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Quantitative assessment of H&E staining 2
for pathology: development and clinical
evaluation of a novel system

Catriona Dunn'?", David Brettle', Martin Cockroft?, Elizabeth Keating?, Craig Revie* and Darren Treanor'#>%”

Abstract

Background Staining tissue samples to visualise cellular detail and tissue structure is at the core of pathology
diagnosis, but variations in staining can result in significantly different appearances of the tissue sample. While the
human visual system is adept at compensating for stain variation, with the growth of digital imaging in pathology,
the impact of this variation can be more profound. Despite the ubiquity of haematoxylin and eosin staining in clinical
practice worldwide, objective quantification is not yet available. We propose a method for quantitative haematoxylin
and eosin stain assessment to facilitate quality assurance of histopathology staining, enabling truly quantitative
quality control and improved standardisation.

Methods The stain quantification method comprises conventional microscope slides with a stain-responsive
biopolymer film affixed to one side, called stain assessment slides. The stain assessment slides were characterised with
haematoxylin and eosin, and implemented in one clinical laboratory to quantify variation levels.

Results Stain assessment slide stain uptake increased linearly with duration of haematoxylin and eosin staining
(r=0.99), and demonstrated linearly comparable staining to samples of human liver tissue (r values 0.98-0.99).
Laboratory implementation of this technique quantified intra- and inter-instrument variation of staining instruments
at one point in time and across a five-day period.

Conclusion The proposed method has been shown to reliably quantify stain uptake, providing an effective
laboratory quality control method for stain variation. This is especially important for whole slide imaging and the
future development of artificial intelligence in digital pathology.
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Introduction

The histopathological examination of tissue is the cor-
nerstone of cancer diagnosis globally. It is based on the
staining of tissue samples with histochemical dyes, such
as haematoxylin and eosin (H&E), to highlight cellular
components for visual interpretation by pathologists.
This process has not changed for over a century, and it is
well understood that there are variations in the method
[1-5]. Staining variation is widely seen in clinical practice
in pathology, both within and between laboratories [5-7].
Although not often highlighted as a clinical risk, detailed
evidence in this area is lacking. Professional guidelines
and laboratory practice emphasise the need to maintain
stain quality and reduce variation through internal and
external quality assessment, but routine quantitative
assessment of H&E staining has to date been unachiev-
able [8-10].

The need to quantify and control stain quality is given
greater impetus with the increasing use of digital pathol-
ogy. This is the process of scanning a glass pathology slide
with a whole slide imaging system to produce a digital
image. The technology has been promoted and adopted
as it has the potential to improve workflow and quality
in pathology services [11-13]. Its utilisation is growing
due to the increasing maturity of whole slide imaging
systems, displays, data handling and storage, significant
clinical need for pathology service globally, and the use
of artificial intelligence (AI) to augment human diagnosis
[10, 14, 15].

Image quality, specifically colour, is an important
parameter for Al as differences in colour are used to set
thresholds to detect objects and patterns, meaning varia-
tion in the stained colour of tissue can impact upon Al
algorithm performance. An increasing number of papers
in the literature highlight the importance of colour sta-
bility for Al [5-7, 16—19]. To help mitigate the effect
of stain variation, computer assisted methods can be
employed such as stain normalisation, the digital nor-
malisation of an image’s colour, and data augmentation,
where computer simulated images with variable staining
are introduced to training datasets to improve Al robust-
ness [20-23]. With stain normalisation, the accuracy of
Al before and after normalisation, has been shown to
deliver significant improvements in Al performance [19,
23-27]. Examples include improving colorectal cancer
classification and prostate cancer detection accuracy by
20% and 9% respectively [26, 27]. Other work has found
that prostate cancer classification performance suf-
fered when using images from different institutions and
scanners, and that application of stain normalisation to
a variable-quality dataset improved AI performance by
5% [24]. Inter-institutional staining characteristics can
be distinguishable by Al and have the potential to bias
accuracy, even with application of stain normalisation
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[7]. Importantly, a recent study also found stain normali-
sation significantly improved pathologist perception of
stain colour quality, diagnostic confidence, and time to
diagnosis [28]. However, they also found that normali-
sation reduced inter-pathologist agreement. Although
this was only two pathologists it suggests that normali-
sation may improve perceived colour and pathologist
confidence, but that the normalisation process may be
a variable in its own right that could negatively impact
upon inter-observer agreement. Stain normalisation can
improve image standardisation, Al performance and gen-
eralisability, however image manipulation is relative and
can introduce artefacts, lead to loss of information, or
bias the training data [23, 29-31].

An alternative approach to reduce variation between
images is to reduce stain variation at its source, through
laboratory quality control (QC). Strict protocols are
maintained within histopathology laboratories and
reagents are replenished regularly to minimise varia-
tion, with most adopting automated staining instru-
ments for improved precision. Methods of routine QC
have changed little over the years, where both inter-
nal and external quality assessments are based on sub-
jective, qualitative observations [5, 32-35]. Although
human qualitative assessment is important for assess-
ing quality, it is subject to observer bias and relies on
assessing stained control tissue which, due to intrinsic
biological differences, can be variable between sections.
Control tissue blocks are finite, being exhausted after a
few hundred control sections have been cut, necessitat-
ing new controls which may have different morphological
appearances and staining characteristics. Tissue stain-
ing may also be confounded by other variables prior to
staining, such as fixation or section thickness variation
[36—39]. These limitations mean that using tissue-based
QC approaches alone may not be sufficient as a control
method for stain quality assessment over time, or across
institutions.

There has been research into the use of quantitative
controls for immunohistochemistry staining in histopa-
thology, and a consortium has recently been launched to
improve immunohistochemistry reproducibility [40—44].
But there is limited research focusing on quantitative QC
methods for H&E staining, which accounts for the major-
ity of stained slides in laboratories worldwide. Gray et al.
[5] and Chlipala et al. [45] have developed digital meth-
ods of quantifying H&E staining from whole slide images
of stained control tissue. Although effective, these meth-
ods of quantifying stain can be impacted by confounding
variables as they use tissue as a control and rely on accu-
rate colour reproduction during digitisation.

In this paper we propose a method for absolute quan-
tification of H&E staining in the laboratory environment,
using stain assessment slides. Stain assessment slides
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comprise of a biopolymer film applied as a label to stan-
dard pathology glass slides. The biopolymer film is highly
receptive to stain due to its hydrophilicity and porous
structure. We characterise the stain assessment slides,
compare the stain response with tissue, and validate the
use of this methodology as routine QC testing for H&E
staining within a clinical laboratory. This technique has
the potential to offer truly objective and quantitative QC
of H&E staining, to augment current QC processes in
laboratories.

Materials and methods

Experiment 1: stain assessment slide H&E characterisation
Methodology

A biopolymer film, with a standard thickness of 24.4 pm
(+2%), was sourced (Futamura Chemical UK Limited,
Wigton, UK). Discs of the biopolymer film (10 mm diam-
eter) were cut and positioned onto non-coated glass
slides (25 x 50 mm; Solmedia Ltd, Shrewsbury, UK).
Chemically resistant polyethylene terephthalate (PET)
labels with acrylic adhesive (17 x 25 mm; North and
South labels Ltd, Thornton Heath, UK) had a central
8 mm diameter circular aperture removed and were over-
laid to adhere the biopolymer film to the slides. Hereafter
these slides will be referred to as stain assessment slides;
they are depicted in Fig. 1.

Stain assessment slides were manually stained with
Mayer’s haematoxylin and eosin Y 1% aqueous (see Sup-
plementary Information Table 1 for information on stains
and reagents used) according to the protocol in Table 1.
Three stain techniques were used: (1) haematoxylin-
only, (2) eosin-only and (3) H&E combined (equal stain
duration for each stain). For each stain technique slides
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were stained for 13 stain durations, from 15 s to 6 min,
with five slides at each stain duration (n=65 per stain
technique). Stain durations are shown in Supplementary
Information Table 2.

Analysis
The stain assessment slides were scanned in a UV-Vis
Caryl00 spectrophotometer (Agilent Technologies,

Santa Clara, USA). Prior to scanning, the spectropho-
tometer was calibrated using certified reference materials
traceable to the National Physical Laboratory (Tedding-
ton, UK) primary references, and the baseline and zero
were set following the standard procedure [46-48].
Absorbance spectra were measured from each slide
between 350 and 800 nanometres (nm), at 1 nm incre-
ments. Total absorbance was calculated from each spec-
trum to provide a single number for comparison between
slides. Total absorbance was the sum of all absorbance
values within the visible spectrum (380-740 nm). Aver-
age total absorbance was calculated for each stain dura-
tion and technique, and plotted onto a scatter graphs
with linear trend-lines applied. Error bars of one stan-
dard deviation from the mean were included. Using
Minitab Desktop 21.2 statistical software (State College,
USA), Pearson’s correlation coefficient (r) was calculated
to assess the strength of the linear relationship, and coef-
ficient of variation (Cy) was calculated to show relative
standard deviation(o) as a percentage of the mean (p),
using Eq. (1). The C,, was calculated for each stain dura-
tion and averaged for each stain technique with 95% con-
fidence intervals provided for each C,, average.
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Fig. 1 Stain assessment slide. An illustration (a) and a photo (b) of an example stain assessment slide, consisting of a disc of biopolymer film positioned
onto a glass slide, with a chemically resistant PET label positioned on top to affix the biopolymer in position. The dotted grey line indicates the area where

tissue sections may be mounted
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Table 1 Staining protocol used in Experiments 1 and 2
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Process Step  Solution Duration (m:s) Process Step  Solution Duration (m:s)
Dewaxing 1 Xylene (wash 1) 3:00 Staining 14 Running tap water 1:00
2 Xylene (wash 2) 3:00 15 Scott's Tap Water 2:00
3 Xylene (wash 3) 3:00 16 Running tap water 1:00
4 Xylene (wash 4) 3:00 17 Aqueous Eosin'Y (1%) 0:15-6:00 (see
Sl Table 2)
Rehydration 5 100% ethanol (wash 1) 3:00 18 Running tap water 1:00
6 100% ethanol (wash 2) ~ 3:00 Dehydration 19 100% ethanol (wash 1)~ 0:30
7 100% ethanol (wash 3) 3:00 20 100% ethanol (wash 2) 1:00
8 100% ethanol (wash 4) 3:00 21 100% ethanol 5:00
(wash 3)
9 75% ethanol 3:00 22 100% ethanol (wash 4) 5:00
10 50% ethanol 3:00 Clearing 23 Xylene (wash 1) 3:00
11 25% ethanol 1:00 24 Xylene (wash 2) 3:00
12 Running tap water 2:00 25 Xylene (wash 3) 3:00
Staining 13 Mayer's Haematoxylin 0:15—6:00 (see Sl Table 2) Mounting 26 DPX mountant -

The staining protocol used in Experiment 1 and 2 is described, outlining process, solution and duration used. All steps in this protocol were undertaken at room
temperature. Please note stain technique 1 (haematoxylin only) excluded steps 17-18, and stain technique 2 (eosin only) excluded steps 13-16. Stain technique 3
included all steps. Abbreviations: m:s, minutes : seconds; SI, Supplementary Information; DPX, Dibutylphthalate Polystyrene Xylene

Cv =2 %100 1)
I

Experiment 2: characterisation with tissue

Methodology

55 stain assessment slides were constructed using the
technique described in Experiment 1. To allow for
increased space on the slide for tissue mounting, this
experiment used 4 mm discs of biopolymer, overlaid with
the PET label cut to smaller dimensions, 4.5X7.5 mm,
with a 2 mm circular aperture removed.

Surplus human liver tissue was sourced. The tissue was
processed using a Leica ASP300S processor (Leica Bio-
systems, Wetzlar, Germany) and embedded into a paraf-
fin wax block. The tissue was sectioned to 5 um using a
microtome by a senior research technician and mounted
onto the stain assessment slides above the biopolymer
label (see Fig. 1). The slides were placed onto a hot plate
at 60 °C for two hours and stained using Mayer’s haema-
toxylin and eosin Y aqueous 1% (equal time each stain,
see Supplementary Information Table 1 for stain infor-
mation) according to the protocol in Table 1, for stain
durations between 15 s and 6 min (see Supplementary
Information Table 2), with five slides stained at each stain
duration (n=55).

Analysis

The slides were scanned in an Aperio AT 2 whole slide
imaging scanner (Leica Biosystems) at 20x magnification
(0.5 microns per pixel), with JPEG compression (qual-
ity="70). Digital images were used in this experiment, as
opposed to spectral measurements, to enable an aver-
age colour measurement across the entire biopolymer
and tissue area (excluding areas with artefacts, such as

folds), to determine the relative relationship. The scanned
images were viewed on Aperio ImageScope 12.1 (Leica
Biosystems) and extracted, using the extract region
tool, as jpeg files using JPEG2000 compression (quality
score 30). The extracted images were viewed on Image]
(Bethesda, Maryland, USA), where colour was measured
in Red (R), Green (G) and Blue (B) — RGB - colour space.
In this colour space, R is a numerical representation of
the stained colour intensity in the red spectrum, G in the
green, and B in the blue. Median RGB values of biopoly-
mer and tissue on each slide were calculated and plot-
ted against each other on a scatter graph. Using Minitab,
Pearson’s correlation coefficient (r) was calculated to
assess the strength of any correlation and C,, was calcu-
lated for each stain duration and averaged, with 95% con-
fidence intervals provided.

Experiment 3: clinical implementation

To validate the stain assessment slides as a QC method,
two proof of concept studies were conducted in one clini-
cal laboratory using automated staining instruments. The
two arms to this experiment were (a) assessment of varia-
tion at one point in time, and (b) assessment of variation
over a five-day period. Three clinically active staining
instruments of the same manufacturer and model were
tested; assigned as Stainer-1, Stainer-2 and Stainer-3. All
instruments used identical H&E staining protocols.

Methodology

Experiment 3a) assessment of variation at one point-in-time
This assessment was undertaken to test the level of varia-
tion of the stain assessment slides within three instru-
ments at one point-in-time. 90 stain assessment slides
were constructed, as described in Experiment 1. One
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full rack of slides (n=30) was positioned in each of three
staining instruments (Stainer-1, Stainer-2 and Stainer-3)
and stained at one point-in-time, using the laboratory’s
standard H&E staining protocol.

Experiment 3b) assessment of stain variation over five days
For assessment of variation within staining instruments
over time, the three staining instruments were assessed
over a period of five days. 75 stain assessment slides were
constructed using the method described in Experiment
1. One stain assessment slide was placed in each of the
three staining instruments and stained with H&E along-
side tissue samples for routine clinical diagnosis. This
was repeated five times per day, over a period of five
days (Monday to Friday). The time of staining was spread
across each day between 9:00 and 17:00 h.

Analysis
Experiments 3a and 3b
After staining, the stain assessment slides from Experi-
ment 3a and 3b were scanned in a spectrophotometer as
detailed in Experiment 1. From the absorbance spectra,
total absorbance was calculated. Using Minitab, boxplots
were generated showing the spread of results. For Experi-
ment 3a, C,, was calculated to measure intra-instrument
and inter-instrument variation at one point in time. For
Experiment 3b C,, was calculated to measure intra-
instrument variation for individual days and across the
five days, and inter-instrument variation across the five
days, with 95% confidence intervals provided.
Inter-instrument variation in Experiment 3a and 3b
was found to be normally distributed using the Ander-
son-Darling normality test and so analysis of variance
(ANOVA) tests were carried out on the data, where
p<0.05 is considered significant, to compare results for
inter-instrument variation across five days and at one
point in time.

Results

Experiment 1: stain assessment slide characterisation
Figure 2a shows an example of six averaged spectra from
H&E-stained stain assessment slides, with sparse data
shown for clarity (stain durations: 1-6 min). The spectra
demonstrate that as stain duration increased, the portion
of the spectral curve, where the biopolymer absorbed
light, increased incrementally for each stain technique,
indicating increasing intensity.

Average total absorbance within the visible spectrum
(380—740 nm, as highlighted between the reference lines
in Fig. 2a for each stain duration and technique were
plotted in Fig. 2b. Average total absorbance for each
stain technique increased linearly over time, with Pear-
son’s correlation coefficient (r) values of 0.99 (haematox-
ylin-only), 0.99 (eosin-only) and 0.99 (H&E). Error bars
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depicting one standard deviation from the mean at each
time point highlight the variation between samples. The
average C,, with 95% confidence intervals displayed as
(lower limit, upper limit), for all time durations was 11%
(6, 16), 11% (9, 13) and 9% (5, 13) for haematoxylin-only,
eosin-only and H&E combined respectively. See Supple-
mentary Information Table 3 for the full range of stan-
dard deviation and C,, values for each stain duration and
technique.

Experiment 2: comparison of stain assessment slides and
tissue

Median RGB values of H&E stained biopolymer and
human liver tissue are plotted against each other in
Fig. 3a. Figure 3b provides thumbnail images of liver and
biopolymer stained with H&E for 1-6 min, for visual
comparison of stained colour. There was a linear correla-
tion found between the biopolymer and liver tissue for R
(r=0.99), G (r=0.98) and B (r =0.98) values. The average
Cy of all the stain durations for RGB values respectively
was 2% (1, 2), 4% (3, 5) and 2% (1, 2) for liver tissue, and
6% (5, 8), 14% (10, 18) and 7% (5, 10) for the biopolymer.

Experiment 3: clinical implementation

Experiment 3a) assessment of variation at one point in time
Boxplots showing the spread of total absorbance mea-
sured from the stain assessment slides for each instru-
ment at one point in time can be seen in Fig. 4a.
Intra-instrument variation (Cy) was 6% (Stainer-1), 9%
(Stainer-2) and 7% (Stainer-3), showing the level of varia-
tion in stain assessment slides at one point in time. The
inter-instrument variation (Cy) at one point in time was
8%. This variation was calculated to be statistically sig-
nificant (p=0.0003).

Experiment 3b) Assessment of daily stain variation

Boxplots showing the spread of total absorbance for each
instrument across five days can be seen in Fig. 4b. The C,,
across the five days was 28% (Stainer-1), 23% (Stainer-2)
and 30% (Stainer-3), indicating the intra-instrument
variation for each stain instrument over the time-period.
The intra-instrument variation over five days was statis-
tically significant for Stainer-2 (p=0.001), but not signifi-
cant for Stainer-1 (p=0.699) or Stainer-3 (p=0.062). The
inter-instrument variation (Cy) was 27%, but this was
not statistically significant (p=0.441). See Supplemen-
tary Information Table 4 for more detailed results from
Experiment 3a and 3b.

Discussion

We have proposed that improving stain QC and stan-
dardisation is a practical and logical approach to
ensuring consistency of traditional laboratory stain
quality and the resultant digital data set.
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Fig. 2 Stain assessment slide H&E stain response. a) Mean absorbance spectra of biopolymer film on stain assessment slides, stained with H&E (equal
time each stain) from 1 to 6 min, with five slides stained at each stain duration. The reference lines provided indicate the portion of the spectrum that
represents visible light wavelengths, between 380 and 740 nm, from which total absorbance was measured. b Average total absorbance of biopolymer
film stained using haematoxylin, eosin and H&E combined, for durations ranging from 15 s to 6 min. Each point plotted is the average of five slides at each
stain duration, with error bars depicting one standard deviation from the mean in each direction and linear trend lines applied
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Fig. 3 H&E stain response of stain assessment slides and human liver tissue. (a) Stain response scatterplot comparing median Red (R), Green (G) and Blue
(B) colour values of human liver tissue against biopolymer film on stain assessment slides, stained with H&E between 15 s and 6 min (equal duration for
each stain). Five slides were stained at each stain duration, with linear trend-lines applied. (b) Thumbnail images for visual comparison of stain response
measured from whole slide images of human liver tissue and biopolymer film, stained with H&E from 1 — 6 min (equal duration for each stain)

We evaluated a novel method of stain QC in a series
of experiments. Experiment 1 characterised the bio-
polymer film on stain assessment slides, stained with
H&E (separately and combined) and found a linear
relationship between stain duration and stained colour
of the biopolymer, with r values of 0.99 for all stain
techniques. This demonstrated that the stain assess-
ment slides take up H&E stain linearly over time and

were an effective, quantitative measure of staining,
based on purposefully altering stain duration.
Experiment 2 compared the H&E staining charac-
teristics of the biopolymer with sections of human
liver tissue, to contrast the performance of the sys-
tem with the conventional use of tissue-based con-
trols. There was a strong correlation between mean
biopolymer and liver staining (r values between 0.98
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Stainer 3
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Fig.4 Spread of total absorbance across a five day period. Boxplots showing the spread of results of total absorbance measured from absorbance spectra
of stain assessment slides stained in three staining instruments in a clinical laboratory during Experiment 3b. Five slides were stained in each stain instru-
ment per day, using the same staining protocol, over a period of five days (n = 25 per stain instrument). Stainer-1 box is 79 — 104, whiskers are 50 — 138
with median of 91 and an outlier at 40. Stainer-2 box is 70 — 97, whiskers are 41 — 114 with a median of 83. Stainer-3 box is 70 — 107, whiskers are 43 — 159

with a median of 90

and 0.99) indicating that biopolymer stain uptake was
linearly comparable to human liver tissue within the
stain durations measured. The linear relationship was
non-proportional (y intercept#0) due to the biopoly-
mer film having an increased thickness (24.4 pm bio-
polymer vs. 5 pum tissue sections), permitting higher
sensitivity of the biopolymer to detect variations in
staining.

Experiment 3 implemented stain assessment slides
within a clinical laboratory to establish the clini-
cal utility of the method. Experiment 3a assessed
variation at one point in time and found the intra-
instrument variation was 6-9%; a similar level to the
average variation found across stain durations in
Experiments 1 and 2. This suggests that this varia-
tion was dominated by intra-batch variation in the
stain assessment slides, rather than variation within
the staining instruments, however this was not pos-
sible to discriminate. The inter-instrument variation
at one point in time was 8%, which was found to be
statistically significant (p=0.0003). This indicated that
despite different instruments using the same protocol,
inter-instrument variations are present. Varying levels
of slide throughput may have contributed to this, e.g.
a higher throughput of slides may equate to a higher
likelihood of reagents becoming diluted/contaminated.
There may also be variations between different H&E
stain batches that could contribute to the variation

measured. The stain assessment slides offer a simple
method of quantifying variation and characterising
staining instruments on a periodic basis. However,
despite the instruments staining being significantly
different, only 8% variation was measured at one point
in time, which was a low level of variation (similar to
baseline level of variation within the stain assessment
slides), particularly considering the biopolymer has
an increased sensitivity to stain compared to human
tissue.

Experiment 3b assessed variation across five days
and found an average intra-instrument variation of
between 23 and 28%. This is approximately 2.5-4.5
times higher than the level of variation found in Exper-
iment 3a at one point in time, which highlights the
increased variation present across five days. The daily
variation reached as high as 47% on one day (Stainer-3,
day 2). The inter-instrument variation was 27% but
was not found to be significant, although this may be
due to paucity of data. The variation was likely caused
by dilution of reagents and high throughput of slides
over the course of one week. Daily quantitative QC
would have a strong potential to limit this variation by
setting thresholds of normal operation; this would also
provide onward benefits for Al by providing more con-
sistent data for both training and utilisation. A limita-
tion of this experiment was that information was not
collected on the frequency of stain reagent changes.
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As one of the potential benefits of the stain assessment
slides would be to optimise reagent use, that infor-
mation is important and should be included in future
work. If less frequent reagent changes can be identified
this could be of financial benefit to laboratories, either
way this information potentially informs on future
guidelines or standards.

Additional limitations of this study include the vari-
ability in stain uptake by the biopolymer at 6-14%. For
context this variability was subjectively barely perceiv-
able compared to the staining instrument variation
found across five days, which was readily noticeable at
23-28%. It is thought that the variation was largely due
to the high sensitivity of the biopolymer; the hand-
made nature of constructing stain assessment slides;
and the use of a manual staining process in Experi-
ments 1 and 2. As such automated manufacture and
staining processes should improve this. A further limi-
tation was the use of different techniques to measure
the colour of the biopolymer film. In Experiments 1
and 3, colour was measured spectrally (total absor-
bance), to characterise the absolute stained colour in
the biopolymer. Experiment 2 differed in that colour
was measured digitally (RGB values) to characterise
the relative relationship between the biopolymer and
tissue stain uptake. Accurate colour measurement
from whole slide images relies on accurate colour
reproduction of the imaging system. The whole slide
images were manually checked for quality, but the AT
2 scanner was not specifically colour-calibrated prior
to use, other than the out-of-factory calibration, setup
and yearly calibration by the manufacturers follow-
ing their standard procedure. Because we scanned
the biopolymer and tissue in the same scanner at the
same time, we can determine from previous experi-
mental work that this scanner would have an expected
variation in colour measurement of 0.47%, which is
an order of magnitude lower than the stain variation
being measured in the stain assessment slides and tis-
sue [5]. There was no direct comparison between the
spectral and digital colour measurements and future
work will compare these methods.

The H&E characterisation in this paper was based on
an intensity measurement of H&E staining with equal
time for each stain (1:1 ratio), so additional analysis is
needed to understand the biopolymer response to dis-
proportionate H&E stain durations. Early work sug-
gests that this will be proportional to the time-stain
uptake curves shown in Fig. 2b. The relative uptake
of H&E stains needs to be reported to inform practi-
cal instrument optimisation in the laboratory. Digi-
tal methods do exist to do this already, for example,
stain deconvolution by Ruifrok et al. [49]. The impact
of varying H&E types/brands also needs to be fully
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characterised, as well as determination of the level
of variation in stain assessment slides that equates to
visually or diagnostically noticeable differences in dif-
ferent tissue types.

Further work will develop an operational process to
allow stain assessment slides to be readily deployed
and utilised in an operational environment. The use of
a spectrophotometer is impractical in an operational
pathology workflow, however if a laboratory has been
digitalised already, a whole slide imager could prac-
tically be used to collect stain data. There are two
potential limitations of this, one is that not all labo-
ratories have gone digital, and the other is that a time
lag is introduced between staining and the returned
quantitative data, which may limit the utility of the
stain assessment tool as a near-time quality control.
To address this, we are developing a small, labora-
tory-friendly device to measure colour directly from
the stain assessment slides that can fit easily into the
laboratory workflow and provide immediate feedback.
It is important to note that the stain assessment slides
allow quantification of the stain delivered to tissue. We
accept that there are complex relationships between
haematoxylin, eosin and tissue presentation. The
use of stain assessment slides is not for assessing the
impact on clinical presentation, but to provide infor-
mation that the staining instrument may or may not be
performing within pre-defined parameters as that may
have a consequence for the clinical presentation.

In summary, this work presents a novel method using a
biopolymer as a quantitative H&E stain assessment tool
that:

+ demonstrates linear staining with H&E,

+ shows comparable stain uptake to control tissue
slides,

+ has demonstrable clinical utility in measuring stain
variation.

If adopted into routine practice, the presented QC tool
could improve stain consistency and optimise reagent
use by removing subjectivity in stain assessment. This
technique can be used as a periodic point-in-time test
for staining instruments, to be used alongside labo-
ratory internal and external qualitative assessment
protocols. An added benefit of quantifying stain vari-
ability is the potential cost-saving by optimising stain
replenishment and reducing reagent use. There are
also clinical and operational benefits from reducing
the need to re-section and re-stain tissue if stain qual-
ity drops. These benefits will not only help optimise
the speed and quality of diagnosis but also help to pro-
duce consistent digital whole slide images and to help
facilitate Al in digital pathology in future.
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ANOVA  Analysis of variance

Al artificial intelligence

Cy coefficient of variation

DPX Dibutylphthalate Polystyrene Xylene
H&E haematoxylin and eosin

V! mean

m s:minutes:seconds

nm nanometres

PET polyethylene terephthalate
Qc quality control

RGB red, green and blue

o standard deviation
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