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This article is a revised and expanded version of a conference abstract entitled Sensitivity of a deep learning
algorithm for detection of sentinel lymph node metastases in cervical cancer: a proof-of-concept study, which
was presented at ESGO 2024 Congress, Barcelona, Spain, 7-10 May 2024.

Simple Summary: Currently, pathologists use ultrastaging to detect whether cancer has spread to
the lymph nodes. This process is time-consuming and expensive. Our pilot study explored the use of
a deep learning algorithm to help detect cancer spread to lymph nodes of early-stage cervical cancer
patients. Using this technology could make the detection process faster, more efficient, and less costly.
We evaluated an algorithm that was originally designed to identify cancer spread to lymph nodes
in breast and colon cancer in cervical cancer patients. The study included 21 women with different
types of early-stage cervical cancer. The algorithm was used to analyze 47 lymph node samples and
successfully identified all cases where cancer had spread, showing 100% accuracy. Although the
algorithm was initially developed for other cancers, it proved highly effective in this new population.
More prospective research in a larger group of patients is needed to confirm its cost-effectiveness.

Abstract: Background/objectives: Pathological ultrastaging, an essential part of sentinel lymph
node (SLN) mapping, involves serial sectioning and immunohistochemical (IHC) staining in order
to reliably detect clinically relevant metastases. However, ultrastaging is labor-intensive, time-
consuming, and costly. Deep learning algorithms offer a potential solution by assisting pathologists
in efficiently assessing serial sections for metastases, reducing workload and costs while enhancing
accuracy. This proof-of-principle study evaluated the effectiveness of a deep learning algorithm
for SLN metastasis detection in early-stage cervical cancer. Methods: We retrospectively analyzed
whole slide images (WSIs) of hematoxylin and eosin (H&E)-stained SLNs from early-stage cervical
cancer patients diagnosed with an SLN metastasis with either H&E or IHC. A CE-IVD certified
commercially available deep learning algorithm, initially developed for detection of breast and
colon cancer lymph node metastases, was employed off-label to assess its sensitivity in cervical
cancer. Results: This study included 21 patients with early-stage cervical cancer, comprising 15 with
squamous cell carcinoma, five with adenocarcinoma, and one with clear cell carcinoma. Among these
patients, 10 had macrometastases and 11 had micrometastases in at least one SLN. The algorithm was
applied to evaluate H&E WSIs of 47 SLN specimens, including 22 that were negative for metastasis,
13 with macrometastases, and 12 with micrometastases in the H&E slides. The algorithm detected all
H&E macro- and micrometastases with 100% sensitivity. Conclusions: This proof-of-principle study
demonstrated high sensitivity of a deep learning algorithm for detection of clinically relevant SLN
metastasis in early-stage cervical cancer, despite being originally developed for adenocarcinomas of
the breast and colon. Our findings highlight the potential of leveraging an existing algorithm for use
in cervical cancer, warranting further prospective validation in a larger population.
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1. Introduction

Lymph node involvement is the most important prognostic factor in early-stage cer-
vical cancer and influences therapy decisions [1]. To assess nodal involvement, sentinel
lymph node (SLN) biopsy and subsequent pathological processing according to the ultra-
staging protocol is recommended in early-stage cervical cancer [2]. Ultrastaging, consisting
of serial step sectioning at multiple levels and immunohistochemical staining, is accurate
for detecting low volume disease, defined as either micrometastasis or isolated tumor
cells, but is a labor-intensive and expensive procedure [3-5]. In addition, with a risk of
around 18% for nodal involvement in this population, only about 20% of the metastases are
exclusively detected by ultrastaging [6]. With a median of two SLNs per patient, numerous
SLNs must be processed for one additional finding of metastasis [7]. Consequently, the
cost-effectiveness of ultrastaging is still debated and leaves room for other technologies.

Recently, artificial intelligence (Al)-based algorithms have been developed offering
automated detection of metastases in whole slide images (WSIs) of SLNs. This technology
potentially reduces the pathologists” workload while increasing efficiency, diagnostic accu-
racy, and reproducibility [8]. Furthermore, an algorithm aiding the pathologist in screening
the hematoxylin and eosin (H&E) sections may reduce the need for immunohistochemistry
(IHC) and could benefit the cost-effectiveness of ultrastaging. Al algorithms for detection of
nodal metastases in breast cancer have shown to be comparable, or even superior, to a panel
of pathologists in a simulated environment [9,10]. In a real-life clinical setting, the best
diagnostic accuracy and highest efficiency may be reached when pathologists are assisted
by Al-based algorithms [11,12]. Also, a recent clinical trial in breast cancer showed that
the use of immunohistochemistry and subsequent SLN processing costs were significantly
reduced for Al-assisted pathologists [13].

To the best of our knowledge, a deep learning algorithm for detecting nodal metastases
in cervical cancer has not yet been developed. For creation and validation of new algorithms,
large training and validation sets are needed. Although the histological characteristics
may differ, as the majority of the cervical cancers are of squamous cell origin, the certified
algorithms for breast cancer might also adequately detect nodal metastases in cervical
cancer since they seem to detect anything not belonging in lymph nodes, potentially saving
significant cost and time [13].

In this proof-of-principle study, we aimed to retrospectively assess the standalone
performance of an existing deep learning application, certified to detect SLN metastases
of breast and colon adenocarcinomas, for the detection of SLN metastases in early-stage
cervical cancer. Our main objectives were to assess its sensitivity and to evaluate if this
algorithm has the potential to be used outside the certified tumor range.

2. Materials and Methods

Patients were identified from a database with histologically proven cervical cancer
patients who underwent primary surgery, including SLN procedure. This study included
the early-stage cervical cancer patients diagnosed with SLN metastases, either macrometas-
tasis (>2 mm) or micrometastasis (>0.2 mm and <2 mm) detected with either H&E or IHC,
upon surgical lymph node staging from January 2015 to October 2023. Of these patients,
we retrospectively collected all WSIs of H&E-stained SLN specimens to be reviewed by
the algorithm. Excluded were patients with a finding of isolated tumor cells only, as the
clinical value of this finding is disputed, or patients who objected against the reuse of their
health care data for scientific research (as reported in their medical records). By including
only patients with at least one positive SLN, we eliminated the risk of ambiguity if a case
previously assessed as negative for metastasis would now be assessed as positive by the
algorithm-supported pathologist. By selecting this subset of patients, no risk of an inferior
diagnosis (i.e., missed tumor cells at prior diagnosis) existed. Ethics approval was waived
for this retrospective cohort study. In this work, the study presented in [14] is revised
and expanded.
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All excised SLN specimens were routinely processed according to the ultrastaging
protocol as previously described [7]. In 2015, we implemented a fully digital diagnostic
workflow in which all slides were digitized as WSIs by Hamamatsu XR Nanozoomer 2.0 and
5360 scanners (Hamamatsu Photonics, Hamamatsu City, Japan) at 40 x magnification and
reviewed using Sectra’s Picture Archiving and Communication System (PACS, Sectra AB,
Linkoping, Sweden) [15]. The included SLNs were categorized as negative, micrometastasis,
or macrometastasis based on the largest tumor deposit identified at diagnosis by either
H&E or IHC, as part of the clinical standard of care. This upfront diagnosis was considered
the reference standard. If the area of metastasis had not yet been annotated by a pathologist
at the WSl level at diagnosis, this was performed retrospectively by a pathologist (PJ.v.D.).
Samples with metastases detected during the frozen section procedure were also included
in this study.

All H&E WSIs were reviewed by the Conformité Européenne-in vitro diagnostics
(CE-1IVD)-certified Metastasis Detection App (version 2023.01.09) by Visiopharm (Hoer-
sholm, Denmark), a deep-learning application developed to detect lymph node metastases
from adenocarcinomas of breast cancer and colon cancer. This application was integrated
within Sectra PACS where the output of the algorithm was graphically displayed. Details
on the workflow of the app have been described before [12,13]. In summary, the Metastasis
Detection App by Visiopharm marks suspicious cells with either red (high suspicion),
orange (intermediate suspicion), or yellow (low suspicion) outlines. According to Visio-
pharm, the probability of a region being metastasis is based on the probability distribution
generated by the neural network’s softmax function. The application provides results at
the 95%, 80%, and 50% operating points, corresponding to red, orange, and yellow outlines.
The best balance between sensitivity and specificity occurs at the 95% operating point (red
outlines). The largest area of metastasis is indicated in mm? and the largest length in mm
(also see Figure 1). In this study, all outlined areas (either red, orange, or yellow) were
considered equal as the most important aspect within an Al-assisted workflow is that the
pathologist’s attention is drawn to the tumor area, regardless of the level of suspicion.

The primary outcome was the standalone performance of the algorithm for detecting
nodal metastases. Assessing performance consisted of checking whether the confirmed
areas of metastases (by a pathologist), either on the H&E slides or IHC slides, were an-
notated by the algorithm on the H&E slides, covering the same area either partially or
entirely, as the key parameter was that the pathologist’s review should be guided to this
area (see Figure 2). This outcome was made binary: metastases were either correctly
annotated (regardless of color and diameter), or they were not. The annotations by the
algorithm were reviewed by a researcher (I.G.T.B.) and pathologist (PJ.v.D.) and compared
to the reference annotations made by pathologists at diagnosis. In case of an apparent
false-negative finding with the algorithm, a second pathologist reviewed the slides (G.N.].).
The standalone performance of the algorithm was expressed by its sensitivity for detection
of SLN metastases: true-positive SLNs/(true-positive SLNs + false-negative SLNs). True
positives were defined as an annotation by the algorithm (entirely or partly) corresponding
to the area where malignant cells were detected by the pathologist, regardless of the color
of its outline or size. False negatives were defined as a missing annotation by the algorithm
in an area where malignant cells were detected by the pathologist. The presence of isolated
tumor cells was disregarded in this study (thus missing ITC by the algorithm was not
deemed as a false negative). The secondary outcome was the number of annotations made
by the algorithm, as this defines the workload of the pathologist in real life. The number of
annotations and corresponding confidence levels per slide were automatically extracted
from the application, aggregated, and presented in an Excel spreadsheet. Inherently to
selecting a subset of patients with proven nodal metastasis at diagnosis, we could not assess
the false-negative rate of the algorithm in a complete population of cervical cancer patients.

Clinical, histopathological, and surgical data on the included patients were extracted
from the existing database. Categorical data were summarized as frequency and percentage,
and continuous variables were summarized as medians and ranges. Only descriptive
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statistics were performed in this proof-of-principle study. Analyses were performed using
the Statistical Package for the Social Sciences version 26.0.0.1 (SPSS; International Business
Machines, Armonk, NY, USA) and Microsoft Excel 2016 (Microsoft, Redmond, WA, USA).
The original output of PACS and Visiopharm was used for composing the figures, leaving
the annotations as posted by the pathologist or the algorithm, respectively.

Macrometastasis adenocarcinoma Micrometastasis squamous cell carcinoma
H&E WSI — pathologist detection , s : H&E WSI — pathologist detection
% vy & D L

Figure 1. Output of a deep learning algorithm applied to H&E WSIs of sentinel lymph nodes
in early-stage cervical adenocarcinoma and squamous cell carcinoma with correct detection of
macrometastasis (left) and micrometastasis (right). H&E, hematoxylin and eosin; WSIs, whole slide
images. This figure was constructed from original output from PACS and Visiopharm. As these applications
are set to European standards, the comma is used as decimal separator.

H&E WSI - pathologist detection H&E WSI — algorithm detection

2,23 mapoptose S

Figure 2. Example of algorithm output with multiple annotations of different colors in the correct
area but not with the correct diameter. H&E, hematoxylin and eosin; WSI, whole slide image. This
figure was constructed from original output from PACS (with the original pathologist’s annotations) and
Visiopharm. As these applications are set to European standards, the comma is used as decimal separator.
Apoptose means apoptosis.
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3. Results

In total, 192 patients underwent SLN procedure as part of their cervical cancer treat-
ment during the inclusion period. Five patients objected against the reuse of their health
care data for scientific research and their data were not collected. The cohort consisted of
21 patients diagnosed with early-stage cervical cancer of different histological subtypes and
at least one SLN metastasis at surgical lymph node staging. Ten patients were diagnosed
with macrometastasis, of which one patient was also diagnosed with micrometastasis in
her bilateral SLN. Eleven patients were diagnosed with micrometastasis as their largest
metastasis. Clinicopathologic features of the cohort are summarized in Table 1. In to-
tal, 47 SLNs were excised during surgery, whereof 473 H&E slides (median 18; range
6-52 slides) were reviewed by the algorithm, including frozen sections if performed. The
algorithm posted 5857 annotations suspicious for metastases (all confidence levels), with a
median of 128 annotations (range 32-2093) per patient. The frozen section WSIs yielded a
high number of annotations probably due to the poorer section quality. When excluding
frozen sections, a total of 2675 annotations were posted, with a median of 81 per patient
(range 10-464), of which 1040 yellow annotations (median 39; range 7-165), 298 orange
annotations (median 11; range 2-63), and 1337 red annotations (median 10; range 1-402)
were posted. In slides with a high number of annotations, these were often clustered (see
Figure 3).

-~
185 separate annotations

Figure 3. Example of algorithm output with high number of clustered annotations in a macrometasta-
sis of squamous cell carcinoma. As the Visiopharm application is set to European standards, the comma is
used as decimal separator.
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Table 1. Baseline characteristics on patient level.

Patients (n = 21)

%

Age, median (range) 42 (23-63)
Histologic subtype
Squamous cell carcinoma 15 714
Adenocarcinoma 5 23.8
Clear cell carcinoma 1 4.8
Histologic grade
Grade I 1 4.8
Grade I 8 38.1
Grade III 11 52.4
Grade not applicable * 1 4.8
Metastasis
Macrometastasis 10 47.6
Micrometastasis 11 52.4
Frozen section performed 19 90.5
Number of SLNs removed, median (range) 2 (1-4)
Number of H&E slides per patient **, median (range) 18 (6-52)
Number of annotations per patient **, median (range) 128 (32-2093)
Number of annotations without frozen sections, median (range) 81 (10-464)
Yellow annotations 39 (7-165)
Orange annotations 11 (2-63)
Red annotations 10 (1-402)

* Clear cell carcinoma; ** including frozen sections. SLN, sentinel lymph node; H&E, hematoxylin and eosin.

On the lymph node level, the cohort consisted of 20 negative SLNs, 13 with macrometas-
tases, and 14 with micrometastases (Table 2). In two of the 14 SLNs with micrometastases,
tumor cells were only detected in the deeper-cut sections with IHC. A second pathologist re-
viewed these cases to confirm that the tumor cells were not visible in the H&E slides. Based
on H&E slides alone, the cohort thus involved 22 negative SLNs, 13 with macrometastases
and 12 with micrometastases. The algorithm picked up all H&E-positive slides with at least
one annotation in the correct area, yielding a clinical sensitivity of 100%. In one case the
algorithm did put an annotation in the correct area of macrometastasis but with a yellow
outline only (see Figure 4).

Table 2. Outcome on sentinel lymph node level.

Sentinel Lymph Nodes (n = 47)

Negative * 20
Positive 27
Macrometastasis 13
Detected with H&E ** 13
Detected with algorithm 13
Micrometastasis 14
Detected with H&E ** 12
Detected with IHC only 2
Detected with algorithm 12

* Based on both H&E and IHC slides. Based on H&E slides only, 22 SLNs were negative. ** Including frozen
sections. H&E, hematoxylin and eosin; IHC, immunohistochemistry.

Table 3 provides the results of the algorithm on the case level. In case 1 and case 20,
tumor cells in at least one SLN were only detected in the deeper-cut IHC slides by the
pathologist, indicating that the algorithm could never have picked up these tumor cells on
the original H&E slides. In one case the algorithm missed an area of tumor cells on a frozen
section. The regular H&E sections of this case were correctly detected by the algorithm
(case 18). In one case the tumor cells were only visible in the frozen section and not in
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the regular H&E slides, which was correctly annotated by the algorithm (case 2). In all
other cases, either no tumor was seen on the frozen sections at diagnosis or it was correctly
annotated by the algorithm.

Table 3. Results of the algorithm on the case level.

Cancer Metastasis  SLN FS Num?)f:r of Outcom(.e of . .
Case Tvpe Size Count  Performed Positive the Algorithm Visiopharm Output
yp SLNs (Based on HE)
1—detected in HE+FS slides;
1 Squamous Micro 2 Yes 2 TP/NA 2—tumor cells only visible in IHC
slide (deeper levels), not in H&E
2 Clear cell Macro 2 Yes 1 TP Detected in FS slides *
3 Squamous Micro 2 Yes 1 TP Detected in H&E (not present in FS)
4 Squamous Micro 2 Yes 1 P Detected in H&E (not present in FS)
5 Adeno Macro 4 Yes 1 TP Detected in H&E + FS slides
6 Adeno Macro 2 Yes 2 TP Both detected in H&E + FS slides
” Squamous Micro 3 Yes 1 TP Detected in H&E slides (not present
in FS)
8 Squamous  Macro Yes 2 TP Both detected in H&E + FS slides
9 Adeno Macro Yes 1 TP Detected in H&E + FS slides
10 Squamous Micro 2 Yes 1 TP Detected in H&E + FS slides
1 Squamous Micro 5 Yes 1 TP Detected in H&E slides (not present
in FS)
12 Squamous Micro 2 Yes 1 TP Detected in H&E slides (not present
in FS)
1—detected in H&E + FS slides
Macro + (micro);
13 Squamous micro 2 Yes 2 P 2—detected in H&E + FS slides
(macro)
14 Squamous Micro 2 Yes 1 TP Detected in H&E slides
1—detected in H&E slides (not
15 Adeno Micro 2 Yes 2 TP present in FS);
2—detected in H&E + FS slides
16 Squamous Macro 3 Yes 1 TP Detected in H&E slides (not present
in FS) **
1—detected in H&E slides (not
17 Adeno Macro 4 Yes 2 TP present in FS);
2—detected in H&E + FS slides
18 Squamous Macro 5 Yes 1 TP Detected in H&E 'shdes, missed in
FS slides
19 Squamous  Macro 2 No 1 TP Detected in H&E slides
. Tumor cells only visible in IHC
20 Squamous Micro ! No ! NA slides (deeper levels), not in H&E
21 Squamous Micro 2 Yes 1 TP Detected in H&E + FS slides
TOTAL 47 19 27 25

* No tumor cells visible in H&E slides; ** yellow annotation only. H&E, hematoxylin and eosin; FS, frozen section;
IHC, immunohistochemistry; TP, true positive; NA, not applicable.
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Figure 4. Example of algorithm output with only one yellow annotation in a larger macrometastastic
area of squamous cell carcinoma. As the Visiopharm application is set to European standards, the comma is
used as decimal separator.

4. Discussion

In this proof-of-principle study, a certified Al-based algorithm, developed for adeno-
carcinomas of the breast and colon, showed a sensitivity of 100% for clinically relevant SLN
metastasis (macrometastasis and micrometastasis) in early-stage cervical squamous cell
carcinomas, adenocarcinomas, and one clear cell carcinoma. In two cases, micrometastases
were only detected in the deeper-cut IHC slides and not present in the regular H&E slides,
indicating that they never could have been picked up by the algorithm. The output of the
algorithm amounted to a median of 128 annotations per case that had to be reviewed by
the pathologist, which were not all true-positive annotations.

The confidence/color outlines, corresponding to the level of suspicion, were lumped
in this study as a previous study indicated that yellow outlines may also contain tumor,
necessitating review of all outlines by the pathologist [13]. Also, in the present study,
orange or even yellow annotations sometimes indicated an area of metastasis. At this stage
of the study, in which the algorithm is used off-label and the clinical significance of the
confidence classes is to be determined, we considered all annotations of any color in an
area of true metastasis as true positives.

Previous research in SLNs of breast cancer patients showed that deep learning al-
gorithms could identify metastases in SLN slides with almost 100% sensitivity, whereas
about 40% of the slides without metastases could be identified as such [16]. A challenge
competition demonstrated that deep learning algorithms rival human performance. The
researchers found that the best algorithm achieved similar true-positive fractions as pathol-
ogists interpreting slides without time constraints. For pathologists under time constraints,
which is often the case in daily practice, the algorithms performed even better, especially in
detecting micrometastases [9]. In SLNs of melanoma patients, an algorithm highlighting
nodal metastases also showed promising results, accurately identifying tumor deposits
>0.1 mm, without relying on immunohistochemical staining [17]. For squamous cell carci-
nomas, several algorithms have been employed so far, although these have not yet been
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implemented in clinical practice. In 2020, Pan et al. studied an algorithm developed
on a slide set of metastatic esophageal squamous cell carcinoma to screen lymph nodes
suspicious for metastases from the pharyngeal and lung. The applied algorithm reached
an accuracy of 96.7% and 90% for pharyngeal and lung cancer, respectively [18]. In a test
setting by Tang et al., nodal metastases from head and neck squamous cell carcinoma cases
were detected with 100% sensitivity by an algorithm, but with less specificity (75.9%) [19].

Until recently, studies in this field were mainly undertaken on retrospective data
and algorithms were sometimes even assessed as independently working entities without
pathologist supervision, which is unimaginable and undesirable in a real-world clinical
setting [20]. A retrospective study by Steiner et al. showed the potential of an Al-assisted
workflow. Pathologists in their study considered the review of nodal micrometastases in
breast cancer significantly easier when assisted by an algorithm compared to the unassisted
review [11]. A recent prospective study in breast cancer using Al assistance in the clinical
workflow of SLN assessment highlighted that Al-assisted pathologists not only reduced
the use of IHC and costs but also felt that Al saved time and made their work more
enjoyable [13].

As shown in the aforementioned prospective study, an Al-based algorithm detecting
micrometastases in SLNs may obviate the need for IHC on step sections, saving up to
~€25 per slide [13]. Research in cervical cancer sentinel lymph nodes showed that routine
use of IHC adds clinical value in terms of detecting micrometastases and affects the thera-
peutic strategy-decisions in about 1% of patients but comes with substantial costs [7]. A
deep learning algorithm aiding the pathologist in adequately searching the serial H&E
sections could replace the need for IHC and could thereby benefit the cost-effectiveness of
pathologic ultrastaging. As also argued by Challa et al., a combined approach of algorith-
mic analysis followed by a pathologist review, the number of cases that require IHC can be
significantly reduced [12].

Although the studied algorithm was not trained on frozen sections, our results showed
that the algorithm correctly detected metastases in frozen sections in almost all cases (the
algorithm missed visible tumor cells in one frozen section). In daily clinical practice,
challenges arise for pathologists when reviewing frozen sections due to various artifacts
affecting this tissue, such as folds and compression resulting in low image quality and
the time constraints given the intraoperative consultation setting. Kim et al. proposed a
method utilizing transfer learning to train deep learning models effectively for identifying
metastatic breast cancer cells on WSIs of frozen sections [21]. Transfer learning involves
adapting a pre-trained model from one task to another by making adjustments. The authors
used annotated WSIs from frozen sections of breast cancer SLNs to train the model. Their
best algorithm achieved an area under the curve of the receiver operation characteristic
of 0.805 with an acceptable processing time of 10.8 min [22]. Further evaluation in clinical
practice is needed, but these first results are promising for a future Al-assisted workflow,
not only in conventional H&E sections but also in frozen sections.

Despite the promising perspectives of Al-assisted pathology in cancer diagnostics,
several challenges remain [23]. Firstly, there is a crucial need for robust validation of Al
algorithms using multi-institutional data before their clinical adoption, preferably as part of
the certification procedure. This necessitates comprehensive quality control and standard-
ization tools, as well as data sharing and validation with multi-institutional data to enhance
the generalizability and reliability of these algorithms. Additionally, after implementation,
continuous validation and refinement of Al algorithms by expert pathologists are impera-
tive. Secondly, the implementation of Al assistance in clinical pathology workflows requires
some hard work by information technologists and prospective studies to demonstrate the
true quality and cost benefits of Al. Despite promising results from Al-based algorithms
over the past five years, their integration into clinical workflows remains limited. The
recent results of the CONFIDENT-B trial show the potential added value of Al assistance
in daily pathology practice [24]. However, legal and ethical issues regarding the extent of
pathologists’ responsibility when utilizing Al for assisted review remain unresolved. Lastly,
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the requirement for high-spec hardware for storage and processing all WSI output presents
practical, financial, and sustainability challenges, while accreditation of the software by
regulatory agencies adds another layer of complexity to the adoption of Al. Addressing all
these multifaceted challenges is essential for the successful integration of an Al-assisted
workflow into clinical pathology practice.

One limitation of our study is that we selected only patients with proven SLN metas-
tasis. Thereby, the up-front probability of detecting metastases by the algorithm is high,
facilitating its high sensitivity. Having perfect sensitivity means that there will be false Al
alerts, substantiated by the seemingly high number of annotations we found. However,
many of the annotations cluster and do not take much time to review, which was also shown
in a previous breast cancer study where Al-guided review was faster [13]. Nevertheless,
at present, the application used in this study works in such a way that the pathologist
sees all annotations at once for a WSI, and then zooms in on the annotations separately
for review. When applied in the clinical setting, however, it must remain workable for
the pathologist and the display must be further optimized, e.g., by displaying annotations
of the confidence classes in three galleries for rapid review. We considered all outlined
areas (either red, orange, or yellow) equal as the most important within an Al-assisted
workflow is that the pathologist’s attention is drawn to the area, regardless of the level of
suspicion. At this stage, assessing specificity was not within the scope of our manuscript as
the true-negative rate of the algorithm is considered less important than the true-positive
rate, to make sure no positive cases are missed by the algorithm. Now that we have shown
a proof of principle, a larger prospective study reflecting the daily practice and population
is needed to accurately assess the impact of the confidence classes, assess false alerts and,
more importantly, false-negative rates. Another aim of such a study would be to assess
potential superior sensitivity and cost savings with an Al-assisted pathology assessment
of SLN nodes. Together with the developers behind the algorithm, we should further
investigate how the algorithm can be certified for use outside the targeted population and
whether the confidence cut-off points for cervical carcinoma histological types might be
different than those for breast and colon cancer, as well as how to cluster the annotations in
one metastatic area.

5. Conclusions

In this proof-of-principle study, a deep learning algorithm, developed for detecting
nodal metastases in adenocarcinomas of the breast and colon, performed with a 100%
sensitivity for detecting SLN metastases in early-stage cervical cancer patients. No false-
negative slides were observed, which shows that the application could be a useful aid to
the pathologist. Our findings highlight the potential of investigating existing algorithms
for off-label metastasis detection in cervical cancer and encourage prospective validation of
this promising and clinically valuable application in a larger population.

Author Contributions: Conceptualization, I.G.T.B., PJ.v.D. and R.P.Z.; methodology, I.G.T.B., PJ.v.D.
and RP.Z,; software, N.S.; validation, ].PH., G.N.J.,, C.G.G., PJ.v.D. and RP.Z; formal analysis, LG.T.B.;
investigation, .G.T.B.; resources, N.S. and PJ.v.D.; data curation, . G.T.B. and N.S.; writing—original
draft preparation, I.G.T.B.; writing—review and editing, ] PH., N.S., GN/J., C.G.G,, PJ.v.D. and
R.P.Z.; visualization, I.G.T.B.; supervision, PJ.v.D. and R.P.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding. The algorithm used was purchased and the
company had no part in the design or execution of the study.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki. Ethical review and approval were waived for this study by the institutional review board
of the UMC Utrecht, as patients included in this study were not subjected to procedures and they
were not required to follow any rules. Therefore, this study was not subject to the (Dutch) Medical
Research Involving Human Subjects Act (WMO).



Cancers 2024, 16, 3619 11 of 12

Informed Consent Statement: Patient consent was waived as patients were retrospectively included
and not subjected to any procedures. Only patients diagnosed with metastasis were included and,
thereby, we eliminated the risk of an inferior diagnosis when a previously assessed SLN assessed
as negative for metastasis would now be assessed as positive by the algorithm (and also positive at
re-review by a pathologist).

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: Our pathology department purchased the commercially available and CE-IVD-
approved deep learning Metastasis Detection app (certified under IVDR) by Visiopharm (Hoersholm,
Denmark) that was used in this study. All relevant information regarding the app can be obtained from
Visiopharm (also see https:/ /visiopharm.com/app-center/app/metastasis-detection-ai/, accessed
on 10 October 2024).

Conflicts of Interest: P.J.v.D. is a member of the advisory boards of Visiopharm, Paige, and Sectra
and received research support from Pfizer, Hanarth Foundation, and Health Holland, all outside the
submitted work. R.P.Z. is a proctor for robot-assisted surgery in gynecological oncology on behalf of
Intuitive Surgical Inc. All other authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

Cibula, D.; Abu-Rustum, N.R.; Dusek, L.; Zikan, M.; Zaal, A.; Sevcik, L.; Kenter, G.G.; Querleu, D.; Jach, R.; Bats, A.S.; et al.
Prognostic significance of low volume sentinel lymph node disease in early-stage cervical cancer. Gynecol. Oncol. 2012, 124,
496-501. [CrossRef] [PubMed]

Cibula, D.; Raspollini, M.R.; Planchamp, F.; Centeno, C.; Chargari, C.; Felix, A.; Fischerovd, D.; Jahnn-Kuch, D.; Joly, E; Kohler, C.;
et al. ESGO/ESTRO/ESP Guidelines for the management of patients with cervical cancer—Update 2023*. Int. ]. Gynecol. Cancer
2023, 33, 649-666. [CrossRef] [PubMed]

Euscher, E.D.; Malpica, A.; Atkinson, E.N.; Levenback, C.F.; Frumovitz, M.; Deavers, M.T. Ultrastaging improves detection of
metastases in sentinel lymph nodes of uterine cervix squamous cell carcinoma. Am. . Surg. Pathol. 2008, 32, 1336-1343. [CrossRef]
[PubMed]

Cibula, D.; McCluggage, W.G. Sentinel lymph node (SLN) concept in cervical cancer: Current limitations and unanswered
questions. Gynecol. Oncol. 2019, 152, 202-207. [CrossRef] [PubMed]

Cibula, D.; Abu-Rustum, N.R.; Dusek, L.; Slama, J.; Zikan, M.; Zaal, A.; Sevcik, L.; Kenter, G.; Querleu, D.; Jach, R.; et al.
Bilateral ultrastaging of sentinel lymph node in cervical cancer: Lowering the false-negative rate and improving the detection of
micrometastasis. Gynecol. Oncol. 2012, 127, 462-466. [CrossRef]

Dundr, P; Cibula, D.; Némejcova, K.; Tichd, L; Bartt, M.; Jaksa, R. Pathologic Protocols for Sentinel Lymph Nodes Ultrastaging in
Cervical Cancer. Arch. Pathol. Lab. Med. 2019, 144, 1011-1020. [CrossRef]

Baeten, I.G.T.; Hoogendam, J.P; Jonges, G.N; Jiirgenliemk-Schulz, LM.; Braat, A.J.A.T.; van Diest, PJ.; Gerestein, C.G.; Zweemer,
R.P. Value of routine cytokeratin immunohistochemistry in detecting low volume disease in cervical cancer. Gynecol. Oncol. 2022,
165, 257-263. [CrossRef]

van der Laak, J.; Litjens, G.; Ciompi, F. Deep learning in histopathology: The path to the clinic. Nat. Med. 2021, 27, 775-784.
[CrossRef]

Ehteshami Bejnordi, B.; Veta, M.; Johannes van Diest, P.; van Ginneken, B.; Karssemeijer, N.; Litjens, G.; van der Laak, J.; Hermsen,
M.; Manson, Q.F,; Balkenhol, M.; et al. Diagnostic Assessment of Deep Learning Algorithms for Detection of Lymph Node
Metastases in Women with Breast Cancer. JAMA 2017, 318, 2199-2210. [CrossRef]

Liu, Y.; Kohlberger, T.; Norouzi, M.; Dahl, G.E.; Smith, J.L.; Mohtashamian, A.; Olson, N.; Peng, L.H.; Hipp, ].D.; Stumpe, M.C.
Artificial Intelligence-Based Breast Cancer Nodal Metastasis Detection: Insights Into the Black Box for Pathologists. Arch. Pathol.
Lab. Med. 2019, 143, 859-868. [CrossRef]

Steiner, D.F.; MacDonald, R.; Liu, Y.; Truszkowski, P; Hipp, ].D.; Gammage, C.; Thng, F; Peng, L.; Stumpe, M.C. Impact of Deep
Learning Assistance on the Histopathologic Review of Lymph Nodes for Metastatic Breast Cancer. Am. |. Surg. Pathol. 2018, 42,
1636-1646. [CrossRef] [PubMed]

Challa, B,; Tahir, M.; Hu, Y.; Kellough, D.; Lujan, G.; Sun, S.; Parwani, A.V.; Li, Z. Artificial Intelligence-Aided Diagnosis of Breast
Cancer Lymph Node Metastasis on Histologic Slides in a Digital Workflow. Mod. Pathol. 2023, 36, 100216. [CrossRef] [PubMed]
van Dooijeweert, C.; Flach, RN.; ter Hoeve, N.D.; Vreuls, C.P.H.; Goldschmeding, R.; Freund, ].E.; Pham, P.; Nguyen, T.Q.; van der
Wall, E.; Frederix, G.W.J.; et al. Clinical implementation of artificial-intelligence-assisted detection of breast cancer metastases in
sentinel lymph nodes: The CONFIDENT-B single-center, non-randomized clinical trial. Nat. Cancer 2024, 5, 1195-1205. [CrossRef]
[PubMed]

Baeten, I.G.; Stathonikos, N.; Hoogendam, ].P.; Gerestein, C.G.; Jonges, G.N.; Zweemer, R.P,; Diest, P.J. 232 Sensitivity of a deep
learning algorithm for detection of sentinel lymph node metastases in cervical cancer: A proof-of-concept study. In Proceedings
of the ESGO 2024 Congress, Barcelona, Spain, 7-10 May 2024.


https://visiopharm.com/app-center/app/metastasis-detection-ai/
https://doi.org/10.1016/j.ygyno.2011.11.037
https://www.ncbi.nlm.nih.gov/pubmed/22120175
https://doi.org/10.1136/ijgc-2023-004429
https://www.ncbi.nlm.nih.gov/pubmed/37127326
https://doi.org/10.1097/PAS.0b013e31816ecfe4
https://www.ncbi.nlm.nih.gov/pubmed/18670356
https://doi.org/10.1016/j.ygyno.2018.10.007
https://www.ncbi.nlm.nih.gov/pubmed/30318103
https://doi.org/10.1016/j.ygyno.2012.08.035
https://doi.org/10.5858/arpa.2019-0249-RA
https://doi.org/10.1016/j.ygyno.2022.02.011
https://doi.org/10.1038/s41591-021-01343-4
https://doi.org/10.1001/jama.2017.14585
https://doi.org/10.5858/arpa.2018-0147-OA
https://doi.org/10.1097/PAS.0000000000001151
https://www.ncbi.nlm.nih.gov/pubmed/30312179
https://doi.org/10.1016/j.modpat.2023.100216
https://www.ncbi.nlm.nih.gov/pubmed/37178923
https://doi.org/10.1038/s43018-024-00788-z
https://www.ncbi.nlm.nih.gov/pubmed/38937624

Cancers 2024, 16, 3619 12 of 12

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Stathonikos, N.; Nguyen, T.Q.; Spoto, C.P,; Verdaasdonk, M.A.M.; van Diest, PJ. Being fully digital: Perspective of a Dutch
academic pathology laboratory. Histopathology 2019, 75, 621-635. [CrossRef]

Litjens, G.; Sanchez, C.I; Timofeeva, N.; Hermsen, M.; Nagtegaal, I.; Kovacs, I.; Hulsbergen-van de Kaa, C.; Bult, P; van Ginneken,
B.; van der Laak, J. Deep learning as a tool for increased accuracy and efficiency of histopathological diagnosis. Sci. Rep. 2016,
6,26286. [CrossRef] [PubMed]

Jansen, P; Baguer, D.O.; Duschner, N.; Arrastia, ].L.; Schmidt, M.; Landsberg, ].; Wenzel, ].; Schadendorf, D.; Hadaschik, E.; Maass,
P; et al. Deep learning detection of melanoma metastases in lymph nodes. Eur. J. Cancer 2023, 188, 161-170. [CrossRef]

Pan, Y.; Sun, Z.; Wang, W.; Yang, Z,; Jia, ].; Feng, X.; Wang, Y.; Fang, Q.; Li, J.; Dai, H.; et al. Automatic detection of squamous cell
carcinoma metastasis in esophageal lymph nodes using semantic segmentation. Clin. Transl. Med. 2020, 10, e129. [CrossRef]
Tang, H,; Li, G.; Liu, C.; Huang, D.; Zhang, X.; Qiu, Y.; Liu, Y. Diagnosis of lymph node metastasis in head and neck squamous
cell carcinoma using deep learning. Laryngoscope Investig. Otolaryngol. 2022, 7, 161-169. [CrossRef]

Harrison, J.H.; Gilbertson, J.R.; Hanna, M.G.; Olson, N.H.; Seheult, ].N.; Sorace, ].M.; Stram, M.N. Introduction to Artificial
Intelligence and Machine Learning for Pathology. Arch. Pathol. Lab. Med. 2021, 145, 1228-1254. [CrossRef]

Kim, Y.-G.; Kim, S.; Cho, C.E.; Song, I.H.; Lee, H.].; Ahn, S,; Park, S.Y.; Gong, G.; Kim, N. Effectiveness of transfer learning for
enhancing tumor classification with a convolutional neural network on frozen sections. Sci. Rep. 2020, 10, 21899. [CrossRef]
Kim, Y.-G.; Song, LH.; Lee, H.; Kim, S.; Yang, D.H.; Kim, N.; Shin, D.; Yoo, Y; Lee, K.; Kim, D.; et al. Challenge for Diagnostic
Assessment of Deep Learning Algorithm for Metastases Classification in Sentinel Lymph Nodes on Frozen Tissue Section Digital
Slides in Women with Breast Cancer. Cancer Res. Treat. 2020, 52, 1103-1111. [CrossRef] [PubMed]

Jiang, Y,; Yang, M.; Wang, S.; Li, X.; Sun, Y. Emerging role of deep learning-based artificial intelligence in tumor pathology. Cancer
Commun. 2020, 40, 154-166. [CrossRef] [PubMed]

Flach, R.N.; Stathonikos, N.; Nguyen, T.Q.; Ter Hoeve, N.D.; van Diest, PJ.; van Dooijeweert, C. CONFIDENT-trial protocol:
A pragmatic template for clinical implementation of artificial intelligence assistance in pathology. BMJ Open 2023, 13, e067437.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/his.13953
https://doi.org/10.1038/srep26286
https://www.ncbi.nlm.nih.gov/pubmed/27212078
https://doi.org/10.1016/j.ejca.2023.04.023
https://doi.org/10.1002/ctm2.129
https://doi.org/10.1002/lio2.742
https://doi.org/10.5858/arpa.2020-0541-CP
https://doi.org/10.1038/s41598-020-78129-0
https://doi.org/10.4143/crt.2020.337
https://www.ncbi.nlm.nih.gov/pubmed/32599974
https://doi.org/10.1002/cac2.12012
https://www.ncbi.nlm.nih.gov/pubmed/32277744
https://doi.org/10.1136/bmjopen-2022-067437
https://www.ncbi.nlm.nih.gov/pubmed/37286323

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

