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Abstract

Background The diagnosis of skin wound vitality is currently based on standard histology, but histological findings lack
sensitivity in case of a short survival time. New reliable biomarkers of vitality are therefore strongly needed. We assessed
the ability of 10 candidate cytokines (IFN-y, IL-1f, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, TNF-«) to discriminate
between vital and early post-mortem wounds.

Methods Twenty-four cadavers with a recent open skin wound (<3 h) were included (20 men, 4 women, mean
age=51.0+24.3 years). An early post-mortem wound was performed in an uninjured skin area, and both wounds were
sampled at the autopsy (post-mortem interval (PMI)=66.3 +28.3 h). Needle-puncture sites related to resuscitation cares were
included as very early post-mortem wounds (n = 6). In addition to standard histology, cytokines levels were simultaneously
measured in each sample using a multiplex sandwich immunoassay, then normalized on healthy skin levels. A quantitative
evaluation of IL-8-positive cells in ante- and post-mortem wound samples was also performed.

Results In the training set of samples (n=72), cytokine levels were significantly higher in vital wounds (mean
age =47+ 53 min) than in post-mortem wounds (mean PMI=6.9+9.0 h) (p <0.2), except for two cytokines (IFN-y and
IL-2). IL-8 was the best discriminatory cytokine (Se=54%, Sp=100%, AUC=0.79), while a multivariate model combin-
ing IL-4 and IL12p70 was a bit more discriminant (Se=55%, Sp=100%, AUC =0.84). In the validation set (n="72), the
discriminatory power of the cytokines and the predictive model was slightly lower, with IL-8 remaining the best cytokine
(Se=46%, Sp=96%, AUC =0.75). The predictive model remained highly specific (Sp=100%). Both the cytokines and the
predictive model allowed the iatrogenic injuries to be correctly classified as post-mortem wounds. Standard histology and
immunohistochemistry showed 21% sensitivity and a specificity of 79% and 100%, respectively. Only two iatrogenic wounds
could be properly categorized histologically.

Conclusion This study suggests that cytokines could be useful biomarkers of skin wound vitality and that the immunoassay
method could be more sensitive than immunohistochemistry to identify wounds with a short survival time. Further research
is underway to confirm these preliminary data.
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Introduction

The determination of wound vitality is a major issue in
forensic medicine. Forensic pathologists are often required
to determine whether an injury occurred while the person
was alive (ante-mortem wound) or after death (post-mortem
wound), as it can contribute to the reconstruction of crime
scenes [1-4].

The diagnosis of vitality is currently based on conven-
tional histological findings, in the first line of which are early
cellular reactions. The infiltration of polymorphonuclear
neutrophils is known to be the only reliable histological cri-
terion to differentiate recent ante-mortem from post-mortem
wounds [5]. However, the diagnosis of vitality is challenging
when dealing with injuries sustained shortly before death, as
neutrophils have been found to flock to the wound site with
varying delays (from a few minutes to several hours) [3, 6]
due to a number of influencing factors including age, dis-
eases, or medications [7]. The identification of new reliable
biomarkers of vitality in the early post-traumatic interval is
therefore crucial.

In the last decades, many molecules involved in skin
wound repair and expressed at the injury site prior to the
standard histological pattern of inflammation have been
investigated by various ancillary methods, including histo-
chemistry, biochemistry, and immunohistochemistry [8, 9].

Several immunohistochemical studies have yielded
encouraging results in wound vitality. For instance, adhesion
molecules such as E-selectin or CD15 have been detected
in vital skin wounds with a short survival time, while no
expression of these markers has been noticed in post-mortem
injuries [10, 11]. Numerous other immunohistochemical
markers have been used to assess wound vitality including
cytokines [12—14], growth factors [15], and enzymes [10],
with positive staining sometimes observed within the first
minutes after wound infliction. However, most studies on
recent wounds have shown a relatively low sensitivity and
for several markers a risk of post-mortem false positivity
[8]. Therefore, other independent investigations are needed
before using immunohistochemistry in daily practice.

Besides immunohistochemistry, biochemical methods
such as enzyme-linked immunosorbent assays (ELISA)
have also shown promising results in this field. In particu-
lar, a few studies suggest that the quantification of cytokines
in the cutaneous tissues could be of interest for assessing
wound vitality, as high levels of cytokines have been found
in early-stage skin wounds, while these markers proved to
be only slightly expressed in healthy skin [16—19]. Differ-
ent cytokines including interleukins (IL), interferons (IFN),
and tumour necrosis factors (TNF) have been investigated,
but none of them has been definitely validated as a reliable
marker of vitality in the early post-traumatic interval.
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In this study, we used an innovative approach based on a
multiplex immunoassay to assess the performance of a panel
of cytokines for the diagnosis of skin wound vitality. An
immunohistochemical analysis was additionally performed
as a first step in comparing the ability of biochemistry and
immunohistochemistry to discriminate vital from post-mor-
tem wounds, focusing on the marker that showed the highest
sensitivity using the immunoassay.

Materials and methods
Study population

From March 1 to October 31, 2018, 24 individuals with at
least one recent open skin wound and with a known survival
time after wounding were included at the mortuary of the
University Hospital of Montpellier. Skin wounds consisted
of 16 lacerations, 4 stab wounds, and 4 gunshot wounds,
mostly located on the lower limbs. The time interval between
trauma and death was determined based on medical records
and police reports, including testimony from witnesses. To
focus on the early post-traumatic interval, the survival time
had to be lower than 3 h. Bodies displaying putrefactive
changes (including early signs such as discolouration of the
lower abdominal wall) were excluded from the study, as well
as the individuals with severe malnutrition, known immuno-
deficiencies, and immunotherapy.

Study design

The study protocol described below was developed and vali-
dated in a previous study [20].

Pre-autopsy step

For each subject, a post-mortem incision (2 cm) was per-
formed with a scalpel in an uninjured skin area contralateral
to the ante-mortem wound, shortly after arrival at the mortu-
ary and before refrigeration. The time elapsed between death
and the infliction of the post-mortem wound was recorded.
In patients with multiple ante-mortem wounds, the wound of
interest was selected based on its location (no skin samples
were collected from the head or hands for ethical reasons)
and on its size (large wounds were preferred to small ones).
Six needle-puncture sites related to resuscitation care to
patients in cardiorespiratory arrest were included and con-
sidered as very early post-mortem wounds. The time interval
between death and the post-mortem injury was estimated to
be lower than 5 min in this subgroup.



International Journal of Legal Medicine (2021) 135:2537-2545

2539

Autopsy step

Sample collection Skin samples from the margins of each
wound (ante- and post-mortem) and from an uninjured skin
area located on the midline incision line (control samples)
were collected on each corpse. For biochemical analyses,
2 samples were taken from each site using a 6 mm diame-
ter-sterile biopsy punch. Specimens were placed in sterile
1.5-mL Eppendorf® tubes after removing the hypodermis
(average weight=42.6 +5.3 mg) and were transferred in ice
to the biochemistry laboratory, where they were immediately
frozen and stored at — 80 °C until analysis. For histological
examination, an additional skin sample was taken from each
site and immediately placed for fixation in a 10% buffered
formalin solution.

Standard histology After formalin fixation and paraffin
embedding, 5-pm sections were stained with hematoxylin
and eosin and a blind histological examination of the vital
and post-mortem wounds was performed. Microscopic evi-
dence of vitality was documented, with a particular attention
paid to the presence of a significant infiltration of neutro-
phils. Each wound was classified as “ante-mortem,” “post-
mortem,” or “not classified” (NC) when its time of occur-
rence could not be determined with sufficient certainty (e.g.,
haemorrhagic infiltration with no significant inflammation).

Biochemical analyses

Protein extraction and quantification Samples were
mechanically homogenized on ice in 1.5-mL Eppendorf®
tubes containing 500 pL of phosphate-buffered saline (PBS,
pH 7.4), protease inhibitors (Complete Mini Roche®), and
detergent (triton 0.05%), using an Ultra-Turrax® T-25 model
homogenizer. The samples were centrifuged for 20 min at
15 000 g at+4 °C, and the supernatant was aliquoted and
frozen at— 80 °C until analysis. The protein content (mg/
mL) of each sample was measured using the bicinchoninic
acid assay (BCA, Sigma-Aldrich®).

Cytokine quantification In each sample, the concentrations
of 10 cytokines (IFN-y, IL-1p, IL-2, IL-4, IL-6, IL-8, IL-10,
IL-12p70, IL-13, TNF-a) were simultaneously measured
with a multiplex sandwich immunoassay (V-PLEX Proin-
flammatory Panel 1 human kit, Meso Scale Discovery®,
USA), according to the manufacturer’s instructions. Briefly,
50 pL of samples was added into the wells of 96-well 10-spot
plates pre-coated with specific capture antibodies immobi-
lized on a working electrode. A solution containing detec-
tion antibodies conjugated with electrochemoluminescent
labels (MSD® SULFO-TAG™) was added, before loading
the plate into an instrument where a voltage was applied
to the electrodes, causing the captured labels to emit light.

The intensity of emitted light measured by the instrument
provided a quantitative measure of each cytokine. The lower
detection limits were respectively 0.20 pg/mL for IFN-y,
0.04 pg/mL (IL-1p), 0.09 pg/mL (IL-2), 0.02 pg/mL (IL-4),
0.06 pg/mL (IL-6), 0.04 pg/mL (IL-8), 0.03 pg/mL (IL-10),
0.11 pg/mL (IL-12p70), 0.24 pg/mL (IL-13), and 0.04 pg/
mL (TNF-).

Immunohistochemistry

Paraffin 5-um sections were immersed in a 10 mM sodium
citrate buffer (pH6) for 20 min at 97 °C for dewaxing and
antigen retrieval. The following primary antibody was used:
IL-8 (1/500; mouse monoclonal, Santa Cruz Biotechnol-
ogy). Immunohistochemistry was performed with Dako
Autostainer Plus (DakoCytomation, Glostrup, Denmark)
using the Flex + Envision revelation system (Dako). Appro-
priate positive and negative controls were used throughout
the experiment.

A quantitative evaluation of staining for IL.-8 was counted
in 10 consecutive high-power fields (hpf) (0.237 mm?) on
one representative slide per case, in the immediate vicin-
ity of the wound margin, from the superficial dermis to the
deep subcutaneous adipose tissue, taking into account all
interstitial leucocytes showing stained cytoplasm, exclud-
ing intravascular cells and those within hemorrhagic areas.

Statistical analysis

Duplicate samples were randomly split into a training set and
a validation set containing 72 samples each. Cytokine concen-
trations (pg/mL) were finally normalized on the wet weight of
skin samples (g), after the following quotients were calculated
and tested: cytokine concentrations/sample weight, cytokine
concentrations/protein content, cytokine concentrations/sample
weight/protein content. Values were expressed as a median and
interquartile range, after being checked for normality using the
Shapiro—Wilk test. Cytokine concentrations in vital and post-
mortem wounds were expressed as the difference in their levels
between wounds and controls, and they were compared in the
training set using the Wilcoxon signed-rank test for paired data.
At this stage, if the p value of the comparison was higher than
0.2, the cytokine was considered not relevant and was therefore
not considered for the rest of the analyses.

Receiver-operating characteristic (ROC) curves were
computed to evaluate the capacity of cytokines to discrimi-
nate vital wounds from post-mortem wounds.

Multivariate logistic regressions were performed in the train-
ing set to determine the combination of cytokines with the best
discriminatory power. A predictive model was established and
then tested on the validation set, with vital wound as the predicted
condition. The variables with a p value <0.05 after a backward
selection of variables were considered statistically significant.
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Table 3 Cytokine levels (pg/mL) in wounds and control samples from the training set

Cytokine Vital wounds (n=24) Post-mortem wounds (n=24) Control samples (n=24)
IFN-y 14.63 (2.88;61.14) 10.16 (6.38;37.29) 12.88 (5.98;25.21)
IL-1B 58.62 (29.70;332.3) 30.00 (18.60;65.90) 19.82 (10.09;38.85)
IL-2 6.18 (2.80;17.82) 6.92 (3.06;16.29) 10.80 (4.68;20.66)
IL-4 4.38 (1.12;12.57) 1.98 (1.22;3.30) 1.53 (0.96;3.29)
IL-6 241.2 (52.61;2949.1) 75.11 (15.17;194.4) 17.19 (5.75,64.08)
IL-8 1400.3 (237.6;7815.9) 223.6 (62.37;834.2) 83.86 (42.83;218.6)
IL-10 3.71 (1.49;21.75) 2.25(1.43;5.83) 3.56 (1.47;6.41)
IL-12p70 4.25 (1.07;13.26) 2.53 (1.80;3.93) 2.25(0.97;3.32)
IL-13 27.68 (9.31;60.85) 13.86 (10.80;27.40) 16.04 (6.26;27.38)
TNF-« 12.68 (4.10;24.71) 5.36 (2.97;8.22) 4.77 (2.31;6.39)

Values are normalized on sample weights and expressed as median (interquartile range)

Multiplex immunoassay

Cytokine concentrations in wounds and control samples
from the training set are reported in Table 3. Median con-
centrations showed a high variability in each group, rang-
ing from 3.71 (IL-10) to 1400 pg/mL (IL-8) in the vital
wounds, from 1.98 (IL-4) to 223.6 pg/mL (IL-8) in the
post-mortem wounds, and from 1.53 (IL-4) to 83.86 pg/
mL (IL-8) in the healthy skin. After adjustment on healthy
skin levels, cytokine concentrations in vital wounds were
found to be significantly higher than those in post-mortem
wounds, except for two cytokines (IFN-y and IL-2) which
were not considered for further analysis (Fig. 1, Table 4).
IL-8 was the cytokine displaying the highest median val-
ues, reaching 1329.2 pg/mL in vital wounds and 78.27 pg/
mL in post-mortem wounds (p <0.0001). The optimum
threshold values of each cytokine for the discrimination
between vital and post-mortem wounds are reported in
Table 5, with the corresponding sensitivities, specifici-
ties, and predictive values based on ROC analysis (Online
Resource 1).

In the training set, sensitivity ranged from 38 (IL-1,
IL-12p70) to 58% (IL-4, TNF-a), and specificity from 91
(IL-10, IL-12p70) to 100% (IL-1p, IL-6, IL-8). IL-8 was
the best discriminatory cytokine with a threshold value of
1203.2 pg/mL (AUC=0.79), yielding 54% sensitivity and
100% specificity corresponding to negative and positive pre-
dictive values of 69% and 100%, respectively.

A multivariate model presented above and combining the
values of IL-4 and IL-12p70 was found to be the most effi-
cient predictive model for the diagnosis of wound vitality in
the training set, with a discriminatory power higher than that
of any single cytokine:

Predictive model = 2 X IL4 — IL12p70 — 2

This composite model resulted in a sensitivity of 55% and
a specificity of 100% (AUC =0.84), with a threshold value
of 1.17 (Table 5).

In the validation set, the ability of the cytokines and
the predictive model to discriminate between vital and
post-mortem wounds was slightly lower (Table 5). Among
the cytokines, sensitivity ranged from 39 (IL-12p70) to
58% (IL-1p) and specificity from 78 (IL-1p) to 100% (IL-
6). IL-8 remained the best discriminatory cytokine with
a threshold value of 2372.7 pg/mL (AUC =0.75), with a
sensitivity of 46% and a submaximal specificity of 96%.
The predictive power of the mathematical model was
broadly similar to that of other cytokines (IL-1p, IL-8)
in this set (AUC =0.73), but remained highly specific
(100%). Iatrogenic wounds inflicted very close to death
were all correctly diagnosed by either the cytokines or the
predictive model in both sets (Table 2).

Immunohistochemistry

Only 5 vital wounds were found to contain interstitial
IL-8-positive cells, with a maximum of 5 positive cells
per 10 hpf (mean: 0.54). No IL-8-positive cells could
be found in any of the post-mortem wounds and control
samples. A threshold for vitality assessment of one IL-
8-positive cells per 10 hpf could therefore be defined
and was reached for very short survival times of a few
seconds in 2 out of the 5 positive cases. Of these 5
positive cases, 4 cases had been initially categorized as
“unclassified” with standard histology. Overall, immuno-
histochemical staining for IL-8 sensitivity was 21% and
specificity was 100%. The association of standard histol-
ogy and immunohistochemistry (significant infiltrate of
neutrophils and/or IL-8 positivity) allowed reaching 38%
sensitivity and 96% specificity. No significant correlation
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was noted between the number of IL-8-positive cells and
the biochemical concentration of IL-8 in the cutaneous
tissue (p =0.42).

Discussion

This study highlights how challenging can be the determina-
tion of wound vitality using standard histology in cases of
injuries inflicted shortly before or after death. The sensitivity
of histology was far from being optimal even when consider-
ing survival times up to 3 h, with only 21% of vital wounds
correctly classified histologically. In addition, histology mis-
classified 5 post-mortem wounds, thus yielding a specificity
of 79%. In a human model of early vital and post-mortem
stab wounds [10], Gauchotte et al. found the sensitivity of
inflammation to be 5% and its specificity to be 100%. This
discrepancy can be partly explained by the shorter post-trau-
matic interval (<45 min, with a mean of 15 min) and by the

»

L I AR

mm Vital wounds
B Post-mortem wounds

o H 90 I

.

,\Q
NP

.

W

surgical model used, which may result in a reduction of the
stress reaction of the body against the injuries due to anaes-
thesia [16, 21]. In their ex vivo model of recent post-mortem
wounds (wounds inflicted to surgical specimens 5 min after
devascularisation), anaesthesia and devascularisation could
also have hindered a possible supravital inflammatory reac-
tion which may have lowered the specificity of histology. In
our study, one of the very early post-mortem (iatrogenic)
wounds was histologically misdiagnosed as an ante-mortem
injury, questioning the specificity of inflammation and the
possibility of a supravital chemotaxis in such wounds [22].

In contrast to morphological methods, immunoassay
methods have the advantage of being standardized and pro-
viding objective results based on the absolute quantification
of proteins. In this study, we used a highly sensitive multi-
plex immunoassay that we previously validated in a pre-
liminary study [20] to measure the levels of 10 cytokines in
human skin wounds. Multiplex assays provide the opportu-
nity to simultaneously quantify multiple proteins in various

Table 4 Cytokine levels (pg/mL) in vital wounds versus post-mortem wounds

Cytokine Vital wounds (n=24) Post-mortem wounds (n=24) p value*
IFN-y 2.25(-2.73;33.31) 1.02 (- 6.00;7.43) 0.4304
IL-1B 35.53 (9.31;263.0) 6.74 (—3.58;46.85) 0.0046
IL-2 —2.95(-9.45;0.04) —2.43(-6.41;5.83) 0.5787
IL-4 1.97 (0.33;8.10) 0.13 (=0.92;1.15) 0.0005
IL-6 218.9 (36.43;2656.5) 52.12 (0.65;130.0) <.0001
IL-8 1329.2 (164.7;6576.9) 78.27 (—29.50;481.8) <.0001
1L-10 1.90 (- 1.19;14.28) 0.03 (=5.01;1.10) 0.0132
1L-12p70 1.07 (=0.12;9.17) 0.37 (=0.76;1.93) 0.0666
1L-13 15.28 (—2.84;29.29) 1.07 (—4.19;8.65) 0.0187
TNF-a 5.69 (0.90;19.73) 0.83 (= 0.46;2.46) 0.0004

Values are expressed as median (interquartile range) and correspond to the difference between cytokine levels in wounds and controls, after nor-

malization on sample weights

“Wilcoxon signed-rank test
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the very early of them. However, the cytokines showed low
to moderate sensitivity (with a maximum of 58%), reflecting
their lower ability to detect early-stage vital wounds. A mul-
tivariate model integrating the values of 2 cytokines (IL-4
and IL12p70) was found to be highly specific (Sp=100%)
in both the training and the validation sets. However, its
capacity to diagnose ante-mortem injuries in the validation
set was limited (Se =43%) compared with single cytokines
such as IL-1p or IL-6.

The immunohistochemical study specifically focused on
IL-8 as it was found to be the cytokine with the higher abil-
ity to discriminate between vital and post-mortem wounds
according to the biochemical analyses (AUC=0.75). A weak
interstitial staining of inflammatory cells for IL-8 was found
in a few vital wounds (5/24), resulting in a very low sensitiv-
ity (21%). However, an immunohistochemical expression of
IL-8 was shown for survival times shorter than those previ-
ously reported by Kondo et al. [27]. IL-8 was found to be
a specific marker of skin wound vitality with a threshold
value superior or equal to one IL-8-positive cells per 10
hpf (Sp=100%), allowing all post-mortem wounds to be
correctly classified, including iatrogenic ones. Overall, IL-8
specificity was similar using either immunohistochemical or
biochemical methods, but its sensitivity proved to be signifi-
cantly higher using biochemistry (46% vs. 21%).

As our protocol was based on human autopsy material, it
did not allow fully controlled conditions and inevitably led
to a number of limitations. First, only individuals with a pre-
cisely known ante-mortem to death interval were included.
In many autopsy cases, however, this interval is unknown
or insufficiently documented, which leads to the exclusion
of the related cases. The strict selection criteria applied to
the study population resulted in a small sample size, which
prevented us from testing the results on the independence
of parameters such as age, gender, anatomical site, or PML.

Second, post-mortem wounds had to be preferably
inflicted shortly after death to allow hypothetical supravi-
tal reactions to occur [8, 10, 22]. In some cases, however,
the delay reached a few hours post-mortem because of the
inherent constraints related to research of this kind, includ-
ing the transportation time of the body to the mortuary. To
address this issue, skin punctures from resuscitation care
were considered very early post-mortem wounds, although
their small size may have hindered the collection of repre-
sentative samples for both biochemical and morphological
analyses, leading to unlikely but still possible discrepancies
in the results. Inconsistent results could also have stemmed
from the examination of open skin wounds produced by dis-
tinct mechanisms, as the molecular profile of stab wounds
may be different from that of blunt force injuries or gunshot
wounds. Hence, our results need to be confirmed on better
characterized and homogenized skin samples.

@ Springer

Finally, the biomarkers we had to deal with are present
in the skin tissue under physiological conditions, with non-
negligible inter- and intra-individual variability requiring
internal controls from the same individual to be tested in
parallel. Positive findings are based on quantitative data
which are inevitably subject to margins of error and may
thus be disputed in court [21]. In addition, the complexity
of the methodology used can make an inter-laboratory com-
parison of results particularly challenging [2].

Conclusion

In this study, we used a multiplex immunoassay to quantify a
panel of cytokines in human skin samples in order to assess
the ability of these proteins to discriminate ante- from post-
mortem skin wounds. We showed that cytokines could be
relevant and helpful key markers of vitality, particularly in
the very early post-traumatic interval and in the supravital
period. Preliminary results also suggest that the immunoas-
say method used could be more sensitive than immunohis-
tochemistry. Further research is underway to confirm these
findings and to assess the interest of these markers to esti-
mate wound age in forensic practice.
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tary material available at https://doi.org/10.1007/s00414-021-02659-z.
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