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Abstract: Digital pathology continues to gain momentum, with the promise of artificial intelligence to
aid diagnosis and for assessment of features which may impact prognosis and clinical management.
Successful adoption of these technologies depends upon the quality of digitised whole-slide images
(WSI); however, current quality control largely depends upon manual assessment, which is inefficient
and subjective. We previously developed PathProfiler, an automated image quality assessment tool,
and in this feasibility study we investigate its potential for incorporation into a diagnostic clinical
pathology setting in real-time. A total of 1254 genitourinary WSI were analysed by PathProfiler. Path-
Profiler was developed and trained on prostate tissue and, of the prostate biopsy WSI, representing
46% of the WSI analysed, 4.5% were flagged as potentially being of suboptimal quality for diagnosis.
All had concordant subjective issues, mainly focus-related, 54% severe enough to warrant remedial
action which resulted in improved image quality. PathProfiler was less reliable in assessment of
non-prostate surgical resection-type cases, on which it had not been trained. PathProfiler shows
potential for incorporation into a digitised clinical pathology workflow, with opportunity for image
quality improvement. Whilst its reliability in the current form appears greatest for assessment of
prostate specimens, other specimen types, particularly biopsies, also showed benefit.

Keywords: digital pathology; whole slide images; artificial intelligence; quality control; automation;
focus quality; histopathology; diagnosis

1. Introduction

The implementation of digital pathology (DP) within the diagnostic setting has gained
momentum in recent years, and the promise of artificial intelligence (Al) is now becoming
reality to aid the pathologist in diagnosis and in the assessment of features that may
guide management and predict prognosis. However, there remain challenges within the
real-world setting in the assurance of quality of whole slide images (WSI). Quality of
WSI of histopathology slides is recognised as a key factor in the acceptability of DP to
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practising histopathologists. Accurate diagnosis is reliant upon the histological features
seen, and whilst there are recognised ‘pitfalls’ in digital diagnosis of which a pathologist
must be aware [1-3], the WSI quality must not be inferior to glass slides (GS) for making
clinical diagnoses.

Quality issues are also recognised to impact on the development and performance of
Al tools for histopathology [4-8], and without assurance of performance reproducibility of
such tools, their approval by regulatory bodies and their integration into the clinical setting
will remain limited.

The importance of quality control for WSI is emphasised within the literature en-
compassing the transition to DP [9-12]. Quality can be impacted at all stages of the
production of a histology glass slide by both tissue-specific features and laboratory process-
ing features [13], resulting in “pre-analytical” artefacts familiar to the diagnostic pathologist
(Figure 1A-F). Whilst some features can be accommodated by the experienced pathologist
reading GS on the light microscope and have negligible diagnostic impact (such as air
bubbles under the coverslip and areas of tissue folding), these features can impact signifi-
cantly on the quality of the digitised image of the slide, potentially impacting its diagnostic
suitability. Significant quality-impacting features can also be introduced at the scanning
stage (Figure 1G-I). Within the digitised pathology workflow, therefore, a means to identify
and intercept poor quality images prior to their ‘release’ to a pathologist for diagnostic
interpretation should be considered in order to reduce the potential for impact on the
production of the diagnostic report, and also the future potential for impact on Al outputs.

Quality should be considered at all stages during the production of a GS, during the
scanning process itself, and prior to release of an image to the pathologist for diagnosis.
Good laboratory practices are necessary to minimise ‘pre-analytical” artefacts, and to ensure,
for example, the correct placement of the tissue on the slide. Additional considerations
important specifically for the digitisation process include the positioning of the slide label
and cleaning of the GS, including removal of ink marks. The importance of these processes
is highlighted in a recent report of a Quality Management System in DP operations in a
clinical setting [14], which outlines a five-step QC process covering the preanalytical and
analytical phases of WSL

Significantly, current DP set-ups on the whole do not have automated QC in their
workflow. Whilst there are QC elements incorporated into digital scanners, these are
generally considered insufficient to detect all possible quality issues with the scanned WSI,
and as a result this task is reliant upon the manual inspection of scanned images, typically
by trained laboratory staff. This is emphasised in the report from Ardon et al. [14] who
suggest that review of WSI by their dedicated digital scan team requires one full time
employee for every three to four high-throughput scanners, which is aspirational and may
not be possible in many laboratories. Furthermore, manual QC of WSI is error-prone, with
interpersonal variation in quality assessment [15]. Whilst issues affecting large areas of
an image are relatively easy to identify, substantial time is required to screen a digital
image for more focal and potentially subtle issues that may impact usability, and these are
therefore often undetected until an image is scrutinised during the diagnostic read.

Al offers the potential for automation of some of the QC operations within pre-
analytical stages which can reduce manual labour requirements including sample tracking
and assessment of completeness of tissue sections [10,16]. Its utility for the QC of WSI
following the digitisation process has been suggested; however, to date, this is not routine
within clinical pathology laboratories due to lack of solutions which can assess the range of
real-world artefacts encountered and provide a user-friendly output. Whilst automated QC
tools exist for digitised pathology WSI [5,8,10,17], these are variably suited to be integrated
into a real-time clinical workflow. Most are specifically designed to detect or modify a
single quality issue such as focus quality [18] or image sharpness [19], whilst other tools
exist to aid the ‘normalisation” of colour in WSI [5,20]. As such, these tools are more suited
to the research setting, potentially in the development or validation of Al tools, rather than
the clinical workflow where, in reality, a wide range of quality issues exist. Automated QC



Diagnostics 2024, 14, 990

30f17

A
A4
L )
2 N i
G

tools with the ability to assess a more diverse range of artefacts [21] are limited in current
practice, with none being employed routinely within a clinical setting.
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Figure 1. (A-F) Examples of quality-impacting features which may be introduced during the pro-
duction of a glass slide. These may all impact on digital image quality when the slide is scanned,
commonly causing problems with focus due to an uneven tissue section or physical artefact. (A) Tis-
sue under the coverslip of the slide with uneven mountant obscuring some of the detail of the edge
of the tissue section (arrowheads). (B) Pale H&E stain with lack of contrast. (C) Several focal areas of
dirt under the coverslip (black marks). (D) Folded areas of tissue causing uneven section thickness
and impacting on focus of the image. (E) Bubbles under the coverslip (arrowhead). (F) Tissue ‘scoring’
(arrowheads) which may, for example, be due to calcified material in the section. (G-I) Examples of
poor-quality focus in a digitised image of a glass H&E slide (WSI). (G) ‘Stripe” artefact with a clearly
out-of-focus area in the upper image defined by the broken horizontal line. This can be multifactorial.
(H) Small out-of-focus areas (circle) which are seen at high power only and therefore difficult to detect
on a quick ‘screen’ of the WSI after scanning; these are usually detected by the pathologist at the
time of the diagnostic read. (I) “Venetian blind” artefact commonly due to contaminant on the camera
lens, such as mountant. This results in evenly distributed vertical stripes across the image, example
stripes seen here are indicated by the arrow heads. This is the least common of the focus-related
issues encountered but invariably requires re-scan of the slide before the WSI is suitable for diagnosis.
WESI = whole slide image.

We previously introduced PathProfiler [22] which is an open-source Al tool for the
automated quality assessment of histopathology WSI. PathProfiler was developed through
a collaborative effort between software engineers and diagnostic histopathologists to
investigate the quality of WS, initially within a historic cohort of prostate specimens. This
Al solution automates the process of quality control of digitised images to predict their
usability at the diagnostic level, and through the prediction of the range of artefacts present
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it can provide an indication as to whether an intervention such as re-scanning or re-staining
may be beneficial. Our experience with PathProfiler in the automated analysis of image
quality in the research setting highlighted its potential to aid improvement in WSI quality
within a diagnostic workflow. In this study, we therefore sought to investigate the utility of
PathProfiler within a digitised real-world clinical histopathology workflow, in real time,
specifically to determine the feasibility of incorporating PathProfiler into the workflow to
identify WSI of suboptimal quality for diagnosis, to evaluate its quality assessment (QA),
and to establish the potential impact of PathProfiler within the clinical setting.
PathProfiler was trained and validated on a cohort of WSI of prostate specimens,
predominantly prostate biopsies. Accordingly, the cohort of the routine workload selected
to be analysed during this study (external referrals excluded) was genitourinary (GU)
pathology cases. In our tertiary referral centre, around one-third of the current GU workload
is prostate specimens (with prostate biopsies representing around 23% of the annual GU
workload); however, the case mix includes the range of tissue types expected within the
specialty. Acknowledgment is needed at the outset that, prior to the study, the performance
of PathProfiler in relation to QA of non-prostate GU specimens was relatively unknown.

2. Materials and Methods
2.1. PathProfiler Quality Assessment Functionality and Output

PathProfiler provides a prediction of the usability of a WSI at slide level based upon
overall image quality, as well as a prediction of the focus and staining quality. This is
presented as a score for usability, the “Usability Score” (US) of 0-1, and for the focus and
staining quality of 0-10 (for full details see [22]).

PathProfiler operates initially at patch level to provide an assessment of the presence
of artefacts and the image quality, then these predictions are mapped to a slide-level scoring
system. In brief, tissue regions are extracted by a tissue segmentation model and divided in
a grid of patches: for each of these patches, PathProfiler predicts a set of quality measures,
which include the quality of focus and H&E staining and the presence of specific artefacts
recognised to impact on image quality, which include tissue folding, poor staining, and
other miscellaneous features (such as dirt and ink). A score is generated for the H&E
staining quality and for the focus quality on a continuum between 0 and 1, which matches
subjective correlation at 0 (no quality issue), 0.5 (slight quality issue), and 1 (severe quality
issue). These predicted scores at patch level are then aggregated to generate predicted
usability, focus, and staining scores at the slide level, which would correlate with subjective
assessment of the same WSI by a pathologist. Whilst no slide-level scores are assigned
to ‘tissue folding” and ‘other” artefacts, heatmaps generated by PathProfiler provide an
indication of where such artefacts might be located in an image.

For the purpose of this current feasibility study, for ease of interpretation of the
PathProfiler output and to therefore enhance usability in the clinical setting, we limited the
output to the overall usability score, as this was found to be highly predictive of overall
image quality in the previous study [22]. The overall usability score outputted by the model
is a real number between 0 and 1. A cut-off threshold for diagnostic purposes has been set
at 0.4, mapping the score to a binary value, i.e., 0 (unusable) or 1 (usable). However, this
cut-off score can be altered to align with user or laboratory preference.

We included scores for H&E staining quality and focus issues in the information
provided to the Biomedical Scientist (BMS) team and pathologist to determine whether,
in a real-world setting, this was helpful in indicating the ‘source” of the suboptimal WSI
quality. The predicted quality overlays produced by PathProfiler, or heatmaps’, which
were automatically generated to provide an indication of where a particular artefact might
be present, were not available in real time within the study setup but were also made
available for interest with the intention of assessing their utility in a real-world setting as
an adjunct to the available quality scores.
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2.2. Study Setting

This study took place within a fully digitised Cellular Pathology laboratory which has
accreditation for the use of DP under the United Kingdom Accreditation Service (UKAS)
ISO:15189 (Medical Laboratory Accreditation—ISO 15189 (ukas.com, accessed on 30 April
2024), operating a digital pathology set up (Philips Image Management System, Philips
Ultrafast Scanner version 3) since 2018, with full digitisation of our surgical pathology
workload since 2020 [3,23]. The installed DP solution has no fully automated QC process
and currently our QC pathway for WSI relies upon our time-pressured trained laboratory
staff and is thus limited to a simple check of the scanned image for major issues flagged
by the scanner and block-checking WSI prior to release of the image on the Information
Management System (IMS) to the pathologist for diagnosis. Therefore, almost all quality
issues currently remain undetected until the diagnostic read, at which time the pathologist
can defer to GS for reporting or request a re-scan.

In terms of the pre-analytical laboratory practices prior to slide scanning, the han-
dling of the surgical specimens within the laboratory is in line with standard practice,
and with specific specimen dataset guidance from the Royal College of Pathologists as
applicable [24], which is incorporated into laboratory specific Standard Operating Proce-
dure (SOP) documents for each specialty. Our laboratory is UKAS accredited (registration
number 8415) and we undergo regular inspection for conformance with internationally
recognised standards of ISO 15189:2012 [medical laboratory accreditation]. In brief, biopsy
specimens less than 5 mm require a minimum of 2 h to fix in formalin and are embedded
and processed overnight or (if urgent) via a 4-h schedule. For resection specimens, the
formalin fixation time is usually overnight or up to 24 h to ensure adequate fixation, based
upon the specimen type (adhering to published guidance), and to an extent also on an
individual case basis as determined by the pathologist. In our centre, the biopsy and
‘chippings’ cases (such as bladder tumours and prostate chippings) are handled by Health
and Care Professions Council (HCPC)-registered Biomedical Scientists, who also handle
radical prostatectomy specimens. Other surgical resection specimens for GU cases are
handled and cut-up by the GU pathologist team, or one of the trainee pathologists under
supervision. Embedding and sectioning of specimen blocks in the lab is done in accordance
with UKAS-accredited standardised laboratory protocols.

Regular assessments of glass slide quality are conducted through the UK national
external quality assurance schemes (UKNEQAS), which runs 6 assessments over a 12-month
period to ensure our slides are comparable and valid. Internal quality assurances are also
conducted within the lab to ensure slide quality, such as regular manual checks by a HCPC-
registered Biomedical Scientist to check they meet the set minimum acceptance criteria.

This study was conducted as a quality improvement exercise with approval of our
local departmental clinical governance group, and as such did not require formal ethics
approval. The study was carried out with a view to routine implementation if successful.

Feedback was collated regularly from the study team informally during the study, and
following the study, anonymised formal fesaedback was sought via the online SurveyMon-
key survey tool (www.surveymonkey.com, accessed on 10 April 2024).

2.3. Integration of PathProfiler into the Clinical Workflow

PathProfiler was incorporated into the digital pathology workflow within the lab and
ran in real time within the clinical workflow for a 3-week period from Monday 27 February
to end of Sunday 19 March 2023.

For each scanned slide with a GU case code, the Laboratory Information System (LIS)
automatically sent a QC request to the server hosting PathProfiler, at which point the corre-
sponding slide image was exported from the Philips IMS and analysed by PathProfiler. The
produced quality scores were then returned to the LIS (Figure 2a). All the components in
the workflow were hosted on our internal trust IT systems behind our institutional firewall.
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Figure 2. PathProfiler was integrated into the real time clinical workflow as shown in (a). The output
of PathProfiler to flag WSI requiring attention due to suboptimal US (0.4 or less) was via integration
of the US into the LIMS and by concurrent automated email to the Biomedical Scientist. Following
the PathProfiler analysis of each WSI, a coloured flag was displayed for each slide on the LIMS (short
arrow, (b)). Those WSI with suboptimal US usability scores had a red flag which would highlight
the image to the Biomedical Scientist. A purple flag indicated WSI of appropriate quality (US = 0.5
or above). The actual US for each WSI was also available within the LIMS within the Information
tab for each slide (long arrow). When a slide was re-scanned, the flags and US would be refreshed
and only scores for the re-scanned WSI would be on display on the LIMS. (c) is an example of an
automated email to the Biomedical Scientist team to alert them to a WSI which required attention.
The US is detailed in the email together with the slide details and a direct link to the WSI on the IMS.
(d) is an example of a quality overlay or ‘heatmap’ generated by PathProfiler to indicate visually the
areas of a WSI which are predicted to be of lower quality (as determined by the US), and to indicate
the predicted focus and H&E staining quality. This example is of a bladder biopsy with an area
of predicted low US (red on heatmap) corresponding to a lower focus quality score (red on ‘focus
quality” heatmap). Subjectively, in this region of the H&E (top of image) there is an area of poor
focus quality (inset H&E) which corresponds to the area on the heatmap. WSI = whole slide image,
US = usability score, LIMS = laboratory management system, IMS = information management system.

WSI with a US of 0.4 or less were flagged to the Biomedical Scientist (BMS) team for
manual review (Figure 2b,c). Quality overlays (heatmaps) to indicate areas of a WSI which
required visual inspection/attention were emailed separately to the study team at the end
of each day to assess whether these would be a beneficial component of the PathProfiler
output to incorporate in real time (Figure 2d).
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Flagged slides were manually assessed for obvious quality-impacting features, and
then cleaned, re-scanned and re-analysed by PathProfiler and flagged again if the US
was 0.4 or less. WSI flagged for a second time were manually assessed to determine the
requirement for any further remedial action (see Figure 3 for the pathway).

P

Shide scanned ]

Failed shde recoverslipped
and rescanned

Figure 3. Pathway for digitisation of H&E slides with integration of PathProfiler within the workflow.
BMS = biomedical scientist, QA = quality assessment.

2.4. Comparative Subjective Assessment of PathProfiler Performance

Each flagged WSI was subjectively assessed by a specialist GU pathologist with over
3 years DP experience. The assessment was made in accordance with the level of scrutiny
of the WSI needed for diagnosis, which was tissue- and specimen-specific; for example,
prostate biopsies required the highest level of focus quality and at high power, whereas
selected slides from a larger resection specimen might require review only at low power
for diagnostic purposes.

The quality issues were categorised as (i) no significant issue/minimal issue (no
impact on diagnostic usability), (ii) minor issue (may not impact on diagnostic usability),
(iii) severe issue (impacting on diagnostic usability), see Figure 4. The tissue in the WSI
was assessed equally for this purpose, regardless of its importance for diagnosis.

2.5. Assessment of the Impact of PathProfiler on the Turnaround Time of Diagnostic Cases

The workflow impact was assessed in relation to the overall turnaround time (TAT),
defined as time from clinical sample receipt in the lab to authorisation of the diagnostic
report, and separately the laboratory TAT (sample receipt to ‘release’ of case to pathologist)
and the pathologist reporting TAT (time case ‘released’ from lab for reporting to authori-
sation of the report). TAT was reviewed for PathProfiler-analysed cases during the study
period, and for a random comparable 3-week period preceding and after the study, and
was limited to prostate biopsy cases given the close monitoring of their TAT and therefore
a need to understand any potential negative impact on TAT encountered as a result of
incorporation of PathProfiler. Cases were not analysed by PathProfiler in either of these
separate 3-week periods. A sub-analysis of specific TATs for the prostate biopsy cases with
flagged WSI was also performed.
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Figure 4. Subjective assessment of image quality was at the level required for diagnostic purposes. In
the case of prostate biopsies, the image quality needed to be high and at high power magnification.
Quality-impacting issues were categorised as no significant issue/minimal issue (not impacting on
diagnosis), minor issue (may not impact on diagnosis), and severe issue (impacting on diagnostic
usability). The examples in (A,B) show very minor out-of-focus areas (circled) which would not
impact on diagnosis (no significant issue). (C,D) show ‘minor” issues where the focus quality is
suboptimal but the detail of the image is probably sufficient for diagnostic assessment, whereas in
(E,F) the quality of focus is insufficient for diagnosis (severe issue).

3. Results

A total of 1254 consecutive GU WSI were analysed by PathProfiler from 184 GU
cases. The case mix (see Table 1) included 82 prostate tissue specimens and 32 GU exci-
sion/resection cases (UREs). Of the total 1254 WSI, 46% (574/1254) were prostate biopsies
(from 61 cases).

Table 1. Genitourinary cases analysed by PathProfiler during the study. TURP = transurethral
resection of prostate tissue, TUR = transurethral resection specimen (usually of bladder tumour),
URE = urology excision/GU resection specimen.

Specimen Type Number of Cases
Prostate biopsies 61
Prostate TURP 16
Radical prostatectomy (URE) 5
Bladder TUR 23
Bladder biopsies 22
Urethral biopsies 1
Cystectomy (URE) 2
Renal mass biopsy 3
Nephrectomy (URE) 7
Testis biopsies 26

Orchidectomy (URE) 7
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Table 1. Cont.

Specimen Type Number of Cases
Foreskin (URE) 8
Miscellaneous 3

TOTAL CASES 184

3.1. Summary of PathProfiler-Flagged WSI

Of 1254 WSI scanned by PathProfiler, 83 had a US of 0.4 or less (6.6% of the WSI),
representing slides from 28 separate cases (15%, 28/184 of cases). Of the total flagged WSI,
49 (59%) were from GU resection cases (URE), but excluding these, overall 2.7% of the WSI
(34/1254) were flagged. The distribution of flagged WSI across the GU cases is shown in
Figure 5a.

Foreskin (URE)
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21% Prostate biopsies
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Figure 5. Summary of PathProfiler output. (a) shows the distribution of the 83 flagged Genitouri-
nary WSI with PathProfiler US 0.4 or less (defined cut-off for suboptimal quality). (b) summarises
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the outcome of the Quality assessment by PathProfiler for the WSI during the study. Unless specified,
the assessment in this figure is not related to the subjective assessment of the WSI. Note that not
all of the slides were re-scanned a second time, based upon the early observation that the flagged
URE slides were unlikely to have corresponding suboptimal quality on subjective assessment, and
hence re-scanning was unlikely to be of benefit. WSI = whole slide image, US = usability score,
TURP = transurethral resection of prostate tissue, TUR = transurethral resection specimen (usually of
bladder tumour), URE = urology excision/GU resection specimen.

Following re-scan of slides where the WSI had been flagged as ‘suboptimal’, PathPro-
filer analysis showed improvement in the US for 30 WSI (36%, 30/83 slides), including
73% of the prostate biopsy slides (19/26 flagged prostate biopsy WSI). The second re-scan
resulted in improvement of the US for the WESI for a further 10/26 re-scanned slides, includ-
ing the remaining seven flagged prostate biopsy WSI. Remedial action therefore resulted in
improved US for 100% of the flagged prostate biopsies. See Figure 5b for an overview of
the PathProfiler output and actions during the study period.

3.2. Comparative Subjective Assessment of PathProfiler Output

Of the initially flagged 83 WSI, pathologist assessment showed no significant/minimal
issue in 49% of WSI (41/83), of which 95% (39/41) were from URE. A minor quality issue
was seen in 31% of WSI (26/83), and 19% of the WSI (16/83) showed a severe quality
issue and would require remedial action prior to the WSI being suitable for diagnostic use.
Overall, none of the suboptimally scored WSI from the URE cases subjectively showed
severe quality issues, but when UREs were excluded, the concordance between the US
and there being a diagnostically significant issue on subjective quality assessment was
improved (Table 2).

Table 2. Pathologist subjective assessment of the quality of WSI flagged by PathProfiler with Usability
Score of 0.4 or less.

Nil Significant/Very Minor Issue Minor Issue Severe Issue
Total number of slides (n = 83) 41 (49%) 26 (31%) 16 (19%)
. . B 2 (6%) o 16 (47%)
Excluding resection cases (n = 34) (2 bladder TURs) 16 (47%) (14 prostate biopsies)

The 83 slides from flagged WSI were cleaned and re-scanned. Of these new WSI,
30 (36%, 30/83) had improved US of 0.5 or above, which was concordant with subjective
improvement in 24 WSI (80%, 24 /30, examples shown in Figure 6A-D). It is noteworthy
that five of the remaining 6/30 suboptimal WSI did not have a significant image quality
issue on initial subjective assessment (prior to re-scan, examples shown in Figure 6E,F),
four of these five were from UREs, and the other was from a bladder TUR showing severe
cautery artefact and inflammatory exudate considered likely responsible for the low US
rather than there being an issue with the digital image quality per se (Figure 6E). The
remaining one WSI (also a URE slide) was considered to have a quality-impacting issue
on subjective assessment that remained following re-scan in spite of the improved US,
although this issue was considered to be minor and would not have impacted on diagnosis.

Of the 53 persistently suboptimal WSI flagged a second time, 26 slides were re-scanned
a second time, some following replacement of the coverslip. Of these 26 re-scanned slides,
the new images had improved US scores to >0.4 for 10 slides (38%, 10/26), including
the seven remaining flagged prostate biopsy WSI, and with concordant improvement in
subjective assessment. Of the remaining 16 WSI, none were considered to have a significant
quality issue in need of further action on subjective assessment.
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Scan 1US=0.2 C Scan 1US=0.3 E Scan 1and 2US =0.4

= Scanland2US =0
Scan 2 US =0.5 D Scan 2 US =0.5 F

Figure 6. Examples of cases flagged by PathProfiler with US 0.4 or less and the outcome of re-scan. In
(A) there is a clear ‘stripe” artefact in this prostate biopsy causing a severe focus issue with US of 0.2,
but on re-scan shown in (B), the US improved to 0.5 with subjective improvement in quality. The
prostate biopsy in (C) shows a severe focus issue, which was subjectively improved on re-scan (D)
which was also reflected in the second US of 0.5. (E,F) are examples of urology resection cases where
the US did not reliably correlate with the subjective assessment. In (E) the bladder TUR shows areas
of necrosis and diathermy resulting in pale ‘featureless’ areas on the H&E, which may have impacted
on PathProfiler assessment. The original US for this WSI was 0.4 and this did not improve following
re-scan, but subjectively there was no true issue with image quality. (F) is an example of a kidney
resection where the US was 0 before and after re-scan. Subjectively, there was no significant issue
with image quality—there were small foci of wax (dark areas, arrows) with minimal focus issues.
US = Usability Score, TUR = transurethral resection, WSI = whole slide image.

3.3. Quality Assessment of WSI from Prostate Biopsy Cases

PathProfiler was developed using prostate tissue specimens, and it was therefore of
interest to sub-analyse the output for these cases, focussing on the prostate biopsies, given
the relative discordance of the comparative Al and subjective analysis of URE cases as
previously discussed.

Of the 574 analysed prostate biopsy WSI, 26 were flagged by PathProfiler (4.5%,
26/574), which were from 14 separate cases. On subjective assessment, almost invariably
the quality issue was related to focus, typically small areas with out-of-focus patches or
stripe artefacts, not all being diagnostically impactful. Subjective assessment at a level of
quality required for diagnosis revealed that of the 26 flagged slides, three showed very
minor (non-significant) issues (11%), nine showed minor issues (35%), and 14 showed
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severe issues (54%). The comparative mean PathProfiler US score for WSI within these
three categories was 0.37, 0.34, and 0.2, respectively.

Of the 26 flagged prostate biopsy WSI, 19 (73%) saw an improvement in US following
cleaning and re-scanning of the slide (Figure 6A,B), with 100% improvement in US to
0.5 or above following the second re-scan, with some of these slides having also been re-
coverslipped. Subjective improvement in image quality was confirmed in all 26 re-scanned
WSI, although in two WSI there remained minor focus quality issues (not impactful in
terms of diagnosis).

3.4. Impact of PathProfiler on Diagnostic Turnaround Times of Prostate Biopsy Cases

PathProfiler analysed 574 prostate biopsy WSI from 61 cases. For the purpose of
analysing TAT, one of these 61 cases was excluded as this case consisted of two specimen
types: bladder biopsy and prostate biopsy, and data is therefore presented for 60 cases.
This case also appeared within the cohort of ‘flagged” cases and therefore data for the
remaining 13 rather than 14 cases, which included the ‘flagged” WSI, are presented. See
Table 3. Data were included for all cases within all cohorts for which there were complete
timestamp datapoints; one case within the pre-study cohort had timestamp data missing
and was excluded from analysis, but all timestamp data was otherwise available. All
comparisons between two times have been assessed using an unpaired ¢-test, level of
statistical significance p = 0.05.

Table 3. Turnaround time (TAT) for prostate biopsy cases comparing TAT during the study period
with that outside the study period. The data presented are for 3 cohorts: the study cohort (divided
into the cases which included flagged WSI and non-flagged WSI), and a comparable random 3-week
period from prior to the study (comparable cohort 1) and following the study (comparable cohort 2).

Number of Cases Mean (sd) Median (IQR) Range
Total time from receipt in lab to final
authorisation (Overall TAT, hours)
Study all cases 60 152.8 (64.7) 149.1 (97.3,183.3) 44.0-333.3
Study non-flagged cases 47 148.8 (63.0) 148.8 (97.1, 176.3) 44.0-333.3
Study flagged cases 13 167.4 (71.5) 150.0 (129.0, 194.4) 44.6-316.5
Comparable cohort 1 (pre-study) 74 139.3 (68.6) 126.0 (101.1, 169) 26.8-366.4
Comparable cohort 2 (post-study *) 57 121.5 (55.9) 120.8 (77.1, 148.9) 24.2-267.4
Total time from receipt in lab to
release from lab (Lab TAT, hours)
Study all cases 60 64.1 (29.5) 50.9 (43.4,93.7) 22.9-146.0
Study non-flagged cases 47 64.1 (29.3) 50.3 (42.6, 93.8) 22.9-118.2
Study flagged cases 13 64.0 (31.4) 51.6 (45.3,75.4) 31.0-146.0
Comparable cohort 1 (pre-study) 74 62.7 (31.4) 50.8 (30.5, 97.8) 24.4-114.9
Comparable cohort 2 (post-study *) 57 51.9 (33.3) 32.2(27.6, 89.9) 22.8-128.4
Total time from release from lab
to pathologist authorisation
(Pathologist TAT, hours)
Study all cases 60 88.7 (57.4) 94.7 (46.4, 127.2) 2.0-240.2
Study non-flagged 47 84.6 (56.5) 72.8 (45.8,126.1) 3.4-240.2
Study flagged 13 103.4 (60.3) 95.6 (77.5,151.2) 2.0-191.1
Comparable cohort 1 (pre-study) 74 76.6 (63.3) 69.8 (25.5, 119.6) 1.9-337.3
Comparable cohort 2 (post-study *) 57 69.6 (56.2) 51.3 (22.2,116.3) 1.4-192.3

* Note that the post-study laboratory workflow was the same as pre-study; neither comparable period (pre-
or post-study) included PathProfiler in the workflow. WSI = whole slide images, sd = standard deviation,
IQR = interquartile range.

The mean overall TAT during the study for all prostate biopsy cases was 6.4 days
(152.8 h), with mean TAT for non-flagged cases and flagged cases within that cohort being
6.2 days (148.8 h) and 7.0 days (167.4 h), respectively. Whilst the mean TAT of the ‘flagged’
cases is longer than for ‘non-flagged’ cases during the study period, this is <1 day and is
not statistically different (difference 18.6 h, p = 0.36).
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For the purpose of comparing TAT, we have included both a 3-week period from both
prior to the study and following the study, both representing periods without PathProfiler
in the workflow. Comparing the mean TAT for ‘flagged’ cases during the study with
prostate biopsy cases in a period outside the study, there was an apparent significant
difference between the study and post-study period (difference of 45.9 h, 95% confidence
interval 9.7 to 82.1, p = 0.01), but not when compared with the pre-study cohort (difference
of 28.1 h, 95% confidence interval —13.1 to 69.4, p = 0.18). By comparing with two separate
time periods, this serves to illustrate that there is natural variation in TAT, although the
reason for the variation is not clear from the data. But this also makes it difficult to compare
the impact of PathProfiler on overall TAT during such a short time period. Ideally, such
data would be assessed over a longer period with the tool integrated into the workflow in
the most efficient manner possible.

The mean Lab TAT is perhaps a better comparator than overall TAT given that this is
not impacted by differences in pathologist reporting of cases, which will vary depending
upon whether additional work such as immunohistochemistry is required. Therefore,
looking specifically at Lab TAT, the mean for the non-flagged cases versus the flagged cases
during the study was 2.6 days (64.1 h) versus 2.7 days (64.0 h), which is a non-significant
difference of 0.1 h (95% confidence interval —18.6 to 18.6, p = 0.99). Comparing the mean
Lab TAT for cases in the pre-study cohort of 2.6 days (62.7 h), with that for the flagged cases
during the study of 2.7 days (64.0 h), the mean time difference of 1.4 h is also non-significant
(95% confidence interval —9.9 to 12, p = 0.79), and similarly comparing with the post-study
cohort, the mean time difference of 12.1 h is also not significant (95% confidence interval
—0.1t024.5, p = 0.24).

3.5. Feedback from the Study Team

The study team met regularly during the study to ensure that any problems were
addressed in a timely manner. There were no specific issues raised during this period in
relation to the operability of the Al within the workflow and the team felt that the output of
the tool was easy to interpret within the LIMS in order that QC issues could be addressed
promptly. The subjective impression overall was that the tool was likely most useful in
its current form for biopsy specimens rather than resections, but all were keen to roll out
the tool amongst more of the specialties to assess its functionality and performance more
widely. Formal feedback was obtained from the two lab-based BMSs involved in the study,
who both agreed that PathProfiler was helpful in the review of quality of digital images,
that the output was easy to visualise, and that on a scale of 1-5 (5 being very likely), they
would like to use the tool in the lab again (scores of 4 and 5 out of 5). In terms of impact
on TAT that having PathProfiler in the workflow might have, both suspected that there
was an impact, one suspecting that TAT might be reduced and the other that it might be
increased. Both felt that, having undertaken the study, they had increased awareness of
digital image quality in general, PathProfiler had helped their understanding of quality-
impacting factors related to WSI and what pathologists found challenging, and that having
access to an automated QC tool has the potential to improve digital image quality in the lab
in general. General comments related to the challenges with introducing an Al tool for QC,
including that there would need to be an overall change in lab process if this were adopted
routinely into practice, and that the tool did create additional work in the context of the
study through the assessment of some WSI and then consequent remedial action for GS for
which there was no genuine quality issue.

4. Discussion

In this study, our automated digital image quality tool ‘PathProfiler’ was integrated
into the clinical workflow at a point immediately following slide scanning, providing
a quantitative measurement of WSI quality by way of a Usability Score. Based on our
previous work we set the ‘cut-off” for the US at 0.4, with WSI scoring 0.4 or less being
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flagged to the laboratory team in real time. The flagged WSI could therefore be assessed
and remedial action instigated, which was typically cleaning and re-scanning of the GS.

A total of 6.6% of WSI from 1254 consecutive GU GS were flagged by PathProfiler,
although the majority were from resection-type cases (59%) on which PathProfiler had not
been trained. When resections were excluded from the flagged WSI, the figure of 2.7% WSI
from non-resection GS (mostly biopsies) reflected more accurately the concurrent subjective
assessment of quality of the flagged WSI from resection and non-resection cases. Almost
invariably, in the genuine quality-impacted flagged WSI a focus issue was responsible, in
line with observations within the literature.

Importantly for consideration for routine practice, when we further analysed the
prostate biopsy cases in accordance with the level of severity of the subjective quality issue,
we found that for WSI with a severe issue the mean US was 0.2, whereas for minor or non-
significant issues it was 0.34 and 0.37, respectively. Whilst this observation is based on small
numbers, this is helpful as it would suggest that re-setting the US cut-off from 0.4 to 0.2 or
below could potentially improve the specificity in terms of genuinely severely impacted
WSI being flagged, which may then reduce the impact on the laboratory team of manual
assessment of potentially un-necessarily flagged WSI, which was an issue commented
upon in the BMS feedback following the study. For non-resection cases, remedial action
was associated both with an objective improvement in the WSI US of re-scanned GS and
with a concordant improvement in subjective quality assessment for almost all cases.

Prior to implementing an additional step into the diagnostic pathway, an understand-
ing of the impact of PathProfiler on TAT would also be important. This was a limited
3-week study during which time it is unlikely that a fully efficient process by which to
benchmark the time impact of PathProfiler was achieved; however, for prostate biopsy
cases during this study, we did not see a significant delay in cases in terms of TAT. This
is essential given that TAT are important clinically and are a Key Performance Indicator
of the laboratory (and pathologist). Furthermore, the impact on the pathologist of having
an optimal quality scan at the time of reporting cannot be underestimated, even if there
were observed to be a minor increase in time taken in the lab workflow phase; important
in terms of continuity of workflow, reducing frustration, and improving acceptability of
DP overall.

Importantly for clinical use, the output of the tool is easy to interpret by users due to
the simple colour-coded flag system within the LIS, which was reflected in the feedback
from the BMSs involved in the study. The simplicity of the output is an advantage over
existing solutions and is relevant in terms of minimising the time needed for assessment
and interpretation of the Al output, which could otherwise easily negate some of the
positive impact of the solution.

The observations of this feasibility study are significant given that QC of WSI remains
a crucial part of the transition to clinical utilisation of DP, and is increasingly recognised
as such in commentaries from early adopters of DP [11,14,25,26]. Furthermore, evidence
continues to emerge to support intuition that quality WSI are important during both the
development of Al tools and in assuring their performance [5,6,26].

In spite of this, there is little evidence regarding the frequency of suboptimal WSI
encountered in routine DP clinical practice. Some suggest that around 10% of routine slides
could be affected by scanning issues [10]; however, few have systematically assessed this
issue. In the real-world setting, quality issues are likely under-reported unless there is a
robust and efficient pathway within the workflow for users to flag poor quality WSI for
attention; (personal) experience suggests that pathologists tend to mitigate issues typically
by GS review, to avoid interruption of their workflow. This is a relatively easy work-around
in a DP setting such as ours, where GS are routinely sent out to pathologists concurrently
with ‘release’ of the WSI; however, in the alternative setting where GS are not routinely
available or a pathologist is working remotely, a re-scan of the GS would be necessary,
which may delay the diagnostic process.
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A recent study from a large centre with established DP practice reported an overall scan
failure rate in a series of over two million slides of 1.19% [27], mostly attributed to machine
error such as skipped tissue and failed region of interest detection, with contribution to this
figure also from quality issues affecting GS. A similar scan error rate of <1.5% is reported
by Ardon et al. [14], with missing tissue and out-of-focus errors accounting together for
around 60% of cases. These figures are reassuringly low, but it is unclear from these studies
as to the exact parameters used to classify a scan failure. Furthermore, there is likely a
degree of subjectivity as to what a pathologist would consider a ‘suboptimal” WSI that
will in part be specimen-dependent and reflective of the degree of scrutiny required for
diagnosis. In our own practice, we noted a 2.6% rate of technical failure for digitised WSI
during a study on the department-wide DP validation process, which was multifactorial
but largely contributed to by focus issues [3]; however, this figure is from the early phases
of DP implementation and may not reflect current practice. However, the figure of 2.7%
of flagged WSI from non-resection cases in our study cohort would seem therefore to be
in keeping with the expected number of suboptimal images in clinical practice, which
is reassuring.

Study Limitations

A limitation of this study is that we have not assessed the ‘false-negative’ rate of
PathProfiler. This would potentially have been achievable by concurrently asking GU
pathologists during this period to identify WSI of suboptimal quality that had made
it past the QC stage and therefore could perhaps be regarded as having been ‘missed’
by PathProfiler; however, we have been mindful of the existing clinical time pressures
and did not wish to impact on productivity. Whilst this would be a useful parameter to
assess the impact of PathProfiler, the focus of this current study was on the feasibility
of using PathProfiler in a clinical workflow. Arguably, any reduction in the number of
suboptimal quality WSI slipping through the QC process would be an improvement on the
current system.

5. Conclusions

’

We have demonstrated the potential for our automated QC solution ‘PathProfiler
to be incorporated successfully into the clinical workflow within our digitised pathology
laboratory. To the best of the authors” knowledge, this is the first study of an Al solution
for WSI quality within a real-world clinical pathology setting.

We have shown the capability of the tool to detect and flag WSI of potentially sub-
optimal quality worthy of manual assessment. The performance of PathProfiler when
benchmarked against pathologist subjective quality assessment was most reliable for non-
resection type cases, with best concordance seen for prostate biopsy cases, which is unsur-
prising since PathProfiler was developed in this setting. However, there was proven utility
in non-prostate biopsy cases, which is promising and deserving of further investigation.

Whilst this automated QC tool does not replace the need for careful attention to
quality-impacting features during the production of the GS, which will always remain
essential, it offers real opportunity for automation of part of the QC process and could also
introduce improved consistency in quality through non-reliance on human interpretation.
We plan now to investigate the potential utility of PathProfiler in a wider range of specimen
types within our laboratory with a view to routine adoption in our workflow, and this may
identify areas for further development of the tool to enhance its utility.

Importantly, as we now transition into an era of opportunity for Al in assisting pathol-
ogists in diagnosis or adding novel predictive information to the diagnostic assessment,
the need for quality WSI upon which such Al assessments can be made is becoming in-
creasingly apparent, and a QC step may not be a feature of such Al technology. It is not yet
understood how image quality within a diagnostic setting might impact on Al tools which
are currently available to pathologists; however, it might be expected based on observations
within a research setting that image quality could impact their reliability. It is foreseeable,
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then, that a quality tool such as PathProfiler might allow the setting of a minimum quality
threshold for a WSI prior to its assessment within an Al pipeline.

Author Contributions: Conceptualization, L.B. and C.V.; methodology, L.B., C.V,, C]., SM., KW.
and A.P,; validation; L.B., C.J. and A.P,; formal analysis, L.B., C.J., S.M. and ].B.; investigation; L.B.,
CJ.,SM.,, Y.G., K.W. and A.P; resources, S M., N.K.A.,, M.H., R.C,, ].R., L.B. and C.V.; data curation,
L.B., CJ., SM., KW, AP. and ].B.; writing, original draft preparation, L.B., C.J.,, S.M., KW. and C.V,;
writing—review and editing, L.B., C.J., SM., K.W., C.V. and ].B,; visualization, L.B., C.J., SM., K.W.
and C.V,; supervision, L.B., C.V. and J.R; funding acquisition, C.V. and J.R. J.R. and C.V. are joint
senior authors. All authors have read and agreed to the published version of the manuscript.

Funding: This research has been funded by PathLAKE. The PathLAKE Centre of Excellence for
Digital Pathology and Artificial Intelligence is funded by the Data to Early Diagnosis and Precision
Medicine strand of HM Government’s Industrial Strategy Challenge Fund, managed and delivered by
Innovate UK on behalf of UK Research and Innovation (UKRI). Grant Ref: File Ref 104689/ Application
Number 18181. An extension and expansion of the program is also funded as ‘PathLAKE plus’.
Views expressed are those of the authors and not necessarily those of the PathLAKE Consortium
members, the NHS, Innovate UK, or UKRI.

Institutional Review Board Statement: This study was conducted as a quality improvement exercise
with approval of our local departmental clinical governance group, and as such did not require
formal ethics approval.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analysed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: JR is a co-founder of the Oxford University spin-out company Ground Truth
Labs. CV is the principal investigator of a study (ArticulatePro) evaluating Paige Prostate, and CV,
LB and RC receive funding for this study which is funded by the NHSX Artificial Intelligence in
Health and Care Award: Driving system-wide improvements with real-world economics evidence
and subspecialist-led adoption guidelines for full workflow implementation of Al with Paige Prostate
cancer detection (Paige Al 2020, New York), grading and quantification tool in histopathology depart-
ments. (AI_AWARDO02269). The views expressed in this publication are those of the author(s) and
not necessarily those of the NHS, NHSX or the Department of Health and Social Care. University of
Oxford and Oxford University Hospitals NHS Foundation Trust are part of the PathLAKE consortium.
PathLAKE has received in-kind industry investment from Philips. RC receives research funding
from mdxhealth. The other authors (CJ, SM, YG, KW, AP, NKA, MH) have no conflicts of interest
to declare.

References

1.

Snead, D.R.J.; Tsang, Y.-W.; Meskiri, A.; Kimani, P.; Crossman, R.J.; Rajpoot, N.M.; Blessing, E.; Chen, K.; Gopalakrishnan, K,;
Matthews, P; et al. Validation of digital pathology imaging for primary histopathological diagnosis. Histopathology 2016, 68,
1063-1072. [CrossRef] [PubMed]

Williams, B.].; DaCosta, P.; Goacher, E.; Treanor, D. A Systematic Analysis of Discordant Diagnoses in Digital Pathology Compared
With Light Microscopy. Arch. Pathol. Lab. Med. 2017, 141, 1712-1718. [CrossRef]

Kelleher, M.; Colling, R.; Browning, L.; Roskell, D.; Roberts-Gant, S.; Shah, K.A.; Hemsworth, H.; White, K.; Rees, G.; Dolton, M.;
et al. Department Wide Validation in Digital Pathology—Experience from an Academic Teaching Hospital Using the UK Royal
College of Pathologists” Guidance. Diagnostics 2023, 13, 2144. [CrossRef]

Cui, M.; Zhang, D.Y. Artificial intelligence and computational pathology. Lab. Investig. 2021, 101, 412-422. [CrossRef]

Wright, A.L; Dunn, C.M.; Hale, M.; Hutchins, G.G.A; Treanor, D.E. The Effect of Quality Control on Accuracy of Digital Pathology
Image Analysis. IEEE |. Biomed. Health Inform. 2021, 25, 307-314. [CrossRef]

Schomig-Markiefka, B.; Pryalukhin, A.; Hulla, W.; Bychkov, A.; Fukuoka, J.; Madabhushi, A.; Achter, V.; Nieroda, L.; Biittner, R,;
Quaas, A; et al. Quality control stress test for deep learning-based diagnostic model in digital pathology. Mod. Pathol. 2021, 34,
2098-2108. [CrossRef] [PubMed]

Baxi, V.; Edwards, R.; Montalto, M.; Saha, S. Digital pathology and artificial intelligence in translational medicine and clinical
practice. Mod. Pathol. 2022, 35, 23-32. [CrossRef] [PubMed]

Mayer, R.S.; Gretser, S.; Heckmann, L.E.; Ziegler, PK.; Walter, B.; Reis, H.; Bankov, K.; Becker, S.; Triesch, J.; Wild, PJ.; et al. How to
learn with intentional mistakes: NoisyEnsembles to overcome poor tissue quality for deep learning in computational pathology.
Front. Med. 2022, 9, 959068. [CrossRef]


https://doi.org/10.1111/his.12879
https://www.ncbi.nlm.nih.gov/pubmed/26409165
https://doi.org/10.5858/arpa.2016-0494-oa
https://doi.org/10.3390/diagnostics13132144
https://doi.org/10.1038/s41374-020-00514-0
https://doi.org/10.1109/jbhi.2020.3046094
https://doi.org/10.1038/s41379-021-00859-x
https://www.ncbi.nlm.nih.gov/pubmed/34168282
https://doi.org/10.1038/s41379-021-00919-2
https://www.ncbi.nlm.nih.gov/pubmed/34611303
https://doi.org/10.3389/fmed.2022.959068

Diagnostics 2024, 14, 990 17 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Cross, S.; Furness, P; Igali, L.; Snead, D.; Treanor, D. Best Practice Recommendations for Implementing Digital Pathology; The Royal
College of Pathologists: London, UK, 2018.

Fraggetta, F.; L'imperio, V.; Ameisen, D.; Carvalho, R.; Leh, S.; Kiehl, T.-R.; Serbanescu, M.; Racoceanu, D.; Della Mea, V.; Polonia,
A.; et al. Best Practice Recommendations for the Implementation of a Digital Pathology Workflow in the Anatomic Pathology
Laboratory by the European Society of Digital and Integrative Pathology (ESDIP). Diagnostics 2021, 11, 2167. [CrossRef]
Hanna, M.G.; Ardon, O.; Reuter, V.E.; England, C.; Klimstra, D.S.; Hameed, M.R. Publisher Correction: Integrating digital
pathology into clinical practice. Mod. Pathol. 2022, 35, 287, Erratum in: Mod. Pathol. 2022, 35, 152-164. [CrossRef] [PubMed]
Dawson, H. Digital pathology—Rising to the challenge. Front. Med. 2022, 9, 888896, Erratum in Front. Med. 2022, 10, 1180693.
[CrossRef] [PubMed]

Taqi, S.A.; Sami, S.A.; Sami, L.B.; Zaki, S.A. A review of artifacts in histopathology. J. Oral Maxillofac. Pathol. 2018, 22, 279.
[CrossRef] [PubMed]

Ardon, O.; Labasin, M.; Friedlander, M.; Manzo, A.; Corsale, L.; Ntiamoah, P.; Wright, J.; Elenitoba-Johnson, K.; Reuter, V.E.;
Hameed, M.R.; et al. Quality Management System in Clinical Digital Pathology Operations at a Tertiary Cancer Center. Lab.
Investig. 2023, 103, 100246. [CrossRef]

Chen, Y.; Zee, J.; Smith, A.; Jayapandian, C.; Hodgin, J.; Howell, D.; Palmer, M.; Thomas, D.; Cassol, C.; Farris, A.B.; et al.
Assessment of a computerized quantitative quality control tool for whole slide images of kidney biopsies. J. Pathol. 2021, 253,
268-278. [CrossRef] [PubMed]

Singh, R.; Yadav, S.K.; Kapoor, N. Analysis of application of digital image analysis in histopathology quality control. J. Pathol.
Inform. 2023, 14, 100322. [CrossRef]

Niazi, M.K.K,; Parwani, A.V.; Gurcan, M.N. Digital pathology and artificial intelligence. Lancet Oncol. 2019, 20, e253—e261.
[CrossRef] [PubMed]

Senaras, C.; Niazi, M.K.K.; Lozanski, G.; Gurcan, M.N. DeepFocus: Detection of out-of-focus regions in whole slide digital images
using deep learning. PLoS ONE 2018, 13, e0205387. [CrossRef] [PubMed]

Campanella, G.; Rajanna, A.R.; Corsale, L.; Schiiffler, PJ.; Yagi, Y.; Fuchs, T.J. Towards machine learned quality control: A
benchmark for sharpness quantification in digital pathology. Comput. Med. Imaging Graph. 2018, 65, 142-151. [CrossRef] [PubMed]
Michielli, N.; Caputo, A.; Scotto, M.; Mogetta, A.; Pennisi, O.A.M.; Molinari, F; Balmativola, D.; Bosco, M.; Gambella, A.; Metovic,
J.; et al. Stain normalization in digital pathology: Clinical multi-center evaluation of image quality. J. Pathol. Inform. 2022, 13,
100145. [CrossRef]

Janowczyk, A.; Zuo, R.; Gilmore, H.; Feldman, M.; Madabhushi, A. HistoQC: An Open-Source Quality Control Tool for Digital
Pathology Slides. JCO Clin. Cancer Inform. 2019, 3, 1-7. [CrossRef]

Haghighat, M.; Browning, L.; Sirinukunwattana, K.; Malacrino, S.; Alham, N.K.; Colling, R.; Cui, Y.; Rakha, E.; Hamdy, E.C,;
Verrill, C.; et al. Automated quality assessment of large digitised histology cohorts by artificial intelligence. Sci. Rep. 2022, 12,
5002. [CrossRef] [PubMed]

Colling, R.; Protheroe, A.; Sullivan, M.; Macpherson, R.; Tuthill, M.; Redgwell, J.; Traill, Z.; Molyneux, A.; Johnson, E.; Abdullah,
N.; et al. Digital Pathology Transformation in a Supraregional Germ Cell Tumour Network. Diagnostics 2021, 11, 2191. [CrossRef]
[PubMed]

Royal College of Pathologists Cancer Datasets and Tissue Pathways. Available online: https://www.rcpath.org/ (accessed on 9
April 2024).

Atallah, N.M.; Toss, M.S.; Verrill, C.; Salto-Tellez, M.; Snead, D.; Rakha, E.A. Potential quality pitfalls of digitalized whole slide
image of breast pathology in routine practice. Mod. Pathol. 2022, 35, 903-910. [CrossRef]

Schiiffler, P.J.; Geneslaw, L.; Yarlagadda, D.V.K.; Hanna, M.G.; Samboy, J.; Stamelos, E.; Vanderbilt, C.; Philip, J.; Jean, M.-H.;
Corsale, L.; et al. Integrated digital pathology at scale: A solution for clinical diagnostics and cancer research at a large academic
medical center. . Am. Med. Inform. Assoc. 2021, 28, 1874-1884. [CrossRef]

Patel, A.U.; Shaker, N.; Erck, S.; Kellough, D.A.; Palermini, E.; Li, Z.; Lujan, G.; Satturwar, S.; Parwani, A.V. Types and frequency
of whole slide imaging scan failures in a clinical high throughput digital pathology scanning laboratory. J. Pathol. Inform. 2022, 13,
100112. [CrossRef] [PubMed]

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


https://doi.org/10.3390/diagnostics11112167
https://doi.org/10.1038/s41379-021-00948-x
https://www.ncbi.nlm.nih.gov/pubmed/34645985
https://doi.org/10.3389/fmed.2022.888896
https://www.ncbi.nlm.nih.gov/pubmed/35935788
https://doi.org/10.4103/jomfp.jomfp_125_15
https://www.ncbi.nlm.nih.gov/pubmed/30158787
https://doi.org/10.1016/j.labinv.2023.100246
https://doi.org/10.1002/path.5590
https://www.ncbi.nlm.nih.gov/pubmed/33197281
https://doi.org/10.1016/j.jpi.2023.100322
https://doi.org/10.1016/s1470-2045(19)30154-8
https://www.ncbi.nlm.nih.gov/pubmed/31044723
https://doi.org/10.1371/journal.pone.0205387
https://www.ncbi.nlm.nih.gov/pubmed/30359393
https://doi.org/10.1016/j.compmedimag.2017.09.001
https://www.ncbi.nlm.nih.gov/pubmed/29241972
https://doi.org/10.1016/j.jpi.2022.100145
https://doi.org/10.1200/cci.18.00157
https://doi.org/10.1038/s41598-022-08351-5
https://www.ncbi.nlm.nih.gov/pubmed/35322056
https://doi.org/10.3390/diagnostics11122191
https://www.ncbi.nlm.nih.gov/pubmed/34943429
https://www.rcpath.org/
https://doi.org/10.1038/s41379-021-01000-8
https://doi.org/10.1093/jamia/ocab085
https://doi.org/10.1016/j.jpi.2022.100112
https://www.ncbi.nlm.nih.gov/pubmed/36268081

	Introduction 
	Materials and Methods 
	PathProfiler Quality Assessment Functionality and Output 
	Study Setting 
	Integration of PathProfiler into the Clinical Workflow 
	Comparative Subjective Assessment of PathProfiler Performance 
	Assessment of the Impact of PathProfiler on the Turnaround Time of Diagnostic Cases 

	Results 
	Summary of PathProfiler-Flagged WSI 
	Comparative Subjective Assessment of PathProfiler Output 
	Quality Assessment of WSI from Prostate Biopsy Cases 
	Impact of PathProfiler on Diagnostic Turnaround Times of Prostate Biopsy Cases 
	Feedback from the Study Team 

	Discussion 
	Conclusions 
	References

