Automatic color unmixing of IHC stained whole slide images
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ABSTRACT

Assessment of immunohistochemically stained slides is often a crucial diagnostic step in clinical practice. How-
ever, as this assessment is generally performed visually by pathologists it can suffer from significant inter-observer
variability. The introduction of whole slide scanners facilitates automated analysis of immunohistochemical slides.
Color deconvolution (CD) is one of the most popular first steps in quantifying stain density in histopathological
images. However, color deconvolution requires stain color vectors for accurate unmixing. Often it is assumed that
these stain vectors are static. In practice, however, they are influenced by many factors. This can cause inferior
CD unmixing and thus typically results in poor quantification. Some automated methods exist for color stain
vector estimation, but most depend on a significant amount of each stain to be present in the whole slide images.
In this paper we propose a method for automatically finding stain color vectors and unmixing IHC stained whole
slide images, even when some stains are sparsely expressed. We collected 16 tonsil slides and stained them for
different periods of time with hematoxylin and a DAB-colored proliferation marker Ki67. RGB pixels of WSI
images were converted to the hue saturation density (HSD) color domain and subsequently K-means clustering
was used to separate stains and calculate the stain color vectors for each slide. Our results show that staining
time affects the stain vectors and that calculating a unique stain vector for each slide results in better unmixing
results than using a standard stain vector.
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1. INTRODUCTION

Microscopic assessment of histopathological slides is a crucial diagnostic step in clinical practice. In histopathol-
ogy, immunohistochemical (IHC) stains are often used to provide contrast between non-relevant tissue and a
target of interest (e.g. a specific protein). The introduction of digital slide scanners has led to an interest in
applying image analysis techniques to provide reproducible quantitative parameters used as imaging biomarkers.

Color deconvolution (CD)! is one of the most popular methods to quantify the stain density in histopatho-
logical images. The technique allows to separate stains by exploiting differences in the light absorption spectra
of differently colored stains. CD does require a priori knowledge of color vectors (RGB) of each specific stain.
CD proves to be a valuable tool and is widely used in different applications such as automatic nuclei detection
and tissue segmentation.?

CD algorithms produce good results for similar sets of images, but often struggle with multi-center data.
The RGB color vectors needed for CD algorithms are influenced by many factors, e.g. the staining protocol,
type of tissue fixation, the specific antibody and the slide digitization process.® All these factors can differ
substantially between centers and even between different batches of slides from the same center. This requires
defining the color vector for each slide manually, avoiding inferior CD unmixing results which can affect the whole
algorithm pipeline. This essentially hampers the applicability of using such algorithms for big clinical datasets,
since manual determination of the color vectors is tedious and time consuming.

In the same year Macenko et al.* and Magee et al.® proposed a method for estimating stain vectors. Magee
et al. used a supervised pixel classification-based approach to estimate stain colors, whereas Macenko et al.
used a singular value decomposition (SVD)-based approach to directly estimate the matrices. Niethammer et
al.% extended the stain matrix estimation method of Macenko et al. to improve stability in cases where images
contain uneven proportions of each stain.” These studies focused mainly on unmixing H&E stained slides where
both hematoxylin and eosin content are high.”



Finding the color components in an IHC slide is a more challenging task because of scarceness of high
intensity THC stain color. In this research we propose an automated method for finding color vectors using
k-means clustering in a hue saturation density (HSD) color space® and unmixing IHC stained whole slide images
(WSI) . The algorithm is evaluated on tonsil tissue sections, which were immunohistochemically stained with
Ki67 proliferation marker. Resulting slides display sparse positive areas. We also analyze the effect of staining
time on the color vectors and compare final unmixing results with reference and standard color vectors.

2. METHODOLOGY
2.1 Data

From a single tonsil tissue block 18 slides were cut and stained with Ki67 IHC. Ki67 was visualized using 3,3’-
diaminobenzidine (DAB) and slides were counterstained using hematoxylin. For each individual slide there was
a single hematoxylin, single DAB and a combined hematoxylin/DAB-staining available. First all 18 slides were
stained with a hematoxylin stain. After staining, the slides were scanned with the 3DHistech Pannoramic 250
Flash II whole slide image scanner. The slides were destained and treated with a Ki67-DAB staining and scanned.
After scanning the slides, another hematoxylin staining procedure was performed. The staining time was varied
for hematoxylin and Ki67 primary antibody incubation. Three different staining times for each stain were chosen
resulting in nine combinations performed in duplo. Time periods for hematoxylin and Ki67 were 1, 30 and 60
seconds and 5, 10 and 15 minutes, respectively.

2.2 Automatic unmixing

A prerequisite of color deconvolution is a pre-defined stain matrix consisting of three stain vectors. The stain
vector describes the proportion of each wavelength absorbed by the stain. Since RGB images are used, the method
is restricted to those three wavelengths. The procedure described in this paper was developed to automatically
determine the stain vector for two stains in a whole slide image. The stain matrix is used to either deconvolve
the whole image or specific tiles for further analysis.

All the RGB color values discussed in this paper were converted to their optical density (OD),

OD = _IOgIO(TIO> (1)

where I is the RGB color vector with each component normalized to [0,1] by dividing with the background RGB
color vector Iy. A default background of Iy = [255,255,255] was used and I > 0. The WSI was processed in a
tiled-by-tile approach. Pixels of a tile were converted from OD to coordinates in the HSD space® , defined by
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where OD,.q, is the average of the OD for each RGB color channel, calculated by Eq. 1. The transformation
resulted in a cloud of points that was projected in the HSD chromaticity triangle. Points with a low optical
density (OD < 0.3) were removed to reduce noise.
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Figure 1. A) Example tile extracted from IHC WSI. The RGB values of the patch were converted to the HSD domain.
B) Scatterplot of all pixels from the extracted patch. The boundaries of the HSD domain are plotted to indicate the range
in which a pixel can be transformed. Red circles indicate the c,c, position of pixels with OD > 0. Plotted in blue only
the pixels with an OD > 0.3 and shows a huge reduction in noise. K-means clustering is used to find the cluster centers
caused by the presence of the two stains. C) A part of a heatmap of a WSI, the purple squares correspond to tiles with
an Buclidean distance I > x*". The purple boxes level of detail and dimensions correspond to the example tile above (A).
D) A visualization of all collected cluster centers of tiles with [ > x*". The median of this group is the final color vector
used for deconvolution.

For each tile, K-means clustering was used on the c,c, data to detect two clusters (k = 2) and to find
their centers. The K-means algorithm starts by randomly choosing two cluster centers and adding each of the
observations to the nearest of those clusters, it updates the cluster center and iterates until it converges to a
final solution. These final cluster centers represented the two different stains that were present: hematoxylin and
DAB. After detecting the two clusters the Euclidean distance was calculated between the two cluster centers.
Even when there was only one stain present in the tile the K-means clustering was forced to detect two clusters.
Centers close to each other (i.e. only one stain present) thus resulted in a much smaller Euclidean distance.

The tiles that measured the largest Euclidean distance between the two clusters were selected. These tiles



were regarded to be likely to have two different stains. This was done by calculating the x** percentile from all
the distances. Tiles with distance I > x*"* were selected. xy = 99 was used in this paper. The median of each
cluster was selected as the c;c, for either hematoxylin or DAB. The stain vector was calculated by reversing Eq.
2 and Eq. 3 with OD,¢, = 1.

2.3 Validation

The c,c, coordinates of the reference single stain slides were measured in a manual ROI. For each stain condition
an average reference c;c, was calculated. Our automated method was tested on each corresponding double
stained hematoxylin/DAB-slide. The distance between the average reference cyc, and the automatic c,c, was
calculated and noted as l4uz0. The same was done for the standard, static c;c, and noted as l5;4. The standard
is the stain vector proposed by Ruifrok et al.! Last, the quality of our method was evaluated by comparing the
reconstructed images after deconvolution qualitatively.

3. RESULTS

We tested the effect of different staining times on stain color vector distribution. Reference c,c, values, manually
calculated based on single stained slides, clearly show two clusters (Fig. 2) without overlap, representing to
hematoxylin and DAB. Figure 2 shows the spread of the manually acquired points under different time conditions.
The scatterplot containing the manually determined hematoxylin coordinates shows three different clusters based
on the staining time, which is not observed in the DAB scatterplot.
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Figure 2. A HSD colorspace containing c;c, coordinates of single stained slides. DAB and Hematoxylin coordinates are
determined by selecting a manual patch and are used as reference. Both stains are treated for different time conditions.



Table 1. Distances of automatic (lquto) and standard(lsiq) cecy coordinates compared to manually measured reference
czCy coordinates. For each stain condition 1o is calculated.

Stain condition Group size louto T O lstd
Hematoxylin 1 s 6 0.143 + 0.064 0.668
Hematoxylin 30 s 6 0.067 £ 0.013 0.756
Hematoxylin 60 s 6 0.054 + 0.004 0.743

DAB 3 min 6 0.149 + 0.075 0.278
DAB 10 min 6 0.109 £ 0.029 0.290
DAB 15 min 6 0.105 + 0.053 0.285

After manual determination of the stain vectors, the vectors are computed automatically applying the pro-
posed algorithm and both are compared. The measurements are shown in Table 1. The algorithm was successful
in finding both stains in all 18 slides. The Euclidean distance to the reference coordinate is measured and av-
eraged for all coordinates belonging to each stain condition together with the standard deviation . The sigma
is a measure for the spread and calculated for each stain condition. The slides treated with hematoxylin for 1
second show the largest 4., and o, the same holds for slides treated with DAB for 3 minutes.

When the stain vector is calculated with the found DAB and hematoxylin coordinates the image can be
deconvolved. In Figure 3 images are reconstructed using stain vectors found by the automatic method, found
manually (standard) and the standard stain vector described by Ruifrok et al. The standard vector gives a
brighter purple hematoxylin signal and lighter brown DAB signal. The automatic and manual methods show a
bigger resemblance compared to the standard vector. The automatic and manual unmixed DAB channels have
a darker brown color, with the automatic DAB channel almost being black.

4. DISCUSSION

The slides stained for 60 seconds with hematoxylin form dense clusters in the c,c, space and show the least
amount of heterogeneity compared to the 30 seconds and 1 second condition. Thus, introducing differences in
staining time results in color differences and optical density values and the c,c, values of the stain. The shortest
staining time for DAB and hematoxylin both have the largest distance and spread. This may be explained by
the fact that the stain has insufficient time to fully saturate, resulting in lower concentrations of light absorbing
product. This in turn will results in a low optical density, with reduced signal to noise ratio and a larger
variability.

The distances between the reference data and the output of the algorithm show that all found c,c, coordinates
have a distance lyq410 < lstq, indicating that the proposed algorithm outperforms the use of static stain vectors.
The reconstruction results in observable color differences between the original and unmixed images for all three
methods. Comparable results can be observed for unmixing by the reference method and the newly proposed
algorithm. In contrast, the use of predefined stain vectors visually appears to be less accurate. As can be observed,
the DAB signal resulting from unmixing using the predefined vectors contains signal in locations containing DAB
negative nuclei, which is undesirable. This phenomenon is not present in results from the proposed algorithm
and only to a moderate degree for the reference method. The contrary, presence of hematoxylin in DAB positive
nuclei is to be expected but can not be observed for the results from the automatic and reference method. This
may be attributed to the fact that DAB chromogen is not a true light absorber. DAB exhibits light scattering
behavior instead, which is not perfectly modeled by the Beer-Lambert law.

Overall, our results show that the use of predefined, fixed stain vectors is not advisable because of large
variability between different IHC stained slides. The HSD space was found to facilitate extraction of stain
vectors. Manually guided extraction and use of the newly proposed algorithm both result in reliable stain
vectors, the latter being less labor intensive and potentially better reproducible.
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Figure 3. Image reconstruction compared after deconvolution using a stain vector calculated from: automatic czcy
coordinates, manual reference cicy coordinates and standard cycy coordinates. left) Patch of a whole slide image stained
with hematoxylin for 60 seconds and DAB 10 minutes. right) Patch of whole slide image stained with hematoxylin for 1
seconds and DAB 10 minutes. The colors used for visualizing the reconstructed images correlate to the automatic stain
vectors found in the HSD domain. DAB reconstructed with standard and reference coordinates show positive stained
nuclei which should be negative. This indicates inaccuracies in the stain vectors.
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