy fibres, inflammatory
cells and interstitial spaces. The clusters were
divided into four groups to ensure that the
necrotic muscle fibres and healthy muscle fibres
were precisely grouped into one cluster and not
included in the other clusters. After the necrotic
and the total of muscle fibres pixels were
calculated, the amount of muscle necrosis was
determined and was expressed as percentage.
Percentage of necrosis = (total pale-stained
areas/total areas of muscle) x 100.

RESULTS

Changes in CPK levels in serum and
exudate samples

The changes in the CPK levels in serum and
exudate samples following compressive load-
ing are shown in Table 1 and 2. At 8 hours after

Table 1 Serum CPK activities in rates following compressive loading*

Group Before Loading (U/L) 8 Hours (U/L) 12 Hours (U/L) Day 1 (U/L) Day 2 (U/L) Day 3 (U/L)
Control 50 (40-60) 126 (84-68) 33 (15-50) 21 (12-30) 51 (60-42) 26 (22-30)
10-kg group 26 (18-30) 288 (216-521) 174 (147-255) 19 (10-23) 30 (20-69) 51 (69-84)
20-kg group 38 (14-54) 163 (120-590) 72 (42-240) 30 (15-60) 15 (10-30) 12 (10-13)

*Data are the median and range
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Table 2 CPK levels in exudate samples on days 2 and 3*

Group Day 2 (U/L) Day 3 (U/L)

1440 (876-2048)
1860 (675-2330)

330 (108-460)
894 (258-1530)"

10-kg group
20 kg group

*Data are the median and range
"Exudate leakage occurred in one rat in the 20-kg group, and
these date were excluded

wounding, the serum CPK levels were mark-
edly elevated by 11-07-fold and 4-2-fold in the
10-kg and 20-kg loading groups, respectively,
compared with the baseline value. Meanwhile,
the control group showed only slight elevation
by threefold compared with the baseline value.
At 12 hours after wounding, the serum CPK
level in the control group decreased to the
normal level, whereas those in the 10-kg and
20-kg groups remained elevated by 6-7-fold and
2-fold, respectively, compared with the baseline
value. On day 1, the serum CPK levels in the 10-
kg and 20-kg groups decreased to the normal
level (Table 1). The exudate CPK level was
higher in the 20-kg group than in the 10-kg
group on both days 2 and 3 (Table 2). In both
loading groups, the exudate CPK levels were
high on day 2 and low on day 3.

Macroscopic findings

The Macroscopic findings are shown in figure 1.
After pressure unloading, a dark red circle with
oedema at the circumference was seen in both
10-kg and 20-kg loading groups. In both groups,
the colour tone of the wound surface area turned

v it T

yellowish white on days 1, 2 and 3. On days 2
and 3, the exudate volumes were significantly
increased. No deep/open ulcers were observed
during the experimental period in either loading
group. In addition, there were no differences in
the macroscopic findings on days 1, 2 and 3 in
both loading groups.

Microscopic findings

Control slices, in which the myofibres showed
normal multinucleated appearances with
peripheral nuclei and small interstitial spaces,
are shown in Figure 2A. These myofibres were
large, homogeneous in size and polygonal in
shape. The compressed area in the 10-kg group
(Figure 2B) showed extensive infiltration of
polymorphonuclear cells (PMNs) and lympho-
cytes. These inflammatory cells were found in
interstitial areas and internal muscle fibres. The
numerous fibres were round shape, to pale-
stained, indicating the necrotic fibres. Most of
the necrotic fibres were located in the deep
muscle. However, normal muscle fibres could
still be observed adjacent to the necrotic fibres.
Large numbers of necrotic fibres were also
observed in the 20-kg group. The 20-kg group
showed more extensive infiltration of PMNs
and lymphocytes and larger numbers of
necrotic fibres than the 10-kg group.

The numbers of necrotic fibres quantified by
the k-clustering method are shown in Table 3.
The median percentages and ranges of necrotic
fibres quantified by using the supervised k-
clustering method were 8.15 (7-40-8-90), 27-30

[O]

Figure 1. Macroscopic findings after wounding (A), and on day 1 (B), day 2 (C) and day 3 (D) after loading in the 10-kg (upper)
and 20-kg (lower) groups using images from the same rat for each group. After pressure unloading, a dark red circle with oedema at
the circumference was seen in the compressed areas in both 10-kg and 20-kg loading groups. In both groups, the tone colour of the
wound surface area turns yellowish white on days 1, 2 and 3. There are no differences in the macroscopic appearances between the

10-kg and 20-kg loading groups.
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Figure 2. Transverse slices of HE-stained abdominal muscle
cross-sections. (A) A control slice shows myofibres with normal
appearances (scale bar, 50 wm). (B) Necrotic areas (big arrow)
adjacent to normal muscle and massive infiltration of
inflammatory cells (small arrow) are observed in the 10-kg
group (scale bar, 50 wm). (C) Larger necrotic areas (big arrow)
are seen in the 20-kg group (scale bar, 50 pm).

(27-30-34-33) and 44-25 (37-90-45-50) in the
control group, 10-kg loading group and 20-kg
loading group, respectively.

DISCUSSION

This study is the first attempt to measure the
CPK levels in exudate samples from wound
sites in comparison with the CPK levels in
serum samples for detection of DTI following
compressive loading. The results showed that

Table 3 Numbers of necrotic muscle fibres quantified by
image processing using the unsupervised k-clustering method*

Group Necrotic fibres (percentage)
Control 8.15 (7.40-8.90)

10-kg group 27.30 (27.30-34.33)
20-kg group 44.25 (37.90-45.50)

*Data are the median and range

the CPK levels in wound exudates more
accurately reflected the status of the local
wound environment and could be detected for
a longer period than those in serum samples.
These findings indicate that CPK in exudates
may represent a useful indicator of DTI in
clinical settings. Many studies have used serum
CPK as a marker for muscle injury because
serum CPK is sensitive to muscle damage
(10,24-28). When muscle hypoxia, ischaemia,
necrosis and other conditions that cause
a change in fibre membrane permeability occur,
the intracellular CPK leaks into the extracellular
space, resulting in an elevated CPK level in
blood (10,11). However, serum CPK has a short
half-life as indicated by the results of the present
study and previous studies (27,29,30). The CPK
levels in the 10-kg and 20-kg groups showed
marked elevation compared with the baseline
value and control group at 8 hours after
wounding, but returned to the normal level at
day 1, consistent with a previous study showing
that CPK returned to the normal level at
12 hours after exercise (27). In contrast to
previous reports that serum CPK elevation
corresponds to the degree of muscle injury
(25,26,31), the present study showed that 20-kg
loading resulted in lower serum CPK elevation
than in 10-kg loading, contradicting the histo-
logical findings that the 20-kg group exhibited
more severe muscle damage than the 10-kg
group as indicated by the image processing
analysis. This discrepancy may arise because of
thelarge variability of serum CPK values, which
has been reported by some researchers (29,30).
Previous research showed that serum CPK is
sensitive to muscle damage. However, it is not
sufficiently sensitive to measure the extent of
muscle damage (29,30).

It is interesting to note that the exudate CPK
levels were high on days 2 and 3 when the serum
CPK levels had returned to the normal level.
Although the exudate CPK level cannot be
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compared with the level before loading, the
exudate CPK levels on days 2 and 3 were higher
than the serum CPKlevels on the corresponding
days. In addition, the exudate CPK level in the
20-kg group tended to be higher than that in the
10-kg group, particularly on day 3, correspond-
ing to the histological findings that muscle
necrosis was more severe in the 20-kg group.
These results indicate that the exudate CPK
levels more accurately reflected the local status
of the wound environment than the serum CPK
levels. A limitation of the present study is that
the exudate samples only increased signifi-
cantly on days 2 and 3, and therefore measure-
ments of CPK in exudate samples can only be
conducted on days 2 and 3.

The macroscopic findings revealed no differ-
ences by visual assessment between the 10-kg
and 20-kg loading groups, while the biochem-
ical measurements of the exudate samples and
histological findings showed that the 20-kg
group had more severe muscle damage than
the 10-kg group. This model of DTI represents
clinical situations in which patients may show
minimal skin damage by visual assessment, but
muscle damage progressively develops into
a more severe condition.

Interesting results were obtained regarding
the different percentages of necrotic fibres in the
10-kg and 20-kg loading groups. In the present
study, we used the unsupervised k-clustering
method to quantify the numbers of necrotic
fibres in HE-stained tissue sections. To the best
of our knowledge, this study is the first trial to
quantify HE-stained necrotic tissue sections
using the unsupervised k-clustering method.
In the present study, the clusters were divided
into four groups to specify the types of cells
based on their colour. The image analysis
used in this study quantitatively differentiated
among differences in the numbers of necrotic
fibres after 10-kg and 20-kg loading, which
might be difficult to measure qualitatively. Our
image processing analysis could be useful for
quantifying the numbers of damaged muscle
fibres. However, this method has a limitation
because the quantification is based on colour
differences in HE-stained tissue sections, and
thus the results will also depend on the tissue
processing procedures. In this study, the control
group exhibited muscle fibres with normal
appearances. However, in the k-cluster method,
small numbers of normal muscle fibres were
quantified as necrotic because some tissue

sections were not stained at the same intensity
because of the presence of artefacts. When the
method was applied to sections from the 10-kg
and 20-kg groups without artefacts, the results
confirmed that this method could distinguish
among differences in the amounts of necrotic
fibres between the 10-kg and 20-kg groups with
small data variability among the rats. In
addition, the amounts of necrotic fibres mea-
sured using this method in both groups corre-
sponded with the qualitative findings indicating
that muscle necrosis was more severe in the 20-
kg group than in the 10-kg group. Considering
this limitation, the presence of artefacts should
be avoided when this method is conducted.

Although this was a pilot study with a small
number of animals, the results provide impor-
tant evidence regarding the potential of mea-
suring CPK levels in exudate samples in clinical
settings to detect the presence of DTI when a
stage II pressure ulcer develops, thereby pre-
venting wound progression into stages III and
IV pressure ulcers. This study also provides a
non invasive measurement that can be applied
in clinical settings. Further studies with larger
numbers of animals are required to confirm the
usefulness of CPK measurements in clinical
settings.

CONCLUSION

The present study is the first trial in the literature
to detect DTI by measuring CPK levels in
exudate samples. We found that the serum
CPK level decreased to the normal level on day
1 after compressive loading. However, the
exudate CPK levels remained high on day 2
and decrease on day 3, but still higher compared
with the serum CPKin the same day. The results
of the present study indicate that CPK in exudate
samples could be a useful indicator of DTI.
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