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Introduction: Repeat biopsy remains central
to active surveillance (AS) because upgrading
and tumor burden may change management.

Methods: This retrospective paired workflow study included 38
men and 47 repeat biopsy sessions (2023-2025), comprising 846
biopsy cores and 871 HEE slides. Whole-slide imaging (WSI)
and conventional microscopy were compared after a washout
interval. QuPath was used only for pathologist-guided tumor-
length and greatest percentage of cancer (GPC) documentation.
Results: On the first eligible repeat biopsy, upgrading to ISUP
Grade Group (GG) 2 occurred in 7/38 men (18.4%; 95% CI, 7.7-
34.3). No GG3, cribriform morphology, or intraductal carcino-
ma was identified. Protocol-linked reclassification occurred in
11/38 men (28.9%). Slide-level cancer-detection agreement was
856/871 (98.3%; kappa = 0.91), and raw patient-level agree-
ment for upgrading was 36/38 (94.7%; kappa = 0.80). After
adjudication, no upgraded patient remained missed. QuPath-
supported measurement was interpretable in 79/101 positive
core-level assessments (78.2%), with excellent agreement (ICC =
0.98) and shorter median measurement time (41 s vs 78 s).
Conclusions: WSI reproduced management-relevant convention-
al microscopy outputs in repeat AS biopsies. Its value was orga-
nizational and documentary, not autonomous cancer detection
or grading.
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INTRODUCTION

Active surveillance (AS) is a standard management strategy
for most men with low-risk prostate cancer and for select-
ed men with favorable intermediate-risk disease. Its pur-
pose is not to ignore cancer, but to reduce overtreatment
while maintaining repeated clinical, radiological, and his-
tological reassessment so that curative treatment can still
be offered when the risk category changes (1-5). Repeat
biopsy remains a clinically decisive component of AS.
Although magnetic resonance imaging (MRI), prostate-spe-
cific antigen (PSA) kinetics, PSA density, PSMA PET/CT,

and targeted biopsy strategies can refine risk stratifica-
tion, histological re-evaluation still provides the most
direct evidence of upgrading and tumor burden (4-16).
Broader contemporary prostate-cancer assessment also
increasingly incorporates molecular, genetic, immune,
and quantitative pathology markers, which contextualize
but do not replace standardized biopsy reassessment in
AS (11, 12, 17-24). This is particularly important when a
repeat biopsy changes a man from ISUP Grade Group
(GG) 1 to GG2 or shows higher-volume persistent GG1
disease. For the urologist, the repeat-biopsy report must
answer a limited number of practical questions: whether
clinically significant upgrading is present, how many
cores are positive, what the maximum linear extent of car-
cinoma is, what the greatest percentage of cancer (GPC) is
in the most involved core, and whether cribriform mor-
phology or intraductal carcinoma is present. These vari-
ables are embedded in contemporary prostate-cancer risk
assessment and active-surveillance decision-making, and
are more actionable than generic slide-level concordance
alone (5, 15, 23, 25-28).

Whole-slide imaging (WSI) is increasingly implemented in
routine pathology, but diagnostic use requires local valida-
tion and careful quality control (29). Prostate biopsy series
have shown high concordance between digital and con-
ventional workflows (30, 31). Nevertheless, AS biopsies
represent a demanding setting because clinically relevant
disease may be present as a minute focus of pattern 4, dis-
continuous low-volume carcinoma, or a small suspicious
focus requiring ancillary immunohistochemistry (25-28,
32). Digital pathology should also be distinguished from
autonomous artificial intelligence (AI). Al-based prostate-
pathology tools are increasingly being studied, including in
AS cohorts, but they require task-specific validation and
should not be conflated with restricted pathologist-guided
measurement tools (24, 33). The present study did not
evaluate an Al screening or grading system. Instead, it eval-
uated a pathologist-led WSI workflow and the restricted
use of QuPath, an open-source digital pathology platform,
as an annotation and measurement aid (34).

Instead, it evaluated a pathologist-led WSI workflow and
the restricted use of QuPath, an open-source digital
pathology software platform that allows visualization of
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whole-slide images, annotation of regions of interest, and
calibrated measurement of tumor foci, as an annotation
and measurement aid (34).

The aim of this study was therefore deliberately clinical.
We asked whether a structured WSI workflow repro-
duced the same patient-level upgrading signal as conven-
tional microscopy in repeat prostate biopsies performed
during AS. Secondary aims were to characterize clinically
relevant discordances, document the absence or presence
of adverse architectural patterns, describe selective
immunohistochemistry (IHC), and evaluate whether
QuPath improved the reproducibility and practicality of
tumor-burden reporting, including GPC.

MATERIALS AND METHODS

This retrospective workflow study evaluated repeat
prostate biopsies from men managed with AS for biopsy-
proven prostate adenocarcinoma. All biopsy specimens
originated from Azienda Ospedaliera Cannizzaro, Catania
(Italy). WSI acquisition, digital review, conventional
microscopy rereview, selective IHC, QuPath-supported
measurement, and integrated adjudication were per-
formed at Pathology Unit of Policlinico Universitario G.
Martino, Messina (Italy). Patients were identified from the
institutional AS database between January 2023 and
December 2025. Eligibility for AS at diagnostic biopsy
required biopsy-proven ISUP GGl carcinoma, clinical
stage cT1c, PSA < 10 ng/ml, PSA density < 0.15 ng/ml/cc,
absence of cribriform morphology or intraductal carcino-
ma, and low- volume diagnostic disease according to the
local protocol, consistent with contemporary AS princi-
ples and local practice (1-7, 15). The final study dataset
comprised 38 men, 47 repeat biopsy sessions, 846 biop-
sy cores, and 871 hematoxylin and eosin (H&E) slides. For
patient-level analyses, only the first eligible repeat biopsy
captured in the study dataset was used for each patient.
These 38 first-repeat biopsies included 20 confirmatory
biopsies and 18 later surveillance biopsies.

Across all 47 sessions, 20 were confirmatory and 27 were
later surveillance biopsies. Thirty-three sessions used sys-
tematic sampling only, and 14 used combined systematic
plus MRI-targeted sampling. Across all sessions, the num-
ber of biopsy cores per session had a mean of 18 and a
median of 18 (IQR, 16-20); in sessions with suspicious
MRI lesions, four targeted cores were added to the sys-
tematic sampling frame. The study flow, cohort structure,
and analytic design are summarized in Figure 1.

The primary endpoint was patient-level clinically signifi-
cant upgrading on the first eligible repeat biopsy, defined
as ISUP GG = 2. A supportive session-level endpoint was
clinically significant disease across all 47 repeat biopsy
sessions. An exploratory protocol-linked reclassification
endpoint included clinically significant upgrading or
higher-volume persistent GG1 disease according to the
local AS pathway. Tumor burden was described using the
number of positive cores, maximum linear cancer extent,
and the greatest percentage of cancer in a single core
(GPC); GPC was treated as a clinically practical descrip-
tor for urologic decision-making, not as an autonomous
endpoint detached from grade, core number, and mor-
phology. Cribriform morphology and intraductal carcino-

ma were specifically assessed because of their relevance
for AS suitability and management discussions. In the
final study dataset, neither cribriform morphology nor
intraductal carcinoma was identified.

All material had been processed for routine diagnosis.
Tissue was fixed in 10% buffered formalin, paraffin
embedded, sectioned at 4-5 pm, and stained with H&E.
All slides were digitized on a VENTANA DP 200 scanner
at 20x equivalent magnification using a single focal
plane. Tissue capture, focus, image completeness, and
major artifacts were checked immediately after scanning.
Slides with clinically relevant quality limitations were
rescanned before inclusion. Digital review was per-
formed on standardized workstations under controlled
ambient lighting. Two genitourinary pathologists with 9
and 12 years of subspecialty experience independently
reviewed all digitized H&E slides. Both had more than
18 months of routine digital sign-out experience and
prior local WSI validation experience consistent with
CAP-aligned guidance (29). After a 12-week washout,
the complete slide set was rereviewed by conventional
brightfield microscopy by the same readers in random-
ized order. Readers were blinded to their previous
modality-specific classifications, to each other’s assess-
ments, to QuPath measurements, and to downstream
management. The clinical context normally available at
sign-out, including AS status, age, PSA trend, and biop-
sy type, remained available. For each modality, initial
classifications recorded cancer presence, GG, number of
positive cores, maximum cancer length, GPC, and the
presence or absence of adverse architectural patterns.
The operational workflow is illustrated in Figure 2.
Cases with disagreement in cancer detection, GG, or
management-relevant tumor burden underwent joint
modality-specific review. An integrated reference standard
was then used for the final analyses. All modality- discor-
dant cases, all cases with possible clinically significant
upgrading, all cases in which tumor burden crossed or
approached the local management trigger, and all cases
triaged to IHC were reviewed by a senior genitourinary
pathologist who was not one of the two primary readers
and who was blinded to which modality generated the
initial call. A random audit sample of otherwise concor-
dant non-upgraded sessions was also reviewed to reduce
latent verification bias. Selective ancillary THC was not
used as a screening test. It was reserved for morphologi-
cally equivocal foci that remained unresolved after inde-
pendent review and joint reassessment, including atypical
small acinar proliferation-like foci, crowded atypical
glands in atrophic or inflamed backgrounds, and limited
suspicious glands in fragmented tissue. The THC panel
included high-molecular-weight cytokeratin, p63, and
alpha- methylacyl-CoA racemase (AMACR/P504S), inter-
preted strictly with morphology (32).

QuPath version 0.5.1 was used only as an annotation and
measurement platform; specifically, it allowed patholo-
gists to annotate tumor foci on digitized H&E slides and
to perform calibrated tumor-length and core-length meas-
urements for GPC calculation (34).

No autonomous Al classifier was used for cancer detec-
tion, grading, slide screening, or treatment recommenda-
tion. QuPath- supported measurement was attempted
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Figure 1.

Study flow and analytic design. Flow diagram showing repeat-biopsy session selection, final study cohort, paired digital and
conventional microscopy workflows, integrated reference standard, primary endpoint, supportive session-level analysis, and QuPath
adjunct substudy. The primary endpoint was patient-level clinically significant upgrading on the first eligible repeat biopsy, defined
as ISUP Grade Group = 2. QuPath was evaluated only as a pathologist-guided measurement tool in selected positive cores and
was not used for autonomous cancer detection, grading, or slide screening.
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only in morphologically interpretable positive cores, par- extent was defined as the greatest continuous linear
ticularly when low-grade tumor burden was close to the dimension of invasive carcinoma in an evaluable core
institutional management trigger. Maximum linear tumor profile. In discontinuous tumor foci separated by clearly
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Figure 2.

Digital pathology and QuPath-assisted tumor-burden assessment workflow. Schematic representation of the operational digital pathology
pathway used for repeat prostate biopsy reassessment during active surveillance. H&E slides were digitized, quality-controlled, reviewed
independently by two genitourinary pathologists, and subsequently rereviewed by conventional microscopy after a prespecified washout
interval. Discordant or management-relevant cases underwent joint review, selective ancillary immunohistochemistry when needed, senior
arbitration, and integrated final classification. QuPath was used only for annotation and linear tumorHength/GPC documentation in selected

morphologically interpretable positive cores.
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benign tissue, only the largest continuous focus was
entered into the primary burden analysis unless integrat-
ed review supported continuity.

QuPath-derived GPC was calculated from the measured
tumor length and the corresponding evaluable core
length using the same dataset rule applied for reference
GPC.

Statistical analysis and ethics

Continuous variables were summarized as medians and
IQRs unless otherwise specified; categorical variables
were summarized as counts and percentages. Exact two-
sided 95% confidence intervals (Cls) were calculated for
main proportions. Agreement for cancer detection was
summarized by overall agreement and Cohen’s kappa.
GG agreement among cancer-positive slides was summa-
rized by quadratic weighted kappa because GG is ordinal.
The QuPath substudy used biopsy core as the unit of
analysis and compared QuPath-supported with reference
tumor-length measurements using absolute-agreement
intraclass correlation coefficient (ICC), Bland-Altman analy-
sis, and measurement-time comparisons. Because clini-
cally relevant discordant patient-level pairs were few, dig-
ital versus conventional microscopy differences were
interpreted descriptively rather than as formal superiority
or non-inferiority testing. This study was a retrospective

observational analysis based on archived diagnostic mate-
rial and de-identified clinicopathologic data. No addi-
tional procedure was performed for research purposes.
According to local institutional policy for retrospective
studies based exclusively on archived diagnostic material
and anonymized data, formal ethics committee approval
was waived. All patients had provided consent for diag-
nostic procedures and for use of anonymized clinico-
pathologic information according to institutional proce-
dures. The study was conducted in accordance with the
Declaration of Helsinki.

REsuLTS

Cohort, biopsy context, and digital quality

The final cohort included 38 men, 47 repeat biopsy ses-
sions, 846 biopsy cores, and 871 H&E slides. Median
patient age was 67 years (IQR, 64.3-72.0), median PSA
was 6.1 ng/ml (IQR, 5.3-7.3), median prostate volume
was 45.0 ml (IQR, 40.3-59.5), and median PSA density
was 0.132 ng/ml/cc (IQR, 0.123-0.133). The median
interval from diagnostic biopsy to the first eligible repeat
biopsy captured in the dataset was 12.0 months (IQR,
11.0-14.8). Baseline patient characteristics, biopsy-ses-
sion distribution, sampling context, and digital-slide
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composition are summarized in Table 1. Across all ses-
sions, the median number of biopsy cores per session was
18 (IQR, 16-20). Four targeted cores were included in
each combined systematic plus MRI-targeted session per-
formed for suspicious lesions. Pre- analytic digital quality
control identified 24/871 slides (2.8%) requiring repeat

scanning, mainly because of focal out-of-focus regions,
incomplete tissue capture near the section edge, or stitch-
ing artifacts. After rescanning, all included slides were
acceptable for review. Residual minor artifacts were
recorded descriptively in 29/871 slides (3.3%) and did
not preclude interpretation. Cancer was present on

Table 1.
Cohort characteristics, biopsy context, and clinical outcomes.
Variable Value
Cohort and biopsy context Patients included, n 38
First eligible repeat biopsies used for primary patient-level analysis, n 38
Total repeat biopsy sessions, n 47
Biopsy cores, n 846
Digitized H&E slides, n 871
Cancer-positive slides, n 9%
Positive core-level assessments after level consolidation, n 101
Clinical baseline Median age, years (IQR) 67.0 (64.3-12.0)
Median PSA, ng/ml (IQR) 6.1(5.3-73)
Median prostate volume, ml (IQR) 45,0 (40.3-69.5)
Median PSA density, ng/ml/cc (IQR) 0.132 (0.123-0.133)
Median interval from diagnostic hiopsy to first eligible repeat biopsy, months (IQR) 12.0 (11.0-14.8)
Sampling context Confirmatory first-repeat biopsies, n/N (%) 20/38 (52.6%)
Later surveillance first-repeat biopsies, n/N (%) 18/38 (47.4%)
Confirmatory sessions across all repeat biopsies, n/N (%) 20/47 (42.6%)
Later surveillance sessions across all repeat biopsies, n/N (%) 21/47 (57.4%)
Systematic-only sessions, n/N (%) 33/47 (70.2%)
Combined systematic + MRI-targeted sessions, n/N (%) 14/47 (29.8%)
Biopsy cores per session, median (IQR) 18 (16-20)

Targeted cores per combined MRI-targeted session, n 4

HAE slides per session, median (IQR) 18 (17-20)
Primary and protocol-linked outcomes Clinically significant upgrading on first eligible repeat biopsy, n/N (%) 7/38 (18.4%)
95% Cl for clinically significant upgrading 1.7-34.3

Upgraded cases classified as GG2, n 7
GG3 cases, n 0
Cribriform morphology, n 0
Intraductal carcinoma, n 0

Median maximum cancer core length in upgraded first-repeat biopsies, mm (IQR) 9.0 (8.0-10.6)

Median positive cores in upgraded first-repeat biopsies, n (IQR) 5 (5-6)
Median GPC in upgraded first-repeat biopsies, % (IQR) 60.0 (53.4-70.7)
Median maximum cancer core length in positive non-upgraded first-repeat biopsies, mm (IQR) 6.0 (5.36.2)

Median positive cores in positive non-upgraded first-repeat biopsies, n (IQR) 3(3-38)

Median GPC in positive non-upgraded first-repeat biopsies, % (IQR) 40.0 (35.5-41.2)
Exploratory protocol-linked reclassification on first eligible repeat biopsy, n/N (%) 11/38 (28.9%)
95% Cl for exploratory protocol-linked reclassification 15.4-45.9
Persistent higher-volume GG cases within the above category, n 4
Session-level and management context Clinically significant disease across all sessions, n/N (%) 9/47 (19.1%)
95% Cl for clinically significant disease across all sessions 9.1-333
Documented post-hiopsy management escalation across all sessions, n/N (%) 13/47 (21.7%)
95% Cl for documented post-biopsy management escalation 15.6-42.6
Digital quality control Slides requiring repeat scanning, n/N (%) 24/871 (2.8%)
Residual minor artifacts not precluding interpretation, n/N (%) 29/871 (3.3%)

AS = active surveillance; CI = confidence interval; GG = ISUP Grade Group; GPC = greatest percentage of cancer in the most involved core; H&E = hematoxylin and eosin; IQR = interquartile range; MRI = magnetic resonance
imaging; PSA = prostate-specific antigen. Protocol- linked reclassification used institution-specific criteria and should not be interpreted as a universal AS rule.
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96/871 slides, corresponding to 101 positive core-level
assessments after consolidation of duplicate levels from
the same core.

Primary endpoint and urologist-facing pathology output
On the first eligible repeat biopsy per patient, clinically
significant upgrading occurred in 7/38 men (18.4%; 95%
ClI, 7.7-34.3). All upgraded patients were GG2. No GG3
carcinoma was identified. No cribriform morphology or
intraductal carcinoma was identified in upgraded or non-
upgraded first-repeat biopsies. For urologic readability,
31/38 men did not show clinically significant upgrading,
whereas 7/38 crossed the clinically significant threshold
of GG 22. Among upgraded patients, the median maxi-
mum cancer core length was 9.0 mm (IQR, 8.0-10.6), the
median number of positive cores was 5 (IQR, 5-6), and
the median GPC was 60.0% (IQR, 53.4-70.7). Among
positive but non-upgraded first-repeat biopsies, the cor-
responding values were 6.0 mm (IQR, 5.3-6.2), 3 positive
cores (IQR, 3-3.8), and GPC 40.0% (IQR, 35.5-41.2).
These data are summarized in Table 1.

Protocol-linked reclassification and post-biopsy
management

Exploratory protocol-linked reclassification, defined as
GG = 2 or higher-volume GG1 according to the local AS
pathway, occurred in 11/38 men (28.9%; 95% CI, 15.4-
45.9). Four of these 11 men had higher-volume GGl
without GG 2 2 carcinoma. These cases explain why the
protocol-linked reclassification count was higher than
the clinically significant upgrading count: they were not
upgraded cancers, but they had tumor-burden features,
including clinically relevant GPC, that justified closer
surveillance in the local protocol. Across all 47 repeat
biopsy sessions, clinically significant disease (GG = 2)
was identified in 9/47 sessions (19.1%; 95% CI, 9.1-
33.3). Documented post-biopsy management escalation
followed 13/47 sessions (27.7%; 95% CI, 15.6-42.6).
This variable was used only to provide clinical context;
it was not interpreted as proof that one pathology work-
flow caused a treatment decision. Among the seven men
upgraded on the first eligible repeat biopsy, available
documentation showed escalation after all seven: radical
prostatectomy in four, radiotherapy- based treatment
in one, and intensified multidisciplinary surveillance in
two.

Digital versus conventional microscopy and
discordant cases

Raw slide-level agreement between digital review and
conventional microscopy for cancer detection was
856/871 slides (98.3%), with Cohen's kappa = 0.91. At
patient level, raw agreement for the primary endpoint
before integrated arbitration was 36/38 patients (94.7%),
with kappa = 0.80. Intermodality agreement, repro-
ducibility, adjudication, selective IHC, and QuPath find-
ings are summarized in Table 2. The two clinically rele-
vant discordant patients before arbitration are important
to interpret correctly. In one patient, the digital workflow
identified a limited GG2 focus that the conventional pre-
arbitration call did not identify. In the other patient, the
conventional workflow identified a limited GG2 focus

that the digital pre- arbitration call did not identify. The
maximum cancer core lengths in these two cases were 7.3
mm and 7.2 mm, with five and four positive cores,
respectively, and GPC values of 48.7% and 48.0%,
respectively. Neither showed cribriform morphology or
intraductal carcinoma. After integrated review, both were
classified as GG2 and both proceeded to radical prostate-
ctomy. Therefore, the discordance was not an Al error,
because no Al diagnostic classifier was used. It represent-
ed one pre-arbitration false-negative interpretive call in
each pathology workflow. The clinical implication is that
borderline upgraded foci should enter a transparent adju-
dication pathway; after integrated adjudication, no clini-
cally significant upgraded patient remained missed by
either workflow. Within the digital workflow, reader dis-
agreement on cancer detection before adjudication
occurred in 27/871 slides (3.1%; kappa = 0.85). Within
the conventional workflow, reader disagreement occurred
in 30/871 slides (3.4%; kappa = 0.83). On the 96 refer-
ence-positive slides, weighted kappa for GG assignment
against the integrated reference standard was 0.74 for the
digital workflow and 0.80 for the conventional workflow.
Discrepancies clustered in minute atypical foci, discon-
tinuous carcinoma at the edge of a core, and limited sus-
pected pattern 4 in scant tissue.

Selective IHC and QuPath-supported measurement
Selective THC entered the adjudication pathway in
18/871 slides (2.1%). THC resolved persistent uncertain-
ty in 15/18 slides (83.3%) and changed the provisional
diagnostic category in 6/18 slides (33.3%). Its role was to
support morphology in equivocal foci, not to screen all
biopsies. After consolidation of duplicate levels, 101 pos-
itive core-level assessments were screened for QuPath fea-
sibility. QuPath-supported measurement was technically
interpretable in 79/101 cores (78.2%) and non-inter-
pretable in 22/101 cores (21.8%). Reasons for non-inter-
pretability were discontinuous multifocal involvement,
marked fragmentation, severe folding or section distor-
tion, and extensive crush or edge artifact.

In interpretable cores, QuPath-supported measurements
showed high agreement with reference manual tumor-
length measurements, with an absolute-agreement intra-
class correlation coefficient (ICC) of 0.98.

Bland-Altman analysis showed a mean bias of +0.12
mm, with 95% limits of agreement from -0.72 to +0.95
mm. For GPC, the mean bias was +0.8 percentage
points, with 95% limits of agreement from -4.8 to +6.3
percentage points. In the independent second-observer
subset of 40 cores, interobserver ICC was 0.98 and the
coefficient of repeatability was 1.08 mm. Median meas-
urement time in this subset was 41 s with QuPath and
78 s with manual on-screen measurement. In the pre-
specified subset of 22 borderline low-grade positive
cores near the institutional trigger, QuPath changed the
provisional burden category in 7/22 cores (31.8%; 95%
CI, 13.9-54.9). A patient-level management-oriented
change was flagged in three patients. These findings sup-
port a selective documentation role for QuPath in bor-
derline GG1 disease, not a role in cancer detection or
Gleason grading (Table 2).
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Table 2.
Digital/conventional agreement, adjudication, selective IHC, and QuPath adjunct measurement.
Variable Value
Intermodality agreement Slides compared across modalities, n 871
Raw agreement for cancer detection, n/N (%) 856/871 (98.3%)
Cohen's kappa for cancer detection 091
Cancer-positive slides for GG comparison, n 9%
Weighted kappa for GG assignment versus integrated reference Digital 0.74; conventional 0.80
Raw patient-level agreement for primary endpoint before integrated arbitration, n/N (%) 36/38 (94.7%)
Patient-level kappa before integrated arbitration 0.80
Discordance and adjudication Clinically relevant discordant patient pairs before arbitration, n 2
Digital pre-arbitration false-negative upgraded patient, n 1
Conventional pre-arbitration false-negative upgraded patient, n 1
Clinically significant upgraded patients captured after integrated arbitration, digital workflow /1
Clinically significant upgraded patients captured after integrated arbitration, conventional workflow 1
Audit sample of concordant non-upgraded sessions reviewed independently, n 1
Additional clinically significant cases found in audit sample, n 0
Reader reproducibility and IHC Digital reader disagreement for cancer detection, n/N (%) 21/871 (3.1%)
Digital interobserver kappa for cancer detection 0.85
Conventional microscopy reader disagreement for cancer detection, n/N (%) 30/871 (3.4%)
Conventional microscopy interobserver kappa for cancer detection 0.83
Slides requiring joint review in digital workflow, n/N (%) 43/871 (4.9%)
Slides requiring joint review in conventional microscopy workflow, n/N (%) 40/871 (4.6%)
Slides requiring third-reader arbitration in digital workflow, n/N (%) 9/871 (1.0%)
Slides requiring third-reader arbitration in conventional microscopy workflow, n/N (%) 8/871 (0.9%)
Slides undergoing selective ancillary IHC, n/N (%) 18/871 (2.1%)
IHC resolved uncertainty, n/N (%) 15/18 (83.3%)
IHC changed provisional diagnostic category, n/N (%) 6/18 (33.3%)
QuPath feasibility Positive core-level assessments screened, n 101
Technically interpretable for QuPath-supported measurement, n/N (%) 79/101 (78.2%)
Non-interpretable, n/N (%) 22/101 (21.8%)
Reasons for non-interpretability, n Discontinuous multifocal involvement, 9;
marked fragmentation, 6;
severe folding or section distortion, 4;
extensive crush or edge artifact, 3
QuPath measurement Absolute-agreement ICC versus reference tumor- length measurement 0.98
Mean bias, QuPath minus reference, mm +0.12
95% limits of agreement, mm -0.72t0 +0.95
Mean GPC bias, QuPath minus reference, percentage points +0.8
95% limits of agreement for GPC, percentage points 4810 +6.3
Independent second-observer subset, n 40
Interobserver ICC 0.98
Coefficient of repeatability, mm 1.08
Median measurement time, QuPath vs manual on- screen MNsvsT8s
Borderline-core impact Borderline low-grade positive cores near institutional trigger, n 2
Cores in which QuPath changed provisional burden category, n/N (%) 7/22 (31.8%)
Patients with management-oriented change flagged by QuPath, n 3

GG = ISUP Grade Group; GPC = greatest percentage of cancer; IHC = immunohistochemistry; ICC = intraclass correlation coefficient; WS = whole-slide imaging.
The integrated reference standard was an adjudicated pathology reference, not an external histological gold standard. QuPath was not used for cancer detection, grading, slide screening, or treatment.

DiscussioN

This study addressed a practical question for AS: when
repeat prostate biopsies are reviewed digitally and by con-
ventional microscopy, does the digital workflow repro-
duce the pathology information that may change man-

agement? In this cohort, it did. Digital review closely
matched conventional microscopy for patient-level clini-
cally significant upgrading, while clinically relevant dis-
cordance before arbitration was uncommon and balanced
between workflows. The analysis was deliberately cen-
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tered on the information that matters most to urologists
managing AS: whether repeat biopsy shows clinically sig-
nificant upgrading, how many cores are positive, the
extent of tumor involvement, GPC in the most involved
core, the presence or absence of cribriform morphology
or intraductal carcinoma, and whether the overall find-
ings support continued AS, intensified monitoring, or
active treatment. In this setting, generic slide-level con-
cordance alone is not sufficient, because a single small
upgraded focus may be more clinically relevant than a
large number of concordant benign slides. A clinically
important point is that all upgraded patients in the final
dataset were GG2. No GG3 carcinoma was identified, and
no cribriform morphology or intraductal carcinoma was
recorded. This makes the cohort coherent with a real-
world AS reassessment setting in which the main man-
agement threshold is not high-grade disease, but the
recognition of limited GG2 carcinoma or higher-volume
GG disease that may justify escalation or closer surveil-
lance (5, 15, 25-28). The two discordant patients clarify
the meaning of the raw discrepancy. One limited GG2
focus was missed pre- arbitration by the digital workflow
and one limited GG2 focus was missed pre-arbitration by
conventional microscopy. These were not Al failures and
not clinical-management errors; they were difficult bor-
derline pathology calls, resolved by integrated review.
This balanced pattern argues against a systematic failure
of either modality, but it also argues against claiming that
WSI is superior to conventional microscopy for detecting
upgrading. The main value of the digital workflow was
therefore operational and documentary rather than
autonomous diagnosis. WSI supported easier slide
retrieval, review of cancer-positive slides, side-by-side
discussion in multidisciplinary settings, and more stan-
dardized annotation of small cancer foci. This is especial-
ly relevant because prostate-biopsy tumor extent and
biopsy/tumor-volume relationships are clinically informa-
tive but may vary among pathologists, potentially affect-
ing AS eligibility, reclassification, or treatment discussions
(10, 23, 28). GPC deserves specific emphasis. In AS, the
urologist is rarely interested only in whether a single
microscopic focus is present; the proportion of an
involved core occupied by carcinoma is often part of the
management conversation. By deriving GPC consistently
from the same measurement framework used for maxi-
mum cancer length, the present workflow provides a clin-
ically familiar variable in a reproducible and auditable
format. This is a more realistic use of digital pathology
than attempting to replace the pathologists morphologic
interpretation. The QuPath substudy supports this
restricted role. In interpretable positive cores, QuPath
showed excellent agreement with reference tumor-length
measurement, acceptable agreement for GPC, and short-
er measurement time. It also changed the provisional bur-
den category in a subset of borderline low-grade cores.
This does not mean that QuPath detected cancer or
assigned Gleason grade. Rather, it suggests that once the
pathologist has identified and graded a focus, digital
annotation may make the reporting of length and GPC
more reproducible. The data do not show that digital
review improves Gleason score interpretation. Weighted
kappa for GG assignment was high for both workflows

and numerically higher for conventional microscopy. This
should be stated clearly: final diagnosis and grading
remain the responsibility of the pathologist. Digital tools
may make measurement and documentation of a mor-
phologically recognized focus more reproducible, but
they should not be presented as tools that autonomously
detect prostate cancer, select treatment, or resolve limited
pattern 4 interpretation. This distinction is important
because dedicated Al studies in AS biopsies have shown
promising cancer-detection and workload-triage perform-
ance, but within task-specific algorithmic frameworks
that differ from the restricted QuPath measurement
approach evaluated here (33). Selective THC remained
important. In AS biopsies, avoiding overdiagnosis is as
important as avoiding underdiagnosis, because an equiv-
ocal minute focus may trigger anxiety, intensified follow-
up, or treatment discussion. The use of basal-cell markers
and AMACR/P504S only after morphological triage was
therefore consistent with standard prostate pathology
practice and prevented overcalling in several equivocal
foci (32). This study has some limitations. It is retrospec-
tive, modest in size, and conducted within a single insti-
tutional network. The same two primary readers partici-
pated in both workflows, although washout and blinding
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were used to reduce recall bias. The integrated reference
standard strengthened clinically relevant classification but
did not constitute an external histologic gold standard.
The higher-volume GGI trigger was institution-specific
and should not be interpreted as a universal AS rule.
Management escalation was interpreted cautiously
because discontinuation or intensification of AS is influ-
enced by clinical, radiological, pathological, and patient-
related factors rather than by pathology workflow alone
(35). Within these limits, the study supports a realistic
implementation message. A validated WSI workflow can
reproduce conventional microscopy for repeat-biopsy
reassessment in AS, provided that pathologist-led review,
selective THC, transparent adjudication, and restricted
use of digital measurement tools remain central to the
workflow.

CoONCLUSIONS

In this retrospective head-to-head workflow study, struc-
tured WSI review reproduced the patient-level clinically
significant upgrading signal obtained by conventional
microscopy in repeat prostate biopsies from men on AS.
The result supports clinical alignment between work-
flows, not technological superiority. For the pathologist
and the urologist, the practical advantages were clearer
workflow organization, easier reassessment of cancer-pos-
itive slides, faster measurement in selected positive cores,
and more reproducible documentation of tumor extent
and GPC. QuPath was useful only as a restricted meas-
urement aid in morphologically interpretable cores.
Gleason score interpretation, including the recognition of
limited pattern 4, remained pathologist-led.
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