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Abstract

In the evaluation of human epidermal growth factor receptor 2 (HER2) immunohistochemistry (IHC) — one

of the standard biomarkers for breast cancer— visual assessment is laborious and subjective. Image analysis using
whole slide image (WSI) could produce more consistent results; however, color variability in WSIs due to the choice
of stain and scanning processes may impact image analysis. We therefore developed a calibration protocol to dimin-
ish the staining and scanning variations of WSI using two calibrator slides. The IHC calibrator slide (IHC-CS) contains
peptide-coated microbeads with different concentrations. The color distribution obtained from the WSI of stained
IHC-CS reflects the staining process and scanner characteristics. A color chart slide (CCS) is also useful for calibrat-
ing the color variation due to the scanner. The results of the automated HER2 assessment were compared to con-
firm the effectiveness of two calibration slides. The IHC-CS and HER2 breast cancer cases were stained on different
days. All stained slides and CCS were digitized by two different WSI scanners. Results revealed 100% concordance
between automated evaluation and the pathologist’s assessment with both the scanner and staining calibration. The
proposed method may enable consistent evaluation of HER2.
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Introduction

Whole Slide Imaging (WSI) is a technique to digital-
ize a glass slide to view a high-resolution digital image.
WSI has been implemented into clinical practice, educa-
tion, and research, and is a promising technology, espe-
cially in combination with automated image analysis,
as it improves efficiency and may help achieve consist-
ent interpretation. The H&E stained images—the most
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widely used in clinical assessment—have become the
subject of intense research. WSI on H&E stained images
is now being used for primary diagnosis. There is an
ever-increasing demand for expanding the use of WSI to
other types of stained images such as immunohistochem-
istry (IHC), which is used for the visualization of pro-
tein expression. However, the color variability should be
addressed before WSI can be reliably used for automated
image analysis for IHC.

Color variation of immunohistochemical staining
in the tissue specimens is one of the important aspects
of pathological assessment. Even US Food and Drug
Administration (FDA) cleared or approved workflows
may lead to color and intensity differences between stain
batches or institutions. Variability in histochemical stain-
ing is known to affect the accuracy and reproducibility
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in clinical practice and research (Gray et al. 2015; Bogen
2019). Slight differences in staining intensity can signifi-
cantly affect the interpretation of IHC slides, particularly
with human epidermal growth factor receptor 2 (HER2)
tests that assess cell membranous staining. In digital
pathology, digitization of the slides using WSI scanners
introduces a further color variation in the scanned image
(Gray et al. 2015; Yagi 2011). Such variations can lead to
different evaluations by pathologists and image analysis.
FDA-approved products have been released for clinical
image analysis (Cornish 2020); however, these products
are designed for use with specific antibodies/probes or
WSI scanners to minimize the impact of image variabil-
ity, which may limit their use.

We previously proposed a protocol to address the color
variation in IHC due to the staining procedure (Ohnishi
et al. 2022, 2023). The previous experiment was con-
ducted on HER2 IHC stained tissues. In HER2 IHC,
3,3’ -Diaminobenzidine (DAB) stains the membrane
region brown, and hematoxylin stains the nuclear region
blue or purple for tissue counterstaining. HER2 tests
assess the intensity and percentage of membrane stain-
ing. For accurate image analysis, calibration of DAB color
and intensity is needed. The proposed protocol uses IHC
calibrator slides (IHC-CSs) for HER2 made of microbe-
ads coated with different amounts of peptide concentra-
tion (Sompuram et al. 2015) to calibrate the DAB color
and intensity. In the previous experiment, a single scan-
ner was used to focus on the variation in the staining pro-
cess, and the effect of device-dependent variation was not
examined. Since the protocol uses DAB colors obtained
from scanned images, device-dependent color variation
may also be calibrated with IHC-CS. Another approach
for the color calibration of device-dependent variation,
the methods using a color chart slide (CCS) have been
reported (Bautista et al. 2014; Clarke et al. 2018).

Here, we describe the application of this protocol to the
images scanned with multiple WSI scanners to address
the device-dependent color variation. In addition, a com-
parative experiment was conducted to see if there is any
benefit to applying color calibration using CCS. This is
the first report showing that the calibration protocol
using IHC-CS improved the reliability of the automated
HER2 IHC assessment by eliminating the device-depend-
ent variations.

Materials and methods

Tissue samples and calibration slides

All slides used in this study were deidentified and breast
cancer was targeted. Per the American Society of Clini-
cal Oncology (ASCO) /College of American Patholo-
gists (CAP) HER2 testing guideline (Wolff et al. 2018),
all invasive breast cancers are tested for HER2 and
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semi-quantitatively classified to HER2 status (score O,
1+, 2+, or 3+4). Four cases of breast cancer excisions
with HER2 scores of 0, 1+, 2+, and 3 +were selected by
a senior pathologist. Formalin-fixed paraffin-embedded
tissue samples were sectioned at 4 pm.

In this research, two types of calibration slides were
used;

1. IHC-CS

The IHC-CS for HER2 (IHC Calibrator, Boston
Cell Standards, Massachusetts, USA) was originally
designed to maintain reproducible laboratory test-
ing for quality assurance (Sompuram et al. 2015). It
comprises two different microbeads (Fig. 1). Larger
microbeads are test microbeads coated with 10 dif-
ferent levels of peptide concentration and stained
with DAB by IHC staining. Smaller microbeads are
colored brown, showing the standard DAB color. The
larger microbeads were used in our protocol.
2.CCS

The CCS (IAM-9C-WSI, Applied Image Inc.,
New York, USA) is designed based on the report
(Bautista et al. 2014) to calibrate, standardize, and
trace color settings for imaging analysis (Fig. 2). It
is made with a typical glass slide embedded with 12
color patches and a background area.

Five slides comprising HER2 0-3+cases and the
IHC-CS were regarded as a dataset. To obtain the slides
reflecting the daily variation in staining, the datasets
were stained with PATHWAY anti-HER2/neu Antibody
(Ventana Medical Systems, Inc., Arizona, USA) on dif-
ferent days. Six datasets were prepared. One case was
stained with H&E for evaluation of the CCS. All stained
slides and the CCS were digitized by two WSI scanners,
Nano Zoomer S60 (Hamamatsu photonics K.K., Shi-
zuoka, Japan) at a resolution of 0.23 um/pixel and PAN-
NORAMIC 250 Flash III (3DHISTECH Ltd., Budapest,
Hungary) at a resolution of 0.18 pm/pixel. The tissue,
color chart, and microbead areas were exported from the
acquired WSI for image analysis.

Overview of the proposed calibration protocol

Using an IHC-CS for automated HER2 assessment, we
previously proposed a method of calibrating color vari-
ation caused by the staining process (Ohnishi et al. 2022,
2023). Since the DAB color intensities of microbeads in
the IHC-CS image correlate with those of the tissue sam-
ple images, the DAB color is obtained from the color of
microbeads, and the intensity characteristics are derived
from the intensities of the different levels of microbe-
ads in the proposed protocol (Fig. 3 steps1-2). Because
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Fig. 1 IHC Calibrator Slide for HER2. a Slide overview; b Whole slide image scanned at a resolution of 0.23 pm/pixel; ¢ Microbeads on level 1 to 5

(top right to left), 6 to 10 (bottom right to left)
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Fig. 2 Color Chart Slide. a Slide overview; b Reference colors calculated from spectral transmission data for each color on the slide, the CIE

color-matching function, and spectral distribution of illuminant D65; ¢ Whole slide image scanned at a resolution of 0.23 um/pixel



Ohnishi et al. Applied Microscopy (2023) 53:8

Preparation stage

Reference dataset ~WSis of scanner A~

L X X J
IHC-CS

IHC-CS
Reference tissues

Staining 1] sses

CC image (X ]
Scanner

calibration =»

Breast cancer

Scanning with scanner A cases (0-3+)

Evaluation stage

B ~WSils of scanner B~

" Hc-CS

Target dataset . 2. Determine color and
T l : intensity of DAB staining
1
]

Page 4 of 16

—p Tissue images
= =% Calibrator images

1. Determine color and intensity |
” of DAB staining from calibrator

DAB intensity

/ level

Reference,

3. Calculate relationship
between intensities on calibrator

DAB intensity

4 Select Method1:adjust thresholds
method for HER2 test

l_, Method2:

////
level

Clinical tissue(s) 0000 IHC-CS
) 3 |
Stallnlng e CC image > )
1 ee )
— Scanner Sertiy
Scanning with scanner B* calibration Clinical tissue(s)

* Either same or different scanner
from reference scanner is fine

correct color intensity of image(s)

4

5.Use automated image analysis
software for HER2 test

Fig. 3 Overview of proposed color and intensity standardization protocol composed of scanner and staining calibration. First, color calibration

of the WSI scanner with a color chart slide is performed, then color intensity calibration for staining variation is performed using the IHC calibrator
slide. DAB color intensities are obtained from IHC calibrator images (step1-2) and used to calibrate color intensity of tissue images. Method 1

is adjusting the thresholds for classifying DAB membranous intensities; Method? is correcting the color intensity of the image

the IHC-CS was originally designed for the QA/QC of
staining, the HER2 status cannot be determined directly
from the IHC-CS image. Therefore, the reference DAB-
stained tissue data are prepared along with the IHC-CS
in advance, and the threshold values for the DAB inten-
sity are determined automatically. Color intensities
obtained from the IHC-CS images are used to calibrate
the threshold values for HER2 score classification or the
tissue images before the automated HER2 score calcula-
tion. We had confirmed that the proposed protocol cali-
brates color and intensity and classifies HER2 status with
less variability between datasets.

In the previous experiment, the images used for the
HER?2 assessment were digitized by the same WSI scan-
ner as the reference images. The evaluation used a single
scanner to focus on the variation in the staining pro-
cess. However, not only the staining process needs to be
addressed, but also the scanner device dependency. Since
the color of the calibrator microbeads is obtained from
the scanned image, the scanner characteristics may be
corrected during the above calibration process, but this
has not been investigated. Moreover, there is another
question we should address; would there be any benefit
to applying color correction using a CCS for color varia-
tions due to differences in scanning devices.

This paper introduces scanner color correction using
the CCS into the previous calibration method (Fig. 3), to
address the color variations depending on the WSI scan-
ners. It is assumed that the reference and target datasets

would be scanned with different WSI scanners (Fig. 3).
However, in practical use, the reference and target scan-
ners can either be the same or differ. The reference data-
set includes the tissues of reference breast cancer cases,
the IHC-CS stained with the same batch as the reference
tissues. They are digitized by scanner A together with the
CCS. Similarly, the target tissues are also stained simul-
taneously with the IHC-CS and digitized by scanner B
together with CCS.

Based on the colorimetric characterization using the
CCS, the pixel value of the scanned image is corrected.
After that, the DAB color and intensity calibration using
the IHC-CS is applied, as previously reported. There
are two options for DAB color and intensity calibra-
tion, methodl and method2, as described in the subsec-
tion of "Staining color and intensity calibration.” Finally,
the images are evaluated with existing automated image
analysis software for HER2.

Color calibration using color chart slide

Figure 4 shows the process of color calibration for adjust-
ing scanner device characteristics. It is a simplified
method for the colorimetric characterization of an input
device. Stained slides and the CCS need to be scanned
with the same scanner setting. We define a linear RGB
color space as a standard device-independent color
space for all image analysis processing. The white point is
standard illuminant D65, and R, G, and B primary colors
defined in sSRGB standard are used.
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Fig. 4 Flow of scanner calibration. Reference and scanned colors of the color chart slide are used to obtain the parameters for calibration. Gamma
linearization and color correction are performed on each image to calibrate the scanned color to the reference colors of the color chart slide

The RGB values output by the scanner may be device-
dependent or conform to a standard color space such as
sRGB. The characteristics of RGB filters or illumination
light depends on scanners, and the same color object
often results in different RGB values. In addition, some
scanners can produce linear RGB values, but the RGB
values in most WSIs are often gamma-corrected, as
gamma correction is necessary for image display stand-
ards. Gamma # 1 means the nonlinear tone curve. There-
fore, the device color calibration must address both the
matrix-based color space conversion and the gamma
linearization.

To derive the parameters for the gamma lineariza-
tion and matrix-based color correction, reference and
scanned colors of the patches in the CCS were used.
After obtaining the gamma value for linearization and
the color correction matrix for color space conversion,
both steps are applied to each scanner image. Finally, a
color-corrected linear RGB image in the standard device-
independent color space is obtained.

Reference colors in the standard linear RGB space

The CCS accompanies NIST traceable calibration data of
spectral transmittance T(1) ranging from 340 to 830 nm
at 5 nm intervals. The CIEXYZ tristimulus values in CIE
1931 XYZ color space are calculated using the spectral
distribution of the illuminant source and the CIE 1931
color-matching functions. In this research, illuminant

D65 was used as the light source S(1). Obtained tristimu-
lus values T = (XYZ)! are converted to the linear RGB
values R = (RGB)" by multiplying with coefficients of
3% 3 XYZ to RGB conversion matrix C, as:

T = CR. (1)

where ¢ denotes the matrix transpose. The reference RGB
values of the 13 color patches in the CCS are calculated
using Eq. (1), and stored in a 3 13 matrix Gr, which con-
tains the linear RGB values of 12 color patches and back-
ground as follows:

Ref Ref pRef

RAl RC4 RBG

— Ref Ref ~Ref
G, = | GRef ... GRf GRS |, (2)

Ref Ref pRef

BA] BC4 BBG

where the subscripts Al, ... C4 represent the indices to
the color patches shown in Fig. 2 (a), and BG represents
the background patch. The superscript Ref indicates the
RGB values of the reference. Figure 2 (b) shows the calcu-
lated reference colors (in sSRGB color space).

Scanned colors

The color space of the scanned image is either gamma-
corrected RGB or linear RGB space, where gamma=1
in the linear RGB case. The RGB values at each pixel are
normalized by dividing with incident light RGB as:
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RPY =10 1,, (3)

where RPev — (RPevGPevpPev)’ is the normalized device-
dependent RGB vector at each pixel in the image, I,
= (Iorloglop)" is the RGB intensity vector of the inci-
dent light obtained from the glass region of the CCS, I
= (IrIgIp)" is the RGB intensity vector of each pixel, and
© denotes Hadamard division operator, respectively.

From the scanned image of the CCS, the average value
of the central area of each patch is calculated, then a
3% 13 matrix Gs, which contains the scanned normalized
RGB values, was obtained:

Dev Dev pDev
RAI R C4 RBG
— Dev Dev ~Dev
Gs=| Ga" - Geg' Gpg' |- (4)
Dev Dev pDev
B Al B C4 B BG

Gamma linearization

The linearization process is based on the gamma
transformation model formulated by a power law.
The standard gamma correction assumes the dis-
play gamma, represented by y, in which the output
light intensity is given by the power y of the input
value. If there is a device-dependent linear RGB value,
DDev,Lin — RDev,Lin’GDev,Lin,Or BDeV,Lin’ the gamma-cor-
rected RGB value DP®V = RP¢¥, GP, or BP® is given by
DPevLin o the (1/y) power. Thus, the linearization is per-
formed by

DDev,Lin — (DDev> y’ (5)

where y is the parameter required for the linearization
process derived from the luminance Y of grayscale color
patches (A1, B1, C1, and background in Fig. 2 (b)). The
least square method was used to find an optimal y for
Eq. (5) that best fits the reference and scanned colors. If
the color profile of the scanned image is linear (y =1),
scanned values equal the reference values producing a
straight line. Otherwise, the obtained y corrects the pixel
value of the scanned image.

Derivation of color correction parameters by regression

Color correction by nonlinear regression (Cheung et al.
2004) is used in this system. M{} is a three-dimensional
column vector of the nonlinear regression functions for
R, G, and B. To determine the order of polynomial trans-
formation, the color difference dE* explained in the sub-
sequent subsection is calculated after color calibration for
different combinations of orders of two scanners. Then,
the combination with the minimum color difference is
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selected. The polynomial order used in the regression
is experimentally determined to be 5, as in Eq. (6). The
regression parameters in M{} are derived using the refer-
ence and scanned color matrices Gr and Gs.

RCcr Mg (RDEV, GDEV,BDEV,RDEVGDEVBDEV, 1)
GCor =M Mg (RDEV’ GDEV’BDEV,RDEVGDEVBDEV’ 1)
BCor Mg (RDEV, GDEV’BDEV,RDEVGDEVBDEV’ 1)

(6)

Another approach for finding M{}, white-point pre-

served least-square (WPPLS) has been reported (Finlay-

son and Drew. 1997a, 1997b). This method finds M{} that

minimizes the overall residual square error and, at the
same time, preserves the background white:

G: = M{Gs) and M{u} = u, 7)

where u is a column vector of the background white,
equal to (1,1,1)%. In this study, WPPLS with polynomial
transform is used.

Color difference between images

The color difference between images was assessed using
the color difference in the CIE 1976 L*a*b*, or CIELAB
color space. The XYZ tristimulus values are transformed
to the uniform chromaticity space, L*a*b*, and the
Euclidian distance is calculated as follows:

dE* = \/(LT —LH*+ (af —a3)* + (b} —b)*  (8)

When dE* is between 1.0 and 2.0, only the experienced
observer can notice the perceptual difference, and when
dE* is below 1.0, an observer cannot perceive the differ-
ence (Mokrzycki and Tatol. 2011).

Staining color and intensity calibration

The use of existing automated image analysis software
for the HER? test is assumed. Figure 5 shows the work-
flow of HER2 assessment using the standard automated
image analysis software. The details of the algorithm may
depend on the type of software:

1. A color-unmixing method is applied to separate
DAB and hematoxylin signals as intensity images.

2. Cell detection is deployed on the separated inten-
sity images. Nucleus regions are detected on the
hematoxylin intensity image, and membrane regions
are detected on the DAB intensity image based on
the detected nucleus locations. Intermediate regions
between the nuclei and the membrane are classified
as the cytoplasm.
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Fig. 5 Workflow of HER2 assessment using software and relation between the software and the described method. After color unmixing, cell
detection is performed. Average DAB color intensity of each cell membrane is measured and immunoscore is assigned for each cell by comparing
of the average DAB color intensity and the thresholds. HER2 status is determined by the percentage of tumor cells in each immunoscore

3. The average DAB intensity of each cell membrane
is classified into four groups according to user-set
intensity thresholds. Each group is labeled with an
immunoscore m of 0, 1, 2, or 3, corresponding to no,
weak, moderate, or strong staining.

4. HER?2 status is determined from the percentage of
tumor cells classified to each immunoscore according
to the ASCO/CAP guidelines.

Depending on the staining process, the color vectors
for color unmixing and the stain intensity may vary. Thus,
two implementations (methodl and method2) were pre-
viously proposed to calibrate the stain color vectors and
the DAB intensity for the automated assessment using
the IHC-CS (Ohnishi et al. 2022, 2023). Method1 adjusts
thresholds appropriate for the input image in intensity
classification. Method2 corrects the color intensity of the
images to be input for software. Users can select a suit-
able correction method depending on the automated
image analysis software; if the image analysis software is
open-source or threshold adjustable, proposed method1
can be applied. Otherwise, proposed method2 will be
suitable.

Figure 3 also summarizes the protocol for staining
calibration using the IHC-CSs. The protocol consists of
two stages: preparation and evaluation. The IHC-CS is
stained in both stages to obtain the DAB color intensity
for calibrating the various staining conditions.

In the preparation stage, IHC-CS and the HER2 score
known breast cancer cases are prepared as a reference
dataset. IHC-CS is originally designed for the QA/QC of
staining and cannot be used to directly determine HER2

score. Therefore, the score known breast cancer cases are
required to obtain the intensity thresholds for classifica-
tion. After staining all slides together, the slides are dig-
itized by a reference scanner (Scanner A in Fig. 3). The
reference stain intensity is calculated from the micro-
beads of each level in the IHC-CS image, and intensity
characteristics are derived from the obtained reference
stain intensities. The intensity thresholds are automati-
cally determined from the reference DAB-stained tissue
data.

In the evaluation stage, another IHC-CS is stained and
scanned with the clinical tissue slides to be assessed (tar-
get dataset). The color and stain intensity are estimated
from the IHC-CS image and used in the following pro-
cedures. In methodl, the color unmixing matrix and the
appropriate thresholds for score classification are deter-
mined from the obtained color and stain intensity. In
method2, the color and intensity of the tissue images are
corrected by the obtained color and stain intensity. The
same thresholds obtained in the preparation stage are
commonly used for the color-corrected images. If Scan-
ner A, the same as the preparation stage, is used for the
target datasets, proposed protocol implies calibrating
the staining condition. If a different scanner from the
preparation stage is used, this protocol calibrates both
the scanner and the staining condition. The details of this
protocol using IHC-CS were presented in (Ohnishi et al.
2022, 2023).

Evaluation of proposed protocol
The experimental evaluation addresses the following two
questions;
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1) Is the color calibration using the CCS effective in
IHC stained tissue and microbeads?

2) In the automated evaluation of HER2, can we
achieve consistent results when different scanners
are used, and color variation is caused by the staining
process?

We use Scanner A for the reference scanner in the
preparation stage and Scanners A and B for target data in
the evaluation stage.

Color calibration using the CCS

The effectiveness of scanner calibration was evaluated
using the CCS for IHC slides to compare with H&E-
stained specimens. A slide was scanned with the two
scanners and the color difference dE* between the two
images was calculated pixel-wise, which generated a
dE* map. Each pixel of the dE* map shows the dE* of the
same pixel in the two images. Since the images obtained
from the two scanners have different spatial dimensions
and pixel resolutions, image registration and magnifica-
tion correction are needed. In this experiment, Accel-
erated-KAZE (Alcantarilla et al. 2013), which detects
and matches key points on two images, was employed
for image registration. For the IHC-CS images, a mask
image focusing only on the microbead area was manu-
ally created to evaluate the dE*. The mean and standard
deviation (SD) of dE* in each image were calculated. A
histogram of each dE* map was created with bin=64.

The effect of the proposed calibration in automated HER2
classification

One of the six datasets was devoted as a reference data-
set, and the remaining five datasets were the target
for the HER2 test. The experiment assumed the target
images would be digitalized with various scanner set-
tings containing gamma correction. Therefore, the target
datasets were gamma-corrected with a gamma value of
1.8 or 2.2 by randomly selecting datasets. A total of 10
datasets were prepared (Table 1). Figure 6 shows different

Table 1 Combinations of the scanner and gamma value for
target datasets

Number
of data

Scanner Gamma

1.0 (linear)
1.8
22
1.0 (linear)
1.8
2.2

W W W > > >
= N = N = NN

Total
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CCS
Methodl:  Method2:
Thresholds ~ Images
0-0 No No No
0-1 No Yes No
0-2 No No Yes
1-0 Yes No No
1-1 Yes Yes No
1-2 Yes No Yes

Fig. 6 Combinations of the calibration methods

combinations of the scanner and staining calibration
methods. For these six methods, the automatic HER2
evaluation was performed, and concordance with the
pathologist’s assessment was compared.

Open-source software QuPath (Bankhead et al. 2017)
was used as the image analysis software for HER2 eval-
uation. This semi-automatic software allows a user to
modify the color vectors for color unmixing and the
thresholds for classification. Histoscore (H-score), which
is one of the evaluation indexes in HER2 assessment, was
calculated by:

H — score = Z (P x m), )

where P is the percentage of immunoreactive tumor cells,
m is immunoscore (0, 1, 2, or 3).

Since the target datasets were obtained from the serial
sections of the same case, the difference in H-score would
be significantly slight if there is no staining and scanning
variation. The SD of the H-score was calculated to check
if the proposed protocol effectively reduced variability
in score classification. Two-way within-subject analysis
of variance (ANOVA) was employed on the difference
in H-score between the target and reference datasets of
each HER?2 case to see if there was a significant difference
between the six methods. Also, Tukey’s honest significant
difference (HSD) test was utilized as a post hoc analysis.
A P-value less than 0.05 was considered statistically sig-
nificant for both ANOVA and Tukey’s HSD test.

Results

Color calibration

Figures 7, 8, 9 show the results of scanner calibration
with the CCS. The upper row of Figs. 7, 8, 9 (a) shows
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(upper row) and after (lower row) color

stained tissue images, and 4.7 to 3.9 in IHC-CS images,
respectively. By visual assessment of the dE* maps of the

H&E stained image, the reduction of dE* in most pixels
can be confirmed. In the case of the HER2 IHC images,

)

a

(
Fig. 8 Color calibration on HER2 IHC images of breast cancer tissue scored 2 +.a Comparison of images

calibration and dE* maps; b Histograms of the dE* maps; ¢ Mean and SD of the dE*

uncalibrated images, and the lower row shows the
color-calibrated images. By performing calibration, the
mean values of color difference were decreased from 6.2
to 2.5 in H&E stained tissue images, 4.1 to 1.6 in IHC
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Fig. 9 Color calibration for IHC-CS images (level 10). a Comparison of images (upper row) and after (lower row) color calibration and d&* maps;
b Histogram of the dE* maps except for background; ¢ Mean and SD of the dE*

dE* became lower than 4 in most pixels after calibration
with the tissue image. The effect of the calibration was
small for the IHC-CS image.

Automated HER2 assessment
Table 2 shows the result of the automated HER2 assess-
ments. In the results of the uncalibrated procedure (0-0),
there were 14 discordance slides out of 30. The discordance
was reduced to three slides calibrated with IHC-CS (0-1)
and one slide calibrated with CCS (1-0). Applying the cali-
bration with both IHC-CS and CCS (1-1 and 1-2) resulted
in a concordance of 100% with the pathologist’s assess-
ment. In addition, the SD of the H-score became smaller
than uncalibrated procedure with either calibration slide.
Figure 10 shows examples of color and intensity cal-
ibrated images (0-0, 0—2, and 1-2 in Table 1). When
calibrating with IHC-CS only (0-2), only the color and

Table 2 Result of HER2 score classification

intensity of DAB are subject to calibration. Therefore,
for gamma-corrected images, the color and intensity
of hematoxylin were not calibrated, and the calibrated
images still looked bright. For linear RGB images, color
and intensity can be approached to the reference image
by calibrating DAB. Gamma linearization was per-
formed when calibrating with CCS and IHC-CS (1-2),
and both DAB and hematoxylin could be calibrated.

Figure 11 shows the box plots of the difference in
H-score between the target and reference datasets of
each HER2 case. A two-way ANOVA revealed that there
were statistically significant interactions between the
effect of the scanner and staining calibrations for 1+ case,
F(2,54)=5.70, P=0.006, for 2+cases, F(2,54)=4.53,
P=0.015, and for 3+case, F(2,54)=3.69, P=0.031.
Table 3 shows the results of Tukey’s HSD test in cases
with significant differences.

CCs IHC-CS Concordance (%) SD of H-score

Methods Method1 Method2 1+ 2+ 3+ 1+ 2+ 3+

0-0 No No No 30 40 303 275 476
0-1 No Yes No 100 100 70 11.0 11.9 27.1
0-2 No No Yes 100 100 100 133 10.1 16.2
1-0 Yes No No 100 100 11.2 10.3 8.7
1-1 Yes Yes No 100 100 100 79 84 59
1-2 Yes No Yes 100 100 100 104 7.0 53
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Discussion

Scanner color calibration using color chart slide

The proposed protocol utilizing the CCS allows one to
standardize the color of WSI, which varies depending on
scanning devices. The color differences between scan-
ners have been decreased in both H&E and IHC stained
specimens using this protocol. In H&E, the change in the
nuclei is noticeable (Fig. 12). In IHC, the mean dE* was
decreased to less than 2.0, which means only an expert
observer can notice the difference. It should be noted that
when comparing images scanned by different scanners,

the differences in scanner configuration, such as image
resolution, numerical aperture, and so on need to be con-
sidered. When creating the dE* map, the images scanned
by Scanner B were downscaled to match the resolution to
those of Scanner A. However, for the visual impression,
the sharpness and contrast of the images from Scanner B
were better even after downscaling (Fig. 13 (a)(b)). There-
fore, larger color differences remained at brighter and
darker pixel values as indicated by green arrows in Fig. 13
because the scanner calibration with CCS could not be
satisfactorily corrected. The histograms after calibration
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Fig. 11 Box plots of the difference in H-score between target and reference image. Vertical bars, central rectangles and horizontal lines
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within the rectangles represent the minimum to maximum range, interquartile range and median value, respectively. * represents the significant
differences by Tukey's HSD test

Table 3 Result of Tukey's HSD test

HER2 score 95% C.I
group1 group2 Mean diff P Lower Upper

T+ 0-0 0-1 -2853" 0.003 -54.20 -2.87
0-0 0-2 2182" 0.043 4319 045
0-0 1-0 -2925" 0.002 -54.92 359
0-0 1-1 2445" 0016 4582 308
0-0 1-2 2662 0.007 -52.29 -0.95

2+ 0-0 0-1 -2091" 0034 -40.81 -1.01
0-0 0-2 -2063" 0038 4053 073
0-0 1-0 -3944™ 0.001 -63.34 -15.53
0-0 1-1 -3543" 0.001 -59.33 1152
0-0 1-2 35337 0.001 -59.24 -1143

3+ 0-0 0-2 -3431" 0.039 -67.46 -1.16
0-0 1-0 6891 0.001 -10873 -29.10
0-0 1-1 6486 " 0.001 -104.67 -25.04
0-0 1-2 61.15"" 0.001 -100.96 2134
0-1 1-0 43757 0.004 -83.56 393
0-1 1-1 -3969" 0010 -72.84 654
0-1 1-2 -3599" 0.026 -69.14 284
0-2 1-0 -3460" 0.036 -67.75 -145

"P<0.05

" P<0.01

in Figs. 7, 8, 9 (b) have a tail on the right side, which may
be related to the color difference caused by factors that

cannot be calibrated with CCS.

Scanner calibration decreased the color difference in
the calibrator image as well. However, the effect was not

as good as in the tissue images. This may be a scanning
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Fig. 12 Magnified figure of H&E stained tissue images. a and
b Scanner A and B before (upper) and after (lower) calibration
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Fig. 13 Comparison of tissue images. a and b Scanner A and B
before (upper) and after (lower) calibration; ¢ Superimposed image
of dE¥ map in magenta and scanner B. Green arrows indicate that dE*
is large due to the difference of spatial frequencies between scanners

issue. IHC-CS is comprised of two different sizes of
microbeads. When the smaller microbeads are in focus,
the larger microbeads appear brighter in the image.
This changes in brightness caused by focus may not be
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calibrated with the CCS. In this experiment, when scan-
ning the IHC-CS with Scanner B, the focus range was set
so that the larger microbeads were in focus. This process
would be a limitation for clinical use. The IHC-CS is used
for a different purpose than originally intended in the
commercialized product. We are considering improving
the calibrator.

HER2 assessment with color chart slide and IHC-calibrator
slide

The effectiveness of different combinations of the scanner
and staining calibrations was evaluated by the concord-
ance between manual and automated HER2 assessment.
In the results of the uncalibrated procedure (0-0), there
were 14 discordance slides out of 30. Two discordance
slides out of 14 were caused by staining variation because
the slides were digitalized with the same scanner and
settings as the reference. In the remaining 12 slides, the
discordances were due to the scanner and staining vari-
ations. The target datasets included linear and gamma-
corrected RGB images, and discordances were observed,
especially for gamma-corrected images. In the gamma-
corrected image, pixel values of the dark area became
lighter. Since the linear RGB images were used as a ref-
erence, evaluating the gamma-corrected images with the
thresholds appropriate for linear RGB reference would
result in the strong staining being evaluated as weak
staining. Applying the calibrations with IHC-CS and
CCS (1-1 and 1-2) resulted in a concordance of 100%
with the pathologist’s assessment. SD of H-score became
smaller in most cases by applying calibrations. For the
1+case, the evaluated invasive region was small com-
pared with other cases, and H-score was likely to change
significantly with the changes in the classification of the
cell immunoscore. All IHC slides were stained with the
FDA-approved antibody and slide stainer, so the varia-
tion in staining was inherently smaller than the variation
in scanning. Therefore, the difference between method
(1-0) and methods (1-1) and (1-2) was small.

For the 3 +case, the two methods using IHC-CS (0-1
and 0-2) produced different results. This difference may
be due to the algorithm of the analysis software. The rela-
tionship between the input images and the results of cell
detection by the analysis software was examined using
3+ tissue images (Fig. 14). The four images were (a) lin-
ear RGB image, (b)-(d) gamma-corrected image with a
gamma value of 2.2, uncalibrated, calibrated with IHC-
CS, and calibrated with CCS and IHC-CS. Each image
was input into the software and analyzed with the same
settings. The number of detected cells was compared
(Fig. 14 (e)). The software used in this study detects cells
from the intensity images of respective hematoxylin and
DAB. Some cells have only membranes and no nuclei
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Fig. 14 Differences in cell detection results by software in 3+ case.
a Linear RGB image; b — d gamma corrected images, uncalibrated,
calibrated with IHC-calibrator slide (method:0-2), and calibrated
with color chart slide and IHC-calibrator slide (method:1-2);

e Comparison of number of cells detected by the software for each
input image. Blue: cells with nuclei detected, and orange: cells
without nuclei detected

detected, but these cells are also used for HER2 evalua-
tion. The number of cells detected by analyzing gamma-
corrected image was less than half the number of cells
detected by analyzing linear RGB image, perhaps because
the unmixed hematoxylin and DAB intensities were weak
for cell detection. By calibrating the DAB intensities with
IHC-CS, the total number of detected cells increased
because the number of cells detected from DAB intensi-
ties image increased. However, since intensities of hema-
toxylin were not calibrated, the number of detected cells
is still about half that of the linear RGB image. By using
CCS and IHC-CS, the number of detected cells was close
to the linear RGB image. A similar result was observed
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for the 2+ case (Fig. 15). The results of score classifica-
tion of 2+ case were correct for methods (0-1) and (0-2),
but reliability of the results of method (0—1) was less than
those of method (0-2) (Table 2).

The difference in results by method (0-1) between
3+ case and other cases may be due to the characteris-
tics of DAB. It has been pointed out that darkly stained
DAB violates Lambert Beer’s law due to scattering caused
by DAB (Van der Loos. 2008). For the 3+ case, in regions
with high DAB intensities, a small amount of DAB com-
ponent may be separated as hematoxylin component in
color unmixing. With gamma-corrected images, even if

= w nuclei
m w/o nuclei

Number of detected cells

(a) (b) () (d)

Input images

(e)

Fig. 15 Differences in cell detection results by software in 2+ case.
a Linear RGB image; b — d gamma corrected images, uncalibrated,
calibrated with IHC-calibrator slide (method:0-2), and calibrated
with color chart slide and IHC-calibrator slide (method:1-2);

e Comparison of number of cells detected by the software for each
input image. Blue: cells with nuclei detected, and orange: cells
without nuclei detected
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the intensities of these false regions are low, it is difficult
to detect cells from nuclei image because the intensities
of nuclei regions are also low. With linear RGB images,
the effect for cell detection is small because false regions’
intensities are lower than actual nuclei regions. In gen-
eral, it also causes difficulty in estimating the DAB stain
vector but does not impact the proposed method because
it is estimated from the lightly stained microbeads. More-
over, the thresholds used in the proposed method ranged
from 0.03 to 0.29 optical density units. Thus, the error in
the darkly stained region does not seem to affect the clas-
sifications. It is desirable to upgrade the color unmixing
model and the algorithm for quantifying the HER2 score
in the future.

Introduction of calibration slides for clinical use

There already exists FDA-approved software for auto-
mated HER2 score assessment. However, it is often
a package of systems, including the slide stainer,
WSI scanner, and software. Introducing such sys-
tems requires adapting a new staining workflow or
an intended WSI scanner and dramatic modification
of the clinical workflow. The modification is not real-
istic in the clinical setting, and it is a substantial dis-
incentive to introduce an automated image analysis
system. The proposed protocol can easily be intro-
duced since the required additional process for adapt-
ing the proposed protocol is only using the IHC-CS
and CCS in the existing staining and scanning work-
flows. The described methos can be applied even in
FDA-approved systems. When using packaged FDA-
approved software, a scanner endorsed by FDA should
be used as the reference scanner. By applying the pro-
posed protocol with another scanner as a target scan-
ner, the images digitalized by such scanner could be
analyzed by FDA-approved software. It is expected to
conduct demonstrations in a larger scale and more real-
istic environment on the next step.

Conclusions

In this study, we proposed a protocol for the standardiza-
tion of staining and scanner variations for the automated
IHC assessment. First, the effect of the CCS was evalu-
ated. Color differences between scanners were decreased
with calibration for both H&E and IHC stained tissue
images. Also, a comparison of the automated HER2 eval-
uation results was performed using the IHC calibrator
alone and a combination of the CCS and the IHC-CS.
From the experimental results on breast cancer cases,
we confirm that the automated analysis with both scan-
ner and staining calibration showed concordance of 100%
with the pathologist’s assessment. When linear RGB
images were targeted, IHC-CS could calibrate the color
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and intensity variation caused by the staining and scan-
ning device. When targeting gamma-corrected images, it
is preferable to calibrate using CCS. In practice use, it is
expected that gamma-corrected images will also be sub-
ject to evaluation. It is recommended to perform calibra-
tion using CCS and IHC-CS.

Abbreviations
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