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Abstract

Objectives: Classical Hirschsprung disease (HD) is defined by the absence of
ganglion cells in the rectosigmoid colon. The diagnosis is made from rectal
biopsy, which reveals the aganglionosis and the presence of cholinergic hy-
perinnervation. However, depending on the method of rectal biopsy, the quality
of the specimens and the related diagnostic accuracy varies substantially. To
facilitate and objectify the diagnosis of HD, we investigated whether software-
based identification of cholinergic hyperinnervation in digitalized histopathology
slides is suitable for distinguishing healthy individuals from affected individuals.
Methods: N =190 samples of 112 patients who underwent open surgical rectal
biopsy at our pediatric surgery center between 2009 and 2019 were included in this
study. Acetylcholinesterase (AChE) stained slides of these samples were collected
and digitalized via slide scanning and analyzed using two digital imaging software
programs (HALO, QuPath). The AChE-positive staining area in the mucosal layers
of the intestinal wall was determined. In the next step machine learning was em-
ployed to identify patterns of cholinergic hyperinnervation.

Results: The area of AChE-positive staining was greater in HD patients com-
pared to healthy individuals (p <0.0001). Artificial intelligence-based assessment
of parasympathetic hyperinnervation identified Hirschsprung disease with a high
precision (area under the curve [AUC] 0.96). The accuracy of the prediction model
increased when nonrectal samples were excluded (AUC 0.993).

Conclusions: Software-assisted machine-learning analysis of AChE staining
is suitable to improve the diagnostic accuracy of Hirschsprung disease.
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rare congenital disorder that occurs in app. 1.5 in 10,000
live births, with a predominance in males.*® Upon clinical

Hirschsprung disease (HD) is an intestinal motility disorder
caused by the absence of ganglionic cells usually in the
most distal part of the colon.” The aganglionic segment
can be of variant length, up to a total aganglionosis of the
colon.? Clinically, HD manifests as severe constipation,
which can cause intestinal obstruction and bacterial
translocation with subsequent inflammation known as
Hirschsprung-associated enterocolitis (HAEC)."® HD is a

suspicion of HD, the collection of a rectal tissue specimen
is needed to confirm the diagnosis.® Histopathological
assessment is performed on respective biopsy specimen
to detect the histological features of HD: absence of
myenteric and submucosal ganglionic cells, submucosal
hypertrophic nerve fibers and parasympathetic mucosal
hyperinnervation.” The histopathological workup routinely
includes hematoxylin-eosin (HE) staining, as well as a

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2024 The Author(s). Journal of Pediatric Gastroenterology and Nutrition published by Wiley Periodicals LLC on behalf of European Society for Pediatric
Gastroenterology, Hepatology, and Nutrition and North American Society for Pediatric Gastroenterology, Hepatology, and Nutrition.

J Pediatr Gastroenterol Nutr. 2024;1-9.

wileyonlinelibrary.com/journal/jpn3 1


http://orcid.org/0000-0002-2939-4512
mailto:y.braun@med.uni-frankfurt.de
https://wileyonlinelibrary.com/journal/jpn3
http://creativecommons.org/licenses/by-nc-nd/4.0/

BRAUN ET AL.

-
spectrum of additional detection methods such as acetyl-
cholinesterase (AChE) histochemistry and immuno-
histochemistry for calretinin.2~'" The quality of the supplied
biopsy material has a high influence on the accuracy of the
diagnosis. Different means to obtain a sufficient biopsy
specimen are employed to varying extents, and two main
procedures are used: rectal suction biopsy (RSB) and full-
thickness biopsy. RSB is the preferred method of use in
many institutions because it can be carried out without the
need for general anesthesia and therefore can be per-
formed in the ward or on an outpatient basis.'? However,
RSB is not performed by some pediatric surgeons
because of the risk of insufficient yield of submucosal tis-
sue, which may result in an inadequate sample size and
thus failure to make a histopathological diagnosis.®'*
Subsequently, repeated RSB or full-thickness biopsy is
required, which can lead to additional complications, pro-
longed hospital stay and possibly increased costs.
Therefore, some institutions opt for full-thickness biopsy as
a primary technique as the risk of insufficient biopsy
specimens is reduced.” The disadvantages of full-
thickness biopsy include the requirement for general
anesthesia and the technical difficulty in small neonates.
Regardless of the means of biopsy, obtaining a secure
diagnosis from a tissue sample with a scarce submucosal
specimen is difficult.’® Parasympathetic mucosal hyper-
innervation is a histopathological feature of HD that is not
dependent on the presence of submucosal tissue. How-
ever, the assessment of hyperinnervation is subjective and
requires a pathologist experienced in the diagnosis of HD.
The use of digital pathology and artificial intelligence (Al)-
based image analyses has been extensively studied under
different conditions, and these methods have shown
promise in identifying histopathological findings.'®'” For
example, in HD, the detection of ganglionic cells and
hypertrophic nerve fibers could also be aided using these
methods.'® The aim of this study was to investigate
whether the sole investigation of parasympathetic mucosal
hyperinnervation supported by digital pathology and Al
could aid in the diagnosis of HD.

2 | MATERIALS AND METHODS

2.1 | Patient data

All patients who underwent rectal and colon biopsy at
our institution between 2009 and 2019 were included
in the study. The inclusion criteria were (1) age under
18 years, (2) available AChE slides, and (3) diagnosis
established via biopsy. A total of 131 patients with 283
samples and resulting AChE slides were initially
included in the study. The quality and feasibility of
the digital workup were assessed. Slides of subpar
quality (large air bubbles, foreign material, no mucosal
tissue) that were not suitable for digital pathology
were excluded (93 slides). The remaining 190 slides

What is Known?

* In the diagnosis of Hirschsprung disease
rectal biopsy accuracy and re-biopsy fre-
quency is influenced by the methods of
biopsy and tissue availability.

Analysis of Acetylcholinesterase staining is
routinely employed but remains subjective in
its evaluation and not disease-specific.

Artificial intelligence can be useful in patho-
logic diagnosis but relies on sufficient tissue.

What is New?

* Solely quantitative analysis of acetylcholin-
esterase staining by digital pathology vali-
dates subjective assessment of staining
between afflicted and nonafflicted specimens.
Identification of cholinergic hyperinnervation
by machine learning on acetylcholinesterase
staining identifies Hirschsprung disease with
high accuracy and permits diagnosis in low
tissue yield samples.

(=samples) of 112 patients were included in the final
analyses. Epidemiologic data (age at biopsy, sex), as
well as biopsy data (number of samples, location
[colon vs. rectum], and distance to the pectinate line)
were recorded.

2.2 | Ethics

The local ethics committee (Ethik-Kommission des Fach-
bereichs Medizin der Goethe-Universitat Frankfurt am
Main; Geschéfts-Nr.: 19-444) approved this study. All
procedures were in accordance with the 1964 Helsinki
Declaration and its later amendments.

2.3 | Tissue and staining

After biopsy collection, the specimen was placed on
gauze drenched with 0.9% saline and immediately
transported to the pathology unit. Upon arrival, the
specimens were frozen in liquid nitrogen. Ten-micron
sections of these fresh frozen samples were cut using a
cryotome, placed on SuperFrost-Plus slides (Thermo
Fisher Scientific) and stored in the freezer overnight.
For AChE staining, the sections were dried for 10 min
at room temperature and then incubated for 90 min at
37°C in staining solution consisting of 36 mL of freezing
medium and 4 mL of 0.005M potassium ferricyanide
(composition: 165 mL of potassium hexacyanide and
100 mL of distilled water).

85US017 SUOWILLIOD BAIFER1D) 3|edldde au Aq peusenob ae ssjoe YO ‘8sh J0o s3I 10y AReiq1 8UIIUO /8|1 UO (SUOIPUCD-PUR-SLBY WD A3 IMAfIq 1 )BUI|UO//SUNY) SUORIPUOD PUe SW 1 8L} 88S *[202/60/T0] U0 Afiqi8uliuo A8|IM "BidelY Ipres aueiyooD Aq 6e€2T eud/200T 0T/I0p/wo A8 |mAreiq1jeul|uo//sdiy Wwoiy papeojumoq ‘0 ‘TO8rIEST



BRAUN ET AL.

After incubation, the specimen was rinsed with
distilled water and swirled in 96% and 100% alcohol.
This was followed by a 10-s incubation in hematoxylin
solution, a bluing of the sections under tap water and a
final rinse under distilled water. The hematoxylin stain
was used as a counterstain to visualize non-AChE-
positive tissue (cell nuclei), to allow a more accurate
visual representation of the tissue and normalize
AChE-positive tissue to the cell number (colocalized
tissue). Finally, the sample sections were covered with
water using an Aquatex.

Three separate solutions were prepared to prepare
the freezing medium for AChE staining. The first solu-
tion was composed of 500 mg of acetylcholine iodide,
5.14 g of anhydrous 0.06 M sodium acetate and 725 mL
of distilled water. The second solution was prepared
using 1.43g of 0.1 M trisodium citrate-2-hydrate and
50 mL of distilled water. One hundred milliliters of dis-
tilled water and 750 mg of copper sulfate x 5J20 0.03 M
were used to prepare the third solution.

These three solutions were mixed, after which
25 mL of an iso-ompa solution consisting of 250 mg of
tetraisopropyl pyophosphoramide and 182 mL of dis-
tiled water was added. The pH was subsequently
adjusted to 5.5 with the aid of 7 drops of glacial acetic
acid. The staining medium was mixed in 36 mL sec-
tions, which were frozen for storage.

2.4 | Digital pathology

The slides were digitalized using a Carl Zeiss Slide
Scanner (Carl Zeiss) in the brightfield mode, and the
resulting whole-slide images (WSIs) were imported into
commercially available (HALO) and open-source soft-
ware (QuPath v0.2.0) for viewing and further assess-
ment'® (Figure 1A). Manual annotation of the region
was carried out by an investigator (Y.B.) blinded to the
diagnosis. HALO was used exclusively for stained area
detection. In detail, first, the “general settings” were
adjusted to match the image data (resolution, image
type [brightfield]). A region of interest (ROI) of a rep-
resentative size (mean area size of 512,803 pm?)
containing only the mucosal layer and the lamina
muscularis mucosae was selected (Figure 1B). In this
area, a representative pixel of AChE staining, hema-
toxylin staining, and background was selected to define
the staining vectors. Staining vectors were defined by
choosing representative pixels of staining intensity to
normalize visual representation of the stained slides
across different samples for the annotation and calcu-
lation of a mean. After the definition of staining vectors
on all slides, the staining vector means were generated
and defined as the base for the following analyses on
all slides to determine the staining intensity and further
analyses. The area stained with AChE (Figure 1C), the
area stained with hematoxylin (Figure 1D) and the area

m_u
positive for both stains (colocalized area = pixels with

an overlay of both stains) (Figure 1E) were measured
as a percentage of the selected ROI.

2.5 | Al-classifier training and
application

QuPath was used for a supervised Al-based detection
of parasympathetic hyperinnervation in rectal biopsies.
In detail, the “general settings” were again adjusted to
match the image data (resolution, image type [bright-
field - other]). Automatic staining detection by auto-
mated staining vector estimation was used for each
slide, and the brightness of the image was adjusted if
necessary. A pixel classifier was trained each time
using a subset of 70 images (512 x 512 pixels) of the
mucosal region of 20 HD patients and 120 images
(512 x 512 pixels) of the mucosal region of 40 normal
bowel patients (training cohort). Analyses were carried
out with 10-fold cross-validation, and the training sets
were altered accordingly. For each test run and further
cross-validation, only one sample per patient was
included in the analyses. Random forest was employed
as the algorithm, the resolution chosen was full
(0.22 um per pixel), and the parameters chosen are
shown in Supporting Information S1: Suppl. Table 1. A
representative mucosal layer ROI of an adequate size
(mean ROI area 463,701 pm?) was chosen manually
from the remaining slides not used for classifier es-
tablishment (test cohort). The trained pixel classifier
was applied to this region, and the amount of positive
tissue area was measured as a percentage of the
selected ROI (Figure 1F).

2.6 | Statistical analyses and data
visualization

All the statistical analyses were performed using JMP11/
14 (SAS). Differences were considered significant if
p <0.05. Parametric data were tested using Student's
t test. Categorical variables were tested using Fisher's
exact test if the expected frequency of at least one var-
iable was below 5, else using X2 test. Nonparametric
distributed data were tested using the Wilcoxon test to
compare aganglionic bowel tissue with normal bowel
tissue.

3 | RESULTS

3.1 | Patient characteristics

Of the 112 patients included in the study, 47 (41.9%)
had histopathological features of HD. During the
follow-up, 45 patients were treated for “classical” HD,
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FIGURE 1

(A) Exemplary area of the mucosal layer of a rectal biopsy sample. (B) Selected region of interest outlined by the yellow line.

(C) AChE-positive tissue, shown as the yellow area. (D) Hematoxylin-positive region shown as the yellow area. (E) Fusion image with AChE-
positive tissue (red area) and hematoxylin-positive tissue (blue area). (F) Atrtificial intelligence workflow. AChE, acetylcholinesterase.

while two patients had total colonic aganglionosis con-
sistent with Zuelzer-Wilson syndrome. As expected,
there was a significant association between male sex
and a biopsy consistent with aganglionosis (odds ratio

[OR] 4.32, p=0.018) (Table 1). Patients diagnosed
with aganglionosis were, on average, significantly
younger than patients with a normal ganglion cell
distribution at the time of biopsy (200.5 vs. 1973.8
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TABLE 1 Clinical data of analyzed cohort.

e

Aganglionic bowel

Normal bowel

All patients, n=112 n=47 n=65 p Value
Male/female sex, n (%) 40 (85.1)/7 (14.9) 37 (56.9)/28 (43.1) 0.018
Age at biopsy in days, mean 200.5 (221.6) 1973.8 (196) <0.0001
(Std. Dev.)

Aganglionic bowel Normal bowel
All samples, n=190 n=282 n=108
Number of samples, mean 2.34 (0.1) 2.37 (0.1) 0.8181
(Std. Dev.)
Location of the biopsy: colon/ 7 (8.5)/75 (91.5) 17 (15.7)/91 (84.3) 0.1862
rectum, n (%)
Distance to the pectinate line 2.4 (0.19) 2.7 (0.18) 0.2403

in cm, mean (Std. Dev.)

mean age in days, p <0.0001) (Table 1). In contrast,
there was no significant difference between the
groups in terms of the average number of samples
(2.34 vs. 2.37, p=0.8181), the location of the biopsy
(colon/rectum) (p =0.1862) or the mean distance to
the pectinate line (2.4cm vs. 2.7cm, p=0.2403)
(Table 1).

3.2 | The AChE-positive area is
increased in HD

First, we analyzed whether the assessment of AChE-
positive tissue without regard for morphological fea-
tures was able to distinguish between HD and normal
bowel tissue. The median AChE-positive area was
significantly greater in samples with confirmed agan-
glionosis compared with samples with normal gangli-
onic cell content and distribution (21.6% vs. 12.55%,
p <0.0001) (Figure 2A). Accordingly, the median per-
centage of colocalized tissue area was greater in HD
specimens (1.98% vs. 0.31%, p <0.0001) (Figure 2B).
As expected, the hematoxylin-positive area did not
significantly differ between the two groups (34.1%
vs. 36.65%, p =0.8195) (Figure 2C). We performed
simple logistic regression analysis for the prediction
of HD by examining the AChE-positive tissue area
and colocalized tissue area (Figure 3A,B). The area
under the curve (AUC) of the receiver operating
characteristic (ROC) curves was 0.816 for AChE-
positive tissue and 0.86 for colocalized tissue.
Interestingly, if the analyses were limited to only
rectal biopsy samples, the AUC of AChE-positive
tissue improved to 0.883, while the AUC for colo-
calized tissue remained relatively the same at 0.867
(Figure 3C,D).

3.3 | High-accuracy Al-based detection
of parasympathetic hyperinnervation in
identifying HD

In the next step, we aimed to identify parasympathetic
hyperinnervation in the mucosal layer by Al-based
assessment of AChE staining and staining morphology
using the described methodology (Figure 1F). The
parasympathetic hyperinnervation scores were signifi-
cantly greater in HD patients than in healthy individuals
across all 10-fold validation cohorts. The mean AUC of
the ROC curves after simple logistic regression was
0.959 +0.026, indicating that the classifier identified
HD with high accuracy (Figure 3E). This improved
again after exclusion of colon biopsies, as the AUC
reached 0.993 + 0.008 (Figure 3F).

4 | DISCUSSION

The accurate diagnosis of Hirschsprung disease relies on
several histopathological features assessed by an experi-
enced pathologist.6 If sufficient tissue material is available,
HE and AChE staining performed on fresh frozen sections
alone will allow a rapid and confident diagnosis in most
cases.’® However, there are significant pitfalls in biopsy
collection that can complicate this process.?’ Many addi-
tional histopathological methods have been developed to
aid in the diagnostic process.?*2* However, most of these
methods involve simplifying the detection of ganglionic
cells or hypertrophic nerve fibers. For both, sufficient
submucosal tissue is needed. In this study, we showed
that if mucosal parasympathetic hyperinnervation, as
detected by AChE staining, is analyzed using digital
pathology and machine learning, it can distinguish agan-
glionic from normal bowel tissue with high accuracy.
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FIGURE 2 (A) AChE-positive tissue area in the normal bowel compared to the aganglionic bowel. (B) Colocalized (double-positive) tissue
area in the normal bowel compared to the aganglionic bowel. (C) Hematoxylin-positive tissue area in the normal bowel compared to the

aganglionic bowel. AChE, acetylcholinesterase.

Our analyses show that AChE activity was greater
in the mucosal tissue and lamina muscularis muco-
sae of the aganglionic bowel than in the normal
bowel. Additionally, colocalized tissue area, which
was used as a method to exclude potential non-
specific AChE on the luminal area of the mucosal
layer was also significantly increased in samples
from patients suffering from HD. These findings
complement the available literature indicating that
parasympathetic hyperinnervation by AChE-positive
nerve fibers in the mucosal layer is a histopatholog-
ical staple of HD.%2%2¢ Nevertheless, there was, to
some extent, detectable enzymatic activity of AChE
in normal bowel samples. Kapur et al. and Beltman
et al. suggested that subjective evaluation of AChE
by pathologists can lead to a misdiagnosis and is
inferior to calretinin immunohistochemistry.?”-22
Accordingly, our results showed that evaluating the
AChE-positive area alone can aid in diagnosis, but
the AUC of the ROC curves remains less than 90%,
highlighting that a considerable number of false-
positive results must be accepted to reach a low
number of false-negative predictions.

Therefore, we opted to employ a machine learning-
based evaluation of parasympathetic hyperinnervation.
The use of Al in a variety of image-based analyses has
increased in recent years due to its obvious
advantages—speed and objectivity of the analy-
ses.'®'” Several studies have investigated the use of
Al in the diagnostic process of HD. For example, Huang
et al. analyzed barium enema images and clinical
information with the help of machine learning algo-
rithms (support vector machine and L2-regularized
logistic regression) and reported improvements in the
accuracy of prebiopsy diagnosis.?® Additionally, Al-
based histopathological analyses of HD biopsies have
also been performed. Schilling et al. analyzed the ex-
pression of a panel of immunohistochemical stains
(S100, GLUT1, MAP2, and calretinin) on biopsies as
well as resected colon tissue from 27 patients by an
ensemble voting classifier, the results of which indi-
cated that the diagnostic accuracy of HD was accept-
able in their cohort (sensitivity of 87.5%, specificity of
80%).%° Greenberg et al. developed an Al-based
algorithm capable of detecting ganglionic cells in digi-
talized slides of H.-E.-stained colon specimens with

85U8017 SUOILIOD BAE8.D 3(qeot(dde au Aq peusenob afe ssolie YO ‘@S JO S9N 1o} Aiq i 8UljUO /8|1 UO (SUONIPUOD-PUB-SWLBI W00 A8 |IMAtelq Ul |UO//SANY) SUORIPUOD pUe SWe 1 84} 89S *[¥202/60/T0] UO Akid18ul|uo 48| ‘eidely Ipnes aueiyood Aq 6£€2ZT €ud(/z00T 0T/I0p/wod A8 im Ariqiul|uo//sdny woiy pepeojumod ‘0 ‘TO8YIEST



BRAUN ET AL. 7
(A) AChE positive tissue (%) (B) 160 Colocalized tissue (%)
0.90 0.90
0.80 0.80
0.70 0.70
[ [
22 0.60 2.2 0.60
>'% >'%
*é,g 0.50 ‘é& 0.50
o9 [
0 2 040 2 0.40
0.30 0.30
0.20 0.20
0.10 0.10
B ‘ AUC =0.816 B AUC =0.86
0 0.20 0.40 0.60 0.80 1.00 0 0.20 0.40 0.60 0.80 1.00
1-Specificity 1-Specificity
False Positive False Positive
(©) o AChE positive tissue (%) (D) 00 Colocalized tissue (%)
0.90 0.90
0.80 0.80
0.70 0.70
[ [
22 0.60 22 0.60
¥ zz
GO 0.50 pa 050
g3 g3
2 0.40 02 040
0.30 0.30
0.20 0.20
0:10 0.10
0 AUC = 0.883 § ‘ AUC = 0.867
0 0.20 0.40 0.60 0.80 1.00 0 0.20 0.40 0.60 0.80 1.00
1-Specificity 1-Specificity
False Positive False Positive
E F
(E) 1.00 (F) 1.00
0.90 0.90 d
0.80 0.80
0.70 0.70
22060 22 060
2g s
2 @ 050 ‘ 35 050
3 3 33
= 0.40- 2 040
0.30- 0.30
0.20 0.20
0.10 +/- Std. Dev. 0.10 +/- Std. Dev.
0 AUC = 0.96 5 AUC = 0.993
0 0.20 0.40 0.60 0.80 1.00 0 0.20 0.40 0.60 0.80 1.00

1-Specificity
False Positive

1-Specificity
False Positive
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characteristic.
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e
high accuracy, even when detecting a previously mis-
diagnosed case of HD."® In a recently published study,
Duci et al. demonstrated the diagnostic accuracy of an
Al-based U-net classifier detecting ganglionic cells and
hypertropic nerve fibers on formalin-fixed tissue sam-
ples analyzed after resection.®’ Taken together, these
findings illustrate the potential of machine learning in
the histopathological assessment of HD biopsies.

In our study, we focused on AChE staining, which is
routinely performed at most institutions and therefore
widely available. Additionally, only marginal specimens of
mucosal tissue need to be provided for the analyses. To
build our classifier, we utilized QuPath, an open-source
digital pathology software package with built-in Al capa-
bilities through its pixel classifier, in which its usage for
pattern detection has been previously described. The un-
derlying data set was annotated according to the diagnosis
made at the initial assessment by a pathologist experi-
enced in the diagnosis of HD with all available immuno-
histochemical and enzyme-histochemistry methods at their
disposal. Input data were relatively scarce compared to the
recommended sizes of the machine learning data sets;
however, comparable studies achieved consistent results
with similar data set sizes.®*® We opted for 10-fold cross-
validation to diminish the extent of overestimation of our
classifier results.®” Different iterations of the classifier using
different input selections of image data were initialized
(Supporting Information S1: Suppl. Tables 2 and 3; Suppl.
Figure 1), and the parameters were altered until the best
result was achieved.

The resulting classifier was able to detect HD with
high diagnostic accuracy, comparable to or outdoing
the findings of previous studies utilizing a variety of
methods with the goal of improving the diagnostic
accuracy. Most methods still rely on the availability of a
substantial amount of submucosal specimen, while our
classifier utilizes the mucosal layer only. Interestingly,
the diagnostic accuracy of our classifier improved when
only rectal biopsy samples were analyzed.

Our study has limitations that warrant discussion. It
is a single-institution investigation and therefore has a
uniform surgical and histopathological workflow. This
leads to low variance in the input data. Therefore,
whether our machine learning algorithm is applicable to
AChE slides from another institution with a different
staining protocol remains to be determined. AChE
staining is a method not uniformly carried out in all
institutions, limiting the transferability of the results for
other investigators. The study was conducted using
incisional biopsy samples, a considerable number of
institutions rely on suction biopsies to establish their
diagnosis, although the analyzed region is contained to
the mucosa and therefore also included in these sam-
ples a reproducibility on suction biopsy samples is not
guaranteed. Additionally, all Al- and machine learning-
based approaches rely on accurate input data. All pa-
tients diagnosed with HD in our study were surgically

treated, and the diagnosis was corroborated with the
analyzed surgical specimen. However, there was no
complete exclusion of false-negative diagnoses during
the initial assessment. Finally, our classifier depends
on the manual annotation of the mucosal region, which
may underlie substantial selection bias. To overcome
this burden, if possible, multiple regions were anno-
tated, and the annotation was performed by an inves-
tigator not trained in the histopathological evaluation of
HD and blinded to the diagnosis; however, an effect on
the results was not fully excluded.

5 | CONCLUSION

In conclusion, our study shows that even a basic machine
learning approach using the built-in Al capabilities of open-
source digital pathology software can make enzyme his-
tochemical detection of AChE an even more useful tool for
distinguishing affected patients from those with normal
bowel innervation and therefore can be used in the es-
tablishment of a secure histopathological diagnosis.
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