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Abstract
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Diagnosis and Gleason grading of prostate cancer in biopsies are critical for the clinical
management of men with prostate cancer. Despite this, the high grading variability
among pathologists leads to the potential for under- and overtreatment. Artiﬁcial
intelligence (AI) systems have shown promise in assisting pathologists to perform
Gleason grading, which could help address this problem. In this mini-review, we
highlight studies reporting on the development of AI systems for cancer detection
and Gleason grading, and discuss the progress needed for widespread clinical implementation, as well as anticipated future developments.
Patient summary: This mini-review summarizes the evidence relating to the validation
of artiﬁcial intelligence (AI)-assisted cancer detection and Gleason grading of prostate
cancer in biopsies, and highlights the remaining steps required prior to its widespread
clinical implementation. We found that, although there is strong evidence to show that
AI is able to perform Gleason grading on par with experienced uropathologists, more
work is needed to ensure the accuracy of results from AI systems in diverse settings
across different patient populations, digitization platforms, and pathology laboratories.
© 2021 The Authors. Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).
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Diagnosis and Gleason grading of prostate cancer in biopsies are critical to the clinical management of men suspected to have prostate cancer; however, the high level of
variability in Gleason grading between pathologists poses
clinical challenges. This can lead to both under- and overtreatment, which impacts patient morbidity, mortality, and
healthcare costs. The advent of digital pathology permits
the development of artificial intelligence (AI) systems for
assisting pathologists in the evaluation of prostate biopsies.
Such AI systems have shown promise with respect to cancer
detection and Gleason grading, and are a potential solution
to the problem of high interpathologist variability. In this
mini-review, we summarize the current status for AI-based
diagnosis and Gleason grading of prostate cancer in biopsies
and discuss the potential for future developments.
The first attempt to use techniques based on deep neural
networks for the detection of cancer on prostate biopsies
was reported by Litjens and colleagues [1], who showed
early promising results in a study limited by the size of the
data. Three years later, in 2019 Campanella and colleagues
showed an area under the receiver operating characteristics
curve (AUC) of 0.991 for cancer detection on an independent
test dataset and 0.943 on external validation data [2]. The
study by Campanella et al [2] used a large dataset (n = 12
132 slides) to train the deep learning model using only the
reported diagnoses as labels for training, thus circumnavigating the labor-intensive collection of detailed pixel-wise
manual annotations. In a recent external validation study of
the algorithm developed in Campanella et al [2], Perincheri
and colleagues [3] showed that the algorithm achieved
97.7% sensitivity at a specificity level of 99.3%.
Early attempts at applying machine learning and AI to
not only detect cancer in prostate biopsies, but also perform
Gleason grading showed promise, but were constrained by
the limited availability of training data [4⬜6]. In 2020, three
studies independently demonstrated that AI systems can
perform both cancer detection and Gleason grading with
performance on par with expert uropathologists (Table 1)
[7⬜9]. Specifically, Ström et al [7] used 6953 biopsies
mainly from the STHLM3 population⬜based prostate cancer screening trial to train an AI system that demonstrated a
mean pairwise linearly weighted Cohen⬢s kappa statistic
of 0.62. This was within the range of the corresponding
values of 23 experienced urological pathologists from the
International Society of Urological Pathology⬢s Imagebase
grading reference panel (0.60⬜0.73). In a second study,
Bulten et al [8] showed that a deep learning system trained
on 4712 biopsies had higher agreement (quadratic kappa
0.854), with a consensus reference standard defined by
three expert urological pathologists, than that of a panel
of international pathologists (median kappa 0.819), outperforming ten of the 15 study pathologists [5]. Finally,
Nagpal et al [9] demonstrated that an AI system trained
on a combination of prostatectomy samples (n = 1226) and
biopsies (n = 524) had significantly higher agreement with
the diagnosis of subspecialist pathologists than that
achieved by general pathologists (71.7% vs 58.0%). When
two of these AI systems were used by pathologists in
research settings, AI-assisted pathologists were able to

achieve higher agreements with panels of urological pathologists than in an unassisted setting [10,11]. Further evidence
for AI-based Gleason grading was provided by Pantanowitz
et al [12], who demonstrated an AUC of 0.941 for discriminating between Gleason score 6 and Gleason score Ⱕ7 on
external validation data, as well as by Mun et al [13], who
recently demonstrated moderate agreement between AI
Gleason grading and pathologists on internal and external
test data for an AI system trained on 6664 biopsy cores. All
these studies also showed accurate results for cancer detection, with AUCs ranging from 0.943 to 0.99 on external
validation data (Table 1) [7⬜9,12,13].
Although the results for Gleason grading are promising,
it should be noted that the AI algorithms were validated by
the same research groups that developed them, using limited external data. It is clear that, before AI systems for
Gleason grading can be considered suitable for introduction
into routine clinical practice, there is a need for further
validation utilizing independent datasets from diverse and
international populations. Development of AI systems that
generalize across varying data sources represents one of the
central barriers to the clinical adoption of AI algorithms. The
questions that arise are as follows: How do we address the
current limitations? What is needed for this technology to
achieve clinical implementation and bring value to
patients?
Fundamental to these questions are the limits of the
capabilities of AI systems. It is well known that deep learning systems are susceptible to changes in input data
[14]. Biopsies sampled from different patient populations,
processing of tissues in different laboratories, and images
scanned on different hardware platforms may impact AI
performance. Similarly, further development and testing
are required to permit the recognition of benign mimics
of cancer and deceptively bland morphological variants of
prostatic adenocarcinoma. The collection of larger and more
diverse datasets for training AI systems will undoubtedly
result in improved capacity. Recently, we organized the
Prostate cANcer graDe Assessment (PANDA) competition
for the development of AI algorithms for Gleason grading of
prostate biopsies. By pooling data sources from the studies
of Ström et al [7], Bulten et al [8], and Nagpal et al [9], we
could demonstrate that top performing algorithms generalize across multisite, international populations and reference standards with high accuracy [15]. The benefits of large
and diverse datasets for training and validation are clear,
and it is therefore encouraging that initiatives similar to the
large genome-wide association studies consortia are
emerging also for histopathology images [16,17]. Ultimately,
AI systems for the pathological assessment of prostate
biopsies need to demonstrate their value in prospective
and well-designed clinical trials, as well as in controlled
implementation studies.
Irrespective of the quality of AI systems for Gleason
grading, there is always a risk that unusual cases cannot
reliably be assigned a grade. We therefore believe that a key
component for the clinical implementation of AI algorithms
is the development of anomaly detection systems that can
quantify the confidence in predictions and serve as quality
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Table 1 – Publications describing algorithms for detection and grading of prostate cancer in core needle biopsiesa
Article

Dataset size for
training and
tuning

Dataset size for
internal testing

Campanella et al 10 348 slides from 1784 slides from
(2019) [2]
711 cases
125 cases

Dataset size for
external
validation

6953 biopsy cores
from 1069 cases

1718 biopsy cores
from 333 cases

330 biopsy cores
from 73 cases

Bulten et al
(2020) [8]

5209 biopsy cores
from 1033 cases

550 biopsy cores
from 210 cases

245 tissue
microarrays from
245 cases

1557 slides from
430 biopsy cores
prostatectomies of from 430 cases
758 cases plus
524 biopsy cores
form 360 cases
Pantanowitz et al 549 slides
2501 slides from
(2020) [12]
213 cases

331 biopsy cores
from 331 cases

Perincheri et al
(2021) [3]

NA

b

Mun et al (2021) 6664 biopsy cores
[13]
from 689 cases

NA

c

936 biopsy cores
from 99 cases

Summary of main ﬁndings

12 727 slides from Cancer detection
6323 cases

Ström et al
(2020) [7]

Nagpal et al
(2020) [9]

Outcomes

1627 slides from
100 cases
organized into
389 parts b

1876 biopsy cores
from 118 cases

244 tissue
microarrays from
244 cases

AUC of 0.991 for discriminating between slides
with cancer present and slides with only benign
tissue on internal test data; AUC of 0.932 on
external validation sets. Clinical application
would allow pathologists to exclude 65⬜75% of
slides while retaining 100% sensitivity
Cancer detection, Gleason AUC of 0.997 for discriminating between biopsy
score, cancer length (mm) cores with cancer present and cores with only
benign tissue on internal test data; AUC of
0.986 on external validation sets. Gleason
grading and estimates of cancer length (mm) on
internal test data demonstrated to be on par with
uropathologists
Cancer detection, Gleason AUC of 0.99 for discriminating between biopsy
score
cores with cancer present and cores with only
benign tissue on internal test data; AUC of
0.98⬜0.99 on external validation sets. Gleason
grading on internal test data demonstrated to
have higher concordance with uropathologist
consensus reference standard than with general
pathologists
Cancer detection, Gleason Accuracy of 94.3% for distinguishing biopsy cores
score
containing cancer from those without. AI
Gleason grading showed signiﬁcantly higher
agreement with expert uropathologists than
with general pathologists
Cancer detection, Gleason AUC of 0.997 for discriminating between slides
score 6 vs Ⱕ7; detection of with cancer present and slides with only benign
atypical small acinar
tissue on internal test data; AUC of 0.991 on
proliferation (ASAP) and
external validation sets for discrimination
perineural invasion (PNI)
between parts with or without cancer. AUC of
0.941 for discriminating between parts with
Gleason score 6 or ASAP and Gleason score Ⱕ7.
AUC of 0.957 for discriminating between parts
with cancer with PNI and those without
Cancer detection, atypia,
Sensitivity of 97.7% and positive predictive value
high-grade prostatic
of 97.9%, and speciﬁcity of 99.3% and a negative
intraepithelial neoplasia
predictive value of 99.2% in identifying core
biopsies with cancer
Cancer detection, Gleason AUC of 0.983 for discriminating between biopsy
score
cores with cancer present and cores with only
benign tissue on internal test data; AUC of
0.943 on external validation sets. Moderate
agreement between AI Gleason grading and
pathologists on internal and external test data

AI = artiﬁcial intelligence; AUC = area under the receiver operating characteristics curve; NA = not available.
The table summarized large studies with reporting of results on external validation data.
b
A ⬓part⬽ is one of three biopsy regions (upper, mid, or base) in one of the prostate lobes.
c
Perincheri et al [3] describe the results of an external validation of the AI algorithm developed by Campanella et al [2] and thus do not concern the training of
the AI model.
a

control. Such systems should be able to detect occasions
when an AI algorithm is presented with data that are
outside its applicability limits, necessitating human intervention. This would ensure that only valid input data are
used and that only valid predictions are made. So far, little
work relating to this has been published, although methods
for constructing quality control systems, such as conformal
prediction and multihead convolutional neural networks,
exist [18,19].
Beyond reaching a mature enough state for clinical
implementation, what developments can we expect to
see within this field in the coming years? Ultimately, the

goal of AI systems is not to reproduce assessments of
pathologists, but to improve upon them to provide more
accurate prognostication. One way to achieve this is to
directly train AI algorithms against long-term follow-up
data, such as time to development of metastases or time
to death in large cohort studies. There are, however, major
challenges in achieving this. A major issue is the size of the
training data: millions of data points can be easily obtained
for training AI systems to perform Gleason grading by using
all ten to 12 biopsy cores obtained from a single patient and
by extracting thousands of smaller images⬝patches⬝from
each biopsy image. In contrast, a man develops metastases
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Fig. 1 – Future AI-assisted prostate cancer diagnosis and prognosis. (A) Current AI systems have shown that they can perform Gleason grading on par
with expert uropathologists and that they can assist pathologists to achieve higher agreement with consensus grading. Current development also
indicates that AI systems may be trained using long-term outcomes to achieve higher agreement with prognosis. (B) AI has the potential to leverage
and integrate the increasingly complex data collected during the prostate cancer diagnostic workup process, in order to improve prognostication and
treatment selection. Data from initial risk stratification based on modern prediction models can be integrated with magnetic resonance imaging scans
and histological imaging data within AI systems. In addition, tumor profiling using sequencing of tissue or circulating tumor DNA can be integrated to
predict prognosis and optimize treatment. AI = artificial intelligence.

or dies only once, meaning that there is only a single event
for each man that can be used for model training. The
limitations of retrospective study design also present challenges, both with respect to historical cohorts not being
representative in a contemporary treatment setting and for
model evaluation. In historical cases, the original treatment
choice was based on the Gleason score assigned by the
pathologist. The statistical consequence of this is that the
strength of the association between the pathologists⬢
Gleason score and longer-term outcomes can be severely
biased toward the null. In fact, even if Gleason grading by
pathologists had a stronger association with longer-term
outcomes than the AI model, this bias could cause the
results to be reversed [20,21]. Despite these challenges,
development of AI systems to improve prognostication is
clearly a path that we should explore, as its value to patients
could be substantial. This also opens the potential for
developing AI systems that combine histopathology information with other data sources such as information from

magnetic resonance imaging, genomic information, and
biomarkers in multimodal AI systems. This is an exciting
vision for harnessing the increasingly data-rich prostate
cancer diagnostic pipeline to better predict prognosis and
optimize treatment (Fig. 1). Further useful advances would
be development of AI algorithms for cancer detection in
frozen section analysis. Such systems could assist with the
interpretation of surgical margins from the prostate specimen after radical prostatectomy, to improve surgical
outcomes.
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