The use of digital image analysis in the histological assessment
of Sjogren’s syndrome salivary glands improves inter-rater
agreement and facilitates multicentre data harmonisation
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ABSTRACT

Objective. To assess whether the use of
digital image analysis (DIA) in primary
Sjogren’s syndrome (pSS) for the calcu-
lation of the total area of the salivary
gland (SG), focus score (FS) and SG
area occupied by the inflammatory in-
filtrate (area fraction, AF), was able to
generate reproducible readings among
different raters, reducing disagreement.
Methods. Haematoxylin and Eosin
digital slides from pSS and non-specif-
ic chronic sialadenitis (NSCS) patients
were analysed blindly by 4 independ-
ent raters among 3 centres. Using an
open-source software (QuPath) raters
were asked to provide the total area of
the gland i) using a grid-based method
and ii) a software-based area-calcula-
tion tool, iii) the number of inflamma-
tory foci and iv) the total area of the
inflammatory infiltrate. Collected data
was used to calculate the inter-rater
agreement.

Results. For the calculation of the total
SG area, DIA generated higher agree-
ment among raters than grid-based
calculation  (inter-class correlation
coefficient ICC=0.85 vs. 0.98). Agree-
ment for calculated total area of the
inflammatory infiltrate (ICC=0.94) and
for AF (ICC=0.94) was higher than in-
filtrates count number (ICC=0.54) and
FS (ICC=0.56). AF achieved a 30%
improvement over the FS at generating
consensus among raters when used as a
diagnostic cut-off.

Conclusion. A digital approach
achieved a far superior inter-rater
agreement when calculating the total
area compared to a grid-based ap-
proach. The calculation of AF proved
superior to FS in correctly classify-
ing pSS vs NSCS biopsies. We suggest
that digitally calculated AF should be
used alongside FS for large multicentre
studies to improve data harmonisation.

Introduction

Primary Sjogren’s syndrome (pSS) is a
high-prevalence systemic autoimmune
disease that targets mainly the exo-
crine glands (1-3). Despite its diffuse
presence worldwide, pSS is poorly di-
agnosed and its pathogenesis and biol-
ogy understudied, leading to a lack of
therapies capable to modify, ameliorate
or slow down the disease (3, 4). One
of the key characteristics of the dis-
ease is the presence of inflammatory
infiltrates in the target organs of the
autoimmune response, particularly in
the salivary glands (1, 3). An inflam-
matory infiltrate (or focus) of at least
50 lymphocytes per 4 mm? of glandu-
lar tissue (assessed via the histological
analysis of a biopsy of the minor sali-
vary glands (5)) or the presence in the
serum of specific auto-antibodies (i.e.
anti-SSA) are necessary for a diagnosis
of pSS (6).

The salivary glands of pSS patients are
not only a diagnostic “window” into
the disease but are also able to provide
priceless data on the evolution of the
pathology, on patients stratification (7-
11) and potentially capable to inform
on treatment response. In parallel with
clinical trials aiming at expanding the
potential therapeutic avenues for this
disease and involving biopsy-driven
proof of mechanisms investigations
(3, 12-15), the necessity for an interna-
tional consensus on shared guidelines
for the histological analysis and inter-
pretation of salivary gland tissue has
become apparent (16-18). Significant
discrepancies have historically been
reported not only in the interpretation
of the histopathology focus score (FS)
(19) which when >1 is a discriminant
for a positive histopathology result
(20) but also in the evaluation of other
key features of salivary gland immu-
nopathology, such as the identification
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of ectopic germinal centres, leading to
contrasting results (17, 18,21-23).
The work that we present here, aimed
at investigating the inter-observer per-
formance of more detailed and quanti-
tative analysis of the presence of focal
immune cells infiltrates, the corner-
stone of pSS histological assessment,
implementing the guidelines suggest-
ed by the international community of
Sjogren’s syndrome experts (18). More
specifically, we wanted to test whether
the use of digital image analysis for the
quantification of measurable param-
eters (e.g. the fraction of the glandular
area occupied by the inflammatory in-
filtrate) was stringent and reproducible
enough, compared to the current gold
standard, the focus score, to reduce
disagreement among different raters
when analysing haematoxylin and eo-
sin staining of salivary gland biopsies,
the first step in the histological charac-
terisation of the patients.

Materials and methods

Rationale

Salivary gland tissue was collected
from 17 Sjogren’s syndrome and 7 non-
specific chronic sialadenitis (NSCS)
patients attending a specialist Rheu-
matology/Oral medicine clinic at Barts
Health NHS Trust. Demographic, clini-
cal and laboratory data of the patients
enrolled in this study is provided in
Table I. All procedures were approved
by the local Ethics Committee (LREC
05/Q0702/1 and LREC 17/WS/0172)
and performed after informed written
consent.

Four raters scored a total of 24 digital
slides obtained from minor labial SG
biopsies, one slide per patient. For each
sample, more than one lobule were pre-
sent on the slide and were analysed,
in order to achieve the recommended
minimum glandular area of 8 mm?
(18). Only 2 out of 24 samples did not
fulfil this criterion, with an area of ap-
proximately 4-5 mm?. The raters were
from 3 different centres (2 in Italy, 1 in
the UK) and had different backgrounds
(2 anatomical pathologists and 2 im-
munobiologists) with extensive but not
identical experience in pSS histology.
The slides to be analysed were selected
from the full biobank, using as selec-
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tion criteria a good quality H&E stain-
ing and the presence of at least a 25%
of NSCS.

The digital slides were disseminated
to the 4 raters together with video tu-
torials explaining how to install and
operate the software. Each rater was
asked to provide i) the total area of the
gland calculated using the classic grid-
based method, ii) the total area of the
gland calculated using the software
area calculation capabilities by manu-
ally or semi-manually determining the
perimeter of the salivary gland tissue,
iii) the number of inflammatory foci
(peri-ductal leukocytic infiltrates with
more than 50 lymphocytes) and iv) the
area of the inflammatory infiltrate. The
raters were provided with short video
tutorials to get acquainted with the use
of Qupath and its tools for the specific
tasks that they had to perform. No in-
struction on how to score the tissue
was provided, as all the raters agreed to
use the recommendations published in
2017 (18).

Tissue preparation, staining

and digital image acquisition

The slides were obtained from FFPE
minor salivary glands biopsies. 3 ym
sections were cut, mounted on polar-
ised microscope slides (VWR) and
baked at 60°C for 20 minutes. Tissue
sections were deparaffinised in se-
quential changes of xylene and etha-
nol before being washed, stained with
haematoxylin and eosin and then dehy-
drated by sequential changes in ethanol
and xylene before mounting in DPX
medium (Sigma-Aldrich). Slides were
digitalised using a Hammamatsu Na-
noZoomer S60 Slide Scanner at 20x
magnification.

The digital analysis of the slides was
performed with the open software Qu-
path 2.0-m9 (24). Each rater installed
the same version of the software on
their personal computer. Instructions
were provided on how to annotate the
slides and extract information such as
the total area of the gland, the number
of infiltrates and the area of the infil-
trates. For the manual quantification
of the total area of the gland, the raters
were asked to superimpose a digital
grid to the slides using the native Qu-

path function and count the squares
occupied by salivary tissue in order to
provide the total area in mm?. The an-
notations and manual area calculations
were then sent as separate spreadsheets
to the lead centre in London, where
they were collated and cleaned for
analysis.

Data analysis and statistics

The data from the digital image analy-
sis and manual area calculation were
imported, analysed and plotted using R
version 3.6.3 (2020-02-29) for Linux.
Non-normal distribution of the data
was confirmed using a Shapiro-Wilk
test. For inter-rater and intra-rater pair-
wise correlations, the Spearman cor-
relation test was used, and R-values
are reported with their p-values. In the
Bland-Altman plots, for every pair of
measures assessed the mean of the dif-
ferences (blue solid line) and the confi-
dence interval (red dashed lines, mean
of the differences = 1.96xSD (differ-
ences)) are reported. For the inter-class
correlation analysis, the icc function
from the irr package (v. 0.84.1) was
used, applying a “two-way”” model for
non-repeated measurements and we
reported the absolute agreement co-
efficient. For the receiving operating
characteristics (ROC) curves, we used
the pROC package (v. 1.16.2) to calcu-
late Specificity, Sensitivity, Accuracy,
Area under the Curve (AUC) and best
threshold using Younden’s method. All
the plots were produced using ggplot2
package (v.3.3.0).

Results

Digital gland surface

quantification is more robust

than manual quantification and
reduces inter-raters bias

Every rater performed the analyses of
the same batch of images on different
machines using the same version of
Qupath (v. 2.0-m9) (24). We chose this
software due to its versatility, the fact
that is platform-independent, it does
not require above-average CPU and
RAM to run, it is under constant de-
velopment and debugging with a wide
user based and it is free.

The first question that we addressed,
was whether there was a significant
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difference in the quantification of the
total area of the gland when using the
grid-based manual method (5) or a
more modern approach that mixes the
experience of the rater with the preci-
sion of digital analysis. In Figure 1A-B
the same representative image is shown
with a superimposed grid (Fig. 1A, ex-
ample grid side 0.5 mm, raters were
left freedom to choose the grid size) or
with the glandular area manually anno-
tated and highlighted by the software
in red (Fig. 1B). The Spearman cor-
relation R and inter-class correlation
coefficient (ICC) for the intra-rater
agreement between manual and digi-
tal quantification were generally good
going from a moderate agreement for
rater C to an almost perfect agreement
in rater D (Fig. 1C and Table I, Spear-
man R=0.84 and 1 and ICC=0.81 and
1, respectively for rater C and D). The
variation in raters internal agreement
is even clearer when plotting the mean
and difference between manual and
digital area calculation in a Bland-Alt-
man plot (Fig. 1D). These plots clearly
show how the confidence interval var-
ies substantially among raters, with
rater D having the narrower and rater
C the widest and raters A and B sitting
in between. This observation is well
reflected in the inter-rater agreement
for manual and digital area measure-
ments: in Figure 1E the Bland-Altman
plot for all the possible pairs of raters
shows how using the manual calcula-
tion for the total area of the gland pro-
duces a large confidence interval wider
than 10 mm? while using the digital
quantification this is reduced to about
4.5 mm?. This was also confirmed by
the ICC which was excellent for the
digital image analysis (DIA) calcula-
tion agreement and only moderate for
the Manual area calculation agreement
(Fig. 1F).

Overall, this first analysis allows to
conclude that when calculating the total
area of the gland, the use of a software-
assisted approach where the operator
annotates the perimeter of the tissue
and the area is automatically calculated
provided both a lower intra-observer
variation and a higher inter-observer
agreement when compared with the
classic grid-based method.

Clinical and Experimental Rheumatology 2020

Table I. Demographic of the population used for this work.

Parameter Value

Gender (n) 20/4
F/M

Diagnosis (n) 17/7

Sjogren’s/Sicca
Age in years
mean -median (SD) [min - max]
Disease duration in years

mean -median (SD) [min - max]

ESSDAI
mean -median (SD) [min - max]

Anti-Ro

positive % of total

Anti-La
positive % of total

Rheumatoid factor
above 15 g/L % of total

559-57.5(16.9) [25-88]

49-3(6.3)[1-30]

43-35(43)[0-18]

53.3%

21%

37.5%

Raters agreement is significantly
improved when calculating the total
area of the infiltrate compared to

the number of inflammatory foci

Next, we investigated which meas-
ure of infiltration, the total number
of inflammatory foci per slide or the
total size of the infiltrate per slide,
performed better in terms of inter-
observer agreement. The pairwise
Bland-Altman plots in Figure 2A and
B suggested that the agreement would
be higher for the size of the infiltrate
rather than the number of foci. This
is clear when plotting the number of
foci per slide and the total size of the
infiltrate per slide, plotting the values
reported by each individual rater (Fig.
2C-D). The variation among the raters
is visibly higher for the infiltrates
number (Fig. 2C) than it is for the to-
tal infiltrate area (Fig. 2D). In order to
account for the inherent difference in
measurement units (an integer for the
number of foci and an area in mm? for
the infiltrate size), we plotted the coef-
ficient of variation (the ratio between
the standard deviation and the mean
of the measurements of each rater per
slide) for the number of infiltrates and
the infiltrate size for each slide, set-
ting an arbitrary tolerance threshold
at 30%: Figure 2E shows that in these
conditions the infiltrate area suffered a
lower variation when compared to the
number of infiltrates. This was further
confirmed by ICC (Fig. 2F).

Immune cell area fraction is

more robust than the focus score

for the characterisation of the

salivary gland infiltrate

Both Focus Score (FS) and Area Frac-
tion (AF) are dependent on the total area
of the gland, but where FS is a function
of the number of infiltrates, AF is calcu-
lated using the total infiltrate area (Fig.
3A). When comparing FS and AF as
indicators of the level of glandular infil-
tration, the two indices correlated well,
as shown by the Spearman R values in
Figure 3B. Furthermore, when we test-
ed whether AF was able to discriminate
pSS from NSCS samples in our cohort,
the ROC calculated using the AF values
by each individual rater or the average
AF all provided a good area under the
curve (Fig. 3C). We were also able to
identify the best diagnostic thresholds
for each rater and for the average of the
raters by using Younden’s method (Fig.
3C). Bases on this analysis we identi-
fied an AF threshold of 0.61 as the av-
eraged best discriminator among the 4
different raters.

Area fraction threshold largely

improves inter-rated diagnostic

agreement compared to the focus score
As we showed in Figure 1, different op-
erators generally have a good agreement
when determining the total gland sur-
face area value, in particular when using
the DIA approach. Thus, the robustness
of FS and AF as indices of infiltration

S-183
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Fig. 3. Area fraction and focus score correlate and area fraction can discriminate Sjogren’s from NSCS patients.

Focus score and percentage area fraction were calculated using the formulas in A. Dot plot showing the normalised area fraction and focus score for the 4
raters (B). Spearman R and its p-value are reported for each rater in the relevant plots. In C, the ROC curves for the capacity of AF measure to discriminate
between pSS and NSCS are reported for each rater and for the raters average AF. For each plot, the best Younden’s threshold is plotted in the top-left corner
and the relative point in the curve is indicated by the connecting line. Each plot also reports the Area Under the Curve (AUC) and the specificity and sensi-

tivity for the Younden’s threshold.

largely depends on the performance of
the number of infiltrates and the total in-
filtrate size, respectively (Fig. 3A). Un-
surprisingly, given the high inter-rater
variation for the number of infiltrates
shown in Figure 2, the FS value also
suffered a high variation among raters,
which was observed at lower levels
for the AF value (Fig. 4A-B). Conse-
quently, when plotting the coefficient of
variation per slide for the two measures,
most of the AF values fell below the ar-
bitrary 30% CV threshold whereas most
of the FS values were above threshold
(Fig. 4C) and the ICC was excellent for
AF and poor for FS (Fig. 4D).

We next modelled the performance of
an AF threshold of 0.61 to the tradi-
tional FS threshold of 1 to investigate
the level of diagnostic accuracy defined
as the level of misclassified samples
across the 4 different raters. As shown
in Figure 4A-B, AF displayed signifi-
cantly higher robustness o compared to
the FS, whereby the AF 0.61 threshold
generated complete agreement among
all raters in 75% of the slides, whereas
the use of the diagnostic FS threshold
(FS=1), even when implemented with
DIA tools, led to a complete agreement
in only in 45.8% of the cases.

Clinical and Experimental Rheumatology 2020

Discussion

The use of minor salivary gland biop-
sies histopathology has long been used
for the diagnosis and classification of
pSS in clinical practice. A correct and
thorough interpretation of histological
salivary gland specimens obtained to
confirm a pSS diagnosis can also pro-
vide a vast amount of additional infor-
mation on disease stage, its potential
evolution and even treatment response
(17). However, long recognised pitfalls
and limitations in the analysis and re-
porting of minor salivary gland biopsy
histopathology including the use of
cumbersome traditional methodology
described over 50 years ago has hin-
dered any significant progress in the
field over and above its routine diagnos-
tic use (19). Recent recommendations
from an international consensus group
of pSS experts have provided guidelines
towards the definition of a minimal
set of requirements for a more refined
quantitative interpretation of salivary
gland immunopathology, particularly in
the context of clinical trials (18).

Here we presented a modern comput-
er-based approach to the analysis of
digitalised high-definition slides using
a platform-independent free software

such as Qupath that allowed a precise
quantification of histological features
implementing the recommendations
described in Fisher ef al. (18). Because
the FS is inherently influenced by an
accurate analysis of the total glandu-
lar area, we first investigated whether
DIA could reduce the variability in the
calculation of the total salivary gland
area. We showed that, our approach
was highly reproducible across differ-
ent independent observers and could
accurately calculate the total area of
the gland in a vastly superior way com-
pared to the traditional manual, grid-
based, total area calculation. Inclusion
of fat degeneration and fibrotic areas
present within the salivary gland tis-
sue was discussed among the raters. We
again followed the 2017 recommenda-
tions and included the whole salivary
gland area in the denominator of AF
and FS. For specimens where the de-
generation affects a large proportion of
the gland, including the whole area in
the calculation of AF/FS might gener-
ate misleading results (17). Suggesting
what would be the best practice in these
cases of widespread degeneration is not
in the scope of this work, but we recog-
nise that this represent one of the points
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Fig. 4. Area fraction shows a lower level of variation and higher agreement among raters compared to the focus score.

The FS per slide (A) and the AF per slide (B) as quantified by each rater show that the disagreement among raters is higher for the FS than it is for the AF.
This is also clear by the distribution of the percentage coefficient of variation (CV, C) and confirmed by the ICC (D). Moreover, it was more frequent to
achieve complete agreement among the 4 raters using AF and the diagnostic threshold calculated with the ROC curves in Figure 3 than by using the diag-
nostic FS threshold at FS=1 (A-B, blue lines represent the relevant threshold for FS=1 and AF=0.6, red colours histograms and dots highlight incomplete
diagnostic agreement, blue histograms and dots highlight complete agreement among raters).

still unclear in the analysis of salivary
gland biopsies that the international
Sjogren’s community should address
soon. Next, we evaluated the accuracy
of the evaluation of the total number of
inflammatory foci in each digitalised
salivary gland sample by independent
raters. Unsurprisingly, we showed that
the quantitative assessment of the total
number of foci per gland was extremely
variable among raters leading to an ex-
tremely poor inter-rater agreement. As
expected, samples with a higher num-
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ber of inflammatory infiltrates led to
a much larger degree of variability in
the total count of foci among the dif-
ferent observers. This is not surprising
as largely infiltrated glands frequently
present with confluent inflammatory
foci leaving a high degree of subjec-
tive interpretation in the definition of
the spatial limit of each inflammatory
focus. Another area where subjective
interpretation can lead to discording
results, is whether plasma cells should
be included in the calculation of the

foci and the infiltrate area. It has been
reported for a long time in literature
that a decrease of the proportion of
IgA+ against IgG+/IgM+ plasma cells
can be a diagnostic marker for pSS (17,
25-27). Nevertheless, including plasma
cells in the focal infiltrate calculation
as determined by H&E staining alone,
without a precise immunostaining for
the immunoglobulin classes, might in-
troduce a strong bias, as plasma cells
are numerous also in non-pSS biopsies
(17,25-27). Since the identification and
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exclusion of plasma cells within dense
lymphocytic aggregates might be diffi-
cult, we suggest excluding the plasma
cells-only clusters that are often found
in the intra-acinar space and are clearly
devoid of other lymphocytes. Notably,
we were able to overcome the limita-
tion of the number of foci in the assess-
ment of the degree of salivary gland
immune cell infiltration through i) the
calculation of the total area covered by
the inflammatory infiltrates and ii) the
calculation of the area fraction defined
as the total area covered by the inflam-
matory infiltrates divided by the total
glandular area. Accordingly, the deriva-
tive scores of the number of infiltrates
vs their total size and of the focus score
vs area fraction, showed similar results
in terms of inter-rater agreement, with
area fraction providing a much higher
ICC when compared to focus score.

In order to quantify the superior di-
agnostic accuracy of the area fraction
compared to the focus score, we cal-
culated the area fraction threshold that
could separate pSS from NSCS patients
with the highest sensitivity and speci-
ficity based solely on the available his-
tology. We performed this analysis on
the area fraction measurements for each
individual rater and for the mean area
fraction, obtained using the individual
measurements to calculate an average
per slide. By performing this proce-
dure, we showed that not only the in-
dividual thresholds could separate pSS
from NSCS with high accuracy, but this
was true also for the threshold calcu-
lated using the area fraction averages.
Using this threshold as a cut-off for the
individual area fraction measures from
the different raters, we showed that it
was far more likely that all 4 raters were
in agreement in scoring each individual
slide above or below the area fraction
threshold than when we used the focus
score at the diagnostic cut-off of FS=1.
Strikingly, the use of the FS in our set-
ting led to a misclassified FS diagnostic
value in over 50% of the samples, high-
ly similar to the 53% diagnostic revision
rate reported by Vivino et al. (19). Con-
versely, the area fraction analysis using
a cut-off AF=0.6 more than halved the
rate of histological misclassification.
Overall, these data strongly advocate
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the use of the area fraction as vastly
superior to the focus score for the accu-
rate classification of pSS minor salivary
gland biopsies across different centres.
This observation has also profound
implications for the evaluation of the
prognostic role of salivary gland histo-
pathology in disease evolution in large
longitudinal multicentre initiatives such
as HarmonicSS (https://www.harmon-
icss.eu/) and Necessity (https://www.
imi.europa.eu/projects-results/project-
factsheets/necessity). Whereas the use
of area fraction might not be practical
for the day to day routine of pathology
laboratories, the data we showed here
suggests that its use would allow cor-
rect harmonisation of histopathology
data across different sites, in the con-
text of multi-centre clinical trials and
international consortia. Consistently, all
the three centres involved in the current
study are active members of the Har-
monicSS consortium.

In conclusion, the purpose of this study
was to show that the use of a modern
digital approach to the histological
scoring of the minor salivary gland
biopsies and with the adoption of the
area fraction calculation can provide a
distinct advantage in the study of pSS.
This study does not have the necessary
power nor was it designed to prove the
superiority of AF to FS for the clinical
diagnosis of pSS which needs valida-
tion in larger cohorts. Nevertheless, our
data strongly advocate the routine use
of the AF score alongside the routine
FS during the assessment of the sali-
vary gland biopsies and in particular in
the context of multicentre clinical stud-
ies and clinical trials in pSS patients.
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