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Introduction

Tissue analysis by vibrational spectroscopy in
Hirschsprung disease: feasibility and potential as a
new intraoperative tool}

C. Combescot, 122 O. Piot, &2 *@ V. Untereiner, 2 ° A. Durlach®® and F. Laconi®
Hirschsprung disease is a congenital anomaly characterised by an absence of innervation in the colon.
The current diagnosis, which involves identifying the non-functional part of the colon through histological
examination, is unsatisfactory. The objective of our study was to assess the potential of infrared spec-
troscopy as a label-free method to distinguish between functional and non-functional parts of the colon.
Tissue samples from FFPE sections of Hirschsprung patients, taken from both functional and non-func-
tional regions, were analysed by mid-infrared imaging. Colour-coded spectral images, reconstructed
using multivariate data processing, were compared to the gold standard (hematoxylin—eosin—safran stain-
ing) to associate a specific spectral signature with each histological structure. Statistical analyses were also
carried out to highlight infrared markers associated with Hirschsprung disease. The search for ganglion
cells and cholinergic threads, the usual markers of the disease, was unsuccessful. However, our approach
was efficient in differentiating between functional and non-functional parts of the colon by focussing on
the muscularis. As such, vibrational spectroscopy can highlight biochemical differences that are not
visible using standard histology. This proof-of-concept study suggests that vibrational spectroscopy is a
candidate method for diagnosing Hirschsprung disease, paving the way for intraoperative application by
assisting surgeons and histologists in delineating the pathological region.

presence of ganglion cells, which can be particularly challen-
ging. Indeed, the identification of ganglionic cells necessitates

Hirschsprung disease (HD) is a congenital condition arising
from disruption in the migration of neuroblasts from the
neural crest during colon formation. It affects 1 in 5000 births,
predominantly boys (ratio 4:1), and is associated with more
than 12 genetic mutations. In most cases, the diagnosis is
clinically suspected within the first days of life, and a sub-
sequent histological examination of rectal biopsies is the gold
standard for confirming the diagnosis. Once the diagnosis is
made, the treatment consists of surgical pull-through of the
aganglionic tract. At that point, determining histologically the
boundaries between the ganglionic/functional and aganglio-
nic/non-functional colon segments involves confirming the
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an experienced pathologist with specific expertise. In addition,
the tissue section examined may contain no ganglionic cells,
even though the tissue is functional. In this case, it is necess-
ary to redo the analysis to search for another part of the biopsy
containing ganglionic cells. This extemporaneous examin-
ation, performed intraoperatively, takes approximately thirty
minutes, during which the baby remains under general anaes-
thesia. Alternative techniques, such as enzymatic tests for
detecting cholinergic networks, are too time-consuming for
intraoperative use.

Aware of these challenges and limitations, we believe that
introducing a new diagnostic tool could be valuable in the
clinical management of this disease. Vibrational spectroscopy,
an optical technique corresponding to two modalities, namely,
Raman scattering and infrared (IR) absorption, appears to be a
promising candidate tool, as it gives access to the overall bio-
chemical composition of a sample in a single, label-free
measurement. To our knowledge, the scientific literature
includes only two studies related to the use of vibrational spec-
troscopy in HD.>* These studies demonstrated the ability of
Raman spectroscopy to obtain the spectral signature of gangli-
onic cells in a mouse model® and to detect the human enteric
nervous system.” In our study, we focused our investigation on
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the mid-infrared imaging of tissue sections. This modality
allows for the combination of chemical specificity with spatial
information at the cellular scale without the need for extrinsic
chemical treatments. The analysis relies on the non-destructive
interaction between the infrared radiation and the matter, per-
mitting the reuse of the sample for further additional ana-
lysis.” Combined with multivariate data processing, the
approach turned out to be successful in the characterisation of
cancerous’™® tissues by providing information on tumour
heterogeneity, sometimes non accessible by conventional
histology.

Vibrational spectroscopy is a new and promising candidate
in the medical field, allowing diagnosis in a non-invasive or
non-destructive way.'®** This technique can lead to the devel-
opment of new approaches, such as the daily non-invasive
monitoring of glycaemia.’>'® Combined with a microscopic
imaging device, this technique can provide complementary
diagnostic markers to conventional histopathology, as demon-
strated by studies on various diseases, such as inflammatory
skin lesions,"" lung fibrosis,'* or cancerous malignancy."®

The objective of this proof-of-concept study was to assess
the capacity of mid-infrared spectral imaging to identify HD
tissues by distinguishing the functional part from the non-
functional part of the colon. First, we evaluated the ability of
IR imaging to detect the standard indicators of routine histo-
logical examination, namely, the ganglion cells at the level of
Auerbach and Meissner plexus in functional tissue, and the
cholinergic nets within the chorion of the mucosa of non-func-
tional tissue. Second, our investigation focused on the muscu-
laris of the colon; this structure showed no morphological
alteration visible by standard histology.

Materials and methods

The methodology workflow is summarized in Fig. 1.

Sample collection and preparation

The study utilized tissue samples from colon macro-biopsies
(n = 6) obtained from pull-through surgery, available in
Formalin Fixed Paraffin-Embedded (FFPE) form, and from
patients previously diagnosed with Hirschsprung disease
(Table 1). Each patient contributed two samples, both from
the functional and non-functional segments of the colon,
resulting in a total of 12 samples for this proof-of-concept study.

For each sample, two successive 8 um sections made with a
microtome were used. The first section was deposited on a
calcium fluoride (CaF,) slide to carry out the acquisition by
infrared imaging. The second adjacent section was placed on a
glass slide for hematoxylin-eosin-safran (HES) staining, which
marked the tissue structures. All stained tissue sections were
digitalized using a VS120 digital scanner (Olympus, Tokyo,
Japan).

All experiments were performed in accordance with French
laws and approved by the local ethics committee (Comité
d’éthique du Centre Hospitalier Universaire de Reims, France)
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under the approval number AC 2019-3408, after obtaining
informed consent from the parents of every patient.

Analysis of spectral images acquired by infrared spectroscopy

Acquisition of the spectral images. The data were acquired
with a Spotlight 400 IR microscope coupled with a Spectrum
One spectrometer (PerkinElmer, Villebon-sur-Yvette, France)
and using Spectrum Image software (Version R1.6.4.0394,
PerkinElmer). Owing to the large size of the tissue samples
and the limitation of the acquisition capacity of the IR equip-
ment, the acquisitions were sectioned for each sample into
several parts of equivalent size. Thus, a total of 63 images
corresponding to the tissue samples were recorded. For each
slide, one spectral image was also recorded on the paraffin
without tissue for the numerical correction of paraffin
interferences.

The spectral images were recorded with a spectral resolu-
tion of 4 em™, 4 accumulations per pixel, over the spectral
range of 4000-800 cm™'. A pixel size of 6.25 x 6.25 pm” was
chosen, offering spatial precision at the cellular scale.

In addition, polarisation-resolved infrared acquisitions were
led with the same parameters by incorporating a polariser on
the incident beam; images were collected with three orien-
tations at 0°, 45° and 90° according to the sample orientation.

Data analysis. Data analyses were conducted with internally
developed scripts written in Matlab (The Mathworks, Natick,
MA) unless stated otherwise.

Spectral image pre-processing. First, an atmospheric correc-
tion was carried out to eliminate the absorption of environ-
mental molecules, such as CO, and residual water vapor,
using Spectrum Image software (PerkinElmer).

The spectral data were then corrected using Extended
Multiplicative Signal Correction (EMSC), which simultaneously
performed baseline correction, vector normalisation and
digital neutralization of the paraffin interferences (S.D.17). It
also permits the removal of outlier spectra corresponding to
noisy or weak intensity spectra. Normalisation uses a reference
spectrum named the target. In the present study, two distinc-
tive targets were used depending on the analysis made. Target
#1 was the average of the spectra of a complete tissue (mucosa,
sub-mucosa, muscularis and nerve plexus) and was used for
the spectral analysis at the complete tissue level. For analysis
focused on the muscularis structure, a second target, target
#2, was used; it corresponded to the mean of spectra extracted
from a reduced zone containing only the muscularis and parts
of the nerve plexus. To determine these targets, we considered
the sample from patient #1 for the quality of the section (S.
D.1f). For this pre-processing step, the spectral range was
reduced to the 1800-900 cm™" fingerprint region, containing
the most vibrational information in biological samples.

Construction of pseudo-colour spectral images using
K-means clustering. The pre-processed spectra were then sub-
mitted to unsupervised clustering to partition data according
to their spectral similarity. Here, K-means (KM) clustering was
used to separate the spectra into a chosen number of classes
called clusters and by grouping the most similar spectra

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Experimental approach for the acquisition and processing of a spectral image from a paraffin-embedded histological section acquired by

FTIR. EMSC: extended multiplicative signal correction; KM: K-means.

Table 1 Summary of the patients’ data

Patient number  Age Sex  Extension of the aganglionosis
1 6 months F Sigmoid
2 6 months M Sigmoid
3 4 months F Sigmoid
4 6 months F Sigmoid
5 3months M Sigmoid
6 1 month M Sigmoid

This journal is © The Royal Society of Chemistry 2025

within specific clusters; a centroid associated with each cluster
represents the spectral profile of this cluster. The results can
be visualized in the form of a pseudo-colour image in which
each cluster is associated with a colour. A dendrogram
showing the relative spectral proximity of the centroids is also
constructed. It should be noted that the colours are randomly
assigned to the clusters from one KM clustering to another, so
there is no correspondence between the colours of the two dis-
tinct clusterings. Pseudo-colour K-means images were sub-
sequently compared with HES staining on adjacent sections to
attribute the clusters to specific histological structures.

Analyst, 2025, 150, 1293-1302 | 1295
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Identification of discriminant vibrations associated with the
Hirschsprung condition. Owing to differences in size between
the samples, the number of spectral images was not the same
for every section. Thus, for better representativeness in the
statistical analysis, four areas of the same size containing the
muscularis were extracted from the spectral images of each
tissue section. Each area was submitted to individual KM clus-
tering. Then, the most discriminative wavenumbers between
functional and non-functional tissues were searched from the
spectral centroids of the KM clusters corresponding to the
muscularis structures.

An inferential non-parametric univariate analysis was
carried out for each feature of the spectral data using a
Kruskal-Wallis test, followed by the calculation of the p-value
using a y” test, with 95% and 99% thresholds.

Results
Definition of histological structures of interest

In HD, the functional or non-functional area of the colon is
characterised respectively by the presence or absence of
ganglion cells and is validated by histopathological examin-
ation of HES-stained tissue samples observed under a micro-
scope (Fig. 2). The tissue is deemed functional if the ganglion
cells are present, or non-functional otherwise. Thus, confirm-
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ing the presence of ganglion cells is the gold standard for clas-
sifying a sample as healthy, ruling out a diagnosis of disease.
Another way to validate the HD diagnosis is the presence of
a cholinergic net in the mucosa and submucosa of the non-
functional area.'® This second marker has two flaws, making it
difficult to use as a reliable and reproducible gold standard.
The first is that the presence of a cholinergic net can only
be verified in fresh or frozen tissues by treating the tissue with
acetylcholinesterase (AchE). Our study relied on paraffin-
embedded tissues, and it was not possible to determine the
presence and quantity of cholinergic nets by AchE staining.
The second is the density of these nets, which varies among
patients, with some exhibiting dense nets, whereas others
have nearly non-existent ones.’”” However, some of the non-
functional tissues presented large and visible hypertrophied
nerve trunks with HES staining, which is known to be corre-
lated with the presence of cholinergic nets. We tried to search
for a spectral signature for the hypertrophied nerve trunks or
for the cholinergic nets on the FFPE tissues, but we were not
able to isolate any specific spectral signature (data not shown).
Therefore, the question of the cholinergic net is still pending,
and more tests should be carried out on fresh or frozen tissue.

Characterisation of the HD tissues using IR microimaging

This part of the analysis focused on the myenteric plexus of
confirmed functional tissues because the ganglion cells were

Mucosa o

Submucosal plexus, or
Meissner’s plexus

Submucosa

Circular muscle

Myenteric plexus,or |/
Auerbach’s plexus

Longitudinal muscle

®)

©

n a non-functional Hirschsprung tissue

Hypertrophied nerve
trunk
+

Cholinergic thread
(not shown by HES staining)

Ganglion cells inside
the Auerbach’s plexus

Fig. 2 Simplified anatomy of the colon and corresponding HES-stained slide. (A) Colon histology and structure in an HES-stained section. (B) and
(C) Stained sections showing, respectively, hypertrophied nerve trunks within the mucosa and ganglion cells within the Auerbach plexus. The HES-

stained slides were scanned at a magnification of x40.
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easier to find compared to the submucosal plexus. First, the
tissue sections, including the mucosa, sub-mucosa and mus-
cularis, were analysed by infrared to find a specific spectral sig-
nature of the ganglion cells.

The KM analysis on spectral images did not reveal a specific
cluster associated with the ganglionic cells even if the number
of clusters was increased. However, the submucosa heterogen-
eity was highlighted by multiplying clusters in this structure
but not in the plexus. Then, the analysis focused on a reduced
area containing only the myenteric plexus and the surrounding
muscularis (S.D 27). Despite increasing up to fifteen clusters,
we were not able to find a signal specific to the ganglion cells
(S.D 27). Although a specific spectral signature for ganglion
cells was identified in both IR and Raman micro-spectroscopy
in previous studies,'®'® we were not able to locate them using
IR microimaging with a pixel size of 6.25 x 6.25 pm”. This
could be attributed to the size of the cells averaging 20 pm.
Thus, if a ganglion cell was between two pixels, its spectral
signal would be mixed with that of the plexus. This hypothesis
is reinforced by the fact that other teams were able to obtain
an IR spectral signature of the ganglion using a pixel size of
2.6 x 2.6 um>.'® Moreover, although two adjacent thin sections
were used for infrared imaging and HES staining, it could be
possible that one section contained cells whereas the other did
not.

Comparison of infrared imaging of healthy and pathological
tissue

Considering that the ganglion cells were undetectable with the
spatial resolution of our equipment, our analysis was then
focused on other tissue structures of functional and non-func-
tional parts of the colon samples from patients with
Hirschsprung disease.

Although standard histology did not show any morphologi-
cal differences, infrared imaging permitted highlighting differ-
ences at the level of the muscularis between the non-func-
tional and functional segments in HD tissues. Fig. 3 shows the
KM results obtained for a representative case. Tests were con-
ducted to find the minimum number of clusters required to
separate the HD and healthy muscularis segments. A differ-
ence in the cluster number was observed among the patients:
for patients #1, #2, and #3, 7 clusters were found to be necess-
ary, while patient #4 required 9 clusters, and patients #5 and
#6 required 10 clusters (data not shown). These disparities can
be explained by high inter-patient variability in the sub-
mucosa and mucosa. These spectral variabilities in the
mucosa and sub-mucosa are not attributed to the disease, as
the clusters are present both in the functional and non-func-
tional segments of the same patient.

At the methodological level, this disparity constitutes a
limitation in the automation of the approach because the oper-
ator must intervene to adjust the parameters for each case. To
avoid interferences originating from the mucosa and sub-
mucosa, the solution is to use spectral images containing only
the muscularis and the plexus of the tissue. It was then poss-
ible to discriminate for all cases between the non-functional

This journal is © The Royal Society of Chemistry 2025
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and functional parts of the colon with a cluster number fixed
to 4 (S.D 31).

Based on these positive results, the last step of our study
was to identify wavenumbers that can be considered spectral
markers to discriminate between the functional and non-func-
tional segments of the tissue. Thus, the centroids corres-
ponding to the muscularis extracted from 4 distinctive spectral
images for each patient and each condition were statistically
compared through a Kruskal-Wallis test; thus, 24 spectra
representatives of each of the 2 conditions were considered.
For a given wavenumber, a p-value over the significance level
(here 0.05 or 0.01) reflects a difference in intensity between the
two conditions. The wavenumbers associated with significant
differences are shown in Fig. 4. The mean spectra and stan-
dard deviations are also displayed to better visualize the posi-
tion of the spectral discriminant differences. From the scienti-
fic literature, we were able to assign the majority of these most
discriminative wavenumbers mainly to protein, RNA and phos-
pholipid contents. The wavenumbers around 1720 cm™" are
associated with C=0 stretching found in lipid esters.>>*! The
1540 cm™" vibration is associated with the Amide II band,
resulting from N—H bending and C—N stretching modes in
proteins.?*>* The vibrations at 1428-1444 cm™ ' can corres-
pond to both CH, bending in lipids and CH; bending in
proteins.”>*' The spectral range 1386-1398 cm™" is associated
with CH; bending vibrations present in fatty acids and phos-
pholipids,*® and the wavenumbers at 1320-1330 cm ™" corres-
pond to C—O stretching vibrations of carbohydates.>* The
wavenumbers between 1232 and 1250 cm™" can contribute to
the Amide III band, arising from C—N stretching and N—H
bending modes in proteins and PO,” stretching vibration of
RNA,?%?! while the wavenumbers between 1268 and 1280 cm™*
are assigned to PO," stretching vibration of phospholipids.>**?
The wavenumber around 1110 cm™' can be associated with
stretching vibration of the C—O ester-groups.>! The 1028 and
1154 cm™' wavenumbers can correspond to C—O—H and
C—0—C bending vibrations of glycogen.*® The set of vibrations
located between 900 and 974 cm™" are likely to be associated
with the C—N—C stretching in RNA and phospholipids, or with
C—O0—C deformations in carbohydtates.”*>* Since the tissues
were paraffined, the vibrations associated with the lipid con-
tents correspond to components of the cell membrane. The dis-
criminative wavenumbers implicated suggest several biochemi-
cal changes in the tissues, most likely an alteration in the
protein content and structure. But it could also be due to a
difference in the molecular components of muscle cells, the
absence of ganglion cells inducing a modification in the
expression of muscle cells, and particularly those of the outer
tunic. This hypothesis is supported by the numerous genetic
mutations as described in the literature in Hirschsprung
patients.> Moreover, the heterogeneity between the patients
must be considered. The most discriminative wavenumbers
varied between patients, and this statistical analysis permitted
to highlight the most common variations across all patients.

The discriminant vibrations identified previously can be
considered spectroscopic markers of HD and permit biochemi-
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Fig. 3 KM clustering of ganglionic and aganglionic parts of Hirschsprung patient samples. (A) and (B) HES-stained tissue and common KM with 7
clusters of functional and non-functional (ganglionic) tissue (x40), respectively. (C) Anatomy of the colon (x40). (D) Dendrogram and centroid of
common KM. The scale bar represents 500 um. The HES-stained slides were scanned at a magnification of x40.

cal interpretation of the spectral changes observed. In the case muscle structure and/or organization. Indeed, the muscle
of the muscularis structures, it is also questionable whether fibres are differently oriented between the inner tunic and the
there is a relationship between the spectral features and the outer tunic of the colon. Possibly, analysing the fibre orien-
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Fig. 4 Mean spectra and standard deviations of the functional and non-functional parts of the colon (shown in blue and red, respectively), with the
statistically different wavenumbers identified from a Kruskal—Wallis test and a 5 test. (A) The areas where the peak absorbances are significantly
different are colored in yellow (95%) and green (99%). (B) The H values calculated from the rank of the Kruskal-Wallis test and the p-value are

reported in the table.

tation could be a supplementary indicator in HD diagnosis.
Following this hypothesis, our idea was to check whether
polarisation-resolved infrared imaging would enhance spectral
differences within the muscularis when compared to non-
polarised measurements. For this test, a healthy segment was
analysed by changing the polarisation of the incident infrared
beam. Previous studies conducted in our laboratory revealed
the interest in polarising the infrared incident beam to probe
the orientation of biological macromolecules, such as type I
collagen.?® The polarisation measurements were catried out by

This journal is © The Royal Society of Chemistry 2025

orientating the electric field of the incident beam at a precise
angle in relation to the structures of the tissue (aligned hori-
zontally as shown in Fig. 1A and B). The polarised measure-
ments at 0°, 45° and 90° were compared with each other and
with non-polarised measurements through a common KM
clustering. From this experiment, it appeared that the polaris-
ation of the infrared incident beam had a negligible effect on
the spectral signatures of the tissue structures (Fig. 5). Indeed,
common KM clustering was carried out on both functional
and pathological parts of an HD specimen for three con-
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ditions: without polarisation, and with polarisation angles of
0° and 90° according to the tissue orientation on the motor-
ized plate of the instrument. Five clusters were chosen for this
KM clustering. The overall spatial distribution of the clusters
and the respective spectral distances between their centroids,
as can be assessed by the dendrograms, were similar indepen-
dently to the polarisation condition. In particular, the Amide
I-to-Amide II intensity ratio, previously shown to be affected by
the polarisation,> appeared here stable. This experiment
demonstrated that the tissue components of the colon are
insensitive to the orientation of the electric field of the infra-
red radiation and that using polarisation does not enhance the
spectral differences between the inner and outer tunics.

Our results demonstrated that IR imaging can distinguish
between functional and non-functional parts of the colon of
Hirschsprung patients; however, the main study’s limitation is
the small number of patients (n = 6). Because Hirschsprung
disease is a rare disease, we obtained samples from only 6
patients after obtaining their consent, in collaboration with
local medical doctors. An expanded patient cohort relying on
multicentric sampling would enhance result reliability and
permit the creation of a predictive model using supervised
classification methods for the implementation of an auto-

1300 | Analyst, 2025, 150, 1293-1302

mated diagnostic tool. Additionally, there are case reports
where samples containing ganglion cells are found to be non-
functional after surgery, necessitating further intervention.
This region, known as the transitional zone, poses significant
risks when performing an anastomosis (Transition Zone
Anastomosis - TZA), potentially leading to serious compli-
cations and adversely affecting patient outcomes.”®?”
Exploring the spectral characteristics of the TZA seems necess-
ary because there are no existing methods to differentiate this
part from the functional area of the colon. This could offer
valuable insights because our approach is not based on the
presence or absence of the cells. Addressing this clinical ques-
tion may aid in defining surgical excision limits. However, this
exploration requires the inclusion of new patients present with
this complication because none of the patients included in the
present study had this complication.

Conclusions

Infrared microimaging permits the differentiation of the func-
tional and non-functional parts by analysing the muscularis
structure. Our proof of concept paves the way for developing

This journal is © The Royal Society of Chemistry 2025
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an automated tool complementary to the standard histological
technique to assist in the diagnosis of Hirschsprung disease.
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