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Introduction

Assessment of skin inflammation using near-
infrared Raman spectroscopy combined with
artificial intelligence analysis in an animal model¥
Yohei Kanemura,*® Meiko Kanazawa,}*¢ Satoru Hashimoto, & ¢ Yuri Hayashi,®<

Erina Fujiwara,® Ayako Suzuki, d Takashige Ishii, Masakazu Goto,® Hiroshi Nozaki,®
Takanori Inoue 2 *9 and Hiroki Takanari (& *@

Raman spectroscopy is a powerful method for estimating the molecular structure of a target that can be
adapted for biomedical analysis given its non-destructive nature. Inflammatory skin diseases impair the
skin's barrier function and interfere with the patient’s quality of life. There are limited methods for non-
invasive and objective assessment of skin inflammation. We examined whether Raman spectroscopy can
be used to predict skin inflammation with high sensitivity and specificity when combined with artificial
intelligence (Al) analysis. Inflammation was chemically induced in mouse ears, and Raman spectra
induced by a 785 nm laser were recorded. A principal component (PC) analysis of the Raman spectra was
performed to extract PCs with the highest percentage of variance and to estimate the statistical score.
The accuracy in predicting inflammation based on the Raman spectra with or without Al analysis was
assessed using receiver operating characteristic (ROC) curves. We observed some typical changes in the
Raman spectra upon skin inflammation, which may have resulted from vasodilation and interstitial
oedema. The estimated statistical scores based on spectral changes correlated with the histopathological
changes in the skin. The ROC curve based on PC2, which appeared to include some spectral features,
revealed a maximum accuracy rate of 80.0% with an area under the curve (AUC) of 0.864. The Al analysis
improved the accuracy rate to 93.1% with an AUC of 0.972. The current findings demonstrate that the
combination of Raman spectroscopy with near-infrared excitation and Al analysis can provide highly
accurate information on the pathology of skin inflammation.

length.! Each substance exhibits a unique “spectral finger-
print” by vibrating patterns depending on the chemical bonds

Raman spectroscopy is a label-free optical technique that pro-
vides structural information by detecting the wavenumber
shift of scattered light after laser irradiation with a single wave-
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and three-dimensional structure. Raman spectroscopy has
been used for physical and biological analysis in recent
years.>? Raman spectroscopy is a non-destructive technique
that does not depend on the state of the samples, which
enables the application of Raman spectroscopy to live organs.
Recent studies have demonstrated that Raman spectroscopy is
useful for detecting tumours,” myocardial infarction,” and
B-sheet rich structure of amyloid-f protein in Alzheimer’s
disease.” Moreover, we have reported that Raman spec-
troscopy is useful for the analysis of intracellular lipids.®
Raman spectroscopy has also been used to observe intracellu-
lar organelles.? These studies have suggested that Raman spec-
troscopy could be a powerful tool for analysing biological
samples and for disease diagnosis.

The skin is an organ that covers the entire body to protect it
from antigens and external factors. Inflammation in the skin
is caused by allergies, infections, chemicals, and various other
irritants.”'" Skin inflammation impairs the barrier function
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of the skin and increases susceptibility to external stimuli,
which causes secondary inflammation and forms a vicious
circle. Inflammatory skin diseases reduce the quality of life of
patients with various symptoms such as itching, pain, associ-
ated insomnia, and aesthetic problems. Diagnosis of skin dis-
eases depends on subjective judgment, such as visual inspec-
tion and palpation by a dermatologist, which sometimes
causes discrepancies between dermatologists’ diagnoses and
patients’ complaints. Even when treating inflammatory skin
diseases with topical medications, there is no method to quan-
titatively evaluate their therapeutic effects. In this context,
research on and development of a new method to objectively
evaluate the condition of the skin is required. In acute inflam-
mation of the skin, tissue composition and components
change dynamically because of inflammatory cell infiltration,
interstitial oedema, and disintegration of the epidermis struc-
ture, which may be evaluated using Raman spectroscopy.
However, a significant disadvantage of using Raman spec-
troscopy in biological samples is that it is difficult to clearly
identify the substances because Raman scattering from vital
organs contains miscellaneous data.

Many studies have attempted to improve the accuracy of
material identification using advanced optical technologies
such as coherence anti-Stokes Raman spectroscopy (CARS) and
surface-enhanced Raman spectroscopy (SERS), which enhance
weak Raman-scattered light from biological samples.'>"?
However, these methods are difficult to apply directly to living
bodies due to problems such as the need for complicated,
expensive equipment or the fact that only the surface layer of
the sample can be analysed. As a workaround for this
problem, we hypothesized whether we could predict inflam-
mation through an integrated analysis of spectral character-
istics of normal and inflamed tissues by decomposing Raman
spectra into multiple principal components (PCs), rather than
aiming to identify the individual substances such as inflam-
matory cytokines from Raman spectra. Recent studies have
reported that the analysis of Raman spectra using artificial
intelligence (AI) could be useful in elucidating pathophysiolo-
gical conditions.'*'® Therefore, we examined whether Al ana-
lysis could further improve the sensitivity and specificity of the
prediction of skin inflammation through PC analysis (PCA) of
Raman spectra.

Experimental

Raman spectroscopy and histological analysis in an animal
model of skin inflammation

All animal experiments were approved by the Institutional
Animal Care and Use Committee (approval number: T29-108)
and carried out according to the Guidelines for Care and Use
of Laboratory Animals of Tokushima University. Dermatitis
skin lesions were induced by topical application of phorbol
12-myristate 13-acetate (PMA) on mouse ears, as described in a
previous study.'® The ears were collected before (control
group) and after 6, 12, and 24 hours of PMA application
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(PMA-6, PMA-12, and PMA-24 groups, respectively). Thirty-one
ear samples from 16 mice were divided into these four groups
(control: n = 9, PMA-6: n = 7, PMA-12: n = 7, PMA-24: n = 8).
Raman spectroscopy was performed using MicroRam-TE-US
(Fig. S1, Lambda Vision Inc., Sagamihara, Japan), which was
controlled by the software RamanScope ver.2.62 (Lambda
Vision Inc., Sagamihara, Japan). Spectroscopic data were
acquired at 20 points in each ear sample (Fig. S2AT). At each
measurement point, Raman spectra were recorded using one-
second laser irradiation with 10-time integration. After Raman
spectroscopy, ear samples were fixed with 4% paraformalde-
hyde, and pathological specimens were prepared for histo-
logical assessment using haematoxylin and eosin (HE) stain-
ing. The thickness of the epidermis and dermis, infiltration of
inflammatory cells, vasodilation, and interstitial oedema were
evaluated and scored by two or more observers, including a
pathologist (Fig. S2B & Ct).

Spectral data analysis, Al analysis, and statistical analysis

Raman spectra obtained from ear samples were subjected to
PCA, and four major components (PC1 to PC4) that had the
highest percentage of variance were extracted. Heatmap ana-
lysis and two-dimensional plot analysis were performed based
on the extracted PCs. Hierarchical cluster analysis was con-
ducted based on the combined data for PC1 to PC4 obtained
in the PCA. After calculating the distance between each data
point, a tree dendrogram was created based on the complete
linkage method, which was used to classify the data into four
clusters. Four colours (light green, dark green, dark magenta,
light magenta) and scores (1 to 4) were assigned according to
the distance between clusters based on the cluster containing
the most data from the control group. The score was then
defined as the “Raman score”. Finally, receiver operating
characteristic (ROC) curves were constructed to evaluate the
sensitivity and specificity to predict skin inflammation based
on Raman spectra.

The data were also analysed using AI. To increase the
efficiency of machine learning, we added data from 63 mice
(120 ear samples) included in the preliminary study. The
details of the AI analysis are described in the ESI.t Briefly, all
data were divided into learning and test sets as shown in
Table S3,T and the learning data were further divided into 80%
training data and 20% validation data. The learning model
was created by training with the multilayer perceptron algor-
ithm and validation with the validation data, which were
repeated 100 times. The accuracy of normal and inflammatory
predictions derived from the learning model for the test data
was calculated using ROC curves (Fig. S37).

Group data are shown as mean + standard error of mean.
Differences between group averages were tested using a one-
way analysis of variance with a post-hoc test (Tukey’s honestly
significant difference) and considered significant when the p
value was <0.05. A PCA of the spectral data, heatmap analysis,
ROC curve analysis, and other statistical analyses were all
carried out using R ver.3.6.3."”

This journal is © The Royal Society of Chemistry 2022
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Results
Inflammatory changes in the appearance of mouse ears

Representative pictures of macroscopic appearance (Fig. 1A) and
histopathological images (Fig. 1B) of mouse ear samples are
shown. Although erythema of the ear was not clear in the
sample 6 h after the application of PMA, interstitial oedema of
the skin in the PMA-6 group was confirmed through histopatho-
logical assessment. Skin erythema was visually confirmed
12 hours after PMA application. Interstitial oedema, vasodila-
tion, and infiltration of inflammatory cells were also observed
histologically (Fig. S2Cft). Scab formation, blistering, and
destruction and loss of epidermal tissue were apparent in the
PMA-24 group, which were also visually confirmed as visible
skin erosion. Results regarding the thickness of the epidermis
and dermis are summarised in Fig. 1C. The epidermis gradually
thickened after PMA application, and the change was particu-
larly large 12 hours after application, which was consistent with
the massive infiltration of inflammatory cells into the epidermis.
Significant thickening of the dermis was observed 6 hours after
PMA application, and the change thereafter was minimal, which
was consistent with the time course of interstitial oedema.

Inflammation-mediated changes in Raman spectra

Three distinct peaks at wavenumbers of 1310 cm™", 1450 cm™"

and 1660 cm~" were found in most of the Raman spectra.
These spectra have also been reported in previous papers and
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are thought to be due to the lipid components of the skin.'® In
the inflamed skin, we frequently observed a single sharp peak
at 1550 cm™" followed by a bimodal peak in the wavenumber
region from 1600 cm™" to 1630 em ™", which occurred between
the peaks of the carbon double bond of the aromatic ring at
1450 cm™" and the linear carbon double bond at 1660 cm™*
(Fig. 2A). The former single peak was assigned to the amide-II
group,'® and the latter bimodal peak was attributed to amino
acids such as phenylalanine and tyrosine.>® These spectra
coincided well with the spectrum of mouse blood (red line in
Fig. 2A). We also observed a spectral change in the
2800-3000 cm™' wavenumber region (Fig. 2B), which mainly
represents methylene and methyl groups.”’ In normal tissues,
we frequently observed CH,-dominated spectra. In contrast, in
the inflamed tissue, the signal intensity of the entire broad
spectrum decreased, and its morphology appeared to change
to CH; predominance. The mountainous spectrum in the
3100-3300 cm™' wavenumber region (Fig. 2C), which rep-
resents a hydroxy group mainly derived from water (blue line
in Fig. 2C), was also altered by PMA-induced skin inflam-
mation. This spectrum was rarely observed in normal tissues
and became prominent in inflamed tissues, suggesting that
the spectrum represented interstitial oedema.

PCA and cluster analysis of Raman spectra

The Raman spectra obtained at each depth were subjected to
PCA. Among approximately 600 PCs, PC1 to PC4—which rep-
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Fig. 1 Representative pictures of ear samples. (A) Macroscopic appearances of ear samples. Ears were excised before PMA application (control) or
6, 12, or 24 hours after PMA application (PMA-6, PMA-12, PMA-24, respectively). (B) Representative histological images. Ear samples were sliced and
stained using haematoxylin and eosin. The left and right sides of each picture correspond to the dorsal and ventral sides of the mouse ear, respect-
ively. The upper and lower images correspond to the apical and basal parts of each ear, respectively. (C) The thicknesses of the epidermis and
dermis were measured in histological specimens from four groups and are summarised in a stacked-line chart. The brown- and ivory-coloured areas
indicate the thickness of the epidermis and dermis, respectively. (**: p < 0.01 vs. control, **: p < 0.01 vs. PMA-6, : p < 0.05 vs. PMA-12.) PMA,
phorbol 12-myristate 13-acetate.
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Fig. 2 Representative Raman spectra recorded from normal and
inflamed tissues. The spectra recorded in normal and inflamed tissues
were compared in three wave number regions: from 1400 cm™ to
1700 cm™ (A), from 2700 cm™ to 3100 cm™* (B), and from 3000 cm™*
to 3300 cm™ (C). Spectral waveforms recorded from normal tissue,
inflamed tissue, blood, and water are shown in grey, black, red, and blue,
respectively. The molecular bond assigned to each wave number is indi-
cated by vertical dotted lines. PMA, phorbol 12-myristate 13-acetate.

resented the components with the highest percentage of var-
iance (Fig. 3A and B, variances of each PC are shown in Tables
S1 and S2t)—were used for the subsequent evaluation. PC1
and PC3 appeared similar to the baseline, while PC2 appeared
to contain spectral components of carbon double bonds and
CH bonds. PC4 appeared to contain spectral components that
could be assigned to the amide-II group and an OH bond,
although the signal was inverted at 15 pm. Heatmap analysis
was performed to visualise the contributions of PC1 to PC4 to
the spectral data (Fig. 3C and D). The yellow-to-brick colour
gradient was assigned from the lowest to the highest contri-
bution of PC1 to PC4 to each data point. Although spatial het-
erogeneity and individual variations were observed, PC2
tended to exhibit a dark brick colour in the control group,
while PC3 and PC4 tended to exhibit a dark brick colour in the
three groups treated with PMA. We further clustered the data
by composing a tree diagram according to the distance
between each data point based on the contributions of PC1 to
PC4. Subsequently, we derived the clustering score based on
the tree diagram as the “Raman score”, which was represented
along a coloured gradient from green to magenta (left side of
each heatmap in Fig. 3C and D). There was a tendency for data
assigned to a red colour (ie., data representing a higher
Raman score) to be more prominent in the inflamed skin
samples. At the end of the PCA, a two-dimensional scatter plot
of PC2 and PC4 was created (Fig. 3E and F). Most of the
control data fell within the blue circle, and the average PC2
was positive (blue boxes). On the other hand, in the PMA-12
and PMA-24 groups, the average of the coefficient of PC2
became negative (orange and red boxes), and most data were
included in the red circle. The PMA-6 group was located
between the two, and the average occurred in the overlapping

2846 | Analyst, 2022, 147, 2843-2850

View Article Online
Analyst

A Raman shift (cm™') B

O O ® ® O O P
RO PO AR

Raman shift (cm™)
P PO PO P OO P D
NSO o

1450 1660

&
3

.- PC2 o7 o

o hosro

© wo & o ok

1605.1620 -1
1650

1605.1620
3190

WM PC4 04 -3
5 sl 1580
at 15 pm depth at 50 pm depth
C Heatmap (15 pm) D Heatmap (50 pym)
L PMA-24 I PMA-24
- PMA-12 - PMA-12
L PMA-6 I PMA-6
I Control I Control
E E

« Control
mControl mean
PMA-6
OPMA-6 mean
* PMA-12
@BPMA-12 mean
« PMA-24
®PMA-24 mean

1PC4 “PC4

« Control
mControl mean
PMA-6
@PMA-6 mean
* PMA-12
@PMA-12 mean
o PMA-24
@PMA-24 mean el

Fig. 3 Results of the principal component analysis and cluster analysis.
Principal components (PCs) were extracted from Raman spectra
obtained from the ear samples at depth of 15 pm (A) and 50 pym (B), and
PC1 to PC4 are shown as major PCs. The vertical dotted lines indicate
the positions of the peaks and their wavenumbers, which were clearly
observed in each PC. A cluster analysis using a heatmap was then
applied to PC1-PC4 at 15 ym (C) and 50 pym (D). Each spectrum was
scored in four grades based on a cluster analysis using a dendrogram of
PC1 to PC4, and the scores were assigned to colours along a gradient
from light green to magenta (low to high) and displayed on the left edge
of the heatmap. Data regarding the contribution of PC2 and PC4 to
spectra at 15 pm (E) and 50 pym (F) are shown in a two-dimensional
scatter plot. Blue, yellow, orange, and red dots indicate the plot of
specific spectral data from control, PMA-6, PMA-12, and
PMA-24 groups, respectively. Blue, yellow, orange, and red boxes indi-
cate the average of contribution value for control, PMA-6, PMA-12, and
PMA-24 data, respectively. The blue and red circles indicate the areas in
which the data for the control group and the other three PMA-treated
groups are mainly distributed, respectively. PMA, phorbol 12-myristate
13-acetate.

region of the blue and red circles. Although the direction in
which the coefficient of PC4 changed at 15 um and 50 um was
reversed, the results for the PMA-12 and PMA-24 groups
(orange and red boxes) were opposite to those observed in the
positive and negative control and PMA-6 groups (blue and
yellow boxes).

This journal is © The Royal Society of Chemistry 2022
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Consistency of spectral scores and histological scores

ESI Fig. S5 shows the spatial distribution of the Raman
scores as a colour map based on the cluster analysis of Raman
spectra in Fig. 3C and D. In the control group, many points
were assigned a green colour, which represented a lower
Raman score. On the other hand, in the three PMA groups,
many points were assigned a magenta colour, indicative of
higher Raman scores. This tendency was more accurate for the
50 pm data. The spatial heterogeneity was averaged by calculat-
ing the mean value of the data at 20 points and using it as the
data for each ear. Subsequently, the changes in the Raman
score due to PMA application at 15 um and 50 pm depth were
evaluated by calculating and comparing the average score of
each ear among the four groups (Fig. 4A and B, respectively).
The Raman score increased significantly with PMA at both
depths, although a peak of increase in the score was observed
at 12 hours at the depth of 15 pm. In contrast, the score
increased continuously for up to 24 hours at 50 pm.

To examine whether the changes in the Raman score
reflected histological changes, HE-stained specimens were
assessed for inflammatory cell infiltration, vasodilation, and
oedema (Fig. 4C, D, and E, respectively). The histological score
also increased significantly with PMA application in terms of
all three endpoints. Especially for the infiltration of inflamma-
tory cells, scores increased continuously for 24 hours, which
was consistent with the change in the Raman score observed
at 50 um (Fig. 4B).
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Fig. 4 Summary of Raman scores and histological scores. The average
Raman scores calculated via principal component analysis for
20 measurement points at depths of 15 um and 50 um are further aver-
aged and summarised in (A and B), respectively. Haematoxylin-and-
eosin-stained sectioned tissue specimens were evaluated on a four-step
scale for three items: infiltration of inflammatory cells, vasodilation, and
oedema, and the averages of 20 points were calculated and are sum-
marised in (C, D, and E), respectively. Blue, yellow, orange, and red bars
represent the data for the control, PMA-6, PMA-12, and PMA-24 groups,
respectively. (*: p < 0.05 vs. control, **: p < 0.01 vs. control, #: p < 0.05
vs. PMA-6, ##: p < 0.01 vs. PMA-6, : p < 0.05 vs. PMA-12, 71 p < 0.01 vs.
PMA-12.) PMA, phorbol 12-myristate 13-acetate.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

Sensitivity and specificity of Raman-based prediction of skin
inflammation

We evaluated the sensitivity and specificity in predicting skin
inflammation based on each PC (PC1 to PC4) at each depth
(15 pm and 50 pm) using ROC curves (Fig. 5). Among them,
PC2 exhibited a high accuracy rate: the ROC curve for PC2 at
15 um yielded 74.5% accuracy with an AUC of 0.777 (Fig. 5A,
the second panel), while that at 50 um yielded the highest
accuracy of 80.0%, with an AUC value of 0.864, sensitivity of
71.7%, and specificity of 83.4% when the cut-off value was set
to 0.017 (Fig. 5B, second panel). The sensitivity, specificity,
and accuracy of predicting inflammation even by PC2 or inten-
sity ratio of 1550 cm™'/1450 cm™" (Fig. 5 and Fig. S67), which
showed a higher value for each parameter, were at a maximum
of approximately 70-80%. Finally, we assessed whether AI
could improve the prediction of skin inflammation based on
Raman spectroscopy. Here, used the data obtained at a depth
of 50 um to construct an ROC curve (Fig. 6). The maximum
accuracy for the prediction of skin inflammation increased up
to 93.1%, with an AUC of 0.972. The sensitivity and specificity
also improved by up to 94.6% and 89.6%, respectively.

Discussion

Optical analysis has attracted attention for its potential to
promote accurate and non-invasive diagnosis in clinical medi-
cine. Among the available methods for optical analysis, Raman
spectroscopy is considered one of the most promising given
that it enables non-destructive estimation of molecular struc-
tures. In this study, we investigated whether inflammation in
the skin can be detected via Raman spectroscopy and whether
Raman spectra can be used to predict the presence of skin
inflammation. Our analysis identified several characteristic
changes in Raman spectra associated with skin inflammation,
which were considered to reflect inflammatory pathology in
the skin. The PCA indicated that PC2 had a prediction accuracy
of 80%, which is not accurate enough for clinical diagnosis.
However, combining Raman spectroscopy with Al analysis
improved the prediction accuracy to 93%. These results
suggest that the combination of Raman spectroscopy and Al
analysis can enable highly accurate clinical diagnosis.

In the context of clinical diagnosis, the reliability of Raman
spectroscopy depends on the ability to identify the substances
from which the spectra are derived. Accurate identification of
substances that cause inflammation (e.g., allergens, patho-
gens, and chemicals) and cytokines distributed in tissues sec-
ondary to inflaimmation may aid in diagnosing not only the
presence of inflammation, but also the cause and degree of
inflammation. We initially intended to detect specific inflam-
matory substances such as cytokines. However, although we
frequently recorded spectra derived from dimethylsulfoxide,
which was used as a solvent for PMA (especially in the
PMA-6 group) (Fig. S71), we were unable to discriminate any
specific spectra for cytokines. In a previous study, cytokine
levels in the tissue were only a few ng g~'.>*> Cytokine concen-
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Fig. 5 ROC curves for the prediction of inflammation based on the principal components of Raman spectra. ROC curves were created to examine
the sensitivity and specificity in predicting inflammation in the normal group (control group) and the inflammation group (including PMA-6, PMA-12,
and PMA-24 groups) according to principal components (PCs) obtained from PC analysis based on Raman spectra obtained at the depths of 15 ym
(A) and 50 pm (B). PC1 to PC4 (from left to right panel) were used to construct the ROC curves. The area under the curve (AUC) of each ROC curve,
the maximum accuracy, and the sensitivity and specificity at the maximum accuracy are shown in the lower right inset of each graph. ROC, receiver

operating characteristic; PMA, phorbol 12-myristate 13-acetate.
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Fig. 6 ROC curve for the prediction of inflammation based on Al ana-
lysis of Raman spectra. The ROC curve was created to assess the sensi-
tivity and specificity for predicting inflammation in the normal group
(control group) and inflammation group (including PMA-6, PMA-12, and
PMA-24 groups) according to Al analysis of principal components based
on Raman spectra obtained at the depths of 50 um. The area under the
ROC curve (AUC), maximum accuracy, and sensitivity and specificity at
the maximum accuracy are shown in the lower right inset. ROC, receiver
operating characteristic; Al, artificial intelligence; PMA, phorbol 12-myr-
istate 13-acetate.

trations in the interstitial fluid of the skin have been reported
to be in the range of 50-150 pg mL™" for tumour necrosis
factor alpha (TNF-a) and 1-30 ng mL™" for interleukin 1 beta
(IL-1p).>* Despite the development of several optical methods
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for enhancing faint Raman-scattered light, such as CARS and
SERS,'>*? it is still difficult to discriminate trace amounts of
substances that exist in pM to nM units in tissues from other
foreign substances. If a specific Raman spectrum can be used
as an indicator to diagnose skin inflammation, it would be
desirable to target substances that are present in the skin at
higher concentrations® or that have extremely distinctive and
sharp spectra, such as lipids or phospholipids.**

Although we could not identify inflammation-specific sub-
stances such as cytokines, we did observe several inflam-
mation-induced changes in the Raman spectra. The newly-
emerged spectra in the 1500-1650 cm™" region were consistent
with the Raman spectrum of haem protein,> which we con-
sidered to represent vasodilation due to skin inflammation.
Inflammation decreased the peaks observed at 1450 cm™" and
1660 cm™' for carbon double bonds, which are frequently
observed in Raman spectroscopy of living cells or organs and
are considered to represent fats or membrane phospholipids.*®
Attenuation of these two peaks may indicate a decrease in the
lipid barrier of the skin or changes in cellular composition
due to interstitial oedema. We also observed broad-spectrum
morphological changes at 2800-3000 cm™', which were
assigned to the stretch of CH bonds. This result is consistent
with the changes previously observed in rat skin infected with
Fusarium oxysporum,”® suggesting that inflammation altered
lipid and protein composition in the skin. Water is among the
molecules most commonly analysed in Raman spectroscopy of
the skin.>” We observed spectral elevation at 3190 cm™", which

This journal is © The Royal Society of Chemistry 2022
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can be explained by an increase in the interstitial water
content due to tissue oedema.

Even though each change in the Raman spectra can explain
the pathological changes caused by skin inflammation, the
intensity ratio of individual spectra did not exhibit high sensi-
tivity or specificity for predicting inflammation (Fig. S67).
Therefore, we performed PCA to examine the series of spectral
changes, rather than verifying specific spectral changes one by
one. Although it may not be possible to determine the exact
substances responsible for changes in the Raman spectra, it
should be possible to distinguish between normal and dis-
eased tissues by analysing multiple factors in combination.
Among the extracted PCs, PC2 appeared to contain spectra of
carbon double bonds and CH bonds, which may have been
derived from phospholipids.'® The ROC curve created based
on PC2 showed relatively high accuracy in predicting skin
inflammation (Fig. 5, the second panels from the left),
although the rate was insufficient for clinical diagnosis. The
ROC curve based on PC4, which appeared to involve spectra
for the amide-II group (representing vasodilation) and an OH
bond (representing interstitial oedema), did not have sufficient
power to predict skin inflammation (Fig. 5, the rightmost
panels). The percentage of variance was very small for PC2 and
PC4, indicating that they may not have contributed sufficiently
to the changes in the overall Raman spectrum (Tables S1 &
S27). On the other hand, PC1, which contained baseline and
noise components, occupied more than 95% of the variance.
Individual differences among mice, spatial heterogeneity
within each sample, and even temporal heterogeneity in the
progression of inflammation progression may have maximized
the variance of PC1 and reduced the relative variance due to
PC2 and PC4. This also made it impossible to determine the
degree of inflammation over time, as originally intended.

If Raman spectroscopy is to be applied in clinical practice,
the above problems, such as faint and complex changes in
diverse components and individual differences, must be over-
come. For such comprehensive comparisons, machine learn-
ing and Al-based analysis will be of significant help. In fact, in
our study, the prediction accuracy for inflammation based on
PCs was at best 80%; however, addition of AI analysis
increased the prediction accuracy to 93%. Although the reason
for this improvement remains unclear, it is likely due to the
elimination of individual differences among mice and the tem-
poral and spatial heterogeneity of inflammatory responses,
allowing for increased sensitivity. In the future, the introduc-
tion of explainable AI may help to improve the accuracy of
diagnosis. Several recent studies have verified that AI can be
applied in various areas of clinical medicine and medical
research.'®'® In the dermatological field, Esteva et al. reported
that high diagnostic accuracy based on a macroscopic view of
skin lesions achieved using a deep-neural network system.>®

Although the presence of inflammation could be diagnosed
in the present study, our method was unable to determine
degree of inflammation. As both factors are essential for diag-
nosing inflammatory skin diseases in clinical settings, this
represents a major limitation of the study. We initially aimed

This journal is © The Royal Society of Chemistry 2022
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to verify whether the degree of inflammation could be deter-
mined by analysing samples at different time points after PMA
application. However, the number of samples was too small to
determine the degree of inflammation. Furthermore, skin dis-
eases are not limited to dermatitis, but also include tumours,
metabolic abnormalities, pigmentation abnormalities, and
hair-growth abnormalities. To identify these diseases, large
amounts of clinical data and complex AI algorithms are
required. Nonetheless, the current findings highlight the
potential of Raman spectroscopy combined with AI analysis to
aid in the non-invasive diagnosis of skin diseases.

Among the major barriers to applying Raman spectroscopy in
clinical medicine are the limitations in the depth that can be
reached and the ability to detect Raman-scattered light from
deep tissues. Ultrasound-based technology enables the evalu-
ation of deep skin tissue up to approximately 4 cm,*® and
studies have revealed that ultrasonic Doppler can be used to
detect tumour angiogenesis.>** While ultrasound technology is
thus suitable for obtaining certain information in deep tissues it
cannot provide information regarding the molecular properties
of the area. If its penetrative ability can be improved, Raman
spectroscopy will represent a powerful in vivo diagnostic tool.
Researchers have proposed the use of near-infrared light to
address this issue.’® In general, longer wavelengths of light pene-
trate tissues more deeply. In this study, we used a near-infrared
laser with a wavelength of 785 nm instead of the 532 nm laser
that is commonly used in Raman spectroscopy to irradiate
deeper areas, and we confirmed that Raman-scattered light
could be detected up to a depth of 250 um with an exposure
time of one second (Fig. S8t). Since the thickness of the human
epidermis is around 100-200 um,** our results suggest that epi-
dermal lesions can be detected using a 785 nm laser.

Conclusions

We demonstrated the changes in the Raman spectrum induced
by skin inflammation, which were considered to reflect vasodi-
lation and interstitial oedema. Although it was still difficult to
accurately predict the presence or absence of inflammation
from individual changes in Raman spectra, it was possible to
improve the prediction accuracy to some extent by considering
multiple spectra in a combined manner using PCA. By combin-
ing with Al, it has shown the possibility of an objective evalu-
ation of skin inflammation using Raman spectroscopy.
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