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Neoadjuvant chemo-radiotherapy (nCRT) followed by surgical resection is the standard treatment strategy in patients
with locally advanced rectal cancer (RC). The pathological effect of nCRT is assessed by determining the tumor regres-
sion grade (TRG) of the resected tumor. Variousmethods exist for assessing TRGand all are performedmanually by the
pathologist with an accompanying risk of interobserver variation. Automated digital image analysis could be a more
objective and reproducible approach to evaluate TRG. This study aimed at developing a digital method to assess
TRG in RC following nCRT, and correlate the results to the currently used Mandard method. A deep learning-based
semi-automatic Epithelium-Tumor area Percentage (ETP) algorithm enabling quantification of tumor regression by
determining the percentage of residual tumor epithelium out of the total tumor area was developed. The ETP was
quantified in 50 cases treated with nCRT and 25 cases with no prior nCRT served as controls. Median ETP was
39.25% in untreated compared with 6.64% in patients who received nCRT (P < .001). The ETP of the resected tumors
treated with nCRT increased along with increasing Mandard grade (P < .001). As new treatment strategies in RC are
emerging, performing an accurate and reproducible evaluation of TRG is important in the assessment of treatment re-
sponse and prognosis. TRG is often used as an outcome point in clinical trials. The ETP algorithm is capable of perform-
ing a precise and objective value of tumor regression.
Introduction

Colorectal cancer (CRC) is the third most common cancer type and is
ranking second according to mortality only surpassed by lung cancer.1

The incidence of rectal cancer (RC) has been increasing among young
adults and around 1/3 of patients with RC are younger than 55 years.2 Cur-
rently, surgery is the main curative treatment in patients with RC and the
standard treatment strategy for patients with locally advanced (T3/4,
N+) disease is neoadjuvant chemo-radiotherapy (nCRT) followed by surgi-
cal resection.3

The pathological effect of nCRT is assessed by determining the
tumor regression grade (TRG) of the resected specimen. The Mandard
TRG method was introduced in 1994 for the evaluation of tumor re-
gression after nCRT in patients with carcinoma of the esophagus.4

Since then, various similar methods have been used in tumor
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regression evaluation including Dworak, American Joint Committee
on Cancer (AJCC), and Ryan.5–8 Different rates of agreement between
pathologists assessing TRG have been reported in studies evaluating in-
terobserver agreement.7,9,10 The Mandard method classify the regres-
sion changes into 5 grades, based on an estimate of the distribution of
carcinoma cells and fibrosis in the assumed tumor area. A lower TRG score
represents a better response to nCRT (Table 1).4 The different methods
used in the clinic to assess TRG in RC are all based on a subjective estimate
made by the individual pathologist. In contrast to this, automated digital
image analysis is a standardized and objective method.11 The latest develop-
ment in the field, machine learning with neural networks and deep learning,
increases the robustness of the analyses.

This study aimed to develop a digital deep learning-basedmethod to as-
sess TRG in RC following nCRT and correlate the results to the manually
assessed Mandard TRG.
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Table 1
Mandard tumor regression grading.

TRG1 No residual cancer cells. Complete regression.
TRG2 Rare residual cancer cells.
TRG3 Fibrosis outgrowing residual cancer.
TRG4 Residual cancer outgrowing fibrosis.
TRG5 Absence of regressive changes.

Fig. 1. Flow diagram of Epithelium-Tumor area Percentage (ETP) algorithm
development.
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Subjects and methods

Inclusion of patients and clinicopathological data

We included patients who received surgical resection due to a RC at the
Department of Surgery at Slagelse or Køge, Zealand University Hospital,
Denmark, followed by histological analysis of the surgical specimen at the
Department of Pathology, Zealand University Hospital, Denmark. In daily
routine, tumors are categorized according to the 8th edition of the Interna-
tional Union Against Cancer´s TNM Classification and the tumor histology
according to the WHO classification.12 Specimens are coded according to
the SNOMED system and data is entered in an electronic database.13 Pa-
tients for the study were identified by performing a search in the database,
and included based on date of operation from June 1, 2020 and going chro-
nologically backwards. Fifty patients treated with nCRT, and a control
group of 25 patients receiving surgical resection without prior nCRT were
included. Only patients with a diagnosis of adenocarcinoma (AC) in the
pre-operative diagnostic biopsy combined with either a diagnosis of AC in
the resected specimen or complete tumor regression after nCRT were in-
cluded. Cases with mucinous AC and cases where the slides were unavail-
able at the archive were not included. Also, patients initially treated with
local resection of the tumor without lymphadenectomy were excluded.
For each patient, the pathology reports from the diagnostic biopsy and
resected specimen were reviewed and clinicopathological data including
sex, age, (y)pT-category, and (y)pN-category were extracted.

Inclusion of slides and manual histological evaluation

All hematoxylin and eosin (H&E)-stained slides with tissue from the di-
agnostic biopsies and resected specimens were retrieved from the archive.
Diagnostic biopsy slides were reviewed to confirm an initial diagnosis of
AC. All slides from the resected specimens were reviewed. Only slides
with invasive tumor or areas presumed as representing regression changes
were included, except in cases with complete regression of the primary
tumor (ypT0), in which only one representative slide from the resected
specimen was included. Areas with regression in the patients who had re-
ceived nCRT were defined as fibrosis potentially combined with acellular
mucin pools, calcifications, foreign body giant cells, or cholesterol crystals.
Additionally, the quality of the H&E-staining was evaluated. In cases with
very poor staining quality, a new slide was cut from the corresponding
formalin-fixed paraffin-embedded (FFPE) tissue block and stained with
H&E. Each of the 50 cases treated with nCRT were manually evaluated ac-
cording to Mandard TRG by two pathologists (one specialized GI patholo-
gist and one trainee) reaching consensus using a two-armed microscope.

Developing a digital algorithm

The included slides were scanned using the Hamamatsu NanoZoomer
S60 (Hamamatsu, Japan), at magnification x20, and uploaded to the data-
base in the Visiopharm AI software platform, version 2021.02.0.9368
(Visiopharm A/S, Hoersholm, Denmark). A digital algorithm calculating
the percentage of epithelium of the total tumor area was developed with
an already existing baseline algorithm from Visiopharms archive used as
a starting point. One slide from39 patientswith colon cancer fromThe Can-
cer Genome Atlas (TCGA) and one slide from 35 patients from the present
study population was selected and used as a training set. Thus, the selected
slides were representative of the morphological spectrum of changes seen
in patients with colorectal cancer. Representative regions were labeled
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and segmented into one of the following morphological classes; 1. tumor
epithelium, 2. stroma incl. areas of regression, and 3. ulcer/necrosis/
intraglandular debris. The algorithm was fully supervised trained with the
AI module using deep learning-based neural networks (DeepLabv3+, 200
000 iterations). Visual controls of the segmentation on specific field of
views (FOVs) were executed intermittently. Relabeling and retraining was
performed until the results were assessed as satisfying by a GI pathologist.
Finally, a hold-out validation set of 25 additional full slides from the
study population were processed and visually evaluated to ensure that the
algorithm was able to classify the tissue into the defined morphological
classes. Rule-based post-processing steps further improved the segmenta-
tion into one of the above-mentioned three tissue classes, and areas of
white background were excluded (e.g., holes in the tissue). Areas of
ulcer/necrosis/intraglandular debris were also excluded from the analysis.
Output variables were set up to quantify the area of tumor epithelium and
the total tumor area (tumor epithelium+ stroma incl. areas of regression).
Based on the obtained values, a calculation of the area of tumor epithelium
out of the total tumor areawas performed and the algorithmwas named the
Epithelium-Tumor area Percentage (ETP). A diagram of the workflow and
utilization of the deep learning algorithm are presented in Figs. 1 and 2.

Selection of tumor area for quantification by the Epithelium-Tumor area
Percentage (ETP) algorithm

In all cases, the region of interest (ROI) was defined as the total tumor
area/the tumor bed. The total tumor area included the tumor epithelium,
associated tumor stroma, and areas of tumor regression. Fig. 3 shows an ex-
ample of the ETP algorithm workflow. On each included slide, the ROI was
manually drawn as one coherent block with a small margin around the
most peripherally located carcinoma glands or cells.

The image analysis algorithm was applied within the ROI, and by com-
bining the obtained data of all slides for each individual case, a single ETP
was calculated for every patient.

Evaluating the performance of the ETP algorithm

All processed slides were evaluated visually to ensure satisfactory seg-
mentation into the three morphological classes. Further, to evaluate and
quantify the performance of the ETP algorithm, labels on slides from 17
randomly selected cases covering the different response groups were



Fig. 2. Flow diagram of the deep learning-based algorithm development. Step 1: H&E-stained slides were scanned and uploaded to the database. Step 2: Images were labeled
by pathologists. Blue: tumor epithelium, green: stroma, yellow: intraglandular debris. Step 3: Training of the algorithmwith neural networks. Step 4: Deep learning algorithm
developed. Rule-based post-processing of AI inference and output variables added to automated ETP algorithm.

Fig. 3. The ETP algorithmworkflow. A–D: A case of RC treatedwith nCRT. A (x0.44): The total tumor area is manually outlined on the image (green line). B (x0.44): The ETP
algorithm segments the total tumor area into classes to perform quantification. Blue: tumor epithelium, green: stroma (incl. areas of regression), yellow: ulcer/necrosis/
intraglandular debris, and white background (the yellow class was excluded from the analysis). On this slide, the determined ETP was 14.5%. C–D (x5): Higher
magnification of tumor area in image A–B. E–F (x10): Another case with a less well-differentiated tumor.
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visually evaluated by the pathologists. All areas with tumor epitheliummis-
classifications were corrected, and a new corrected ETP for each case was
calculated and compared with the original ETP.

Statistics

Median ETP and interquartile ranges (IQR) are provided according to
each TRG group as well as for the separate group of patients not receiving
nCRT. The Mann–Whitney U test was used to compare the ETP of the
3

patients who received nCRT with the patients who did not receive nCRT,
and a P-value of <.05 was considered statistically significant. Mandard
TRG groups with less than five patients were excluded from further statisti-
cal analysis comparing the ETP with manual TRG as recommended for the
statistical test. TheKruskal–Wallis H test was used to assess if the ETP in one
Mandard TRGgroupwere different compared to the otherMandard groups,
and a P-value of <.05 was considered statistically significant. The ETP of
Mandard TRG groups were then compared in adjacent pairs (TRG1 vs.
TRG2, TRG2 vs. TRG3, and TRG3 vs. TRG4) using the Mann–Whitney U
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test. When comparing the ETP in adjacent pairs, the Bonferroni correction
was used to adjust for multiple comparisons, and by dividing 0.05 with
the number of comparisons performed (0.05/3), a P-value of <.017 was
considered statistically significant.

All statistical analyses were performed using R, version 4.0.0, and the
box and whisker plots using Excel, version 16.55.

Approvals

The study has been approved by The National Committee on Health
Research Ethics (SJ-835), and was performed in accordance with the
Declaration of Helsinki.

Results

Clinicopathological features of the included patients

The clinicopathological features of the included patients are presented
in Table 2. Of the 50 patients with RC who received nCRT, the mean age
was 65.5 years and 68% were male. Of the 25 patients with RC, who did
not receive nCRT, the mean age was 71.9 years and 56% of the patients
were male.

From the 75 resected RC specimens, 539 slides were included and
analyzed with the ETP algorithm (369 slides from the 50 RC treated
with nCRT and 170 slides from 25 RC not treated with nCRT). Of the
539 slides, only one slide was of very poor staining quality (too light
pink) and a new section had to be cut from the corresponding FFPE
block and stained with H&E. Additionally, in one slide, a small area
of the tumor was manually excluded from the ETP analysis due to scan-
ning artifact (blurry image).

Manual evaluation of Mandard tumor regression grades

All cases were manually evaluated by two pathologists prior to the dig-
ital assessment according to theMandard TRG and the results are presented
in Table 2. Of the 50 included tumors treatedwith nCRT, 7 (14%)were clas-
sified as TRG1, 5 (10%) as TRG2, 15 (30%) as TRG3, 21 (42%) as TRG4,
and 2 (4%) as TRG5.
Table 2
Clinicopathological characteristics of the included patients (N=75).

Patients treated
with nCRT

Patients not treated
with nCRT

n=50 n=25

Sex, n (%)
Male 34 (68) 14 (56)
Female 16 (32) 11 (44)
Age at time of surgery in years, mean (range) 65.5 (37–86) 71.9 (54–88)

(y)pT-category, n (%)
(y)pT0 7 (14) 0
(y)pT1 1 (2) 1 (4)
(y)pT2 8 (16) 11 (44)
(y)pT3 30 (60) 11 (44)
(y)pT4 4 (8) 2 (8)

(y)pN-category, n (%)
(y)pN0 30 (60) 15 (60)
(y)pN1 17 (34) 6 (24)
(y)pN2 3 (6) 4 (16)

Manual Mandard TRG, n (%)
TRG1 7 (14) Na
TRG2 5 (10) Na
TRG3 15 (30) Na
TRG4 21 (42) Na
TRG5 2 (4) Na

Na: Not applicable.

4

Epithelium-Tumor area Percentage (ETP)

A box and whisker plot of the ETP distributions of the patients treated
with nCRT compared to the patients not treated with nCRT are presented
in Fig. 4A. The median ETP was significantly higher in the resected tumors
of the patients who did not receive nCRT 39.25% (33.53–44.23) compared
to the group who received nCRT 6.64% (2.07–16.97), (P < .001). In pa-
tients treated with nCRT, the median ETP increased along with increasing
Mandard TRG; 0% in TRG1, 1.23% in TRG2, 3.82% in TRG3, 17.31% in
TRG4, and 35.26% in TRG5 (Fig. 4B). Only two tumors were classified as
Mandard TRG5 (no regression), and this group was excluded from further
analysis. Comparing TRG group 1–4 using the Kruskal–Wallis H test, the
distributions of ETP in at least one of the Mandard TRG groups was statisti-
cally different compared to the other groups (P< .001). Table 3 presents the
difference in ETP when comparing the Mandard TRG groups in adjacent
pairs, and Fig. 4B show the ETP distributions according to the Mandard
TRG groups. The ETP was higher in TRG2 compared to TRG1 (P = .069)
and in TRG3 compared to TRG2 (P = .042) but statistical significance
was only reached in TRG4 compared to TRG3 (P < .001). The ETP,
Mandard grade, number of evaluated slides, and size of ROI inmm2 accord-
ing to each case is presented in Table S1 of the supplementary material.
Evaluation of misclassifications and performance of the ETP algorithm

Manual check of all the digitally processed slides showedminormisclas-
sifications by the algorithm. In three of the seven cases manually catego-
rized as complete tumor regression (ypT0, TRG1) small areas
(0.023 mm2, 0.003 mm2, and 0.035 mm2 with a corresponding ETP of
Fig. 4. A: Box and whisker plot of ETP comparing the patients treated with nCRT to
the patients not treated with nCRT. Small circles represent outliers in the dataset. B:
Box and whisker plot of ETP according toMandard TRG of the patients treatedwith
nCRT. Small circles represent outliers in the dataset.



Table 3
ETP according to manual Mandard TRG of patients receiving nCRT.

Mandard
TRG1
(N=7)

Mandard
TRG2
(N=5)

Mandard
TRG3
(N=15)

Mandard
TRG4
(N=21)

Mandard
TRG5
(N=2)

ETP, %
Median (Q1, Q3)

0.00 (0.00, 0.03) 1.23 (0.02, 1.36) 3.82 (2.68, 5.69) 17.31 (12.26, 20.27) 35.26 (31.52, 39.01)

ETP, %
Range

0.00–0.34 0.003–7.41 1.72–10.11 5.63–31.45 27.78–42.75

Difference in ETP when comparing adjacent Mandard TRG1-TRG4 in pairs

P-value

ETP of TRG1 vs. TRG2 .069
ETP of TRG2 vs. TRG3 .042
ETP of TRG3 vs. TRG4 <.001

⁎

⁎
Statistically significant P-values after adjusting for multiple comparisons.
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0.03%, 0.02%, and 0.34%, respectively) were falsely classified as tumor
epithelium by the digital algorithm.

The ETP algorithm performance was evaluated by manually correcting la-
bels on139 slides from17 cases; three caseswithTRG1, three caseswithTRG2,
three cases with TRG3, three cases with TRG4, two cases with TRG5 (only two
patients included in this group), and three cases from the group of patientswho
did not receive nCRT. The differences in the ETP before and after manual cor-
rection of the slides were assessed, resulting in changes in ETP ranging from
-0.03% to 0.59% in 16 of the cases, and 2.50% in a single case. The corrected
ETP and change in ETP for each case are presented in Table S2.

Discussion

In this study, a digital method to assess the tumor regression in patients
with RC following nCRT based on archived H&E-stained slides used in a
routine diagnostic setting was developed, and the results were correlated
with the manual Mandard method. To our knowledge, this is the first
study using deep learning to assess TRG in RC after nCRT. The method
was named the ETP to reflect the manual classification system based
on the amount of vital tumor epithelium in relation to stroma. A
semi-automatic algorithm capable of determining the ETP after manually
delineating the tumor area was developed providing an accurate value on
a continuous scale of the remaining amount of vital malignant epithelium
in the tumor area. Correlation of the ETP with the Mandard method
revealed that the median ETP increased with increasing Mandard TRG.

Interestingly, the estimated median ETP did not reflect the Mandard
definitions, e.g., theMandard TRG4 is defined as “Residual cancer outgrow-
ing fibrosis” and the median ETP of the cases classified as TRG4 was
17.31%, meaning that the tumor epithelium only made up 17.31% of the
total tumor area incl. areas of regression. This can be the result of the differ-
ent approach of the digital algorithm. The digital algorithm did not include
a separate class for smoothmuscle cells which were classified as stroma, re-
sulting in a lower ETP compared with an alternative exclusion of smooth
muscle. However, most often the tumor epithelium was surrounded by
desmoplastic stroma and only smaller amount of muscle was included in
the tumor area. More importantly, luminal parts of the glands including
intraglandular debris and white background were excluded from the anal-
ysis also resulting in a reduction of ETP. In comparison when manually
assessed by the pathologist this area might be considered as part of the re-
maining tumor area. In attempt to reach a histological homogenous study
population, all mucinous AC were excluded, but not AC with a mucinous
component or AC including signet ring cells as long as this component
was not predominant. Areas ofmucinwithout epithelial cells were included
in the ROI of the training set and labeled as part of the tumor stroma. If ep-
ithelial cells were present located in the mucin, they were labeled as tumor
epithelium.Acellularmucin is often present in cases treatedwith nCRT, and
were thus classified as part of the stroma area. This also applied to cases
without complete response and might contribute to a lower ETP compared
to a manual estimation.
5

A control group of patients who did not receive nCRTwere included and
compared to the patients who did receive nCRT. The wide variation in the
ETP of the patients who did not receive nCRT exemplifies the natural vari-
ation in tumormorphology and composition experienced between patients.
Comparing the two groups, the ETP was significantly lower in tumors
treated with nCRT compared to the tumors not treated with nCRT. This is
to be expected as themajority of tumors treated with nCRT showed varying
degrees of tumor regression; 48 out of the 50 tumors were classified as
Mandard TRG1-TRG4. Only two patients showed no sign of regression
(Mandard TRG5) and had an ETP comparable to that of the non-treated
patients.

Digital assessment has the potential of being more reproducible com-
pared tomanual estimations of TRG, therebyminimizing interobserver var-
iation when evaluating TRG in RC. Furthermore, exact values allow for a
more specific evaluation of treatment response compared to the categorical
data obtained by manual assessment. However, the developed method is
not fully automatic as the area for ETP quantification was manually delin-
eated. Determining areas of regression and fibrosis resulting from nCRT
can be challenging and thus, interobserver variation is not completely
eliminated. In a recently published work studying the practice of tumor re-
gression grading of gastrointestinal carcinomas, the estimation of therapy-
induced fibrosis after nCRT was considered difficult or very difficult by
more than half of the participating pathologists.8 Another study revealed
that 32%of RC caseswere categorized as showing signs of tumor regression
(30% with TRG4 and 2% with TRG2) by the pathologist, even though they
only received surgery and no nCRT.14 Some of the morphological changes
observed in the tissue after nCRT are not specific to regression changes.
Chetty et al. provided two alternative reason for fibrosis in rectal cancer
specimens after nCRT, other than tumor regression; tumor desmoplasia or
fibrosis of the normal tissue around the tumor due to nCRT, and further sug-
gested only considering fibrosis part of regression when intimately associ-
ated with other features, e.g., pools of mucin, necrosis, and foamy
macrophages, etc.9 In the present study, areas of regression were defined
as fibrosis potentially combined with acellular mucin pools, calcifications,
foreign body giant cells, or cholesterol crystals. These features were used
as guidance in the selection of areas of regression when manually delineat-
ing the ROIs.

Additionally, the size of the ROI analyzed in each case varied. In the
cases with complete regression, only one slide was included, resulting in
analysis of smaller regions. In the cases of Mandard grade 2–5 and cases
not receiving nCRT, the difference in size of the ROIs and number of in-
cluded slides for each case, reflects the tumor heterogeneity specifically
in size, and response to treatment etc.

The prognostic role of TRG in RC treated with nCRT has been debated
due to conflicting results, varying methodology, and the use of different
TRGmethods. However, despite these variations the degree of pathological
response is considered associated with prognostic outcomes, and patients
with complete pathological response have better prognostic outcomes;
e.g., long-term survival and lower rates of local recurrence.7,15–19



Fig. 5. Examples of limitations and misclassification of the ETP algorithm. A–B (x40): Foreign body giant cell misclassified as tumor epithelium (blue). C–D (x40): A few
tumor cells were missed and misclassified as stroma (red arrow). E–F (x20): A few calcifications were misclassified as tumor epithelium (black arrows). G–H (x20):
Tumor islands within the muscularis propria, and smooth muscle cells (*) classified as stroma.
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Additionally, some studies have shown superiority in predicting recurrence
and survival by some of the TRG methods compared with others.20,21 A 3-
tiered TRG method compared to 5-tiered TRG method has also proven to
be more reproducible.7 Digital algorithms estimating tumor regression
have potential to replace or at least be an aid to the assessment performed
by the pathologists, but needs validation in larger prognostic studies before
considering implementation in routine practice.

The developed ETP algorithm has limitations, and examples are pre-
sented in Fig. 5. In some cases, small areas were misclassified as tumor ep-
ithelium, typically areas of granulation tissue or reactivefibroblasts, foreign
body giant cells, ganglion cells, or calcification. In other cases, small areas
of tumor epithelium were missed, most frequently in cases with single
tumor cells, dedifferentiated tumors, or squeezed and damaged tissue. As
exemplified bymanual correction in a subset of cases, the tumor epithelium
misclassifications only resulted in minor changes in the ETP. Additionally,
artifacts in the tissue (folded tissue, air bubbles, etc.) could also result in
misclassifications.
6

In recent years, increasing attention has been paid to image-based ma-
chine learning, including neural networks and deep learning, evaluating
different aspects of CRC.22 Studies have used deep learning to examine
prognosis, identify prognostic biomarkers, and in predictingmolecular pro-
files, based on standard H&E-stained slides in CRC.23–26 As new treatment
strategies with total neoadjuvant treatment and immunotherapy
emerge,27–29 an accurate tumor regression grade is highly important as
the pathological response often is used as endpoint in clinical trials.

Conclusion

In this study, a semi-automatic digital deep learning-based ETP algo-
rithmwas developed to assess TRG in RC treated with nCRT. The ETP algo-
rithm is an objective and precise method resulting in continuous data.
However, it is important to keep in mind the existing natural variation in
the composition of a tumor between patients which was demonstrated by
the variance of the ETP in the control group. At the moment, this variation
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is not taken into account when evaluating TRG neither in manual
assessment nor in the developed algorithm. A biopsy-adapted ETP would
probably have added value to obtain an even further standardized assess-
ment of treatment response.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jpi.2022.100152.
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