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Abstract

Background: Digital pathology refers to the conversion of histopathology slides to digital image files for
examination on computer workstations as opposed to conventional microscopes. Prior to adoption, it is important to
demonstrate pathologists provide equivalent reports when using digital pathology in comparison to bright-field and
immunofluorescent light microscopy, the current standard of care.

Objective: A multicentre comparison of digital pathology with light microscopy for reporting of histopathology slides,
measuring variation within and between pathologists on both modalities.

Design: A blinded crossover 2000-case study estimating clinical management concordance (identical diagnoses plus
differences not affecting patient management). Each sample was assessed twice by four pathologists (once using

light microscopy, once using digital pathology, the order randomly assigned and a 6-week gap between viewings).
Random-effects logistic regression models, including crossed random-effects terms for case and pathologist, estimated
percentage clinical management concordance. Findings were interpreted with reference to 98.3% concordance (Azam
AS, Miligy IM, Kimani PKU, Magbool H, Hewitt K, Rajpoot NM, Snead DRJ. Diagnostic concordance and discordance
in digital pathology: a systematic review and meta-analysis. J Clin Pathol 2021;74:448-55. https://doi.org/10.1136/
jclinpath-2020-206764).

Setting: Sixteen consultant pathologists, four for each specialty, from six National Health Service laboratories.
Experience ranged from 3 to 35 years. Some were early adopters of digital pathology, but the majority were new to
digital pathology.

Interventions: Eight viewings per sample (four pathologists with light microscopy and with digital pathology),
culminating in a consensus ground truth, enabling measurement of agreement within and between readers. Samples
enrolled reflected routine practice, included cancer screening biopsies, and were enriched for areas of difficulty

[e.g. dysplasia (7, 10, 11)]. State-of-the-art digital pathology equipment designed for diagnosis, and holding either
Conformité Européene or Food and Drug Administration approval, was used.

Main outcome: Intra-pathologist variation between reports issued on digital pathology and light microscopy, inter-
pathologist variation against ground-truth diagnosis using light microscopy and digital pathology.

Secondary outcomes: Pathologist-recorded reporting times, along with their confidence in diagnosis, analysis of eye-
tracking evaluating examination techniques, and a qualitative study examining attitudes of pathologists and laboratory
staff to digital pathology adoption.

Results: Two thousand and twenty-four cases (608 breast, 607 gastrointestinal, 609 skin, 200 renal) were recruited,
with breast and gastrointestinal including screening samples [207 (34%) breast, 250 (41%) gastrointestinal]. Overall,

in light microscopy versus digital pathology comparisons, clinical management concordance levels were 99.95% (95%
confidence interval 99.91 to 99.97). Similar results were observed within specialties [breast: 99.40% (95% confidence
interval 99.06 to 99.62); gastrointestinal 99.96% (95% confidence interval 99.89 to 99.99); skin 99.99% (95%
confidence interval 99.92 to 100.0); renal 99.99% (95% confidence interval 99.57 to 100.0)], and within screening
cases [98.96% (95% confidence interval 98.42 to 99.32), breast 96.27% (94.63 to 97.43), gastrointestinal 99.93% (95%
confidence interval 99.68 to 99.98)]. Reporting time between digital pathology and light microscopy was similar, but
pathologists became faster on digital pathology with familiarity. Pathologists recorded high levels of confidence in their
diagnosis with light microscopy, significantly higher than digital pathology.

Limitations: Cytology cases and specialty groups outside those tested were not examined. The study used two digital
pathology scanning systems. Other systems available on the market were not tested.

Conclusions: Clinical management concordance levels between the two modalities exceed the reference 98.3% in
breast, gastrointestinal, skin and renal specialties, and pooled breast and large bowel cancer screening cases. Subgroup
analysis of clinically significant differences revealed a range of differences including areas where interobserver variability
is known to be high, which were distributed between reads performed with both platforms and without apparent trends
to either.
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ABSTRACT

Future work: The use of digital pathology for cytology samples remains an area for further research.
Study registration: This study is registered as ISRCTN14513591.

Funding: This award was funded by the National Institute for Health and Care Research (NIHR) Health Technology
Assessment programme (NIHR award ref: 17/84/07) and is published in full in Health Technology Assessment; Vol. 29,
No. 30. See the NIHR Funding and Awards website for further award information.
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Plain language summary

athologists use a microscope to examine tissue samples, called light microscopy. This enables them to make the
diagnosis, give information on treatment and provide prognosis to clinicians. The reports made by pathologists
are interpretations of what the slides are showing, and this can be extremely difficult, so differences in interpretation
between pathologists occur quite often. Asking colleagues’ opinion on cases is one of the best ways of recognising and
reducing these differences in interpretation. Digital pathology is a process of converting microscope slides to computer
image files.

Digital pathology allows some advantages to pathologists, namely: to move cases easily between pathologists, for
example to get a case seen by the next available pathologist who can report it, to view the cases at any location, for
example work from home or report cases for a distant laboratory with a shortage of pathologists, to confer easily with
multiple colleagues on difficult cases, and to rapidly check diagnoses made on previous samples the patient may have
had. As a result, digital pathology could potentially lead to safer more efficient working.

In order to use digital pathology in practice, we need to know pathologists produce equivalent reports as compared to
light microscopy.

This study compared light microscopy with digital pathology in examining 2024 samples from breast, gastrointestinal,
including cancer screening samples, skin and kidney.

Most samples recruited (80%) were routine, but at least 20% of cases were challenging cases.

Pathologists worked in teams examining the same series of cases twice once through light microscopy and once
through digital pathology with viewings separated by 6 weeks and the order randomised.

Differences in reports were arbitrated to establish if they would have changed treatment (significant) or not
(insignificant). Pathologists reviewed all the significant differences to decide the ground truth. Statistical analysis
measured the agreement between light microscopy and digital pathology in comparison to a reference point of 98.3%
agreement derived from a previous study.

The results show an agreement overall of 99.95%. Specialty groups showing: breast 99.4%, gastrointestinal 99.96%,
skin 99.99% and renal 99.99%. Cancer screening cases showed overall agreement was 98.96%, and in breast 96.27%
and large bowel 99.93%.

In comparison to ground truth, the differences between pathologists were similar with light microscopy and
digital pathology. Analysis showed the differences detected occurred in entities known to produce differences in
interpretation between pathologists.

The study shows that pathologists give equivalent diagnoses when using digital pathology as they would using light
microscopy. The differences detected are those you would expect to see in any event due to interpretable nature of
examining these samples.

Copyright © 2025 Snead et al. This work was produced by Snead et al. under the terms of acommissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access
publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and
for any purpose provided that it is properly attributed. See: https://creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals
Library, and the DOI of the publication must be cited.
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SCIENTIFIC SUMMARY

Scientific summary

Background

There is considerable interest in the development of digital pathology (DP) as a means of reporting histopathology
samples. The flexibility that electronic distribution of the reporting workload permits is seen as an important
development to improve quality and efficiency of histopathology, which is currently a major cause of delay in many
cancers as well as many other chronic disease pathways. Previous studies have not reported on cancer screening
samples and include few large (1000 plus cases) multisite studies. In addition, some studies have shown there may be
important differences in the way pathologists report cases on DP compared with light microscopy (LM), particularly
with reference to identifying bacteria, grading dysplasia, recognising calcium oxalate crystals or small nodal metastases.
Concerns over the quality of evidence supporting DP in cancer screening samples led to an embargo on the use of the
technology for reporting these samples pending further data, which remains in place.

Additional interest lies in understanding how transformational change of this character will be seen by pathologists

and laboratory technicians and how it may impact on existing laboratory workflow. The change to DP requires capital
investment in slide scanning equipment, workstations, computer servers and networking infrastructure, all of which will
place considerable strain on already overstretched information technology resources. Therefore, there is considerable
interest in how these investment costs may be offset by improved efficiency in the service, particularly in whether DP
provides any advantage to the speed of reporting slides over conventional LM. Finally, since in radiology, which as a
diagnostic imaging modality shares some parallels with DP, the use of eye-tracking studies has led to an understanding
of how poor examination technique can contribute to errors in screening images, we were interested to learn if similar
approaches may be relevant to DP.

Objectives

The primary objective was to estimate intra-pathologist agreement between reports issued on DP in comparison to
LM. The secondary objectives were to estimate inter-pathologist agreement for LM reports, estimate inter-pathologist
agreement for DP reports and compare diagnosis confidence for LM and DP reports.

A qualitative study to understand the views of pathologists and technicians on the impact DP on laboratory practice
was conducted before and during the study. A health economics study analysed measurements made on how long
the reporting of cases took using DP in comparison to LM, and an eye-tracking study examined different pathologists’
examination techniques using DP.

Methods

The main study was a multicentre validation comparison study, with a blinded crossover design measuring intraobserver
variability of pathologists’ diagnoses of histopathology samples using LM and DP and interobserver variability measuring
pathologists’ diagnoses on LM and DP against consensus ground truth (GT). Pathologists recorded confidence of
diagnoses made on a seven-point Likert scale, and recorded the time taken to report the cases. A questionnaire survey
was undertaken examining the viewpoints of a range of pathologists and laboratory technicians at the start and

during the course of the study. Eye tracking of pathologists was undertaken on a subset of study cases examining the
technique used by different pathologists.

Equipment and training

Two DP systems, designed for high-throughput scanning of histopathology slides, were used to digitise the slides
which were stored on image repositories provided by the manufacturers. Whole slide images were examined on

Xiv
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computer workstations matching the manufacturer's specifications, via internet-enabled connections to the servers.
All pathologists received training on the use of the DP system which followed the Royal College of Pathologists best
practice guidance. Reporting of cases was carried out by pathologists blinded to the reference diagnosis, the reports
of other pathologists and, in the second view, from their initial report of the case. All annotations made on the slides
were hidden from the other pathologists. The 6-week gap between viewings was managed independently by the trial
management team.

Samples

In breast, gastrointestinal (Gl) and skin, the majority (80%) of cases were recruited from the laboratories taking part in
the study as sequential cases. These were enriched by 20% of cases from conditions or sample types deemed to be
either moderately difficult or difficult. Renal sequential cases were used without enrichment for difficulty.

Arbitration

Reports issued by the study pathologists were compared by independent reviewers blinded to the pathologists and
modality. Differences detected were reviewed by an independent arbitration team blinded to the pathologist and
modality into differences which alter management of the patient (clinically significant) and those which would not
(clinically insignificant). The arbitration team included clinical colleagues to assist in deciding if differences were
significant or not.

Primary and secondary end points

The primary end point was intra-pathologist clinical management concordance (CMC) meaning identical diagnoses
plus differences which do not affect patient management in LM compared to DP. Secondary end points were inter-
pathologists’ CMC of LM and DP compared to GT, the level of complete concordance between the two modalities and
pathologists, and the pathologist’s rating of the confidence of their diagnosis on a seven-point Likert scale.

Sample size

Target recruitment was 2000 cases: 600 cases each for breast, skin and Gl specialties, and 200 cases for renal. Sample
size adequacy was based on getting a precise estimate [narrow confidence interval (Cl)] for percentage CMC. The

mix for routine cases, moderately difficult to read cases and difficult cases was assumed to be 70%, 20% and 10%,
respectively. Percentage CMC for routine and difficult cases were assumed to be respectively 98.8% (Snead et al.,
2016) and 55% (based on 40-70% range found in literature), and 75% for moderate cases (mid-point between routine
and difficult). Consequently, the overall percentage CMC was assumed to be 90%. There were four LM versus DP
comparisons arising from four pathologists diagnosing each case and intraclass correlation (ICC) was assumed to be
0.8 so that the design effect was [1 + ICC (comparisons per case - 1)] = 3.4. We took 2400 (600 x 4) breast reports

to correspond to 705 (2400/3.4) independent reports to give a margin of error of 2.2%. So, precision was high while
analysing breast, skin and Gl specimens separately. Due to smaller sample size, for renal, the margin of error was 3.1%.

Statistical analysis

An intra-pathologist agreement was estimated by computing percentage LM versus DP CMC using a random-effects
(RE) logistic regression model with crossed RE terms for pathologist and case. A logistic regression model was used
because the outcome was binary, whether there was CMC between LM and DP diagnoses or not, and the RE terms
were crossed because within a specialty, each pathologist reported all cases, and each case was reported by all four
pathologists so that there was no nesting. The percentage CMC obtained was referenced to 98.3%, the pooled
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percentage CMC in a recent meta-analysis. Inter-pathologist agreement for LM reports was estimated by computing
ICC from a RE logistic regression model with crossed RE terms for pathologist and case with the outcome being
whether there is LM versus GT CMC. The ICC to quantify inter-pathologist agreement for DP reports was computed
using a similar model. Diagnosis confidence level was one of seven consecutive integer scores. Therefore, because
diagnosis confidence scores could not be assumed to be normally distributed, a RE generalised Poisson model with
crossed RE terms for pathologist and case was used to analyse the scores. Rate ratio of LM and DP Poisson mean rates
from this model was used to make inferences on the difference between LM and DP diagnosis confidence. The analysis
was performed on all cases and repeated in subgroup analysis by specialty, case difficulty and by screening.

Inclusion/exclusion criteria

The majority of cases were chosen from sequential histopathology cases within the relevant specialty group, entering
the recruiting laboratories. Samples with either broken or missing slides, or with missing clinical data were excluded;
oversized slides from cases with megablocks were excluded. Cases where a prior sample was important to the
interpretation of the study sample were also excluded.

Results

A total of 2024 cases were included in the study. These comprised 608 breast, 607 Gl, 609 skin and 200 renal. Cancer
screening samples from the breast cancer screening service numbered 207 (34%) and there were 250 (41%) samples
from the large bowel cancer screening programme. Overall, the primary end-point LM versus DP comparisons showed
CMC levels were 99.95% (95% Cl 99.91 to 99.97). Similar results were observed within specialties groups, namely,
breast 99.40% (95% Cl 99.06 to 99.62); Gl 99.96% (95% Cl 99.89 to 99.99); skin 99.99% (95% Cl 99.92 to 100.0);
and renal 99.99% (95% Cl 99.57 to 100.0). Within cancer screening cases, overall CMC was 98.96% (95% Cl 98.42 to
99.32), breast 96.27 (94.63 to 97.43), large bowel 99.93 (99.68 to 99.98).

Pathologists recorded high levels of confidence in all specialty groups, with higher confidence seen in LM compared
with DP, although this was not statistically significant.

The qualitative study showed there were a range of views expressed on the impact of DP. In order to achieve wide
acceptance, it is important DP needs to integrate seamlessly into the laboratory workflow. The advantages DP offers
will not be realised if on implementation pathologists and/or technicians have to constantly move between systems to
complete tasks or if networking speed impacts the systems performance. The need for accurate data on the benefits
of DP is likely to be important in helping laboratories make the decision to transition to DP. Successful implementation
requires careful planning avoid the many potential pitfalls.

The health economics study showed no clear advantage with either modality, but clear evidence about pathologists’
speed in reporting with DP improved over the course of the study. While there are likely to be considerable benefits
in transitioning to DP, the differences in time taken to report cases between the two modalities appear very small and
probably insignificant.

The eye-tracking study showed that a collection of data relating to slide examination is feasible and there was a clear
correlation between experience and diagnostic accuracy. There were differences in examination technique between
experienced and less experienced pathologists, with the latter showing greatly more efficient slide examination, and
more use of low and intermediate power, with targeted use of high-power objectives. Experienced pathologists were
quicker to recognise features and move on than less experienced pathologists.

Conclusions

This is the first study to comprehensively examine intra-pathologist and inter-pathologist variability using LM and DP
compared to a consensus GT on the same set of slides, and the first study to examine cancer screening samples. The
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results show pathologists give equivalent results with either modality in all the areas studied. No trends to favour either
modality were identified, even concerning the identification of small objects such as the detection of Helicobacter pylori
or the grading of dysplasia.

The study provides definitive evidence that pathologists provide equivalent results when using DP as they would using
LM. However, pathologists did show a trend to increased confidence using LM compared with DP which did not reach

statistical significance, but which may reflect the improved resolution of this modality, and/or increased familiarity with
LM.

This is also the first study to assess DP as a means of reporting native and transplant renal biopsies, including
assessing fluorescence-stained slides. This is a potentially transformational technology for this specialty. Renal biopsies
represent a small-volume, highly complex area of diagnostic pathology. Providing adequately trained pathologists

to serve the needs of these patients across the country is a major challenge, even more so to provide cover out of
hours which is needed to support the care of renal transplant recipients in need of urgent assessment. The results,
particularly from the renal biopsy cases which demand fine resolution for interpretation, suggest DP is very likely to be
suitable for other specialty areas with similar demands, such as haematopathology and neuropathology. Furthermore,
immunofluorescence-stained sections are non-permanent. DP provides a potential solution for all these challenges,
enabling difficult cases to be shared with experts many miles distant from the host laboratory, thereby providing

the basis for a more resilient service 24/7. Finally, DP images provide, for the first time, a permanent record of the
fluorescence-stained sections performed as a routine on native biopsies.

Study registration

This study is registered as ISRCTN14513591.

Funding

This award was funded by the National Institute for Health and Care Research (NIHR) Health Technology Assessment
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Chapter 1 Introduction

Background

Histopathological diagnosis is an integral component of a patient care pathway as it provides clinicians with
understanding of a patient’s disease at the cellular level. This vital diagnostic information aids the process of therapeutic
decision-making for patients. The mainstay of this diagnostic process remains light microscopic (LM) examination of
tissue sections.

Increasing workload remains a global problem for pathology laboratories due to advances around early detection of
cancer, improved life expectancy, expanding cancer screening programmes, more molecular tests and allied ancillary
tests.!> In this context, the most efficient use of limited cellular pathology workforce has become increasingly vital, to
maintain standard of care and patient safety.®

Scanning histopathology slides with high-resolution digital cameras, and stitching these images together, enable
pathology slides to be examined with computer workstations analogous to radiology workstations. The process of

using digital whole slide images (WSI) as a means of examining pathology slides has been termed digital pathology

(DP) and has experienced exponential growth over the past decade.” It offers several potential benefits to pathology
departments. DP allows the pathologist to view the slides remotely from their site of production, thereby allowing work
to be moved easily between pathologists, to assist flow, provide multidisciplinary, expert or out-of-hours’ review, or
review where patients move between sites for treatment.®-2° DP thereby provides almost limitless flexibility of workload
allocation, including distribution to remote sites - a factor exploited by many laboratories in response to the COVID-19
pandemic.'? Digital slide archives can also provide instant retrieval of prior slides saving laboratory technician time and
transport costs and enable analysis of pixel data contained in the images to be exploited to develop aids to improve
diagnostic accuracy, efficiency and enhanced prognostic and predictive information.*?'3 DP can therefore benefit
patients in several ways; increased efficiency leads to quicker results and freeing up budget to spend in other ways,

for example through introduction of artificial intelligence (Al) algorithms to assist pathologists give more accurate and
reproducible results. Indeed, the digitisation of slides permits these algorithms to be used at all. The ability to share
cases with colleagues or refer cases to hub centres where patients will be treated and to review prior samples quickly
and easily will all help reduce delays and increase overall accuracy, thus giving patients the benefit of more reliable
accurate results. DP hitherto has been used extensively for teaching and external quality assessment (EQA),** but its use
in routine reporting of slides has only been delivered recently in a small number of laboratories.>-2°

Any novel technology replacing an existing standard requires definitive evidence of comparable accuracy, as well

as evidence of gains in efficiency and cost-effectiveness. Multiple studies have assessed comparison of LM to DP;
although many contained small numbers of cases (< 1000), there have been some large-scale studies aimed at
providing evidence for clinical adoption.?*>2! A recent meta-analysis demonstrated high concordance rates between
the digital and glass readings in these studies.?? However, the majority (92%) of those studies were performed at

a single institution, and without enrichment for challenging cases or samples from cancer screening programmes,
leading to concerns over the use of DP in this setting. Additionally, to date, no studies have evaluated the accuracy
of DP for samples from medical renal biopsies or immunofluorescence slides, a specialty comprising highly complex
and low-volume samples where DP may prove to have important benefits in providing improved access to specialist
expertise. The impact of DP on productivity and efficiency has not been studied, so the return on investment is
unknown preventing business case development. Reluctance among pathologists to use DP is partly based on a lack of
comprehensive multicentric evidence proving that DP is safe to use for primary diagnosis. Reluctance to change may
also be due to the fear of adopting unfamiliar technology.

Pathological assessment of histopathology slides depends on the interpretation of histomorphological features of the
sample in light of the clinical setting and is subject to both inter- and intraobserver variation. The studies comparing DP
with LM published to date lack rigorous assessment of both inter- and intraobserver variation, making an assessment of
equivalence between the two platforms difficult.
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INTRODUCTION

In this study,?®?* we performed a multisite comparison of pathologists’ ability to provide reports on cases using LM

and DP with WSI. This included a mix of routine cases, cancer screening samples, biopsies and resections, as well as
complex cases known to contain challenging lesions. The study included breast, gastrointestinal (Gl), skin and renal
specialties with consultant pathologists experienced in reporting these samples. The primary aim was the intraobserver
agreement for pathologists’ diagnoses using DP as opposed to LM using a cohort of cases where we could also measure
the interobserver variability.

Existing research

In order to identify relevant literature pertaining to studies that compared DP with LM for diagnostic purposes, a
comprehensive systematic review and meta-analysis were performed to analyse the existing evidence on safety and
reliability of DP.2? The search encompassed databases such as PubMed, MEDLINE, EMBASE, Cochrane Library and
Google Scholar, with a focus on publications from 2013 to August 2019. The search protocol was designed to identify
studies comparing DP with LM for diagnostic purposes (primary or secondary). Studies involving other uses of DP
(education, image analysis, research) as well as those primarily involving immunohistochemistry and frozen section
slides were not included. To ensure the inclusion of all potentially relevant articles that may not have been identified
in the aforementioned search, a supplementary manual search was conducted. This manual search involved forward
citation tracking and a thorough examination of the references cited in the included studies. A comprehensive data
extraction protocol was developed based on the Cochrane Effective Practice and Organization of Care template.

This review adhered to the guidelines outlined by the Preferred Reporting Items for Systematic Review and Meta-
Analyses. The review protocol was registered with the International Prospective Register of Systematic Reviews
(PROSPERO) and was assigned registration number CRD42019145977 in the PROSPERO database, which is
maintained by the Centre for Reviews and Dissemination at the University of York, England. The evaluation of individual
study quality and the assessment of potential bias were conducted using the Quality Assessment of Diagnostic
Accuracy Studies (QUADAS 2) tool, as recommended.

The initial systematic literature search yielded a total of 994 records. Following the removal of duplicate results, the
abstracts of 828 records were assessed for eligibility. Through this eligibility screening process, 45 research studies
were identified for full-text review. Ultimately, 25 of these articles met the criteria for inclusion in the review. The
results showed a range of DP versus LM percentage agreement from 92.3% to 100%, with the majority (23/25) having
concordances above 95%. The pooled percentage agreement for overall concordance was 98.3% [95% confidence
interval (Cl) 97.4 to 98.9] across 25 studies included in the meta-analysis. Our findings also brought attention to the
potential diagnostic challenges encountered on the digital platform. A categorisation system was devised to group all
diagnostic discrepancies as major or minor, considering their clinical significance. This approach successfully identified
reported challenges associated with DP. The valuable insights derived from these data were employed in this study to
guide the selection and enrichment of the study sample.

Research objectives

Primary objective

e The primary objective of this study was to compare pathologists’ diagnoses made by LM with the same pathologists’
diagnoses of the same sample (intraobserver concordance) using DP.

Secondary objectives
e Compare DP with LM in reporting of histopathology slides to measure variation between pathologists on both

modalities (interobserver concordance).
e Measure the confidence in pathologists’ diagnoses made with LM and DP.
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Substudies objectives

e Explore the difference in speed of reporting of cases using LM in comparison to PD to assess any likely costs and
benefits associated with DP compared with LM using a health economic evaluation.

e Explore the existing views of the pathology staff (pathologists and technicians) and the impact of introducing DP
(migration from LM to DP) on pathologists and laboratory workforce with a view to understanding the barriers and
facilitators to DP.

o Determine how the study pathologists examine DP images of different pathology modalities to establish how the
techniques used to examine these images contribute to error in their interpretation.
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METHODS

Chapter 2 Methods

Study design

The study was designed incorporating principles outlined in documents published by the Royal College of Pathologists
and the College of American Pathologists.?>2¢ This multicentre validation comparison study used a blinded crossover
design which compared pathologists’ diagnoses of histopathology samples using LM and DP. Teams of four pathologists
across each of the four specialty groups independently analysed the same cases and slides using both the LM and DP
modalities, separated by a ‘washout’ period of a minimum of 6 weeks (Figure 1). The order of the platform used was
randomised. For each read, pathologists were provided with identical clinical details and macroscopic descriptions, and
were blinded to the original report, their previous read and the reports of other pathologists. All pen marks on the slides
were removed and annotations made using the digital platform were not visible to any other pathologist. All reports

on each of the study cases were compared for differences by a team of reviewers. All differences detected were sent
for arbitration.

The Health Research Authority (HRA; National Health Service, UK) approved the study protocol and all subsequent
amendments. The co-ordinating centre (UHCW NHS Trust Coventry) was responsible for leading all aspects of

the study. The Study Steering Committee (SSC) included an independent chair, the chief investigator and patient
representatives, which provided oversight of the study.

[ Sample enrolment ]

A 4

[ Reporting pathologist ]

Randomisation
first view DP or
LM

Study LM diagnosis Study DP diagnosis

Path 1 Path 2 Path 1 Path 2
Six-week

washout period

Path 3 Path 4 Path 3 Path 4

Consensus diagnosis

(GT)
Agreement Agreement Agreement
between GT and between LM and between GT and
LM diagnosis DP diagnosis DP diagnosis

FIGURE 1 Study design. GT, ground truth; Path, pathologist.
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Ethics and research and development approvals

The study protocol and amendments were reviewed and approved by HRA and Research Ethics Committee (REC).
International Standard Randomised Controlled Trial Number (ISRCTN) number 14513591, Integrated Research
Application System (IRAS) number 258799. The study raised minor ethical concerns, namely the use of patient data and
slides without consent, and the potential for identifying a discrepancy in reporting which may be relevant to ongoing
care of the patient. In regard to the latter point, all clinically significant differences between the ground truth (GT)

and reference diagnosis (RD) were notified back to the originating trust for assessment as to whether they had any
relevance to the care of the patient.

Protocol amendments
There were two non-substantial amendments on the study protocol; see details in Table 1.

Sponsorship
University Hospitals Coventry and Warwickshire NHS Trust is the sponsor of the study.

Patient and public involvement

A patient and public involvement (PPI) group was formed at the design concept and members advised on the trial
design, areas of pathology to be included in the study, the plan of how the validation of digital microscopy should be
conducted, the size of the study and the approach to enrichment with difficult samples, the practicalities around using
prospective and retrospective samples, and the ethical considerations around the lack of patients’ consent. The group
stated the importance of feeding back to pathologists at sites any important clinical discrepancies found in the study
which could result in a change of patient management. It was agreed that any discrepancies which would not result in a
change of clinical management need not be reported back.

TABLE 1 Protocol amendments

Protocol version Protocol date Details of amendment
V1.0 29 May 2019 N/A
V2.0 8 October 2020  Non-substantial amendment 2 (NSA2)

Updates to ‘Sample pathway’ section, including:

e Addition of Coventry to the list of sites enrolling breast cases

e Removal of quota of cases for each site to enrol

e Clarification that we will be recruiting at least 200 cancer screening biopsies for each of the
breast and Gl specialties
(Previous wording: a total of 600 samples including 200 cancer screening biopsies)

e Clarification of processes, including provision of pseudonymised reference reports for renal
cases

Removal of Kappa statistic (KS) measure from ‘Statistical analysis’ section

Removal of the paragraph regarding the breast radiology PERFORMS scheme from the ‘Health

economics evaluation’ section

Update to timelines for the qualitative study

Update to ‘Data shared with third parties’ section to include sharing of digital images (and relevant

descriptive variables) for reference and teaching purposes

Update to ‘Ethical approval’ section to confirm that REC approval is in place (previously it was

thought that the study did not require REC approval)

Update to ‘Study timetable and milestones’ section

V3.0 21 September Non-substantial amendment 6 (NSA6)
2022 ‘Contact details’ have been amended to reflect changes within the study team

Update to ‘Introduction’ section to provide further description of the report comparison process
Update to ‘Data shared with third parties’ section to provide details of PathLake and how data will
be shared with PathLake, including timelines and usage of study data
Update to ‘Study timetable and milestones’ section, dates have been amended to reflect delays
caused by COVID-19 pandemic. Additional milestones including SSC meeting and revised study
end date
Update to ‘Publication’ section to include plans to measure the impact of the study by sending out
surveys to other centres in the UK
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The group agreed to support the study throughout including monitoring and dissemination, with two members
co-opted onto the SSC, one member assigned to make a patient video and all members commenting on progress
reports and the final report. The group agreed to help with the dissemination of results to include infographics and a
patient summary.

Cases

A total of 2000 histopathology samples was targeted reflecting routine laboratory workload across the four subspecialty
areas: breast, Gl tract, skin and renal - including cancer screening biopsies (Gl and breast) and enriched with 20%

cases considered either difficult or moderately difficult to report. Each subgroup agreed the parameters of cases to

be included in the moderately difficult and difficult categories prior to recruitment (Table 2). Study pathologists were
provided with a detailed sample selection protocol which was aided by the findings of a comprehensive literature review
to identify cases known to present challenging diagnoses on DP and also identify potentially difficult diagnoses that had
not been studied in the previously published literature.?? All renal biopsy samples were deemed to be difficult due to

the inherently complex nature of these biopsies, and all were procured from a single specialist centre. In the remaining
groups, cases were enrolled from each of the five participating sites, according to an agreed target number.

For the breast, Gl and skin specialties, consecutive cases reflected the bulk of the routine workload of a pathologist.

For breast cases, it was agreed that special stains (like Congo red, Giemsa, Gram, ZN, Warthin starry or fungal stains)
would be included; however, immunocytochemistry for microorganisms [herpes simplex virus (HSV), cytomegalovirus
(CMV)], very small tumour deposits in sentinel nodes were not included. The sample sites included breast, axillary node,
or nipple biopsies. Cases with histological diagnosis of lymphoproliferative disorders and re-excision specimens were
excluded. Estrogen receptor (ER) and progesterone receptor (PR) slides were included (if available) but human epidermal
growth receptor 2 (Her2) slides were not included. Moderately difficult cases included excision samples for cancer
resections including wide local excisions, mastectomies, cavity shaves or lymph nodes excision. Difficult cases included
diagnostically challenging biopsies with an anticipated increased degree of interobserver variability and identified areas
of difficulty in digital modality. Examples included diagnostic biopsies for lesions with calcium oxalate (Weddellite
calcification), diagnostic category B3/B4, low-grade ductal carcinoma in situ (DCIS), atypical hyperplasia, sclerosing and
papillary lesions, and lymph nodes with micrometastasis (without immunocytochemistry).

For Gl cases, special stains/immunohistochemistry were not included. The biopsy sites included the oesophagus,

stomach, small bowel, colon and anal canal. Appendices and gallbladders were also included. Polyp biopsies included
screening as well as non-screening cases. The case mix represented normal histology, inflammatory, benign or malignant

TABLE 2 Distribution of samples as per specialty, sample size, enrolment site and level of difficulty

Specialty  Sample size Enrolling sites Case mix

Skin 600 Coventry 480 - Routine samples including biopsies and BCC excisions
Belfast 60 - Moderately difficult samples including complex cancer resections for SCC,
Lincoln malignant melanoma, Merkel cell carcinoma, lymph node excisions

60 - Difficult diagnoses, for example, challenging melanocytic and spindle cell lesions,
microorganisms, amyloid, subtle dysplasia, early invasive malignancy etc.

Breast 600 Nottingham 480 - Routine biopsies including at least 200 breast cancer screening cases
Belfast 60 - Moderately difficult samples including complex cancer resections (wide local
Lincoln excision or mastectomy)
Coventry 60 - Difficult diagnoses, for example, micrometastasis, B3 lesions, B4 lesions, atypical

hyperplasia, low-grade DCIS, sclerosing and papillary lesions or calcium oxalate
(Weddellite calcification) etc.

Gl 600 Belfast 480 - Routine upper and lower Gl biopsies including at least 200 bowel cancer
Coventry screening cases
Nottingham 60 - Moderately difficult samples including complex cancer or non-cancer resections

60 - Difficult diagnoses, for example, polyp cancers, microorganisms, inflammatory
bowel disease, minimal change colitis, graft vs. host disease etc.

Renal 200 Oxford Native and transplant renal biopsies including immunofluorescence

6

NIHR Journals Library www.journalslibrary.nihr.ac.uk



DOI: 10.3310/SPLK4325 Health Technology Assessment 2025 Vol. 29 No. 30

diagnoses. Multipart cases were included in the study. Cases with histological diagnosis of lymphoproliferative disorders
were excluded. Moderately difficult cases included excision samples for malignant (oesophagectomy, gastrectomy,
colectomy, anterior resection/abdomino-perineal resection (AR/APER) and neuroendocrine tumour excisions) and
benign [excision for inflammatory bowel disease (IBD), diverticulosis, ischaemic bowel, etc.] diagnoses. Difficult cases
included diagnostically challenging biopsy cases with an anticipated increased degree of interobserver variability and
identified areas of difficulty on digital modality. For the purpose of adequate case mix, there were three categories:

(1) dysplasia or malignant diagnoses including oesophageal dysplasia, polyp cancer, focal tumour invasion, goblet cell
carcinoid, etc. (2) inflammatory or infectious conditions including minimal change colitis, granulomatous inflammation,
challenging cases of inflammatory bowel disease, microorganisms (giardia, HSV, CMV, fungi, Helicobacter pylori, etc.);
and (3) others including graft versus host disease, amyloid, etc.

For skin cases, special stains (like Congo red, Giemsa, Gram, ZN, Warthin starry or fungal stains) were included;
however, immunocytochemistry for microorganisms (HSV, CMV), very small tumour deposits in sentinel nodes were
excluded. Examples of routine cases included seborrheic keratosis, cysts, and biopsy samples for common benign

and malignant diseases, and excision specimens for basal cell carcinomas (BCCs). Cases with clinical impression or
histological diagnosis of lymphoproliferative disorders and re-excision specimens were not included. Moderately
difficult cases included excision samples for non-BCC malignancies, for example, squamous cell carcinoma (SCC),
melanoma, adnexal carcinoma, Merkel cell carcinoma as well as lymphadenectomy specimen associated with melanoma
or SCC. Difficult cases included biopsy samples for diagnostically challenging cases, with an anticipated increased
degree of interobserver variability, such as inflammatory dermatosis and identified areas of difficulty on digital modality
such as viral and bacterial infections, and difficult melanocytic lesions.

All renal cases were deemed difficult. The case mix was a mixture of native (requiring special stains and
immunofluorescence) and transplant renal biopsies (requiring special stains and immunocytochemistry).

All slides were included for all biopsies and most resection samples. For some larger breast and Gl resection samples
(> 10 blocks), pathologists had the option to select representative slides deemed sufficient to provide all the essential
diagnostic details in the synoptic report. All the available stains including haematoxylin and eosin (H&E), specials,
immunohistochemistry and immunofluorescence were included in the study except Gl where only H&E stains

were included.

Only cases that had been reported by the participating laboratory and discussed at the relevant multidisciplinary
teams (MDTs; if applicable) were suitable for the study. Cases with broken, missing or oversized slides and slides
with overhanging coverslips or excess mounting material on the surface were excluded. Cases received from non-
participating centres for second opinion and cases where knowledge of previous sample(s) was essential for the
diagnosis were also excluded.

Sites and pathologists

Sixteen consultant (specialist) pathologists from six NHS cellular pathology laboratories (Coventry, Lincoln, Nottingham,
Belfast, Birmingham and Oxford) participated in reporting study samples across four specialty teams (breast, Gl, skin
and renal). Consultant experience ranged from 3 to 35 years. All pathologists were subspecialised and reported cases in
the study belonging to areas of expertise in their routine practice. Four pathologists were early adopters of DP and used
this modality for most of their routine reporting. The remainder were new to DP.

Sample enrolment/recruitment procedure

Skin, breast and gastrointestinal samples

All participating sites identified and enrolled previously reported consecutive samples from their respective laboratory
archive systems. The glass slides were retrieved along with the corresponding reports and anonymised by removing
personal identifiers. Slides were then dispatched to the co-ordinating centre and sample details (including patient age,
patient gender, difficulty level, number of slides, clinical details, macroscopic description, RD and reference report)
were entered onto the study database. Upon receipt of slides at the co-ordinating centre, the cases were checked
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and recruited into the study by a team of research technicians. Each case was allocated a study number and the slides
relabelled with this number and bar coded.

Enrolment/recruitment of renal biopsies

All renal biopsies were enrolled at Oxford University Hospitals NHS Foundation Trust. Consecutive renal biopsies in
native and transplant groups from patients providing generic consent for research were enrolled. Sample details were
entered onto the study database as part of the enrolment process. Following enrolment, each case was allocated a
unique study number. The slides were relabelled with the study number and barcoded.

The research team closely monitored the case enrolment process, ensuring that any samples found to be ineligible
during the study were promptly replaced.

Equipment/training/reporting

Whole slide image scanners and digital pathology workstations

The research slides were scanned using WSI scanners from two different vendors. The skin, Gl and breast slides were
scanned at the co-ordinating centre using Food and Drug Administration (FDA)-approved Philips IntelliSite Pathology
Solution (Philips, the Netherlands) that included a Philips Ultra-Fast Scanner (UFS 1.8, IVD-CE), an Image Management
System (IMS 3.3.1) and a display monitor. Once digitised at 40x magnification (average scan time 60 seconds), the WSls
were stored locally at the co-ordinating centre (network connection: 1 GB/second bandwidth) in two HP DL380 iron
servers with a net 24 TB storage capacity. All participating sites were provided viewing access to images on the firewall-
enabled server via a secure network (Secure Sockets Layer) connection.

In addition, a dual function (bright-field and fluorescent) SDHISTECH PANNORAMIC SCAN Il was used to digitise renal
slides (at 40x magnification) at the slide source (Oxford) due to specific storage requirements for fluorescent slides.
These WSIs were stored on a vendor-provided secure cloud-based server accessible to all renal pathologists via image
viewing system - 3DHISTECH CaseCentre v2.9.

All reporting pathologists were provided with standardised Conformité Européene (CE) marked HP workstations (Z4)
comprising a Dual-core @3GHz CPU (Microsoft Windows Server v2012 R2 SP1, RAM 3 GB with upgraded graphics
cards) and Philips 27" display monitors (resolution 1920 x 1200; brightness > 300 cd/m?; contrast 1000 : 1).

Slide scanning protocol

A team of research technicians at both scanning sites were provided comprehensive training to operate the system.
Any pen marks on the slides were removed before scanning. To ensure quality control of the digital images, appropriate
quality check measures were performed on each image by the technicians. Slides were rescanned if the image showed
any artefacts or on request by the first DP reporting pathologist. Any flagged images during the course of the study
were reviewed by the research fellow (RF) to confirm that the scanned image quality was adequate for the diagnosis
and a record of scanning issues and re-scan request log was kept by the technicians.

Pathologists’ training

All participating pathologists completed training on the use of the DP IMS. Pathologists who were not using DP as

part of their regular practice followed an initial training programme in DP supervised by a Pathology Research Fellow
and following the Royal College of Pathologists best practice recommendations.? Briefly, training involved creating a
training slide set comprising at least 30 previously reported samples for each pathologist reflecting the routine workload
for the specialty. The case mix included a range of sample types including biopsies, resections, simple and complex
cases and a variety of immunohistochemistry and special stains. Each pathologist was provided with the glass slides and
digital slides along with the clinical details, and findings were recorded on a spreadsheet. Pathologists underwent review
sessions with the Pathology Research Fellow to review experience and confidence. If needed, additional training slides
were provided until the pathologists felt confident, and they could examine slides effectively using the DP platform.

The training was ratified according to the college guidance and was approved for continuing professional development
(CPD) credits.
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Reporting of samples

Blinded to the original RD, each pathologist reported the same study sample twice: once using DP and once using LM.
For each reading, pathologists consulted the same clinical details and macroscopic description on the database. LM was
conducted using the microscopes used for routine diagnostic work. DP was done using the workstations provided and
via access to the study servers. Reporting of some case types was done using proformas agreed by the group, including
cancer screening samples based on UK NHS Breast and Bowel Cancer Screening programme requirements. Reporting
of cancer resections followed proformas based on the Royal College of Pathologists minimum data sets. Free-text
reporting was used where proformas were not available.

The annotations and measurement tools available on the DP systems were permitted but hidden from fellow
pathologists. Additional comments regarding the slide quality or the need or preference for additional work were
recorded. Pathologists reported cases in isolation using their normal range of reference material including textbooks
and internet resources. They did not confer on cases.

Pathologists manually recorded the time taken to interpret the slides and enter the report and diagnosis on the
database (reporting time) for each reading using a digital timer. In addition, pathologists were also asked to record their
diagnostic confidence for each report on a seven-point Likert scale, from least confident to most confident.?

Review, arbitration and consensus process
Following completion of all readings, the reports were compared. Any variations between reports were forwarded to the
arbitrator for adjudication.

Three arbitrating pathologists (who were not involved in reporting of the cases) decided whether the differences
identified would have resulted in differences in patient management (clinically significant) or not (clinically insignificant).
In uncertain cases, this decision was referred to a consulting clinician who had agreed to assist with the arbitration. The
comparison and arbitration teams were blinded to the reporting modality, pathologists and participating sites, and did
not have access to the slides.

All cases were analysed as a whole rather than by parts. For example, a case with a clinically significant discordance in a
single part was labelled as discordant.

Arbitration table: reference guide for arbitration

A reference guide (arbitration table - see Tables 3-6) was formulated for each specialty to allow consistent decision-
making during the arbitration process. It was utilised by the report comparison and arbitration teams to classify the
variations in DP and LM reports (diagnoses) in relation to the GT diagnosis.

TABLE 3 Recurring differences in breast and the decision regarding which were clinically insignificant and those which were
clinically significant

Complete agreement (0) clinically unimportant

Category Ground truth vs. study diagnosis (DP or LM) difference (1)/clinically important difference (2)
Biopsy diagnosis B1vs. B2 1 or 2 (context dependent)

B2 vs. B3 with/without atypia 2

B3 with atypia vs. B3 without atypia 2

B4 vs. B5 2

B5 vs. any non-malignant diagnosis 2

continued
Copyright © 2025 Snead et al. This work was produced by Snead et al. under the terms of acommissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access 9

publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and
for any purpose provided that it is properly attributed. See: https://creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals
Library, and the DOI of the publication must be cited.



METHODS

TABLE 3 Recurring differences in breast and the decision regarding which were clinically insignificant and those which were clinically

significant (continued)

Category

Ground truth vs. study diagnosis (DP or LM)

Complete agreement (0) clinically unimportant

difference (1)/clinically important difference (2)

DCIS

DCIS (excision)

Phyllodes tumour

Phyllodes tumour
(excision)

Tumour subtype

Tumour grade

Vascular invasion
Tumour stage
Excision status
Microcalcifications

Receptor status

Lymph nodes

Intermediate grade with necrosis vs. intermediate grade without
necrosis

Intermediate grade without necrosis vs. low grade with necrosis

Low/intermediate grade without necrosis vs. high grade with
necrosis

DCIS vs. DCIS with microinvasion
High grade vs. low grade in the presence of invasive component

Presence vs. absence of DCIS in the presence of invasive
component

Benign/borderline phyllodes vs. fibroadenoma

Benign vs. borderline vs. malignant

Pure lobular vs. other types (other than basal like)
Basal like vs. other types

no special type (NST) vs. papillary type

Pure ductal vs. mixed NST

Pure NST vs. mixed NST

Grade 1 vs. grade 2

Grade 2 vs. grade 3

Grade 1 vs. grade 3

Presence vs. absence of vascular invasion

Stage 1 vs. stage 2 stage 3

Margin positive vs. negative

Calcification vs. no calcification (if biopsy done for calcification
ER positive vs. ER negative

PR positive vs. PR negative

Micrometastasis vs. macrometastasis

Metastatic carcinoma vs. metastatic melanoma

1
1 or 2 (context dependent)
2
1 or 2 (context dependent)
2
2
1 or 2 (context dependent)

2

2
2
2

TABLE 4 Recurring differences in Gl and the decision regarding which were clinically insignificant and those which were clinically significant

Complete agreement (0)/clinically unimportant

Category Ground truth vs. study diagnosis (DP or LM) difference (1)/clinically important difference (2)
Colon biopsy Hyperplastic polyp vs. sessile serrated lesion 2

Low-grade dysplasia vs. high-grade dysplasia in polyps 2

(even if focal)

Tubular adenoma vs. tubulovillous adenoma 1

Focal active colitis vs. no active colitis 1 or 2 (context dependent)

Presence vs. absence of invasive malignancy 2
10
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TABLE 4 Recurring differences in Gl and the decision regarding which were clinically insignificant and those which were clinically
significant (continued)

Complete agreement (0)/clinically unimportant

Category Ground truth vs. study diagnosis (DP or LM) difference (1)/clinically important difference (2)
Oesophageal biopsy Presence vs. absence of Barrett’s metaplasia 2
Indefinite for dysplasia vs. definite for dysplasia 1 or 2 (context dependent)
Low-grade vs. high-grade dysplasia 2
Gastric biopsy Chronic gastritis vs. reactive gastritis 0
Presence vs. absence of H. pylori 2
Low-grade dysplasia vs. high-grade dysplasia 1 or 2 (context dependent)
Flat dysplasia vs. adenoma/polyp 1 or 2 (context dependent)
Presence vs. absence of intestinal metaplasia 2
Duodenal biopsy Presence vs. absence of significant intraepithelial 2
lymphocytosis

Presence vs. absence of giardia trophozoites
Any biopsy Presence vs. absence of amyloidosis

Presence vs. absence of microorganisms

Presence vs. absence of granulomas

All cancer resections Margin positive vs. negative

N N N DN NN

Presence vs. absence of lymph node metastasis
Presence vs. absence of extramural vascular invasion 1 or 2 (context dependent)

Stage 1 vs. stage 2 vs. stage 3 vs. stage 4 cancer 2

TABLE 5 Recurring differences in skin and the decision regarding which were clinically insignificant and those which were clinically significant

Complete agreement (0)/clinically unimportant

Category Ground truth vs. study diagnosis (DP or LM) difference (1)/clinically important difference (2)
Biopsy High-risk vs. low-risk BCC 2
BCC vs. basosquamous carcinoma 1
Actinic keratosis vs. SCC in situ vs. Bowen's disease 1
Bowenoid actinic keratosis vs. Bowen’s disease 0
Bowen’s disease vs. SCC 2
Dysplastic naevus vs. bordering on melanoma in situ 1
Melanoma in situ vs. invasive melanoma 2
Benign naevus vs. melanoma 2
Dermatofibroma vs. dermatofibrosarcoma protuberans 2
Resection for High-risk vs. low-risk BCC (completely excised) 1
BCC
High-risk vs. low-risk BCC (close of involved margin) 2
Variations in margin clearance: > 1 mm vs. margin < 1 mm 1
Variations in margin clearance: > 0.5 mm vs. margin < 0.5 mm 2
continued
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TABLE 5 Recurring differences in skin and the decision regarding which were clinically insignificant and those which were clinically

significant (continued)

Category

Ground truth vs. study diagnosis (DP or LM)

Complete agreement (0)/clinically unimportant
difference (1)/clinically important difference (2)

Resection for
SCC

Resections for
BCC or SCC

Resections
for malignant
melanoma

Superficially invasive SCC vs. SCC in situ (completely excised)
Keratoacanthoma like SCC vs. keratoacanthoma (completely excised)
Variations in subtype

Well vs. moderately differentiated

Variations in margin clearance; all readings > 1 mm

Variation in margin clearance; > 1 mmvs. < 1 mm

Presence vs. absence of amyloidosis

Presence vs. absence of microorganisms

Presence vs. absence of granulomas

Variations in staging

Presence vs. absence of perineural invasion

Presence vs. absence of vascular invasion

Maximum tumour dimension: readings within criteria for the same
stage

Variations in tumour thickness: if within the same range, that is,
> 6 mm, < 6 mm

Variations in tumour thickness: > 6 mm vs. < 6 mm

Variations in margin clearance; if within the same range, that is,
1-5mm, > 5 mm

Variations in Breslow thickness without altering pathology tumour
stage (pT) stage

Ulceration vs. no ulceration

Variations in margin clearance: if within same range, that is, 1-5 mm,
>5mm

Variations in margin clearance; all readings > 1 mm

Variation in margin clearance; > 1 mmvs. < 1 mm

1 or 2 (context dependent)
1 or 2 (context dependent)
1 or 2 (context dependent)

0

TABLE 6 Recurring differences in renal and the decision regarding which were clinically insignificant and those which were

clinically significant

Complete agreement (0)/clinically unimportant

Category

Ground truth vs. study diagnosis (DP or LM)

difference (1)/clinically important difference (2)

No evidence of Additional comments on interstitial fibrosis and tubular atrophy, 1

rejection acute tubular injury, ATI, arteriosclerosis and other non-rejection
pathologies
Complement factor 4d (C4d) +ve (without rejection) vs. C4d -ve 1
Stating Banff subclassification vs. not stating subclassification 0
Additional comments on presence or absence of Focal segmental Oor1l
glomerulosclerosis
Calcineurin inhibitor toxicity vs. no calcineurin inhibitor toxicity 1
antibody mediated rejection vs. donor vascular disease and tubular 2
changes in keeping with calcineurin inhibitor toxicity
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TABLE 6 Recurring differences in renal and the decision regarding which were clinically insignificant and those which were clinically
significant (continued)

Complete agreement (0)/clinically unimportant

Category Ground truth vs. study diagnosis (DP or LM) difference (1)/clinically important difference (2)
Immunoglobulin  Oxford score documented vs. not documented 2
ﬁe(rlnghélpathy IgA nephropathy vs. acute tubular injury 2
FSGS Subtype documented vs. not documented 1
Amyloidosis Stating subtype of amyloid 0
Vasculitic GN Documentation of healed crescent vs. no documentation 1
Documentation of necrotising crescent vs. no documentation 2

FSGS, Focal segmental glomerulosclerosis

Ground truth

The GT diagnosis for each case was compiled using the eight study reports and the initial reference report. Where the
eight study reports agreed, this was accepted as the GT (Figure 2, row 4). In cases where one or more study reports
showed a clinically significant difference from the other reports, the WSI and all the reports (study and reference
reports) were reviewed by the study pathologists reporting that case group and a consensus view of the GT was agreed
(see Figure 2, row 6).

The GT for each case was also compared with the RD generating three potential outcomes: complete agreement,
clinically insignificant difference, or clinically significant difference. Clinically significant differences between GT and RD
were notified back to the recruiting site.

Feeding back discordant results to the clinical teams
Where the consensus diagnosis showed a clinically significant difference to the RD, the recruiting centre was notified of
the consensus diagnosis.

Outcomes

Each case was reported by four pathologists on two occasions, using LM and using DP, resulting in eight reports per
case. Each of the eight reports were compared to the GT diagnosis, and each of the four pathologist’s LM and DP
reports were also compared, giving 12 comparisons per case, as shown in Table 7. A comparison was recorded as
complete agreement, clinically unimportant difference (difference which would not affect patient management) or
clinically important difference (difference which would affect patient management).

Primary outcome

The primary outcome, clinical management concordance (CMC), categorised a comparison as CMC (identical diagnoses
plus differences not affecting patient management, i.e. complete agreement or clinically unimportant difference based
on Table 7) or not. The primary objective of the study was to estimate intraobserver intermodality CMC. The estimate
was obtained by computing percentage CMC using all pathologists’ LM-DP reports comparisons, that is, comparisons
in column 3 (‘LM = DP’) in Table 7. Secondary objectives were the inter-pathologist comparison within LM and DP
diagnoses obtained by computing intraclass correlation (ICC) based on CMC for LM = GT comparisons in column 4 and
ICC based on CMC for DP = GT comparisons in column 5, respectively.

Secondary outcomes

Secondary outcomes were the inter-pathologist comparison of LM and DP diagnoses against GT and complete
concordance (CC), categorising a comparison as CC (identical diagnoses, i.e. complete agreement in Table 7) or not (i.e.
clinically important difference or clinically unimportant difference in Table 7). Another secondary outcome was diagnosis
confidence, a pathologist’s rating of the confidence of their diagnosis on a seven-point Likert scale. In the statistical

Copyright © 2025 Snead et al. This work was produced by Snead et al. under the terms of acommissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access 13
publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and

for any purpose provided that it is properly attributed. See: https://creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals

Library, and the DOI of the publication must be cited.



METHODS

( N\
oo
-% Identify Retrieve slides Enter sample and Dispatch slides to DB informs co-ordinating
238 sample for from the patient details on co-ordinating centre of incoming slides
2@ study archive DB centre
&
2
2 ‘ \
£ Perform quality Recruit Anonymise Digitise Create a batch Assign DP on IMS and
E check on slides sample in and re-label sI?des and dispatch LM to
° study slides randomise pathologists
S
2 Y,
(o]
[
DP review on IMS LM review at microscope Trial

2 Path 1 and Path 2 Path 1 and Path 2
> -é" Enter Six-week Enter Return slides to gacr(ﬁlg;;
23 diagnosis washout diagnosis co-ordinating o
w5 on DB interval .

4 LM review at microscope DPreview on IMS emiBt GRS release all

Path 3and Path 4 it D] Pt reports
-
@ = Review and Do all reports —>| Record GT J—-I Compare GT with RD )—{ Forward to statisticians J
o =2 compare all B agree
é & reports completely
. Forward case for arbitration )—‘
é _ ([EE——— Yes ( Are there any major discrepancies? ]—v( Forward the case for consensus )—
c 2 isa
E 38 discrepancy
< - @ Record GT RF to compare GT with RD, record minor discrepancies and forward
case to statisticians for analysis

" ,—I— N
g . k . . .
23 Rewewc!etaﬂs Review WSls COIEaES RE to compare GT with RD, record majqra}ng minor
g < of major — : Record GT discrepancies and forward case to statisticians for

I . . on IMS meeting N
52 discrepancies analysis
O \ J J

. J

FIGURE 2 Overall study workflow, reports review, arbitration and consensus process. DB, database.

TABLE 7 Reports’ comparisons template for one case

Case ID PathologistID LM =DP

1 1 0 = Complete agreement 0 = Complete agreement 0 = Complete agreement
1 2 1 = Clinically unimportant difference 1 = Clinically unimportant difference 0 = Complete agreement
1 3 1 = Clinically unimportant difference 0 = Complete agreement 1 = Clinically unimportant difference
1 4 2 = Clinically important difference 2 = Clinically important difference 1 = Clinically unimportant difference

analysis, scores for the highest and lowest confidence are O and 6, respectively. Pathologists gave confidence ratings for
both their LM and DP diagnoses.

Sample size

The target sample size was 2000 cases consisting of 200 renal cases and 600 cases from each of the other three
specialties breast, skin and Gl. It was anticipated that within a specialty, approximately 10% would be difficult to
diagnose cases, 10-20% moderate cases and the rest would be routine cases. In the actual study, if necessary, the plan
was to undertake enrichment of cases to have approximately at least 10% in each difficulty level category.
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Adequacy of the sample size was based on the precision for the percentage LM versus DP (LM-DP) CMC. It was
assumed that percentage CMC for routine cases would be 98.8%.%5 In the literature, percentage CMC for difficult cases
ranged from 40% to 70%, and so it was assumed that in this study it would be 55%. We assumed that the percentage
CMC for moderate cases would be 75% (a percentage CMC that is between percentage CMC for difficult and routine
cases). Therefore, the weighted percentage CMC within this study, with the anticipated 10% difficult, 20% moderate
and 70% routine proportions, would be 90%.

The four LM-DP comparisons for each case, arising from each case reported by four pathologists, are likely to be
correlated. Accounting for the expected percentage CMC, we assumed that ICC for routine, moderate and difficult
cases to be 0.9, 0.7 and 0.4, respectively, so that considering anticipated case difficulty mix, we took overall ICC to be
0.8. Consequently, the design effect was assumed to be [1 + ICC (comparisons per case - 1)] = 3.4.

High precision of percentage LM-DP CMC was desired in the subgroup analysis by specialty, and consequently, in the
primary analysis including 2000 cases. For each of the breast, skin and Gl specialties, because each case was reported
by four pathologists on both LM and DP, there were 2400 (600 x 4) LM-DP comparisons to estimate percentage
LM-DP CMC. Dividing 2400 LM = DP comparisons by the design effect, we considered the 2400 comparisons to be
equivalent to 705 (2400/3.4) independent (a setting where a case is reported by one pathologist only) comparisons.
With 705 independent comparisons, the margin of error [1.96 x standard error (SE), where SE formula is given below]
is 2.2% so that precision is high while analysing breast, skin and Gl cases separately. For renal cases, the sample size is
smaller (800 comparisons that are equivalent to 800/3.4 = 235 independent comparisons), giving the margin of error as
3.1% which is bigger but that still gives high precision.

Where n is the equivalent number of independent comparisons and p = 0.9 (90%) is the percentage CMC that was
expected in the study, the SE was computed as follows:

SE = 100 x (M)

Sample batching

When enough samples per specialty were received by the co-ordinating centre, it batched the samples using the
Warwick Clinical Trials Unit (WCTU) database system. The system then allocated a unique batch number and
randomised the batch by selecting which pathologists would view using LM first, and which would view using DP first.

Statistical methods
Database and data processing

Study database

A bespoke electronic research database was developed for this study. All pathologists and research staff accessed
the database and its role-defined functionality by means of username and password. Functionality included sample
enrolment, recruitment, batching, randomisation, sample tracking, pathologists’ reporting, comparison of reports
and arbitration.

Statistical analysis

Statistical analysis was performed as per the pre-specified study’s statistical analysis plan, which had been pre-approved
by the SSC prior to final data lock. Categorical characteristics of patients and cases such as difficulty levels of cases

and sex were summarised using counts and percentages in different category levels. For age of patients, minimum,
maximum, median, quartiles, mean and standard deviation (SD) were reported.
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Clinical management concordance data corresponding to LM versus DP comparisons were summarised by reporting the
count and percentage of cases where:

e All four LM versus DP comparisons, corresponding to four pathologists reporting each case, were concordant.
e Three of the four comparisons were concordant.

e Two of the four comparisons were concordant.

e Only one of the four comparisons was concordant.

e All four comparisons were not concordant.

To compute percentage CMC, which was used as a measure of the intraobserver intermodality CMC (primary

objective), and corresponding 95% Cl, a random-effects (RE) logistic regression model was fitted. A logistic regression
model was fitted because the outcome, whether or not there was CMC between LM diagnosis and DP diagnosis, was
binary and the model enables estimating percentage CMC. There were two crossed RE terms corresponding to case
and pathologist. The RE term for case was included because each case was reported by four pathologists and the
corresponding four LM-DP comparisons can be correlated while the RE term for pathologist was included because each
pathologist reported multiple cases and the LM-DP comparisons by the same pathologist can be correlated. The two
RE terms were crossed because within a specialty, each pathologist reported all cases, and each case was reported by all
four pathologists and so there was no nesting of cases within a pathologist or pathologists within a case. The RE model
was fitted using the ‘gamm4’ package?’ in R (The R Foundation for Statistical Computing, Vienna, Austria) statistical
program.?® The intercept from the RE model was transformed to obtain percentage LM-DP CMC and 95% Cl.

Clinical management concordance data corresponding to LM versus GT comparisons were analysed as described above
for CMC data corresponding to LM versus DP comparisons. The percentage LM-GT CMC obtained from the RE model
quantified the probability of LM diagnosis agreeing with GT. Additionally, the ICC from this model has LM inter-rater
agreement interpretation. Let ogath

and 02, be the RE estimates for pathologist and case, respectively. The ICC defined as:

ICC = Olase

2 o2 I
Otase™ Ot t112/3

is the correlation of LM diagnoses for a case regardless of the pathologist (i.e. correlation of LM diagnoses for a case
between any two random pathologists). From the expression of ICC, high values of the ICC imply that most of the
observed variation in diagnoses is explained by variation between cases and not variation between pathologists or
random variation. Therefore, the ICC is a measure of inter-rater agreement of LM diagnoses. The 95% CI for ICC was
the 2.5th percentile and 97.5th percentile of 500 bootstrap ICC estimates.

Clinical management concordance data corresponding to DP versus GT comparisons were analysed as those for CMC
data corresponding to LM versus GT comparisons. The percentage DP-GT CMC obtained from this analysis was
compared to the percentage LM-GT CMC described above to assess whether one of the two modalities (LM and DP)
was substantially better in giving diagnosis that agrees with GT. Additionally, ICC from this analysis was compared

to the ICC obtained from LM versus GT analysis to assess whether interobserver agreements for the two modalities
are similar.

The approach used to analyse CMC data was the same that was used to analyse CC data.

Within a modality, diagnosis confidence scores (0 = highest confidence and 6 = lowest confidence) were summarised

by reporting the number and percentage of diagnoses that were given to each of the possible seven scores. To make
confirmatory inference, diagnosis confidence scores were analysed using a model for count data (Poisson model)
because, with the narrow range of the scores from O to 6, data could not be assumed to be normally distributed.
Consequently, to compare LM and DP, rate ratio of the mean Poisson rate for LM diagnosis confidence scores and the
mean Poisson rate for DP diagnosis confidence scores was used. A RE generalised Poisson model with crossed RE terms
for case and pathologist was fitted using the ‘glmmTMB’ package?® in R statistical program. A generalised Poisson model
was used because exploration of the data indicated they were under-dispersed compared to what would be expected
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for a Poisson model. Specifically, Conway-Maxwell-Poisson distributions using a parameterisation that enables mean
rates to be compared were used.*°

The above set of analyses was performed using all the eligible cases recruited in the study and repeated in pre-specified
subgroup analyses. Subgroup analyses consisted of:

e Analysing cases from the different specialties separately.
e Analysing cases by difficulty levels.
e Analysing the screening cases only.
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RESULTS

Chapter 3 Results

Screening and recruitment

Figure 3 shows the pathway for all skin, breast and Gl samples; Figure 4 shows the pathway for all renal samples, which
were scanned by the recruiting site, Oxford.

Between July 2019 and July 2021, a total of 2065 cases were enrolled (Table 8 and Figure 5).

Sample characteristics

A total of 2024 cases were included in the analysis (see Figure 5). They comprised 608 breast, 607 Gl, 609 skin and
200 renal cases that came from 1271 (62.8%) females and 753 (37.2%) males from birth up to 96 years old (Table 9).
Percentages of screening cases for breast and Gl cases were 34.0 and 41.2, respectively.

Results
Primary outcome results

Clinical management concordance

For 1784/2024 (88.1%) cases, all four study pathologists had LM versus DP CMC, and there was only one case where
there was no CMC for any of the four pathologists (Table 10). By specialty, LM versus DP CMC was highest for renal
cases while it was lowest for breast cases. CMC for LM versus GT comparisons was similar to CMC for DP versus GT
comparisons (see Table 10).

Using a RE logistic regression model on the 8096 LM versus DP comparisons over all 2024 cases showed percentage
CMC, corresponding to the study’s primary objective of estimating intraobserver LM versus DP agreement, was 99.95
(95% Cl 99.90 to 99.97) (Table 11, row 1 in column 2). LM versus GT percentage CMC and DP versus GT percentage
CMC were both 99.95% (see Table 11, columns 3 and 4) illustrating an identical level of agreement with GT from both
modalities. The interobserver agreements for LM and DP were also similar with both ICCs being 0.91 (columns 4 and 5).

In subgroup analyses, compared to the analysis of all cases, there were noticeably lower LM versus DP percentage
CMCs for moderately difficult cases (95.34, 95% Cl 93.09 to 96.89), difficult cases excluding renal cases (96.78, 95%
Cl 94.27 to 98.22) and breast screening cases (96.27, 95% Cl 94.63 to 97.43) (see Table 11). However, these are all
above 95%. In all subgroup analyses, LM versus GT percentage CMC and DP versus GT percentage CMC were similar
illustrating similar levels of agreement with GT from both modalities (columns 3 and 4). Also, in all subgroup analyses,
LM interobserver agreement and DP interobserver agreement had overlapping 95% Cls of the ICCs (columns 4 and 5)
showing comparable interobserver agreements for the two modalities.

Secondary outcomes results

Complete concordance

For 1500/2024 (74.1%) cases, all four study pathologists had LM versus DP CC and there were only five cases where
there was no CC for any of the four pathologists (Table 12). As expected, CC rates are lower than CMC rates (see
Table 10 vs. Table 12). Like CMC, LM versus DP CC was highest for renal cases and lowest for breast cases while LM
versus GT CCs were similar to corresponding DP versus GT CCs.

Based on all cases, using a RE logistic regression, percentage LM versus DP CC was 95.74 (95% Cl 94.39 to 96.77)
(Table 13). Similar agreement rates were obtained when looking at percentage LM versus GT CC and percentage DP
versus GT CC (95.13% and 94.95%, respectively) illustrating similar levels of agreement with GT from both modalities.
The ICCs for LM and DP were also similar, with overlapping 95% Cls.
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FIGURE 3 Pathway for skin, Gl and breast samples.

In subgroup analyses, compared to the analysis of all cases, there were noticeably lower LM versus DP percentage CC
for moderately difficult cases, difficult cases that do not include renal cases, all breast cases and breast screening cases
(see Table 13). In all subgroup analyses, LM versus GT percentage CC and DP versus GT percentage CC were similar,
and 95% Cls overlapped. Similarly, in all subgroup analyses of interobserver agreements, LM ICCs and DP ICCs were
comparable, with overlapping 95% Cls.

Diagnosis confidence

Diagnosis confidence rating was not recorded in only 2/8096 LM reads and 3/8096 DP reads. Overall, pathologists had
the highest confidence in 88.3% of their LM reads compared to 87.5% for DP reads (Table 14). There was noticeable
variation across the specialty. Confidence was substantially higher for Gl and skin diagnoses than for breast and renal
diagnoses, with confidence for renal diagnoses markedly lowest. Overall, compared to confidence in the LM diagnoses,
confidence in the DP diagnhoses were very slightly lower. By specialty, the slightly lower confidence in DP diagnoses
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FIGURE 4 Pathway for renal samples.

compared to LM diagnoses is apparent for breast, Gl and renal diagnoses but the difference is not apparent for

skin diagnoses.

Using RE generalised Poisson model, overall, the mean confidence rate for LM diagnoses scores was close to zero
reflecting high confidence (mean rate = 0.065, 95% Cl 0.040 to 0.105) (Table 15, column 2). Confidence for DP
diagnoses was lower than confidence for LM diagnoses (rate ratio = 0.92, 95% Cl 0.85 to 1.00; p = 0.053) (see Table 15,

column 3). For the LM diagnoses, in the subgroup analyses,

compared to overall analysis including all cases, diagnosis

confidence is lower for breast cases, renal cases and decreases with increasing difficulty to report cases (column 2).
However, focusing on rate ratios which compare LM with DP, like the results including all cases, the results by specialty
show a non-significant trend to less confidence with DP diagnoses, except in skin diagnoses where the difference was
in the opposite direction (column 3). In routine cases, pathologists were significantly less confident with DP diagnoses
compared with LM diagnoses (rate ratio = 0.86, 95% Cl 0.76 to 0.98; p = 0.024), but this difference was not apparent in

moderate or difficult to diagnose cases.
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TABLE 8 Cases by specialty, difficulty and recruiting site

Site

Specialty difficulty Coventry Belfast Lincoln Nottingham Oxford All sites totals

Breast Routine 35 70% 122 72% 147 84% 182 85% 489 80%
Moderate 3 6% 19 11% 22 13% 10 5% 54 9%
Difficult 12 24% 28 17% 5 3% 23 11% 68 11%
Total 50 169 174 215 608

Gl Routine 162 80% 159 81% 156 75% 477 79%
Moderate 18 9% 14 7% 21 10% 53 9%
Difficult 23 11% 23 12% 31 15% 77 13%
Total 203 196 208 607

Skin Routine 197 75% 189 87% 98 75% 484 79%
Moderate 29 11% 6 3% 22 17% 57 9%
Difficult 36 14% 22 10% 10 8% 68 11%
Total 262 217 130 609

Renal (No difficulty) 200 200
Total 200 200

Total 515 582 304 423 200 2024
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TABLE 9 Characteristics of patients and cases

Characteristic All cases (N = 2024) Breast (N = 608) GI (N = 607) Skin (N = 609) Renal (N = 200)
Sex, n (%)

Male 753(37.2) 2(0.3) 355 (58.5) 280 (46.0) 116 (58.0)
Female 1271 (62.8) 606 (99.7) 252 (41.5) 329 (54.0) 84 (42.0)

Age of patients (years)

Minimum-maximum <1-96 18-94 <1-89 1-96 19-96

Mean (SD) 58.0(17.11) 54.8(15.01) 59.5(15.18) 60.0 (20.34) 56.9 (16.52)
Median (LQ-UQ) 59 (48-71) 54 (46-65) 62 (55-71) 63 (45-77) 57.5(43-71)

Difficulty level, n (%)

Routine 1447 (71.5) 486 (79.9) 477 (78.6) 484 (79.5) 0(0)
Moderate 164 (8.1) 54 (8.9) 53(8.7) 57(9.4) 0(0)
Difficult 413 (20.4) 68(11.2) 77 (12.7) 68(11.2) 200 (100)

Screening cases, n (%)
Yes NA 207 (34.0) 250 (41.2) NA NA
No 401 (66.0) 357 (58.8)

LQ, lower quartile; UQ, upper quartile.

TABLE 10 Summary of the reports’ comparisons data

Outcome All cases (N = 2024) Breast (N = 608) GI (N = 607) Skin (N = 609) Renal (N = 200)

Clinical management concordance (primary outcome) summary

LM and DP diagnoses concordance, n (%)

All four comparisons concordant 1784 (88.1) 494 (81.2) 532 (87.6) 567 (93.1) 191 (95.5)
Three in four comparisons concordant 170 (8.4) 76 (12.5) 56(9.2) 30 (4.9) 8 (4.0)
Two in four comparisons concordant 55(2.7) 29 (4.8) 18 (3.0) 7(1.1) 1(0.5)
One in four comparisons concordant 14 (0.7) 8(1.3) 1(0.2) 5(0.8) 0(0)
All four comparisons discordant 1(0.0) 1(0.2) 0 (0) 0 (0) 0(0)

LM and GT diagnoses concordance, n (%)

All four comparisons concordant 1769 (87.4) 501 (82.4) 513 (84.5) 562 (92.3) 193 (96.5)
Three in four comparisons concordant 164 (8.1) 70 (11.5) 59 (9.7) 30 (4.9) 5(2.5)
Two in four comparisons concordant 62(3.1) 25 (4.1) 22 (3.6) 13 (2.1) 2(1.0)
One in four comparisons concordant 27 (1.3) 12 (2.0) 11(1.8) 4(0.7) 0(0)
All four comparisons discordant 2(0.1) 0(0) 2(0.3) 0 (0) 0(0)

DP and GT diagnoses concordance, n (%)

All four comparisons concordant 1763 (87.1) 508 (83.6) 503 (82.9) 560 (92.0) 192 (96.0)
Three in four comparisons concordant 167 (8.3) 62 (10.2) 63 (10.4) 34 (5.6) 8 (4.0)
Two in four comparisons concordant 64 (3.2) 23(3.8) 30 (4.9) 11(1.8) 0(0)
One in four comparisons concordant 25(1.2) 15(2.5) 7(1.2) 3(0.5) 0(0)
All four comparisons discordant 5(0.2) 0(0) 4(0.7) 1(0.2) 0 (0)
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TABLE 11 Summary of the CMC analysis using RE logistic regression models

%CMC (95% Cl)

Intraobserver LM vs.

ICC coefficient

LM interobserver

DP interobserver

DP agreement
Overall (n = 2024) 99.95 (99.90 to 99.97)
By specialty

Breast (n = 608) 99.40 (99.06 to 99.62)

Gl (n = 607) 99.96 (99.89 to 99.99)
Skin (n = 609) 99.99 (99.92 to 100.0)
Renal (n = 200) 99.99 (99.57 to 100.0)
By difficulty level

Routine (n = 1447) 99.98 (99.94 to 99.99)

Moderate (n = 164) 95.34 (93.09 to 96.89)
Difficult excluding 96.78 (94.27 to 98.22)
renal (n = 213)

Difficult including 99.84 (99.62 to 99.93)
renal (n = 413)

Screening cases only

Breast (n = 207) 96.27 (94.63 to 97.43)

Gl (n = 250) 99.93(99.68 to 99.98)

Breast and Gl
(n=457)

98.96 (98.42 to 99.32)

LM vs. GT agreement
99.95 (99.91 to 99.97)

99.76 (99.54 to 99.87)

99.92(99.80 to 99.97)

99.99 (99.93 to 100.0)
100 (99.24 to 100.00)

99.98 (99.94 to 99.99)
93.91(90.95 to 95.94)
97.78 (96.11 to 98.74)

97.63 (96.02 to 98.60)

97.57 (96.18 to 98.47)
99.97 (99.78 to 100.0)
99.87 (99.68 to 99.95)

DP vs. GT agreement
99.95(99.91 to 99.97)

99.88(99.73 to 99.95)
99.89 (99.74 to 99.95)
99.98 (99.91 to 100.0)
99.18 (97.84 to 99.69)

99.98 (99.94 to 99.99)
94.24 (91.41 to 96.17)
98.40 (97.14 to 99.11)

97.68 (96.00 to 98.67)

98.23 (97.03 to 98.94)
99.98 (99.83 to 100.0)
99.89 (99.71 to 99.96)

agreement

0.91(0.89,0.92)

0.83(0.60, 0.89)
0.90(0.83,0.93)
0.94 (0.92,0.95)

c

0.93(0.91, 0.94)
0.53(0.36,0.78)
0.42(0.13,0.53)

0.33(0.14, 0.90)

0.53(0.33,0.87)
0.93(0.89, 0.96)
0.88(0.67,0.92)

agreement

0.91(0.89,0.93)

0.88(0.77,0.91)
0.89 (0.77,0.93)
0.93(0.92,0.95)

c

0.93(0.91, 0.94)
0.53(0.36, 0.76)
0.62 (0.24,0.77)

0.33(0.17,0.91)

0.59 (0.35, 0.88)
0.94 (0.90, 0.96)
0.89 (0.73,0.93)

a nis the number of cases. Each case is reported by four pathologists and so the number of comparisons in the analysis is 4n.
b Primary objective intraobserver intermodality CMC.
¢ Unable to be estimated reliably due to too few cases of discordance between LM and GT reports and between DP and GT reports (see

Table 10).

TABLE 12 Summary of the reports’ comparisons data

Outcome

All cases (N = 2024)

Breast (N = 608)

GI (N = 607)

Skin (N = 609)

Renal (N = 200)

Complete concordance (secondary outcome) summary

LM and DP diagnoses concordance, n (%)

All four comparisons concordant 1500 (74.1) 362 (59.5) 447 (73.6) 515 (84.6) 176 (88.0)

Three in four comparisons concordant 356 (17.6) 148 (24.3) 123 (20.3) 68(11.2) 17 (8.5)

Two in four comparisons concordant 123 (6.1) 71(11.7) 30 (4.9) 16 (2.6) 6(3.0)

One in four comparisons concordant 40 (2.0) 23(3.8) 7(1.2) 9 (1.5) 1(0.5)

All four comparisons discordant (0.2) 4(0.7) 0 (0) 1(0.2) 0(0)

LM and GT diagnoses concordance, n (%)

All four comparisons concordant 1438 (71.0) 388 (63.8) 375 (61.8) 499 (81.9) 176 (88.0)

Three in four comparisons concordant 365 (18.0) 133 (21.9) 145 (23.9) 73(12.0) 14 (7.0)
continued
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RESULTS

TABLE 12 Summary of the reports’ comparisons data (continued)

Outcome All cases (N = 2024) Breast (N = 608) GI (N = 607) Skin (N = 609)
Two in four comparisons concordant 154 (7.6) 61 (10.0) 61 (10.0) 25(4.1)

One in four comparisons concordant 57 (2.8) 23(3.8) 22 (3.6) 10 (1.6)

All four comparisons discordant 10(0.5) 3(0.5) 4(0.7) 2(0.3)

DP and GT diagnoses concordance, n (%)

All four comparisons concordant 1420 (70.2) 381 (62.7) 367 (60.5) 493 (81.0)
Three in four comparisons concordant 362 (17.9) 136 (22.4) 140 (23.1) 72 (11.8)
Two in four comparisons concordant 179 (8.8) 67 (11.0) 74 (12.2) 32 (5.3)

One in four comparisons concordant 50 (2.5) 23(3.8) 19 (3.1) 7(1.1)

All four comparisons discordant 13 (0.6) 1(0.2) 7(1.2) 5(0.8)

Renal (N = 200)
7 (3.5)

2(1.0)
1(0.5)

179 (89.5)
14 (7.0)
6(3.0)
1(0.5)
0(0)

TABLE 13 Summary of the CC analysis using RE logistic regression models

%CC (95% CI)

Intraobserver LM vs.

ICC coefficient

LM interobserver

DP interobserver

DP agreement
Overall (n =2024) 95.74 (94.39 to 96.77)
By specialty

Breast (n = 608) 89.72(88.15 to 91.10)

Gl (n = 607) 94.62 (92.48 to 96.18)
Skin (n = 609) 99.86 (99.71 to 99.94)
Renal (n = 200) 99.94 (99.64 to 99.99)
By difficulty level

Routine (n = 1447)  96.05 (94.47 to 97.19)

Moderate (n = 164) 87.88 (83.93 to 90.96)

Difficult excluding  91.88 (87.81 to 94.67)

renal (n = 213)

Difficult including
renal (n = 413)

93.82 (91.46 to 95.56)

Screening cases only
Breast (n = 207) 88.60 (85.65 to 91.00)
Gl (n = 250) 95.15(93.17 to 96.58)

Breast and Gl
(nh =457)

92.17 (89.76 to 94.06)

LM vs. GT agreement

95.13 (94.09 to 96.00)

91.98 (90.57 to 93.20)
90.88 (88.76 to 92.64)
99.78 (99.58 to 99.89)
99.97 (99.70 to 100.0)

95.88 (94.98 to 96.62)
80.89 (76.54 to 84.60)
91.14 (87.02 to 94.04)

93.39 (90.37 to 95.51)

88.18 (84.80 to 90.89)
92.52 (89.87 to 94.51)
90.54 (88.30 to 92.39)

DPvs. GT agreement
94.95 (93.55 to 96.06)

91.07 (89.61 to 92.34)
90.34 (88.03 to 92.24)
99.79 (99.60 to 99.89)
99.96 (99.69 to 100.0)

95.81(95.12 to 96.40)
81.65(77.17 to 85.42)
88.88 (83.63 to 92.60)

92.52 (88.69 to 95.13)

87.79 (84.96 to 90.14)
93.88(91.29 to 95.73)
91.02 (89.08 to 92.64)

agreement

0.37(0.30, 0.50)

0.36(0.28, 0.44)
0.32(0.22, 0.40)
0.84(0.58,0.92)
0.93(0.87,0.96)

0.40 (0.29, 0.56)
0.27 (0.14,0.39)
0.16 (0.06, 0.28)

0.29 (0.16, 0.43)

0.23(0.12,0.35)
0.30(0.15, 0.46)
0.27(0.17,0.36)

agreement

0.35(0.28, 0.48)

0.32(0.24, 0.40)
0.33(0.24,0.42)
0.86 (0.64,0.92)
0.91(0.83,0.94)

0.45 (0.29, 0.55)
0.31(0.18,0.43)
0.18 (0.07, 0.30)

0.22(0.11,0.33)

0.21(0.11,0.33)
0.41(0.24,0.59)
0.31(0.20, 0.42)

a nis the number of cases. Each case is reported by four pathologists and so the number of comparisons in the analysis is 4n.
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TABLE 14 Summary of diagnosis confidence levels

Modality All reports (N = 8096) Breast reports (N = 2432) Gl reports (N = 2428) Skin reports (N = 2436) Renal reports (N = 800)

0° 7144 (88.3) 2090 (86.0) 2265 (93.3) 2244 (92.1) 545 (68.1)
1 713(8.8) 254 (10.4) 146 (6.0) 134 (5.5) 179 (22.4)
2 180(2.2) 66(2.7) 15 (0.6) 41(1.7) 58(7.2)
3 40 (0.5) 1(0.5) 0(0) 3(0.5) 16 (2.0)
4 7(0.1) 4(0.2) 0(0) 2(0.1) 1(0.1)
5 5(0.1) 3(0.1) 0(0) 1(0.0) 1(0.1)
6 5(0.1) 3(0.1) 1(0.0) 1(0.0) 0(0)
DP, n (%)

0 7079 (87.5) 2044 (84.1) 2249 (92.7) 2256 (92.6) 530 (66.3)
1 754(9.3) 289 (11.9) 152 (6.3) 122 (5.0) 191 (23.9)
2 195(2.4) 78(3.2) 24 (1.0) 7 (1.5) 6(7.0)
3 47(0.6) 5(0.6) 0(0) 6(0.7) 6(2.0)
4 7(0.1) 1(0.0) 2(0.1) 1(0.0) 3(0.4)
5 2(0.0) 1(0.0) 0(0) 0(0) 1(0.1)
6 9(0.1) 3(0.1) 0(0) 3(0.1) 3(0.4)

a Highest confidence.
b Lowest confidence.

TABLE 15 Comparison of diagnosis confidence data using RE generalised Poisson models

Data included LM mean rate (95% CI) Rate ratio (95% Cl), p-value

All the data (all cases in study) (n = 2024)° 0.065 (0.040 to 0.105) 0.92 (0.85 to 1.00), 0.053

Subgroup analysis by specialty

Breast cases (n = 608)°
Gl cases (n = 607)°
Skin cases (n = 609)°

Renal cases (n = 200)°

Subgroup analysis by difficulty level

Routine cases from all specialties (n = 1447)°

Moderate cases from all specialties (n = 164)°

Difficult cases from all specialties (n = 413)°

Difficult cases excluding renal cases (n = 213)°

Subgroup analysis of screening cases
Combined breast and Gl screening cases (n = 457)°
Breast screening cases (n = 207)°

Gl screening cases (n = 250)°

0.091 (0.061 to 0.134)
0.027 (0.013 to 0.057)
0.003 (0.001 to 0.008)
0.300 (0.206 to 0.439)

0.022 (0.013 to 0.037)
0.105 (0.069 to 0.160)
0.214 (0.158 to 0.289)
0.182(0.124 to 0.267)

0.034 (0.014 to 0.082)
0.099 (0.060 to 0.165)
0.002 (0.000 to 0.103)

0.90(0.78 to 1.02), 0.108
0.87(0.71 to 1.07),0.189
1.04 (0.86 to 1.25),0.701
0.91(0.79 to 1.05), 0.208

0.86 (0.76 to 0.98), 0.024
1.32(1.00 to 1.75), 0.052
0.92(0.82 to 1.02),0.124
0.92(0.78 to 1.09), 0.357

0.87(0.70 to 1.07),0.176
0.84 (0.67 to 1.05),0.119
1.00 (0.60 to 1.66), 0.994

a DP mean rate is obtained by dividing LM mean rate by rate ratio in the last column.
b nis the number of cases. Each case is reported by four pathologists on both LM and DP and so the number of rows for each case in the
analysis is 8n. In the entire database, only 5 reports (out of 16,192 reports) had missing diagnosis confidence data.
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TABLE 16 Errors recorded in two or more instances in breast, Gl and skin specialties

Breast difference type LMvs. GT DPvs. GT LMvs. DP Screening cases
Tumour type 56 37 37 39 13
B2 vs. B3 48 37 29 30 12
B2 vs. B3 with atypia 35 20 19 31 16
B2vs. B1 26 15 18 19 15
B3 with atypia vs. B5a 16 13 8 11 10
B5a vs. B5a mi 12 5 11 8 11
B3 with atypia vs. B3 no atypia 8 8 8 0 5
B5a vs. B5b 8 5 5 6 5
B3 with atypia vs. B3 7 2 5 7 2
B4 vs. B5a 3 3 2 1 2
B2 vs. B4 2 2 1 1 1
B2 vs. B5a 2 2 1 1 2
DCIS vs. no DCIS 2 1 1 2
Missed lymphoma 2 2 1 1
Missed melanoma 2 1 0 1
Total 229 153 146 158 94
Gl difference type LM vs. GT DPvs. GT LM vs. DP Screening cases
HP vs. SSL 37 29 26 21 31
LGD vs. HGD 32 22 28 14 14
Tumour stage 13 10 9 6 1
Normal vs. HP 12 10 9 5 10
Missed H. pylori 8 6 7 3
TAvs. SSL 7 7 5 3 7
Normal vs. BA2 5 4 5 1
TAvs. TALGD 4 4 4 4
Inflammation NOS vs. IBD 4 4 3 1 1
Inflammation vs. LGD 3 3 3
Quiescent vs. active colitis 3 3 3
Gl difference type All LM vs. GT DPvs. GT LM vs. DP Screening cases
Inflammation vs. indefinite for dysplasia 3 2 2 2
Gastritis vs. amyloidosis 2 2 2
Normal vs. fundic polyp indefinite for dysplasia 2 2 2
Quiescent vs. IBD NET 2 2 2
Reactive vs. TA 2 2 2
Reported incorrect case 2 2 2 1 2
TAvs. HP 2 2 2 2
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TABLE 16 Errors recorded in two or more instances in breast, Gl and skin specialties (continued)

Breast difference type

Tumour type

Barrett’s vs. indefinite for dysplasia

Normal vs. IEL

TA vs. polyp cancer

Normal vs. non-specific inflammation
Inflammation vs. IM

Total
Skin difference type

BCC with high-risk component vs. BCC
MM vs. naevus

SCC margin involvement vs. no margin involvement
BCC vs. SCC

SCCvs. AK or IEC

Breslow thickness

Blue naevus vs. atypical naevus

KAvs. SCC

In situ vs. invasive melanoma

Melanoma margin involvement

Adenoid cystic carcinoma vs. benign adnexal tumour
DFSP vs. DF

Herpes vs. alternative inflammatory lesions
Lichenoid keratosis vs. compound naevus
Bowen'’s disease vs. stasis

Metastatic melanoma vs. benign node
Viral wart vs. polyp

Total

All

N N NN NN

155
All

10

NN NN NN Al O

89

LMyvs. GT
2
1

2

1
118
LMvs. GT

w A DA W U1 W 00 0 O

[EN

N NN P

1
62

DPvs. GT
2

=N NN

126
DPvs. GT
11

LN N N NP N WOW 0NN O

[ERN

1
62

LMvs. DP

2
69

LM vs. DP
16
8

R, DN N O WDN

), O KB R

2
53

Screening cases

AK, actinic keratosis; B1-B5, NHS Breast Screening Programme pathology category classification 1-5 (a, in situ; b, invasive; mi,

microinvasive carcinoma); BA2, Barrett's metaplasia; DF, dermatofibroma; DFSP, dermatofibrosarcoma protuberans; HGD, high-grade
dysplasia; HP, hyperplastic polyp; IEC, intraepidermal carcinoma; IEL, intraepithelial lymphocytosis; IM, intestinal metaplasia; KA,
keratoacanthoma; LGD, low-grade dysplasia; MM, malignant melanoma; NET, neuroendocrine tumour; SSL, sessile serrated lesion; TA,

tubular adenoma.
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Chapter 4 Qualitative substudy

Introduction

The provision of WSl is seen as essential for high-quality and cost-effective health care. However, adoption of DP

in the UK has been relatively slow, with the published research focusing mainly on technical applications in single
hospital sites®*®? and integration into reporting and laboratory management systems.®3-3> The barriers and facilitators
to implementation of DP are well acknowledged in the international literature,®4%” but practical learning from the UK
is limited. Few studies have examined the perceived barriers and facilitators to DP uptake and implementation, even
fewer explored the evolution of these as pathologists embark on using and transition to digital slides. The qualitative
component of this study, therefore, aimed to explore the barriers and facilitators to DP and experiences of main study
participants using and/or transitioning from glass to digital slides.

Methods

This was a qualitative longitudinal study with semistructured interviews and focus groups with pathologists and
laboratory staff taking part in the main validation study. Data were collected and analysed by a trained qualitative
researcher with over 10 years’ experience in qualitative health research.

Sample and data collection
Twelve consultant pathologists and three laboratory staff took part in the qualitative substudy.

Data collection was undertaken in three phases:

1. Pilot study: individual interviews and focus groups with data collection between December 2018 and April 2019.

2. Beginning of the main study: individual interviews with data collected between August 2020 and January 2021.

3. 12-15 months into the main study: individual interviews with the same participants as in phase 2 with data collect-
ed between August and October 2021.

In the pilot study, participants were asked, as appropriate to experience, about their willingness to adopt DP into
routine practice, benefits and limitations of the conventional microscope and current workflows, and the potential
and impact of DP on workflows and organisational processes. The first and second interviews as part of the main
study covered similar topics but focused on experiences of using DP, transitioning from glass to digital slides and DP
implementation. The interview guide for laboratory staff was similar, with some adjustments to the focus and order
of questions. Participants were asked to discuss both their own experiences and those of their colleagues in their
respective departments.

The whole corpus of data included two focus groups (with 4-7 participants in each) conducted face-to-face and 34
interviews conducted either face-to-face or on Zoom/Teams (Zoom Video Communications, San Jose, CA, USA).

On average, focus groups lasted between 1 and 1.5 hours, and interviews around 45 minutes. All focus groups and
interviews were audio-recorded and later transcribed by a professional transcription company. Written and verbal
consent was taken before each focus group and interview. All participants were assigned a participant identification
number to protect anonymity and were given the opportunity to contact the study team if they wished to read

the transcripts.

Data analysis

The principles of longitudinal qualitative research as a flexible methodology guided the analysis process.® Data for all
time points were coded separately with the help of NVivo (QSR International, Warrington, UK) qualitative data analysis
software (NVivo Qualitative Data Analysis Software; 2015). For each data set time point, a sample of transcripts was
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read to identify examples of benefits and limitations of conventional microscope, expressions of challenges of adopting
DP into routine practice and reflections on the potential impact on current workflows and organisation of care. An
initial set of codes derived both inductively from the data and deductively based on the broad aims of the substudy
was created and discussed among wider project team members. This coding framework was then applied to all

remaining data.

The analysis was concurrent with data collection, including continuous processes of coding and categorisation, with
project team members meeting regularly to discuss the emerging findings and their interpretations.®”

Results

The overarching message from the data was that adopting and implementing DP on a larger scale might need time

and resources to test out the approaches and gain experience with digital technology. When introducing or scaling

up DP, several barriers and enablers may also need to be considered, such as appropriate training, local validation and
implementation plans to share knowledge and experiences, depending on how comfortable individual pathologists and
the wider pathology team are with the technology.

Table 17 presents main barriers and facilitators in the three stages of the study, as perceived by the participants.

Pilot study

In the pilot phase, most participants were cautiously optimistic about the potential benefits of DP and perceived the
wider deployment in the NHS as inevitable. The majority of pathologists and laboratory staff emphasised the need for
time and resources to test out the approaches and experience the technology.

There was some difference in excitement for implementation and scale up of DP. Those who were already using digital
slides in their everyday practice believed that the lack of familiarity with digital slides, a lack of communication about
what digitalisation entailed, and overstating the benefits were to blame for the opposition to go digital within the larger
pathology community. All participants agreed that perceived usefulness was an important reason for implementing

DP. However, pathologists argued that for DP to be a valuable working tool, it needs to be more than merely digitising

the slides.

TABLE 17 Main barriers and facilitators to DP implementation

Data collection phase

Pilot phase °

Barriers

Resistance to go digital among the o
broader pathology community
Lack of communication around

what digitalisation means and °
overstating the benefits

Perceived lower quality of digital °
image

Lack of compatibility of digital
technology and current reporting °
systems

Lack of established workflows °
Initial costs on laboratories, pa-
thologists, and other staff

Perception that digitalisation will

be limited and the scale-up of
technology halted without the
necessary resources

Facilitators

Time and resources to test
out the approaches and expe-
rience digital technology
Perception that DP is useful
in everyday work

Training and validation pro-
cess, being able to learn from
more experienced colleagues
Ability to work collaboratively
to adapt the workflows
Long-term, multi-year ap-
proach to adoption and scale
up

Example quotes from the data

‘I am just not willing to give up the
microscope, not yet'.

‘We need to roll out something and
let people experience it’.

‘If you're just replacing the micro-
scope with a computer screen, where
is the benefit?’

‘Money is available for the trail
blazers and then, even if they do
really well, by the time you're getting
into the second and third wave, the
money’s petered out, you know,
you'd be lucky if you get a new PC
and an old digital camera’.

continued
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TABLE 17 Main barriers and facilitators to DP implementation (continued)

Data collection phase

Barriers

Facilitators

Example quotes from the data

Beginning of the °
main study

12-15 months into °
the main study

Perception that it takes time to °
set up and deploy DP, and get
different people on board

Lack of an appreciation of the dif-
ficulties involved in DP implemen-
tation and scale-up

View that the hybrid approach to
reporting will introduce variations e
in the processes and practices
Perception that the actual bene-
fits of DP will not be immediate
Technical and interoperability
challenges, lack of compatibility of
digital technology and reporting
systems

Broader challenges that relate to
change and digital transformation
in health care

Technical and interoperability °
challenges, lack of integration of

DP into existing reporting systems
Perception that efficiency and °
cost-saving benefits of digital-

isation are not likely to directly

impact the individual pathologists e

Creating space and making
time to experience the tech-
nology, becoming familiar
with the technology

Local validation processes
and implementation/scale-up
plans

Understanding the value,
benefits and risks of DP
Sharing knowledge and expe-
riences among pathologists
and departments transition-
ing to digital slides

Appropriate technology and
good-quality equipment to
enable viewing of slides
Flexibility and individual pref-
erence when working with
digital slides

Ability to seek diagnostic
reassurance on difficult or
unusual cases

‘With the pressure and encourage-
ment to reduce our working hours
and interactions within the depart-
ment, digital pathology has had to be
welcomed by everybody'’.

‘The COVID crisis was a huge
encouragement for us to become
more familiar with the technology
but if you don'’t feel completely
safe to report entirely on a digital
system, then you have to go to the
department to do spot checks’.
‘You have all these hospitals that
are just going about their business
relatively secretly. All these people
are doing digital in a different way
and they’re not speaking to each
other about this’.

‘The quality of the digital images is
fantastic. The irony of everything
is if we were starting to do digital
pathology tomorrow, | would be
looking at this fantastic image on
my £10,000 monitor, and then
picking up one of these old things to
generate the report’.

‘The software needs to be suffi-
ciently sophisticated to give me an
efficient workflow, you know, all the
technology, the mouse, the way of
controlling needs to work well, to
allow me to be as efficient.

‘The main issue with digital pathology
is how the workflow goes. Most of
us share this experience, which is we
still prefer glass, it gives you a more
solid notion of your workflow, your
workload and how to manage it’.
‘There are weaknesses both with
light microscopy and fluorescence
digitally and so long as you're aware
of those and know when to defer to
glass slides then | think it is probably
going to be safe to report digitally’.

Lower digital picture quality and compatibility of digital technologies and reporting systems appeared to be major
issues for pathologists new to DP. These pathologists saw the significance of training and validation, and viewed
their participation in the study as an opportunity to learn from and benefit from the knowledge of their more

experienced colleagues.

In individual interviews, a lack of established workflows was seen as an important obstacle to the implementation and
widespread use of DP. Pathologists and laboratory staff shared their concerns about changing and adapting how they
work. There was a recognition that for the DP to succeed, everyone will need to work collaboratively to build a shared
understanding of what they are trying to achieve, and, from there, adapt the workflows.

Access to funding for initial hardware, software and training was raised as an issue among all focus group participants.
Concerns were expressed, for example, about digitalisation being limited and technological scaling-up being halted
due to a lack of resources. The general consensus was that if DP was to be implemented on a large scale for primary
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diagnosis, departments and laboratories needed to be allowed to take a long-term approach. The participants
acknowledged that the DP gains will not be immediate, but there will be costs on laboratories, pathologists, and other
staff. This was thought to create tensions, particularly in the context of wider buy-in and the lack of financial support for
DP adoption.

Beginning of the main study

The beginning of the main study coincided with the worldwide COVID-19 pandemic. Participants talked about changing
attitudes towards DP. Pathologists saw more openness to change and interest in digitalisation among their colleagues as
a result of the pandemic, whereas laboratory staff commented on the increased buy-in and motivation for going digital.
All participants stressed the importance of the pathology workforce feeling confident in using DP.

Pathologists reported on their improved familiarity with DP during their interviews. Most people believed that DP was
as good as LM after engaging with it and learning how to use it. We heard, again, that creating space and making time
to experience the technology was important. Participants discussed ongoing work in their departments and laboratories
on how to implement or scale up DP. They also highlighted perceived challenges and shared their concerns about the
impact of transitioning to digital slides.

Some pathologists involved in strategic planning and management emphasised the time commitment required to set
up and deploy DP and bring diverse groups of people on board. They observed that there was frequently a lack of
understanding of the difficulties, frustrations and pressures associated with DP adoption. Those pathologists whose
departments started using digital slides reflected on the new ways of working and highlighted that it takes time for a
new style of working to become habitual.

Among all participants, there was a recognition that migration to digital slides cannot happen instantaneously, and a
hybrid glass-digital working will be required. Concerns were raised about the potential variations in the processes and
practices among different pathologists and across different laboratories. In this regard, understanding the value, benefits
and risks of DP was emphasised as key to establishing DP as a new way of working. More experienced pathologists
were generally more sceptical about the benefits of for improving efficiency and reporting times, recognising that

the often-cited gains of DP will not be immediate. Those pathologists who were at the beginning of their DP journey
highlighted the importance of sharing knowledge and experiences among pathologists and departments transitioning to
digital slides.

Technical and interoperability problems were viewed as hurdles to successful implementation and pathologists’
confidence in using DP. The need of compatibility of digital technologies and reporting systems was emphasised again.

Compared to the pilot phase, participants’ views began shifting towards broader structural and organisational barriers
that impact DP implementation and scale up. They noted, for example, that the broader challenges that relate to change
and digital transformation in health care can and often will complicate the adoption of DP.

12-15 months into the main study

In this phase of the main study, adaptation of DP to personal and local needs became a dominant theme in the
interviews. Pathologist explained that choosing a suitable technology and good-quality equipment to enable viewing of
slides is important if DP was to assist their routine practice. Most pathologists also felt that the system must function
in an optimal manner to support their daily work. Similarly, to the other two data collection phases, integration of

DP into existing reporting systems seemed to remain one of the key considerations for pathologist when discussing
their experiences of using and transitioning to digital slides. Discontentment with having to move between different
computer screens, frustration about low internet bandwidth in their respective NHS Trusts and outdated equipment in
the departments were mentioned as factors discouraging the use.

At the same time, the importance of having strategies in place to adapt to the local and individual needs was
highlighted. One such method was to seek diagnostic reassurance in difficult or atypical cases. Participants commented
on the hybrid glass-digital slide method, but with a noticeable shift in their concern regarding potential variances in
processes and practices when compared to the first round of interviews. They acknowledged that in some specialties

Copyright © 2025 Snead et al. This work was produced by Snead et al. under the terms of acommissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access 31
publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and

for any purpose provided that it is properly attributed. See: https://creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals

Library, and the DOI of the publication must be cited.



QUALITATIVE SUBSTUDY

there will always be cases where they will want to look at the glass slides. Whereas more experienced pathologists saw
their participation in the study as supporting what they already knew about the advantages and disadvantages of DP,
others reported engaging with new technology and increasing their willingness to use it, despite limitations.

Finally, there was an acknowledgement that, in the long run, DP deployment and larger scale-up must progress towards
realising the benefits of financial savings and, ultimately, strengthening the resilience of pathology as a profession.
However, several more experienced pathologists expressed concern that DP would not be a panacea because the
efficiency and cost-saving benefits of digitalisation would not immediately affect individual pathologists.

Discussion

The aim of this qualitative study was to investigate the barriers and facilitators of DP, as well as the perspectives

and experiences of pathologists and laboratory staff before and during DP implementation. We identified various
challenges and facilitators to adoption, reflecting participants’ opinions and experiences while using and transitioning to
digital slides.

In the early phases of the study, participants were cautiously hopeful about DP and its potential benefits. Their
perspectives emphasised the importance of time and resources to test out the ways and experience the technology.
They talked about wider resistance to go digital among the broader pathology community and initial set-up costs

as important impediments. As participants gained first-hand experience with DP in the months that followed, their
opinions began to move to considerations of broader organisational and structural constraints that impact acceptance
and implementation. Their perspectives reflected the need to consider the investment of time and resources in setting
up and deploying DP and bringing different people on board, variations in processes and practices when implementing
DP, and a recognition that the frequently cited benefits of DP will not be immediate. In the final round of interviews,
participants began to place a higher priority on flexibility and individual preference when it came to using and
implementing DP. Considerations such as having suitable technology and acceptable quality equipment to view slides,
familiarity with the systems and processes, and acceptance that digital slides had limits worked both for and against DP
adoption and deployment.

The difficulties associated with implementing new technologies and managing change in healthcare organisations are
well acknowledged in the literature.**-%? The analysis of participants’ perspectives and experiences in this qualitative
substudy revealed the tensions that may exist in the context of using and implementing DP. There may be various types
of barriers and facilitators to DP uptake and use. This qualitative study found some variation in how pathologists with
varying levels of familiarity with DP viewed the technology and reached differing conclusions about its utility. While
similarities are important, differences between individuals with and without experience with DP show that all groups
may have a unique viewpoint on the implementation problems that should be considered.

Furthermore, the range of barriers and facilitators, as well as their varying importance at different stages of the study,
highlight the need to considering the varied barriers and facilitators as fluid and negotiated through participants’
experiences of adopting and using DP.3# Individual participant attitudes and concerns, as well as the technology itself
and the structural and organisational factors around implementation, all seemed to have an impact on the experience
of using and transitioning to digital slides. Pathologists and laboratory staff offered a variety of perspectives, with some
barriers and facilitators recurring and persisting throughout the duration of study. Some barriers were recognised only
later, as pathologists and laboratory staff grew more acquainted with the technology. However, based on participants’
reflections from the three stages of the study, it appears that providing opportunities for first-hand experience with the
system and understanding the value, benefits and risks of DP may be critical to overcoming some of the barriers. The
process of adoption and scale-up of technology in health care is not straightforward.* It may be necessary to engage
with pathologists and laboratory staff to better understand how the various stages of implementation shape distinct
barriers and facilitators to wider adoption into routine practice.
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Finally, our findings resonate with existing implementation theories and frameworks such as Normalization Process
Theory,* Technology Acceptance Model*” and Organizational and Practice Theories.***¢ According to our participants,
the perceived usefulness of DP and how it integrated into their everyday practice and the larger organisational context
were some of the main considerations for effective adoption and implementation. Our findings are also consistent with
Liberati et al's implementation framework,*® implying that in order for DP to be embraced, it is necessary to investigate
not only the barriers and facilitators, but also the implementation processes.

Study limitations

The study had some limitations. Firstly, this was a qualitative study undertaken as part of a larger project and the
generalisability of results may therefore be limited. Secondly, only people who volunteered to participate in the main
validation research were included in this study’s sample. They already had preconceived ideas about DP as a result of
their participation in the main study. Comparisons with larger research and the use of large samples will be required to
strengthen the findings of this study. Third, the choice of methods of data collection to explore the barriers, facilitators
and experiences of transitioning from glass to digital slides may have had an impact. Investigating implementation
challenges through observations may provide further insights. Finally, we used a longitudinal lens to investigate
participants’ experiences of using and transitions from glass to digital slides. The findings presented here can help to
broaden understanding of how the transition process is perceived, but further study is needed to understand how
various factors impact the perspectives and opinions of people adopting and implementing DP. In particular, a better
understanding of the factors and processes involved in the scale-up and embedding of DP is routine practice is needed.

Conclusions

When adapting and scaling up DP, several challenges and facilitators may need to be considered. Successful
deployment may need to include careful consideration of general attitudes towards technology implementation,
pathologists’ perceptions of DPs usefulness, and time and resources to test out the approaches and experience digital
technology first-hand.
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Chapter 5 Health economics substudy

Introduction

Digital pathology is the use of high-throughput slide scanners to digitise diagnostic histopathology slides that are
reported by pathologists on computer workstations as opposed to a conventional LM.

Digital Pathology Trial was designed around teams of four pathologists, blind to the original diagnoses, all examining the
same series of samples, using both LM and DP. The modality each pathologist reports on first was randomised for each
batch of samples, and there was a minimum of a 6-week washout period between LM and DP viewings. Reports were
scrutinised by a trained Research Fellow independent of the reporting pathologists. Differences detected were classified
by an independent pathologist into major (will alter the clinical management) or minor (which will not). The original
diagnosis served as the RD. The GT for each sample was decided on conclusion of the readings, by consensus of the
study pathologists, using multi-head LM viewing if needed and taking into account the RD.

This allowed a comparison of each pathologist’s performance on LM and DP against the GT. The study examined 2028
complete histopathology samples including 600 samples each of breast, Gl (including 200 cancer screening samples)
and skin, and 200 renal samples taken for native, or transplant related renal disease (four samples were removed from
the main study due to incomplete clinical and macroscopic data). The renal biopsies included immunofluorescence for
detection of immunoglobulin deposits. The population of samples enrolled were a combination of sequentially selected
samples and those from study centres’ archives. Except for renal samples, all other samples were enriched with about
10% moderately difficult and at least 10% difficult samples. The main study objective was to compare pathologists’
diagnoses made by assessment of LM of breast, Gl, skin and renal samples, with the same pathologists’ diagnoses of the
same samples (intrarater reliability) using DP.

The use of DP allows for remote reporting of histopathology samples from the laboratory. Widespread implementation
of DP allows for more efficient matching of workloads to pathologist capacity in hospitals and targeting of difficult
samples to experienced pathologists to reduce error. It also allows for the creation of digital pool of histopathology
samples to avoid blockages at individual pathologist level due to temporary unavailability. Furthermore, it may lead

to a reduction in the human resources required for the management of diagnostic histopathology slides and MDT
meetings.*® Beyond the potential efficiency gains that may accrue due to DP, questions remain as to whether reporting
time is affected by DP technology. It is also important to know whether digitised histopathology slides are of sufficient
quality to ensure diagnostic accuracy equivalent to bright-field and immunofluorescent LM currently used.

The aims of the study are:

1. To explore the impact of DP on the time taken for diagnosis.
2. To explore the costs and benefits of implementing DP, and its impact on throughput in the laboratory.

The objectives of the study are:

I. To estimate the effect of DP technology on histopathology reporting time across the whole sample.
Il. To estimate the time taken for diagnosis for each pathologist and across specialties.
lll. To explore interaction effects between characteristics of samples and diagnostic technology on time taken for his-
topathology reporting.
IV. To explore potential learning effects following continued use of DP.
V. To estimate the costs associated with implementing DP.
VI. To explore the impact of DP on resource use and productivity within the laboratory; and the incremental costs per
additional sample reported following digitisation.
VII. To explore the impact of DP on diagnostic accuracy.
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The following sections describe the methods and results of estimating reporting time. The costs and benefits associated
with implementing DP are currently being explored using a discrete event simulation model and are not reported here.

Methods

The difference in time taken for diagnosis using standard LM and DP was estimated using unadjusted and adjusted
regression analysis. The adjusted analysis controlled for a number of variables to isolate the effect of technology

on reporting time. Variables adjusted for includes technology first used (i.e. whether a DP or LM was first used for
diagnosis before the 6-week washout period), order of reading (i.e. whether the observation is the first or second read),
pathologist, confidence in diagnosis, complexity (difficulty level), number of slides and specialty. Each sample generated
eight different observations, hence a hierarchical generalised linear model was used to allow for clustering at the sample
level.# The statistical models were used to investigate the effects of technology on time taken for diagnosis across the
whole sample, in each specialty and for each pathologist. Interaction effects were fitted to explore whether:

I. There was a learning effect with the use of DP technology (i.e. whether pathologist reporting time improved as
they became more familiar with DP).
Il. Reporting time is affected by technology for cases with relatively higher number of slides.
lll. Reporting time differs between technology for more complex samples.

To explore learning effects associated with continued with DP, the dates within which each pathologist reported their
first sample and last sample was divided into 10 quantiles. Model 2 (interaction models) was fit to the data to quantify
any learning effect associated with increasing familiarity with DP technology. The mean reporting time for each
technology and the mean difference in reporting time for observations falling within each quantile of reported date
were estimated.

The general form of the statistical model is shown in Appendix 1. All models were fitted using the meglm Stata command
(StataCorp LP, College Station, TX, USA.

Estimating reporting time for digital pathology and light microscopy

For each fitted model, we obtain margins of derivatives of reporting time with respect to technology. Various
distributions were explored for the response variable and statistical models were selected based on convergence and
log likelihood.

Results
Table 18 shows the breakdown of enrolled samples by complexity and specialty levels. Two thousand and twenty-eight

samples (including four samples removed from the main study due to incomplete clinical and macroscopic data) were
recruited and enrolled in the study (608 breast samples, 610 Gl samples, 201 renal samples and 609 skin samples).

TABLE 18 Breakdown of enrolled samples by complexity and specialty

Routine samples Moderate samples Difficult samples Total

Breast 486 54 68 608

Gl 480 53 77 610

Renal 0 0 201 201

Skin 484 57 68 609

Total 1450 164 414 2028
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Sixteen pathologists (four per group) read each sample twice generating 16,219 observations. There were 4861 breast
observations, 4878 Gl observations, 1608 renal observations and 4872 skin observations.

Completeness of data

Table 19 shows the completeness of data on reporting time by specialty and diagnostic technology. Of 16,219
observations, data were missing in 38 observations (0.23%). Two observations reported an unrealistic reporting time
of 0 and was excluded from the analysis. Further investigation revealed a frustration by the reporting pathologist on
the number of slides in the case. Due to the very low levels of missingness (< 0.5% missingness across the study), only
observations with complete data were used for the analysis.

Time taken to report samples using digital pathology and light microscopy technology

Pathologists spent an unadjusted mean time of 4.89 minutes reporting samples using LM technology and 5.01 minutes
reporting samples using DP technology. The mean unadjusted difference (DP-LM) of 7 seconds is not statistically
significant at a significance level of 95% (Cl: 16.7 seconds to —2.82 seconds). Reporting time ranged from 4.02 seconds
to 65 minutes for samples reported using LM technology and 3 seconds to 66.48 minutes for samples reported using
DP technology. Table 20 shows the mean and range of reporting time, and the median and interquartile range of
number of slides per sample, by specialty and complexity.

Number of slides per specialty

The number of slides per case varied across the specialties, about 76% of breast samples had five slides or less and over
90% of Gl and skin samples had five slides or less. Gl and skin samples both had a median of two slides per sample.
Breast samples had a median of 3 slides per sample, while renal samples had a median of 10 slides per sample as shown
in Table 20. Figure 6 shows the distribution of the number of slides per sample by specialty.

Statistical modelling of reporting time

Table 21 reports the estimates of reporting time across the whole study, by specialty and for each pathologist. The
statistical model was adjusted for all pre-specified variables. Pathologists have statistically similar times reporting
samples using both technology (mean: 1.4 seconds; 95% Cl -2.4 seconds to 5.4 seconds). Examining the time taken for
diagnosis by specialty, pathologists were 35 seconds faster reporting skin samples using DP compared to LM. They took
longer reporting breast, renal and Gl samples on DP compared to LM as shown in Table 20.

Within the specialties, there was no clear advantage of either technology on reporting time. In breast samples, two

of four pathologists had statistically similar reporting time while the other two were slower using DP. Similarly in GI
samples, two of four pathologists had statistically similar reporting times on both technology while the other two were
slower reporting samples on DP. In renal samples, one pathologist had statistically similar reporting time on DP and LM,
while the other three pathologists were slower on DP. In skin samples, one pathologist had statistically similar reporting
times on both DP and LM, one pathologist was about 6 seconds slower on DP, and two pathologists were faster on DP
as shown in Table 21.

Some pathologists were relatively slower reporting samples on DP, while others were relatively faster reporting samples
on DP. Within breast samples, pathologist Il took about 1.85 minutes longer to report samples on DP, while technology
had no effect on pathologist | and pathologist Ill. Most pathologists reporting renal samples were considerably slower

TABLE 19 Completeness of reporting time by specialty and modality

DP (n = 8109) LM (n = 8110) Total (n = 16,219)
Breast (n = 4861) 2419 (99.55%) 2426 (99.79%) 4845 (99.67%)
Gl (n = 4878) 2435 (99.84%) 2436 (99.88%) 4871 (99.87%)
Renal (n = 1608) 799 (99.38%) 802 (99.75%) 1601(99.56%)
Skin (n = 4872) 2431 (99.79%) 2432 (99.84%) 4863 (99.82%)
8084 (99.69%) 8096 (99.84%) 16,180 (99.76%)
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TABLE 20 Range, unadjusted mean reporting time and number of slides by specialty and difficulty levels

Number of slides DP (n = 8109) LM (n = 8110)

Median (IQR) Range (minutes) Mean (SD) Range (minutes) Mean (SD) (minutes)
Routine samples
Breast (n = 3873) 3(1-4) 0.45-50 3.79 (2.93) 0.07-49 3.33(2.37)
Gl (n = 3836) 2(1-2) 0.33-26 3.86(3.01) 0.42-55 3.68(3.09)
Skin (n = 3864) 1(1-2) 0.05-48 2.01(2.28) 0.07-33.97 2.56(2.82)
Moderate samples
Breast (n = 431) 6(3-9) 1.27-45 8.89 (6.84) 1.00-38.20 7.15(5.33)
Gl (n =421) 6 (4-14) 1.25-59.17 13.56 (10.52) 1.75-65 13.64 (10.76)
Skin (n = 455) 4(2-6) 0.63-28.38 6.58(5.13) 0.27-40.47 8.59 (7.25)
Difficult samples
Breast (n = 541) 5(3-8) 0.5-40 6.83(5.84) 0.08-60 6.22 (6.09)
Gl (n = 613) 2(1-4) 1.02-57 7.16 (5.95) 1.02-56.17 6.74 (5.63)
Renal (n = 1601) 10(9-13) 3.25-66.48 12.21 (6.33) 3.38-41.5 11.03 (5.33)
Skin (n = 544) 3(1-8) 0.27-36.17 6.66 (6.19) 0.27-38.37 7.99 (7.79)
Aggregate

Level of difficulty

Routine (n = 11,573) 2(1-3) 0.05-50 3.22(2.88) 0.07-55 3.19 (2.81)
Moderate (n = 1309) 5(3-8) 0.63-59.17 9.59 (8.28) 0.27-65 9.74 (8.51)
Difficult (n = 3299) 9 (3-11) 0.27-66.48 9.47 (6.71) 0.08-60 8.94 (6.33)
Specialty

Breast (n = 4845) 3(2-5) 0.45-50 4.58 (4.18) 0.07-60 4.00 (3.60)
Gl (n = 4872) 2(1-3) 0.33-59.17 5.11(5.39) 0.42-65 4.93(5.45)
Renal (n = 1601) 10 (9-13) 3.25-66.48 12.21(6.33) 3.38-41.5 11.03 (5.33)
Skin (n = 4863) 2(1-2) 0.05-48 2.96(3.78) 0.07-40.47 3.73(4.83)

on DP compared to LM, with pathologist IV taking as much as 3 minutes longer to report renal samples on DP.
However, renal pathologist | had statistically similar time reporting samples on both DP and LM. Conversely, in skin
samples, pathologists were generally faster reporting samples using DP compared with LM with pathologist Il being
about 4 minutes faster reporting skin samples on DP compared to LM while pathologist IV was 6 seconds slower
reporting skin samples on DP.

Is there a learning effect following continued use of digital pathology?

Most pathologists use standard LM technology for routine histopathology diagnosis; hence they may be faster reporting
samples on a more familiar technology. However, as pathologists become more familiar with using DP, there may be a
learning effect leading to faster reporting time. Table 22 reports the results of the model estimates for the 1st quantile
(start), 5th quantile (mid-point) and 10th quantile (end). Figures 7-9 report graphically the predicted mean reporting
time of samples reported using DP and LM technology in observations falling within each quantile, alongside the mean
difference at each quantile with 95% Cls. Estimates falling above the reference line at O on the right side of Figures 7-9
indicate that pathologists were slower reporting samples on DP compared with LM while observations falling below the
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FIGURE 6 Number of slides by specialty.

TABLE 21 Parameter estimates? for effects of technology on time taken for diagnosis (model 1)

Whole sample
DP

LM

Mean difference®
Specialty
Breast

Gl

Renal

Skin
Pathologist
Breast
Pathologist |
Pathologist Il
Pathologist Il
Pathologist IV
Gl

Pathologist |
Pathologist 11
Pathologist IlI

Pathologist IV

Mean (SE)

5.47 minutes (0.10)

5.49 minutes (0.10)

1.4 seconds (-2.4 seconds to 5.4 seconds)
DP-LM Mean difference (95% Cl)

27 seconds (22 seconds to 33 seconds)
18 seconds (11 seconds to 24 seconds)
58 seconds (43 seconds to 74 seconds)

-35 seconds (-41 seconds to -30 seconds)

6 seconds (-2 seconds to 14 seconds)
1.85 minutes (1.6 minutes to 2.1 minutes)
2 seconds (-5 seconds to 10 seconds)

19 seconds (10 seconds to 27 seconds)

2 seconds (-2 seconds to 7 seconds)
2 seconds (-2 seconds to 7 seconds)
44 seconds (30 seconds to 57 seconds)

12 seconds (6 seconds to 19 seconds)
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TABLE 21 Parameter estimatesa for effects of technology on time taken for diagnosis (model 1) (continued)

Renal

Pathologist | 25 seconds (-64 seconds to 14 seconds)
Pathologist Il 30 seconds (19 seconds to 42 seconds)
Pathologist Il 67 seconds (48 seconds to 86 seconds)
Pathologist IV 3 minutes (2.32 minutes to 3.52 minutes)
Skin

Pathologist | -17 seconds (-24 seconds to -10 seconds)
Pathologist Il -3.8 minutes (-3.7 minutes to 3.1 minutes)
Pathologist IlI -1 second (-8 seconds to 6 seconds)
Pathologist IV 6 seconds (3 seconds to 8 seconds)

a Estimates calculated as marginal predicted mean effect of technology on reporting time.
b Estimates calculated as marginal predicted mean difference in reporting time between technology.

reference line indicate pathologists were faster reporting samples on DP compared with LM. Estimates were derived
using Model 2 in Appendix 1.

There was a clear ‘learning effect’ across the whole sample as shown in Table 22 and Figure 7. Pathologists were about
30 seconds slower on DP compared with LM in reporting samples at the start of the study (i.e. observations read within
the 1st reported date quantile). However, this difference gradually reduced over time and at the end of the study (i.e.
10th date quantile); they were significantly faster reporting samples on DP as shown in Figure 7.

We explored whether the learning effect differed by levels of case complexity. For routine samples, pathologists were
11 seconds slower reporting samples on DP compared with LM, but this difference gradually reduced and towards the
end of the study, and they were 21 seconds faster reporting samples on DP compared with LM as shown in Figure 8.

The learning effect was more apparent in moderate and difficult samples where pathologists were about 1.5 minutes
slower reporting samples on DP compared with LM at the start of the study but were 50 seconds faster reporting
samples on DP compared with LM at the end of the study as shown in Figure 9.

Is digital pathology more efficient in samples with higher number of slides?

The impact of increasing numbers of slides on the difference in reporting time speed between the modalities varied
between specialty groups as shown in Table 23. For each unit of slide increase, breast pathologists were 2 seconds
slower on DP compared with LM while GI pathologists had similar reporting times on both DP and LM. For each
unit increase in the number of slides, pathologists reporting renal and skin samples were 12 seconds faster reporting
samples on DP compared with LM.

However, as seen in Table 23 and Figure 6, renal cases had a relatively higher number of slides per sample compared to
other specialties. Hence, any effect between technology used for diagnosis and number of slides is likely to be better
reflected within renal samples.

Renal pathologists were on aggregate slower reporting samples on DP compared with LM as seen in Table 20. However,
they became slower reporting samples on LM as the number of slides increased. In contrast, an increase in the number
of slides had no impact on renal pathologists reporting time on DP technology as shown in Figure 10. Reporting times
were statistically similar in renal samples with 11 or more slides.

Copyright © 2025 Snead et al. This work was produced by Snead et al. under the terms of acommissioning contract issued by the Secretary of State for Health and Social Care. This is an Open Access 39
publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction and adaptation in any medium and

for any purpose provided that it is properly attributed. See: https://creativecommons.org/licenses/by/4.0/. For attribution the title, original author(s), the publication source - NIHR Journals

Library, and the DOI of the publication must be cited.



HEALTH ECONOMICS SUBSTUDY

TABLE 22 Mean estimated time to diagnosis over the 3-year reporting period

LM (95% ClI)

Marginal mean difference
(DP-LM) 95% CI

DP (95% Cl)

All samples

Start 6.7 minutes (6.3 minutes to 7.0 minutes)
Mid-point 5.1 minutes (4.9 minutes to 5.3 minutes)
End 4.6 minutes (4.4 minutes to 4.9 minutes)
Routine samples

Start 3.9 minutes (3.7 minutes to 4.2 minutes)
Mid-point 3.0 minutes (2.9 minutes to 3.2 minutes)
End 2.9 minutes (2.7 minutes to 3.0 minutes)

Moderate and difficult samples

Start 11.3 minutes (10.5 minutes to 12.1 minutes)
Mid-point 9.5 minutes (9.0 minutes to 10.1 minutes)
End 8.8 minutes (8.2 minutes to 9.4 minutes)

6.2 minutes (5.8 minutes to 6.5 minutes)

5.0 minutes (4.8 minutes to 5.2 minutes)

5.2 minutes (4.9 minutes to 5.4 minutes)

4.1 minutes (3.9 minutes to 4.4 minutes)

3.0 minutes (2.9 minutes to 3.1 minutes)

3.2 minutes (3.1 minutes to 3.4 minutes)

9.8 minutes (9.1 minutes to 10.5 minutes)

9.5 minutes (9.0 minutes to 10.1 minutes)

9.6 minutes (9.1 minutes to 10.2 minutes)

30 seconds (16 seconds
to 43 seconds)

7 seconds (-5 seconds to
19 seconds)

-32 seconds (-43
seconds to —20 seconds)

11 seconds (-1 second to
23 seconds)

3 seconds (-6 seconds to
11 seconds)

-21 seconds (-29
seconds to -13 seconds)

87 seconds (54 seconds
to 120 seconds)

0 seconds (-38 seconds
to 38 seconds)

-50 seconds (-83
seconds to -17 seconds)

Predictive margins of technology and contrasts of predictive margins of technology with 95% Cls

6.5
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FIGURE 7 Marginal predicted mean reporting time per technology used and contrast of marginal predicted mean for all observations.
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Predictive margins and contrasts of predictive margins of technology with 95% Cls (routine samples)
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FIGURE 8 Marginal predicted mean reporting time per technology used and contrast of marginal predicted mean for routine samples.

Predictive margins and contrasts of predictive margins of technology with 95% Cls (moderate and difficult samples)
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FIGURE 9 Marginal predicted mean reporting time per technology used and contrast of marginal predicted mean for moderate and difficult
samples.

Is digital pathology efficiency affected by the level of sample complexity?

Overall, there were little or no differences in reporting time on DP and LM for routine and moderate samples. However,
pathologists were about 34 seconds slower (95% Cl 22 seconds to 46 seconds) reporting difficult samples on DP
compared with LM as seen in Table 24.
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TABLE 23 Estimates of interaction between pathologist and number of slides with 95% Cl

Estimates (95% Cl)

All observations 3 seconds (1 second to 4 seconds)

Breast 2 seconds (0 second to 4 seconds)

Gl 0 second (-2 seconds to 2 seconds)

Renal -12 seconds (-23 seconds to -1 second)
Skin -12 seconds (-15 seconds to -8 seconds)

Predictive margins of technology with 95% Cls

Marginal predicted mean (minutes)

T T T T T T T T T T
7 8 9 10 11 12 13 14 15 16
Slides

[+ Light microscopy —e—Digital pathology]

FIGURE 10 Interaction between technology and number of slides.

TABLE 24 Differences in reporting time between technology by difficulty level

Routine -4 seconds (-7 seconds to -2 seconds)
Moderate -6 seconds (-29 seconds to 16 seconds)
Difficult 34 seconds (22 seconds to 46 seconds)

Discussion

This report details the statistical analysis of histopathology reporting time at levels of specialty and pathologist. The
results show as pathologists became more experienced using DP within the study, they became faster reporting
samples on DP compared with LM. While overall there was no clear benefit for either technology within each specialty,
this may be due to any subtle changes being masked by changes inherent in familiarity with the technique. In specialties
where pathologists were on average, faster using either DP or LM, some had no statistically significant difference in
reporting time between each technology. Indeed, the ‘learning effect’ associated with continued use of DP was evident
across all levels of difficulty but were more apparent in difficult cases. Furthermore, using DP to report cases with small
number of slides may not lead to reduced reporting time. However, there are potential time savings in samples with a
higher number of slides, when pathologists become fully familiar with the DP system.
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While DP may be a more efficient way to report tissue samples, the time savings in histopathology reporting

time are very small. This is not surprising since the central part of the task, that is interpretation of morphological
features presented in a case, remains precisely the same for both modalities. However, the benefits of implementing
DP go beyond potential efficiency gains in histopathology reporting and include non-reporting processes in the
laboratory such as handling, filing, locating misplaced slides and storage of slides, all of which are beyond the scope
of this study. Furthermore, substantial upfront costs following digitisation may be offset by potential reduction in
labour requirements relating to non-reporting tasks. It is important that an economic evaluation of the benefits of
implementing DP accounts for all processes in the laboratory that can be affected by digitisation.

Future workstream in this substudy will implement discrete event simulation model to explore the impact of
implementing DP on slide throughput in the laboratory. The potential costs and disbenefits of clinically significant
differences in diagnosis due to technology will be investigated.
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Chapter 6 Eye-tracking substudy

Some text in this chapter has been reproduced with permission from Sudin et al.>°

Introduction

Digitising the pathology workflow has the opportunity to transform clinical pathology by facilitating rapid slide
sharing, remote reporting and second opinion acquisition, as well as its potential for pathology education and
training and its compatibility with Al systems to assist with detection and diagnosis.®**>! Further to this, replacing
the microscope with a computer workstation set-up easily facilitates the passive tracking and capture of valuable
information during the diagnostic process, including data on slide zooming and panning, mouse-keyboard usage,

and eye movement tracking. These data sources can be analysed to objectively investigate search and interpretation
strategies, which could further our understanding of the nature of medical errors during pathology slide
reporting.>°,52-5¢ Additionally, utilising tracking technology in pathology could be invaluable for the development and
evaluation of Al support systems as well as a useful tool for benchmarking and assessment for pathology training and
quality assurance programmes.>>5¢

Eye tracking has been employed frequently in medicine to understand medical image interpretation tasks - with most of
these studies conducted in the field of radiology, a discipline that has been fully digital for over two decades.”’=> From
this body of work, medical errors during radiology image interpretation have been more comprehensively understood
and categorised, and interpretation behaviours associated with greater experience and diagnostic performance have
been identified.>**° Using this understanding in radiology, research groups have been investigating the development

of specialist training and teaching tools harnessing eye tracking and Al to objectively assess interpretation
performance.>®¢! Furthermore, there is growing interest in using eye tracking for automatic image segmentation and
labelling to build training data sets for Al detection and diagnosis algorithms.>>

Due to the relative novelty of DP, there are not many eye-tracking studies investigating image interpretation behaviour
in this domain. Furthermore, due to the great size and complexity of the digital slide images and the essential image
panning and zooming manipulation during the diagnostic reporting process, eye-tracking studies are technically very
challenging. Early DP eye-tracking studies by Krupinski et al. demonstrated how less experienced pathologists exhibited
increased time on task and made more visual fixations than more experienced pathologists.*?¢2 However, pathologists
in these studies viewed digital slides at fixed magnification levels that could not be zoomed or panned. Other studies
allowed pathologists to navigate slides freely, but instead of tracking eye movement, tracked only the viewport as a
proxy of slide visual coverage and to begin to investigate image navigation techniques including zoom and panning
characteristics.3%* Only a limited number of studies have combined eye tracking and viewport tracking elements

to comprehensively assess pathologist search and reading behaviour, but it is important to note that these studies
employed custom-built digital slide viewers rather than commercially available slide viewers that are used for routine
clinical reporting.>®>*

In the eye-tracking substudy of this National Institute for Health and Care Research (NIHR) Digital Pathology Trial,
we aimed to build on this limited knowledge base to further investigate the image search and reading behaviour in
DP by analysing eye movements and digital slide image manipulation during the diagnostic reporting process, using a
commercial, FDA-approved digital slide viewer. To explore this, we conducted a number of eye-tracking studies with
different pathology cases to learn of the different reporting behaviours and to refine the DP eye-tracking protocol;
including: (1) breast surgical resection specimens (pilot study),® (2) breast core needle biopsy specimens®*¢¢ and (3) Gl
specimens. Additionally, in order to conduct more thorough analysis with the eye-tracking data, we have developed

a specialised software platform which utilises computer vision techniques to extract panning, zooming and tool use
activity from recorded screen captures from the eye-tracking sessions.¢”
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Methods

Breast surgical resection pilot study

This pilot included three pathologists from Nottingham University Hospitals NHS Trust. Participants reported on 10
surgically resected breast specimens chosen from the national histopathology database for UK breast pathology EQA
scheme. GT diagnoses were agreed by an expert panel and only highly concordant cases were selected. All cases were
invasive cancers and chosen by an experienced pathologist.

Participating pathologists were instructed to subdivide their reporting into five separate sections:

Overall diagnosis.

Epithelial proliferation or presence of in situ disease.
Lymphovascular invasion.

Measurements of lesion/invasive component.
Grading.

vhobdpe

The above format was adapted from that used in the EQA schemes. Cases were reported verbally by each pathologist,
with the answers recorded on a form by a research assistant.

Breast core needle biopsy study

Fourteen pathologists from Nottingham University Hospitals NHS Trust, University Hospitals of Derby and Burton
NHS Trust and United Lincolnshire Hospitals NHS Trust were recruited. Participants reported 20 core needle biopsy
breast specimens - one H&E slide per case. These specimens were obtained from the main Digital Pathology Trial.
Samples were selected by an expert, to include a range of diagnoses and difficulties. The GT diagnoses were agreed by
consensus after the slides had been read by the pathologists in the main study.

The participants were asked to report their findings on a standardised reporting form which was modified from the
Royal College of Pathologist Guidelines for reporting non-operative diagnostic breast specimens and UK breast
pathology EQA scheme core needle biopsy proforma.® The reporting form was divided into six sections to include the
following domains:

Overall diagnosis:

B1 normal.

B2 benign.

B3 lesion of uncertain malignant potential - including epithelial proliferation with or without atypia.
B4 suspicious.

B5a malignant in situ - including nuclear grade and microinvasion.

B5b malignant invasive - including type and grade.

I

Gastrointestinal study

Nine pathologists from Nottingham University Hospitals NHS Trust and University Hospitals of Derby and Burton NHS
Trust were recruited. Participants reported 20 single-slide H&E Gl specimens. These specimens were obtained from the
main Digital Pathology Trial. Samples were selected by an expert, to include a range of diagnoses and difficulties. The
GT diagnoses were agreed by consensus after the slides had been read by the pathologists in the main study.

The participants were asked to report their findings on a standardised reporting form which was designed specifically
for this study with the assistance of an expert Gl pathologist. The form included information about the case, including
specimen type (i.e. where the biopsy was taken from the Gl tract) and included clinical details. The reporting form was
divided into five sections to include the following domains:
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Overall diagnosis:

Normal.

Benign.

Neoplastic malignant.
Inflammation.

Other.

nkhwbe

Workstation and eye tracker set-up

A dedicated workstation was set up in each pathologist’s normal reading environment with controlled ambient light

to replicate ordinary reporting conditions. The digital slides were viewed on a 27-inch single-screen display with

2560 x 1440 pixels (Dell P2720D, Dell Computer Corporation, TX, USA), using the Philips IntelliSite DP slide viewer
(Philips, Amsterdam, the Netherlands). This system allows the display of each image at a standard resolution and allows
panning and zooming of up to 40x optical magnification and 100x digital magnification. The pathologists were provided
with a standard mouse and keyboard for slide navigation and reporting.

Three remote, non-intrusive eye-tracking cameras (SmartEyePro, SmartEye AB, Gothenberg, Sweden) were mounted to
the pathology monitor and passively recorded gaze and eye behavioural data at a sampling rate of 60 Hz as participants
read the case set (Figure 11). Prior to each eye-tracking session, the eye trackers were adjusted to suit each participant’s
natural seated head position and calibrated using a 9-point gaze calibration to ensure accurate gaze tracking across

the screen. A second PC was set up for eye tracker calibration and monitoring during the experiment to ensure that
participants remained within the eye tracker’s field of view for optimal eye tracking. A separate PC running the eye
tracker was chosen such that the DP PC could dedicate its computing power on displaying the digital slides, and not
competing with other demanding tasks, ensuring that the performance of the slide viewer was not compromised.
During the eye-tracking experiment, the DP screen display was recorded at native resolution at a frame rate of 25 Hz.
Participants’ eye-tracking data, workstation screen capture, scene camera recording and mouse and keyboard data were
all automatically recorded, compiled, synced in real time and timestamped (eyesDX software suite, eyesDx, IA, USA).
The two PCs were time synced using network time protocol time server software.

~

FIGURE 11 Shows the DP eye-tracking set-up. The participating pathologist reviewed digitised pathology slides on the left monitor with
eye-tracking cameras attached to non-intrusively record eye movements during the reporting process. The right monitor displayed a real-
time eye-tracking feed for the research assistant to ensure that the quality of the eye movement data was maintained throughout the
experiment.
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Procedure

Some of the participants had no prior DP experience, and were provided with online training sessions, information and
video tutorials on how to use the viewing software prior to data collection. Following consent, participants completed

a brief demographic and experience survey. Participants were then given access to two practice cases to familiarise
themselves with the set-up and reporting software before starting the test cases. Practice cases were not recorded, and
this provided an opportunity to correctly adjust the remote eye-tracking cameras to ensure that the participants’ natural
reading position was within the eye tracker’s field of view for optimal eye and head detection for accurate gaze data.

Slide navigation tracking software

During the reporting process, pathologists manipulate the slide images by panning and zooming, as in LM, to enable
the assessment of tissue in greater detail to formulate a diagnosis. Due to this essential slide zooming and panning,
the slide is dynamic for much of the reporting process, and hence the portion of the slide visible on-screen (termed the
viewport) changes very frequently depending on the magnification level selected and the spatial location on the slide.
For example, when zooming to a higher magnification, the viewport displays a smaller section of the slide image with
greater detail, but spatial context is reduced (Figure 12).

Since eye trackers record eye movement (gaze) location in terms of screen co-ordinates, it is essential to also track the
pathologists’ slide navigation to determine exactly where on the slide the pathologist has viewed and what features
(and at what magnification) the pathologist has fixated (Figure 13).

To capture the slide movement data, screen captures of the DP clinical workstation recorded during the eye-tracking
sessions were analysed automatically using the developed software platform. Data were extracted from the screen
capture video frame-by-frame, using computer vision techniques to identify and track landmark features on the user
interface of the slide viewing software. This allowed the automatic identification of case name, zoom level and two-
dimensional slide co-ordinates, relating to the centre of the viewport, for each timestamped frame of the recording.
These data can then be combined to allow for the isolation of the viewable slide area from the raw DP slide image at
each timestamp during the eye-tracking session. Then, the gaze data can be combined with the segmented slide image
at each timestamp to reconstruct the overall gaze path/heatmap, including locating fixation points, and eye movements
while the slide is in motion.

* At greater magnification, Thumbnail shows global view
s there’s greater detail, but of the slide
) reduced spatial context

5x

\/

.y Most of the specimen visible
. on computer monitor at 1x

3 e . magnification The image portion visible on-screen

at a given timestamp during the
reporting process is referred to as
the viewport

FIGURE 12 Shows a visualisation of how the on-screen content displayed to the pathologist can change dramatically due to panning and
zooming behaviour during the reporting process.
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EYE-TRACKING SUBSTUDY

Eye gaze trail

FIGURE 13 Schematic to show how gaze data captured in terms of screen co-ordinates need to be translated to the global slide co-ordinates
for high-level assessment and analysis of digital slide image coverage and region of interest analysis.

Statistical analysis

In the current report, only data from the breast surgical resection pilot study and the first round of data from the breast
core needle biopsy study (n = 5) are presented. Analyses including the additional data collected in the breast core
needle biopsy study and the data collected in the Gl study are currently underway at the time of submitting this report,
and these results will be disseminated following report submission (see eye-tracking study dissemination plans for
further details).

For both studies, the case reading time, fixations, magnification and diagnostic accuracy were assessed for each
participant. For the breast surgical resection pilot, the most experienced pathologist (participant 1) was compared to the
most inexperienced (participant 2). For the breast core needle biopsy study, repeated measures-analysis of variance was
used to test for statistical significance, with post hoc pairwise t-tests using the Benjamini-Hochberg correction method.
Additionally, in the breast core needle biopsy study, the relationship between experience and case reading time, fixation
and magnification was investigated using mixed-effects linear regressions, with inverse transformations, wherever
appropriate. Case ID was taken as a RE variable to account for within-slide correlations. The relationship between
experience and diagnostic accuracy was investigated using mixed-effects logistic regression, again taking case ID as a
RE variable. The threshold for statistical significance was set at a = 0.05.

Results
Breast surgical resection pilot study

Reading time

The three participants spent an average of 4 minutes reading each case. Pathologists with more experience had shorter
reporting times. Participant 1, a senior breast pathology consultant, spent an average of 3.77 minutes per case, while
participant 2, a trainee, spent 5.03 minutes (p = 0.002).

Fixations

The eye position data were analysed by examining the total number of fixations per case. The senior pathologist,
participant 1, had an average of 55.30 fixations per case compared to the trainee pathologist, participant 2, who had an
average of 178.90 fixations (p < 0.001).
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Maghnification

To examine differences in reading technique/strategy, the recorded data were analysed to compare the magnification
technique employed by the senior and trainee pathologists (Figure 14). The magnification pattern for each case

was grouped in 10-second increments up to 60 seconds. It was found that the senior pathologist utilised a higher
magnification in the first 20 seconds of reporting, while the trainee pathologist used a higher magnification in the latter
40 seconds. This may signify that the trainee pathologist took a longer time to decide which areas to investigate further
using the zoom function.

Diagnostic accuracy
Interestingly, although there was a wide range in the amount of time taken to read the slides, the diagnostic accuracy
for all three participants is similar (Table 25).

Breast core needle biopsy study
The five participants included in the breast core needle biopsy study were ordered 1-5 in terms of increasing lengths
of experience.

Reading time

A significant difference was identified between participants in terms of case durations (p < 0.001; Figure 15). Participant
1, who had the least experience in pathology, took on average 169.75 seconds, whereas participant 5 who had the most
experience took on average 101.22 seconds. Post hoc pairwise t-tests showed that the less experienced participants

1 and 2, with an average of 2 years of experience, exhibited significantly longer reading times compared to the more
experienced participants 3, 4 and 5 (mean years of experience: 25.67 years) (p < 0.01). There was a significant trend
towards quicker reading times with increasing experience (p < 0.001). The changes were greatest for the first 10 years,
which levelled off thereafter (Figure 16).

Average magnification pattern
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Average magnification

FIGURE 14 Average magnification pattern for participant 1 (senior pathologist) and participant 2 (trainee pathologist) over 10-second
increments.

TABLE 25 Total number of incorrect diagnoses and grading for all participants across the 10 cases

Number of incorrect cases

Participant 1 Participant 2 Participant 3

Diagnosis 1 1 2
Grading 3 3 1
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Mean case durations per participant
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FIGURE 15 Comparison of mean case durations in seconds per participant. The black bars denote the 95% Cls of the means. Participants
have been ordered in increasing lengths of experience. Figure reproduced with permission from Sudin et al.>®
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FIGURE 16 A graph of case duration against years of experience. The line denotes the regression line. The shaded area denotes the 95% Cl
of the regression line. Figure reproduced with permission from Sudin et al.>°
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Fixations

The least experienced participant (participant 1) had the greatest average number of fixations per case (mean: 65.5),
and the most experienced participant (participant 5) had the least (mean: 33.1; Figure 17). Increased experience was
significantly associated with a reduced number of fixations per case (p < 0.001; Figure 18).
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FIGURE 17 Comparison of the mean number of fixations per participant. The black bars denote the 95% Cls of the means. Figure
reproduced with permission from Sudin et al.>®
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FIGURE 18 A graph of fixations against years of experience. The line denotes the regression line. The band denotes the 95% Cl. Figure
reproduced with permission from Sudin et al.>®
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Maghnification

All pathologists exhibited a preference for 5x magnification for the majority of the examination session. The more
experienced pathologists utilised the lower magnifications more than the less experienced pathologists, and conversely,
the less experienced pathologists utilised the higher magnifications more than experienced pathologists (Figure 19).
Greater experience was significantly associated with greater relative use of the lower magnifications: 0.1 x (p = 0.04)
and 5 x (p = 0.008). In contrast, greater experience was significantly associated with lesser usage of higher
magnifications: 5 x (p < 0.001) and 10 x (p = 0.002).

Additionally, we investigated how experience was related to ‘zooming’ and ‘panning’ behaviour, where ‘zooming’ was
measured as the number of changes of magnification in a minute, and ‘panning’ was defined as the total proportion of
time spent on any single magnification for longer than 2 seconds. Experience was associated with a near-significant
decrease in the relative time spent panning in each case (p = 0.070; Figure 20). A significant association between
experience and increased zooming behaviour was identified (p < 0.001; Figure 21).

Diagnostic accuracy
There was a significant correlation between greater experience and overall diagnostic accuracy of each participant
(p = 0.033; Figure 22).

Discussion

From the studies and analyses conducted to this point as part of this NIHR Digital Pathology Trial, we have found
significant differences in DP interpretation between pathologists of different experience levels. Pathologists with
greater experience required less time to reach a diagnosis and exhibited fewer visual fixations when reporting compared
to pathologists with less experience. Furthermore, greater experience was associated with differences in reading
behaviour, specifically magnification use and slide exploration strategy, including ‘zooming’ and ‘panning’ behaviours.

Percentage of time using each magnification

By years of experience
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FIGURE 19 Graph showing the percentage of time spent at each magnification against years of experience. The points denote the mean,
and the error bars denote a 95% Cl. The blue line shows the regression line. The shadowing represents the SE of the regression line. Figure
reproduced with permission from Sudin et al.>®
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Panning behaviour
Proportion of time spent panning
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FIGURE 20 Relative time spent panning by years of experience. The line denotes the regression line, and the shaded band denotes the 95%
Cl of the regression line. Figure reproduced with permission from Sudin et al.*°

Together, these findings suggest more efficient visual search patterns, better pattern recognition and greater visual
processing capabilities of more experienced pathologists.

Magnification use

We identified that 5x zoom was the most frequently used magnification value for the interpretation. The time spent

on other magnifications was approximately normally distributed around that value. We found that more experienced
pathologists had tendencies towards lower magnifications, whereas less experienced pathologists exhibited tendencies
towards higher magnification values. This is consistent with Mercan et al. and Brunyé et al.,>® who observed an
association between higher magnifications and errors arising from overinterpretations.>*¢° Our findings lend further
support to the current and widely taught practice of utilising low power assessment of the slide to decide which areas
of the slide are most important and merit high power assessment.

Additionally, we investigated the magnification use of our participants and quantified the amount of ‘zooming’ and
‘panning’. A study by Mercan et al. found a significant association between ‘panning’ (called ‘scanning’ by the authors)
and slower interpretation times compared to ‘zooming’ (called ‘drilling’ by the authors) in pathologists.®’ A similar effect
was described in radiology by Drew et al., who found that drilling strategies were associated with better performance on
a variety of metrics.¢® Drew et al. postulated in their studies of radiologists that the better performance of drillers may
be an effect of more experienced radiologists learning to use drilling strategies. This study provides evidence in support
of this hypothesis. The significant association between experience and ‘zooming’ behaviours, alongside our confirmation
that greater experience results in better diagnostic accuracy and reading speed, suggests this explanation as to the most
likely mechanism of the observed effect.

Visual processing

Our studies allow for an indirect assessment of visual processing cognitive capabilities and are suggestive of improved
visual processing with greater experience. The crudest of these are the findings of significant improvements in reading
speed with greater experience, with greater accuracy. Moreover, we found that it took significantly fewer visual
fixations to reach a diagnosis for experienced pathologists compared to inexperienced pathologists. In addition, greater
zooming frequency among more experienced pathologists was indicative of greater visual processing speeds and better
pattern recognition. It may be the case that experience develops the cognitive capabilities that are prerequisites for
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FIGURE 21 Number of zoom changes per minute by years of experience. The line denotes the regression line, and the shaded band denotes
the 95% Cl of the regression line. Figure reproduced with permission from Sudin et al.*°
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FIGURE 22 Graph showing the relationship between diagnostic accuracy and years of experience. Green dots represent correct diagnosis,
and red dots represent incorrect diagnosis. The line denotes the logistic regression line. The shaded band denotes the 95% Cl. The points are
randomly scattered around the y-axis for the clarity of individual points. Figure reproduced with permission from Sudin et al.*°
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zooming behaviours. This could be an explanation for the tendency to dwell longer within a higher magnification value
for less experienced pathologists who are yet to possess these cognitive capabilities.

Conclusions

Experienced pathologists made greater use of lower magnification compared to inexperienced trainees. Zooming
behaviour (changing zoom values) was seen to be more prevalent among experienced pathologists, whereas panning
behaviour (dwelling on any single magnification) was more prevalent among inexperienced pathologists. We found
evidence that greater experience develops visual processing capabilities, which may be a prerequisite for zooming
behaviours. Further research into these and other characteristics of expertise development in DP image interpretation,
as well as increasing sample size and pooling participants from different centres in future studies, could demonstrate
the use of these behaviours as markers of expertise in training programmes. As trainee pathologists progress through
their education, eye-tracked test sets of DP images could be scheduled. Breaking down recorded interpretation
behaviours alongside diagnostic performance and comparing these breakdowns throughout their training could help
evidence their progression and expertise development.

Finally, as mentioned in the methods section, we have conducted further eye-tracking data collection, the results

of which have not been detailed in this report since data analysis is currently underway. As part of this analysis, we
have developed a software platform to track digital slide zooming and panning activity so that the eye gaze data can
be accurately mapped to the digital slide image to enable analysis of image coverage and region of interest analysis
and segmentation. The results of this work will be disseminated following report submission (see eye-tracking study
dissemination plans for further details).
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DISCUSSION

Chapter 7 Discussion

Interpretation and overall results

The main study has measured the assessment and reporting of 2024 cases by 16 consultant pathologists working
across 6 sites in the UK and demonstrated extremely high levels of agreement. Overall figures from the study show
CMC of 99.95% for intra-pathologist agreement between LM and DP readings, made on viewings separated by a
minimum 6-week gap. The level of agreement shown between the two modalities exceeds the reference point initially
set at the start of the study (98.3%), which established from previous studies.*>?? The two modalities showed identical
results when comparing individual pathologists reports with the consensus GT for both LM and DP (99.95 and 99.95,
respectively). The overall inter-pathologist agreement is also identical in both LM and DP modalities (0.91 and 0.91,

respectively).

These figures are similar to those seen in other studies which have conducted comparisons of similar case number but
with differing methodologies and summarised in Table 26. However, this is the first study to also measure interobserver
agreement on the same cases, thereby demonstrating pathologist interobserver performance is identical with DP and
LM both in terms of inter-pathologist variation and comparing either modality to consensus GT. The study shows near
identical results between the DP and LM platforms across all the specialty groups, as well as for breast and bowel

cancer screening cases.

TABLE 26 Comparison of this study with other multisite validation studies previously published in the literature

Study ID

Number of participating sites
Number of cases

Total study readings

Sample enrichment with
difficult cases

Inclusion of cancer screening
biopsies

Inclusion of immunofluores-
cence slides

Sample/slide selection

Number of DP/LM reading
pairs

Washout interval

Number of reading
pathologists

Scanning magnification

Samples randomised for
reading modality

Reading pathologists’
interpreted cases enrolled by
different centres

Mukhopadhyay et
Tabata et al. 2017* al. 20182
12 4
900 1992
2140 15,925
No Yes
Not specified Not specified
No No

Up to five parts only. Selective slides
No IHC or special stains from biopsies and

included resection

1070 7964

> 2 weeks Minimum 4 weeks
9 16

20x and 40x 40x

No Yes

No Yes

Borowsky et al.
20207°

5

2045
15,031
Yes

Not specified

No

Selective slides
from biopsies and
resection

7423

Minimum 31 days

19

20x and 40x
Yes

No

Babawale
20212

7
3001
3001

Not specified

Not specified

No

Not specified

3001
No washout
period

22

20x

No

No

This study
6

2024
16,192
Yes

Yes

Yes

All slides from biopsies.
Selective slides if > 10
blocks resection

8100

Minimum 6 weeks

16

40x

Yes

Yes
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TABLE 26 Comparison of this study with other multisite validation studies previously published in the literature (continued)

Mukhopadhyay et Borowsky et al. Babawale

Study ID Tabata et al. 2017* al. 20182 20207° 2021% This study
LM and DP reading by the Yes Yes Yes No Yes

same pathologist

Adjudication by the reading Yes No No Not stated No
pathologists

Interobserver concordance No No No Yes Yes
measures

DP vs. LM clinical 99.2% 95.1% 96.36% 97.1% 99.95%
concordance

Histopathology is an interpretive discipline and occasional discordance between reports issued on the same case is

to be expected, even when re-reported by the same pathologist. This is more likely in cases known to contain lesions
which are be challenging to interpret, where high intra- and interobserver variability has been previously reported with
which this study was enriched. Clinically significant differences were observed in these cases and reflected in lower
levels of agreement seen in the moderately difficult and difficult cases compared to routine cases Table 9. Table 15

lists the most common diagnoses giving rise to these differences seen in breast, Gl and skin groups, specialty areas
which have been studied previously. As with the overall results, it is noticeable that the incidence of these differences
is nearly identical in reports issued with DP and LM platforms. The previous studies have highlighted areas where DP
may present problems for the reporting pathologist. These include recognition of bacteria, identification of amyloid and
calcification, and a tendency to ‘over-call’ dysplasia or atypia.t>?271.72

Examining further to see if there were trends present in these and other areas revealed nearly identical patterns
across both DP and LM for the clinically significant differences recorded. For example, failure to recognise H. pylori

in gastric biopsies was seen six times in LM and seven times in DP, and there were only single instances of Giardia
duodenalis and H. cytomegalovirus respectively being missed, both in DP, whereas gastric amyloidosis was missed

by two pathologists in both LM and DP reports. There were no errors recorded in breast due to failure to pick up
calcification. Slight differences in breast were seen for B5a (in situ carcinoma) versus B5mi (microinvasive carcinoma)
and in Gl for low-grade versus high-grade dysplasia in adenomatous polyps. Further examination shows that the seven
instances of B5a versus B5mi difference seen in DP showed a nearly equal division in ‘over-" and ‘under-calls’, namely
four instances where the invasion was not reported and three instances where the invasion was reported, contrary to
the GT diagnosis. In Gl, dysplasia grading was the second most common difference seen and occurred in 21 and 28
LM and DP reports, respectively, with both platforms showing greater differences of low-grade dysplasia against the
GT of high-grade dysplasia than the reverse, which is the opposite to what would be seen if DP were leading to over-
grading of dysplasia, but is an observation which is in keeping with the fact that high-grade dysplasia is much the less
common diagnosis in practice. It is also worth pointing out that six of these differences occurred in one case, relating
to a small focus of high-grade dysplasia in an adenomatous polyp, which is indicative of challenges around the correct
identification of a small focus of diagnostic importance as opposed to a drift in overall grading due to altered perception
of nuclear chromatin density, as has been implied in prior studies.*®

Differences observed in the reports relate to the inherent differences in interpretation which accompany the
assessment of histopathology slides, which one would expect to see in a series of cases re-examined for a second time.
Careful analysis of these differences has failed to detect any trend or outlying results which would suggest the modality
used contributed to the differences observed. Differences in areas which previously have been suggested as potential
pitfalls were seen but were not noticeably more frequent in DP compared with LM.

It is important to note that there will be different opinions of what is considered clinically important in respect of patient
management, partly due to variation in local practice protocols. The same group of clinicians advised throughout this
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study and where similar errors re-occurred the same decision on arbitration was made in order to deliver consistent
results regarding this point.

Presented with difficult cases, pathologists naturally used varying terminologies and arbitrators which are inevitably
overridden in this didactic study design. Furthermore, pathologists, aware of the problem routinely, refer such cases to
peer review from colleagues, which was not an option for the pathologists in this study.

In some cases, for example, recognising H. pylori or amyloid deposition, there is little doubt LM is superior to DP. As

has been pointed out previously,* but the pathologist will know when they have confidently seen a region of interest
to be able to make a diagnosis. Thus, the recognition of small objects such as bacteria, mitotic figures, intranuclear
inclusions and similar subcellular objects may indeed be obvious on DP where they are present in reasonable numbers,
but yet other cases, where either the image is not as good and/or regions are affected by artefacts, may still demand
the superior discrimination and the ability to focus through the plane of section and examination with high-power oil
immersion objectives to be fully confident the objects in question are, or are not, present in a case. These tasks are
better served by LM. The advantages DP offer can still be fully exploited while retaining the undoubted superiority

of LM has for these tasks. It seems likely that these superior attributes of LM may well account for the trend towards
greater confidence in LM diagnoses than was seen in DP in this study. Therefore, laboratories need to ensure
appropriate steps are in place to ensure pathologists working geographically separate from the slides have access to LM
when it is needed. Either in the form of transport of slides to pathologist when its needed or review by a colleague with
access to the slides would suffice.

This is the first study to demonstrate DP is equivalent to LM in cancer screening cases and renal biopsies The flexibility
DP allows in the distribution of the workload is pivotal in both these areas where capacity demand and access to highly
specialised services are currently important constraints of service delivery.> Given that the reporting of cancer screening
cases is based on the same principles regardless of the tumour site, and indeed histopathology samples of any type,
there is every reason to believe the results presented here should be translatable to other cancer screening samples
such as uterine cervix and lung.

Renal biopsy samples pose significant challenges for DP as they require the fine resolution to recognise the presence
of pathological changes within nephron, many of which relate to the presence of subcellular abnormalities that require
both special and immunofluorescence stains for demonstration. The study demonstrates DP can deliver this capability
satisfactorily. This is a significant development. Firstly, hitherto immunofluorescent studies have been non-permanent
and are routinely discarded after a few days as the fluorescent staining is lost. DP provides permanent record of

these slides for peer review by colleagues, presentation to clinicians and review in future whenever they should arise.
Secondly, ability to report renal biopsies remote from the laboratory where the sample is located immediately offers
opportunities to re-design renal pathology services to provide all centres with equitable access high standard specialist
pathology services with round-the-clock cover. It is both difficult and expensive for every laboratory to replicate

this at their own site, and furthermore prone to error and failure where either difficulty in appointing pathologist or
unexpected absence places an unexpected burden on the incumbent pathologist(s). Therefore, DP should become

an important tool to provide all laboratories with immediate access to a team of pathologists experienced and able

to deliver this service around the clock. Healthcare providers need to plan for and embrace the opportunities that
investment in DP offers to re-design and strengthen the service. Furthermore, the excellent agreement demonstrated
in the renal biopsy cases gives confidence that DP should be equally successful in other specialty areas with similar
requirements such as haematopathology and neuropathology.

This study is one of the largest and most detailed studies comparing DP and LM yet conducted. Previous studies of
similar size shown in Table 26 have been reviewed in a meta-analysis allowing data to be used to calculate sample

size and margin of error for the current study. The enrichment with challenging cases, multiple readings for each case,
pairwise comparison, independent arbitration and consensus GT diagnosis all strengthen the data provided by this
study, delivering 24,288 report comparisons analysed through RE logistic regression. Some, but not all, of these factors
have been included in previous studies - either with a limited sample size”3747> or a single reading for each case?! or
powered specialty groups and consensus GT.2
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In common with these previous studies, our results show excellent correlation between LM and DP. This study therefore
provides definitive evidence that pathologists give equivalent results regardless of the modality used to assess the case.

There is a trend towards pathologist’s being more confident in working with LM than DP. It is possible this relates to
increased resolution and the ability to focus through the plane of section which LM offers and also most probably the
familiarity of LM as a modality to report slides with.

The qualitative study shows views on DP are many and varied and influenced largely by the effectiveness with which
the modality can be implemented into the existing laboratory workflow. High-quality integration with seamless
connectivity between systems and rapid response to the viewing of slides are key to engaging with the laboratory staff
and pathologist delivering the service. Conversely, there is often concern about how difficult this might be for staff all
too familiar with the existing frailties of complex information technology systems. Introducing DP into the broader NHS
laboratory environment may pose challenges, including the need for substantial infrastructure upgrades, staff training
and overcoming resistance to change. Nevertheless, with careful planning and support, these barriers can be addressed,
paving the way for new ways of working.

It is unlikely DP differs greatly from LM in speed of reporting slides. The data show a clear relationship with improved
speed of reporting with DP with the increased experience of the modality over the course of the study. Health
economic benefits of wider re-organisation of pathology services which DP permits were beyond the scope of the
study, but the study conclusively demonstrated DP can be used effectively by all pathologists studied, who varied
greatly in experience and were largely new to the modality. Therefore, transitioning to DP, given that adequate training
and support are provided, should not be a barrier to its use in radical re-design of service delivery, if this is beneficial
to the delivery of the service. Pathologists in training have used DP for some time to provide a convenient means

of seeing rare and unusual cases, which can be of value in supporting experience derived from clinical practice. The
wider adoption of DP could potentially expand this potential. However, it is important to reiterate that, in some cases,
pathologists will need to revert to LM (examination under polarised light, where superior resolution is needed and to
focus through the plane of a section); therefore, pathologists in training will continue to benefit from understanding of,
and the ability to exploit, the full potential of LM, even if the majority of their work is done using DP.

Eye-tracking analysis clearly showed efficient examination technique accompanies experience and is associated with
accurate reporting. This is the first time this approach has been used in DP and complements prior studies examining
information on slide tracking provided in some DP systems.

Generalisability

The different specialty areas studied and the similarity of results across these areas are strong indicators these results
should translate into other areas of pathology. DP works equally well on the commonly used staining techniques both
with special stains, immunocytochemistry and immunofluorescence stains.

The inclusion of breast and bowel cancer screening samples shows the results for these samples do not differ from the
other cases studied. Since the principles of cancer screening remain the same, there is every reason to believe these
results will translate equally well to other cancer screening cases in uterine cervix and lung.

Limitations and further research

The study did not examine cytology samples. There is every reason to believe the results would translate to cytoblocks
prepared from cytology aspirates, as these samples are analogous to small biopsies in many respects. The use of
cytoblocks has increased in recent years, as these preparations are excellent for diagnosis and allow material for both
immunocytochemistry and molecular analysis. The scanning of thin prep and conventional cytology smears is more
likely to present difficulties with incomplete slide coverage and inability to focus through three-dimensional cell groups
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unless scans are performed with a z stack facility. The use of DP for these more conventional cytology preparations
remains an area for further research.

Oversized slides from large ‘mega’ blocks and frozen sections were not examined in the study, but the authors believe
these results will translate into these preparations. Although there are important differences in the preparation and
staining of these slides, there seems to be no reason why these should present any impediment to reproducing these
slides as digital WSI. Indeed, the ability DP provides to allow multiple pathologists geographically separate from the
laboratory offers many advantages to reporting of frozen sections. Due to the limitations imposed in a blinded crossover
study of this type, it examined pathologists working in isolation from each other and their clinical colleagues, which
does not reflect reality and may be the reason for some of the difference detected. However, if so, we observe these
differences were evenly distributed across both platforms.

Lessons learnt

Great effort was made in this study to ensure pathologists were adequately trained in the use of DP prior to the study
starting. Even with this training its apparent from the speed of reporting that pathologist’s interaction with DP changed
positively over the course of the study which it is no doubt related to experience using the system. Translating this to
transitioning pathologists from LM to DP reinforces the need to ensure training is adequate, that this is essential to
providing confidence to pathologists making the change. Naturally, individuals will differ in the rate of progress they
make with this transition, but it is important to allow pathologists enough time to make this change and at all times
ensure they can use LM when they require it to complete their task.

Overall conclusions

This study provides definitive data that pathologists deliver equivalent reports with DP as they would with LM. This
finding is repeated in all areas studied, including cancer screening biopsies, and these findings should translate to
other areas of reporting activity including those which require fine resolution. The flexibility that by DP offers opens
up new opportunities for improving pathology services, addressing shortages of pathologists as well as offering greatly
improved peer review of cases.
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Appendix 1 Health economics

Model specification

Two general specifications of the model were fit at each level of analysis and the results were reported. Both models
are similar; however, model 2 differs from model 1 by the inclusion of interaction effects to explore the relationship
between technology and specified sample characteristics.

Model 1

Let i denote each observation (level one) and j denote each histopathology sample (level two). y; is the response
(dependent) variable, that is, time taken for diagnosis realised for observation i in histopathology sample
jfori=1..8,j=1,.., 2000.

yij ~ Gamma(y;|A;, a).
The probability distribution of the gamma model is described with a scale parameter a where
Gamma(y;|A;, a) = ———y; L exp (— {ﬂ})

e (a'ica) Y a

For y;, Aj,a > 0,
where )\U and a is the mean of the gamma distribution and the shape parameter, respectively.

The general form of the statistical model can be written as

Vi = Ajj + €.

The general form of the statistical model can be written as
log(y;) = Boj + B'X'; + &

where Y; is the gamma distributed response variable for the ith observation in the jth sample. x',-j are matrix of
fixed-effects predictors for that observation and B are fixed-effect coefficients.

Boj = Yoo * U

where yqq is the intercept for the jth sample and Uy is the residual error for the jth sample.
Residual errors e and uy are assumed to be independent and follow a gamma distribution.

Model 2 (interaction models)

Each pathologist reporting time was divided into 10 quantiles. For example, assuming a total reporting time of

20 months for pathologist X, observations in the first and second quantile represent reported dates within the first
2 months and between the second and fourth months, respectively. Observations in the 10th quantile represent
reported dates falling within the 18th and 20th months.

Let i denote each observation (level one) and j denote each histopathology sample (level two). y; is the response
(dependent) variable, that is, time taken for diagnosis realised for observation i in histopathology sample
jfori=1..8,j=1,.., 2000.
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APPENDIX 1

Let T denote a variable indicating technology used, D denote a variable indicating quantiles of reported dates for each
pathologist, S denote a variable indicating number of slides per observation and C denote a variable indicating case
complexity (i.e. difficulty level).

The general form of the statistical model fit to explore the relationship between technology T and quantiles of reported
dates D, between technology T and number of slides S, and between technology T difficulty level C can respectively be
written as:

log(y;) = Bo; + B1Tjj + BoDj + BT x Dy + BX ' + e,

log(y;) = Boj + B1Tjj + BoSj + BTy x Sj + lelij +ej,

log(y;) = Boj + B1Tij + BoCyj + BTy x Cj + Bx ' + ey,

where Y; is the gamma distributed response variable for the ith observation in the jth sample. x',-j represent matrix of
fixed-effects predictors for that observation and B are fixed-effect coefficients.

Boj = Yoo * Uoj

where Yqoq is the intercept for the jth sample and Uy is the residual error for the jth sample.

Residual errors e and uy are assumed to be independent and follow a gamma distribution.
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Appendix 2 Eye-tracking team dissemination plans

Overview

We are planning on disseminating further findings of the DP eye-tracking studies in the form of research article
publication. Using the eye-tracking data collected towards the end of the DP trial, we anticipate that we will produce
two academic papers:

1. Atechnical paper - formally writing up the methodology of the slide tracking software platform developed for
detailed eye-tracking analysis.

2. Avresearch paper - analysing the complete eye-tracking data set, utilising the slide tracking software for a more
detailed analysis.

Objectives

The objective of the technical paper is to capture our approach in detail so it can be cited in the research paper.
Furthermore, it will be useful to share methodologies and software developed in order to assist other research groups
working in the field of DP image perception.

The objective of the research paper is to expand the current knowledge base of visual perception in the DP field.
Findings could be useful for recommendations of effective reading strategies for trainee pathologists/pathologists new
to DP as its uptake becomes more universal, as well as recommendations to DP reporting software vendors.

Audience

The audience of the research outputs will primarily be clinical researchers, pathologists and DP vendors. To effectively
target these audiences, the outputs will be submitted to appropriate journals. The technical paper directed to a more
technical journal (e.g. Journal of Medical Imaging) and the research paper will be submitted to a pathology journal for
dissemination to pathologist audiences.

Timeline

Although progress has been made with the slide tracking software platform, refinement and further testing are required.
We anticipate that a first draft of the technical paper can be completed by October 2023. The analysis for the research
paper is currently underway, but it will require completion of the software for complete analysis. We anticipate that first
draft of this paper will be completed in January 2024.

Resources

We have sufficient expertise for the dissemination activity within our team at the University of Nottingham and
collaborators at Nottingham University Hospitals Foundation Trust. Additional funding will not be necessary.
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