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Multiplex  immunohistochemistry  (IHC)  staining  is a new,  emerging  technique  for  the  detection  of  multi-
ple  biomarkers  within  a single  tissue  section.  The  initial  key  step  in  multiplex  IHC  image  analysis  in digital
pathology  is  of tremendous  clinical  importance  due  to  its  ability  to  accurately  unmix  the  IHC  image  and
differentiate  each  of the stains.  The  technique  has  become  popular  due  to its  significant  efficiency  and  the
rich  diagnostic  information  it contains.  The  intriguing  task  of  unmixing  a three-channel  CCD color  camera
acquired  RGB  image  into  more  than  three  colors  is very  challenging,  and  to the  best  of  our  knowledge,
hardly  studied  in  academic  literature.

This paper  presents  a novel  stain  unmixing  algorithm  for brightfield  multiplex  IHC  images  based  on  a
group  sparsity  model.  The  proposed  framework  achieves  robust  unmixing  for  more  than  three  chro-
mogenic  dyes  while  preserving  the  biological  constraints  of  the  biomarkers.  Typically,  a  number  of
biomarkers  co-localize  in  the  same  cell  parts  named  priori.  With  this  biological  information  in  mind,
the  number  of  stains  at one  pixel  therefore  has  a fixed  up-bound,  i.e. equivalent  to the  number  of co-

localized  biomarkers.  By leveraging  the  group  sparsity  model,  the  fractions  of  stain  contributions  from  the
co-localized  biomarkers  are  explicitly  modeled  into  one  group  to  yield  the  least  square  solution  within
the  group.  A  sparse  solution  is  obtained  among  the groups  since  ideally  only  one  group  of  biomarkers  is
present  at each  pixel.  The  algorithm  is  evaluated  on  both  synthetic  and  clinical  data  sets,  and  demonstrates
better  unmixing  results  than  the  existing  strategies.

© 2015  Elsevier  Ltd.  All  rights  reserved.
. Introduction

As one of the most life-threatening group of diseases, cancer
auses millions of deaths each year. Traditional TNM staging sys-
em is often used to provide prognostic information, however, it
elies solely on the tumor cells and leads to significant variation
f outcomes within the same tumor stage. Therefore, it is of great
linical importance to have a reliable, reproducible, clinically rel-
vant and biologically meaningful system for cancer identification
nd staging in contrast to TNM [1]. Recently, the study of immune
egulation within the tumor microenvironment has gained tremen-
ous attention in cancer research [2,1,3] and it has been evidenced
hat the immune cells are associated with the clinical outcome of
ertain cancer types [2]. A quantitative and objective evaluation

f different types of immune cells within the tumor microenvi-
onment hence needs to be achieved in both research and clinical
tudies, wherein digital pathology plays an important role.

∗ Corresponding author. Tel.: +1 4082074239.
E-mail address: ting.chen.tc3@ventana.roche.com (T. Chen).

ttp://dx.doi.org/10.1016/j.compmedimag.2015.04.001
895-6111/© 2015 Elsevier Ltd. All rights reserved.
While the popular primary staining Hematoxylin and Eosin
(H&E) slides are widely investigated in digital pathology to study
the tissue morphologies, classify the cancer types, or grade the
cancer [4–9], the special staining techniques such as immunohisto-
chemistry staining also convey important information. A multiplex
immunohistochemistry (IHC) slide has the potential advantage
of simultaneously identifying multiple biomarkers in one tis-
sue section as opposed to single biomarker labeling in multiple
slides (see Fig. 1 for example). Therefore, multiplex immunohis-
tochemistry staining is often used for simultaneous assessment
of multiple biomarkers in cancerous tissue. For example, tumors
often contain infiltrates of immune cells, which may  prevent the
development of tumors, or favor the outgrowth of tumors [2].
In this scenario, multiple biomarkers are used to target different
types of immune cells, and then using the population distribu-
tion of each immune cell type to study the clinical outcome of
the patients. The biomarkers of the immune cells are stained by

using different chromogenic dyes. The correct unmixing of the
IHC digital image into its individual constituent dyes for each
biomarker, while also, obtaining the proportion of each dye in
the color mixture remain prerequisites for accurate detection

dx.doi.org/10.1016/j.compmedimag.2015.04.001
http://www.sciencedirect.com/science/journal/08956111
http://www.elsevier.com/locate/compmedimag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compmedimag.2015.04.001&domain=pdf
mailto:ting.chen.tc3@ventana.roche.com
dx.doi.org/10.1016/j.compmedimag.2015.04.001
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Fig. 1. Various IHC detection kits are used to identify different targets, such as (a) nuclear, (b, c) membrane and (d) cytoplasma, in tissue samples. However, multiplex IHC
stainings are used to identify multiple targets, for instance, (e) CD3 and CD16, (f) CD3, CD20 and tumor, (g) CD34, Podoplanin and Ki67, and (h) CD3, CD68 and tumor, in the
same  tissue sample simultaneously.

Fig. 2. Typical digital pathology workflow for multiplex staining and stain unmixing.

Fig. 3. The group sparsity framework of the unmixing algorithm.
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Fig. 4. Summary of the markers.
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ig. 5. Linear combination of the stains in the optical density space. (For interpre-
ation of the references to color in this sentence, the reader is referred to the web
ersion of the article.)

nd classification of immune cells in multiplex IHC image analy-
is.

A typical digital pathology workflow for multiplex staining, and
tain unmixing is shown in Fig. 2. A tissue slide is stained with the
ultiplex assay. The stained slide is then imaged using a CCD color

amera mounted on a microscope, or a scanner. The acquired RGB
olor image is a mixture of the underlying co-localized biomarker

xpressions. Several techniques have been proposed in literature
o decompose each pixel of the RGB image into a collection of con-
tituent stains and the fractions of the contributions from each of
hem, that is, to convert the RGB image into biomarker-specific

Fig. 7. The average intensity error of
Fig. 6. Toy example image to be unmixed.

image channels. Stain unmixing is therefore a prerequisite step
for the application of the following image analysis algorithms:
cell detection, segmentation and classification for each biomarker.

Ruifrok et al. developed an unmixing method called color decon-
volution [10] to unmix the RGB image with up to three stains in the
converted optical density space. Given the reference color vectors
xi ∈ R3 of the pure stains, the method assumes that each pixel of the

 increasing � for each channel.
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constructed from it is always an over-determined system with X
being a K × M (K � M)  matrix that leads to a unique solution. How-
ever, the scanning process in the multi-spectral imaging system is
time consuming and provides only a single field of view, manually
Fig. 8. Ground truth and the

olor mixture y ∈ R3 is a linear combination of the pure stain colors
nd solves a linear system to obtain the combination weights b ∈ RM.
he linear system is denoted as y = Xb,  where X = [x1, . . .,  xM], M ≤ 3
s the matrix of reference colors. This technique is currently most

idely used in the domain of digital pathology. However, the max-
mum number of stains which can be resolved is limited to three,
s the linear system is deficient for not having enough equations in
ases of more than three stains. A multilayer perceptron learning
ased technique has been proposed in [11] for three color bright-
eld image unmixing. In [12], Rabinovich et al. formulated the color
nmixing problem into non-negative matrix factorization and pro-
osed a system capable of performing the color decomposition in a
ully automated manner, wherein no reference stain color selection
s required. Again, these methods have the same limitation when
ealing with large stain numbers due to solving y = Xb.  To the best
f our knowledge, the method of unmixing brightfield IHC image with
ore than three stains is not available in literature. In order to com-
are with Ruifrok’s method, we divide the color space into several
ystems with up to three colors in each system based on the nearest
olor matching of each pixel to one of the systems. Ruifrok’s method
an therefore be used in solving each individual system. Due to the
ndependent assignment of each pixel into different systems, the
patial continuity is lost in the unmixed images and artifacts such as
oles are observed. However, this is the most straightforward mod-

fication of Ruifrok’s method to be feasible on more than three color
ultiplex brightfield image unmixing for comparison purposes.
Alternatively, there exists another class of methods for multi-

pectral image unmixing that works for a larger number of stain
olors [13–17]. In fact, the multi-spectral image differs from the

GB image in terms of image acquisition. A multi-spectral imaging
ystem is used to capture the image using a set of spectral narrow-
and filters, rather than using the CCD color camera. The number
f filters K can be as few as a dozen to as many as a hundred, and
xing results with different �.

ultimately lead to a multi-channel image that provides much richer
information than the bright field RGB image. The linear system
Fig. 9. Example tissue image with multiplexed staining. (For interpretation of the
references to color in this sentence, the reader is referred to the web version of the
article.)



34 T. Chen, C. Srinivas / Computerized Medical Imaging and Graphics 46 (2015) 30–39

ult co

s
a
m
fi
u
u
t
d
m
f
L
c
e
a
f
d
t
l

f
c
l
a
i

Fig. 10. Two-stain unmixing res

elected by a trained technician, rather than a whole slide scan. As
n example of the multi-spectral imaging unmixing, the two-stage
ethods [14,15] are developed in the remote sensing domain to

rst learn the reference colors from the image context and then
se them to unmix the image. Sparse models have been widely
sed in radiology image analysis for image registration, segmen-
ation, shape modeling and low dose CT analysis, etc. [18–26] and
emonstrate improved performance with respect to the classical
odels. More recently, a sparse model is proposed by Greer in [17]

or high dimensional multi-spectral image unmixing. It adopts the
0 norm to regularize the combination weights b of the reference
olors hence leads to a solution that only a small number of refer-
nce colors are contributed to the stain color mixture. These serve
s valuable sources of inspiration for selecting regularization terms
or the linear system. However, the method proposed in [17] is also
esigned for multi-spectral image and no prior biological informa-
ion about the biomarkers are used in that framework which may
ead to undesired solution for real data.

In this paper, we propose a novel color unmixing algorithm
or multiplex IHC image (scanned using CCD color camera) that

an handle more than three stain colors, and maintain the bio-
ogical properties of the biomarkers. Intuitively, the unmixing
lgorithm for the multiplex IHC image should work as follow-
ng. (1) Only one group of stains has non-zero contribution in
mparisons when group size is 1.

the color mixture for each pixel. (2) Within that group, the frac-
tions of the contributions from each constituent stain should be
correctly estimated. These conditions motivate us to model the
unmixing problem within the group sparsity [27] framework so
as to ensure the sparsity among the group, but non-sparsity within
the group.

2. Methodology

In this section, we present the methodology of our algorithm.
We begin with illustrating the basic framework in Fig. 3 using the
following example. In the analysis of cancerous tissues, different
biomarkers are specified to one or more types of immune cells. For
instance, CD3 is a known universal marker for all T-cells, and CD8
only stains the membranes of the cytotoxic T-cells. FoxP3 marks
only the regulatory T-cells in the nuclei, and hematoxylin (HTX)
stains all the nuclei. A summary of the aforementioned markers
are shown in Fig. 4. Therefore, the co-localization information of
the markers can be inferred from the biological knowledge, i.e. CD3
and CD8 co-locate in the membrane while FoxP3 and HTX may

appear in the same nucleus. We can also have tumor marker on the
tumor cell’s cytoplasmic region and B-cell marker on the B-cell’s
membrane. The framework of our proposed algorithm is shown
in Fig. 3 using the previous immune cell example. Based on the
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ig. 11. Comparisons between the proposed group sparsity unmixing method and th
uclei  (purple and blue channels) are observed in group sparsity unmixing results. 

ue  to the lack of co-localization constraint. (For interpretation of the references to

rovided biological co-localization information of the biomarkers,
e conclude that only two colors can co-exist at each pixel for this

ase. The six chromogenic stains are therefore grouped into four
ifferent groups where co-localized stains are in the same group,
s shown in the right panel of Fig. 3.
.1. Optical density transform

For the preprocessing, the RGB image I is converted into the
ptical density (OD) space using the following formula derived from
ified Ruifrok’s method based on nearest neighbor color assignment. More completed
ect universal T-cell unmixing is observed in the modified Ruifrok’s unmixing result

 in this figure legend, the reader is referred to the web version of the article.)

Beer’s law based on optical density being proportional to the stain
concentration.

Oc = − log

(
Ic

I0,c

)
(1)

where c is the index of the RGB color channels, I0 is the RGB value of

the white points and O is the optical density image obtained. Similar
to [10], O will be image to work with in the rest of the paper. The RGB
optical density space is shown in Fig. 5, the observed absorbance
vector for each pixel (e.g. red dot A) is a linear combination of the
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Fig. 12. Example unmixing of T-cell membrane co-localization case. (a) The proposed group sparsity method without co-localization constraint (group size = 1). (b) The
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roposed group sparsity method with co-localization constraint (group size = 2 for th
he  reader is referred to the web  version of the article.)

nderlying reference stain absorbance vectors (e.g. Stain 1 and Stain
).

.2. Group sparsity unmixing

We  begin with illustrating the notations used in this paper. Let
 be a pixel of O and it is a three-dimensional column vector corre-
ponding to the OD values converted from RGB. Assume there are

 biomarkers available in the multiplex IHC slide. We  have M stain
olors. Let b be the combination weight vector of the stains and bm,

 = 1, . . .,  M is the mth element of b. The typical unmixing problem
hus is formulated as the following:

in
b

||y − Xb||22 (2)

ach column of X corresponds to a reference stain color sampled
rom the control slide of pure stain. As discussed before, this linear
ystem has a solution only when the column of X is less than or equal
o 3 for y ∈ R3. Therefore, meaningful regularization is needed for
he linear system to have a solution.

The biomarker co-localization information provides a partition
f b into a set of groups g1, g2, . . .,  gN, N being the total number of
roups. Within each group, the biomarkers are known to have the
o-localization possibility. We  adopt this biological information to
ormulate the regularization term of the cost function. Let gi be a qi-
imensional column vector representing the combination weights
f the stains within the ith group and qi be the number of stains
ithin the group gi. We  have q1 + q2 + · · · + qN = M.  xi denotes the ith

roup of reference colors, which is a 3 × qi matrix. Fig. 3 shows an
xample of the stain group setting. Six stains are available in this
xample (M = 6). Two of them are co-localized membrane stains

nd two are co-localized nucleus stains. One is tumor cytokeratin
tain and the last is a membrane stain, but only for B-cells. This
nformation allows us to divide the stains into four groups (N = 4)
s shown in Fig. 3. For instance, g2 contains b2 and b3 that are
 membrane stainings). (For interpretation of the references to color in this sentence,

corresponding to the two  co-located nucleus stains and x2 contains
the reference color vectors for all the stains within the 2nd group.
However, the 4th stain of B-cell marker does not co-localize with
other biomarkers, so g3 only has one single member b4 and x3 is its
reference color vector.

More specifically, the unmixing problem is formulated as the
following convex optimization problem with the aforementioned
notations:

min
b

||y −
N∑

i=1

xigi||22 + �

N∑
i=1

√
qi||gi||2 (3)

where b = [b1, b2, . . .,  bM]t = [gt
1, gt

2, . . .,  gt
N]t and || · ||2 is the

Euclidean norm with out squared. The first term in Eq. (3) solves
for the linear system that is equivalent to [10], which minimize the
least square error between the intensity of the raw image and the
possible linear combination of the reference colors that approxi-
mates the raw image. � is the regularization parameter that controls
the amount of the group sparsity constraint in the second term. This
model will act like LASSO at the group level. The entire groups will
be dropped out when optimal b (or g) is found, that is only a small
number of gi are non-zero.

Note that when the size of each group qi = 1, the model becomes
equivalent to LASSO. In this case, no biological co-localization infor-
mation is used in the model, however, the system remains to be
solvable due to the sparsity constraints. The background noise is
suppressed in this setting, comparing to the conventional Ruifrok’s
method. In the experiment section, we  will also demonstrate the
efficacy of LASSO unmixing by limiting the size of the group to
1.

Alternative direction method of multipliers (ADMM)

algorithm [28] is used to solve Eq. (3). ADMM is an opti-
mization technique for convex programming. It linearly
separates the objective function into multiple individ-
ual convex functions, for example minimizing f(x) + g(z)
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ig. 13. The serial sections of a tissue block. Left three figures show the thumbnail 

oxes in the thumbnails. (For interpretation of the references to color in this figure

ubject to Ax + Bz = c. The algorithm consists of x-minimization
tep xk+1 = argmin

x
L�(x, zk, yk) of the augmented Lagrangian

�(x, z, y) = f(x) + g(z) + yT(Ax + Bz − c) + (�/2)||Ax + Bz − c||2, and z-
inimization step zx+1 = argmin

z
L�(xk+1, z, yk), followed by a dual
ariable y update step yk+1 = yk + �(Axk+1 + Bzk+1 − c).
We implemented the algorithm in C++ to provide fast computa-

ion. It costs an estimated 7 s to unmix a 750 by 1400 image on an
ntel Core i7 1.87GHZ PC.

ig. 14. Example detection results. Green dots: CD8 cells. Red dots: CD3 cells. Purple dot
eader  is referred to the web  version of the article.)
whole slide images, and the right three figures show the FOVs indicated by the red
d, the reader is referred to the web version of the article.)

3. Experiments

In this section, we empirically validate our unmixing algorithm
and compare it against the existing techniques.
3.1. Synthetic data experiment

Typically, there is no method for quantitative evaluation of the
unmixing results. A pathologist can exam the unmixed images and

s: FP3 cells. (For interpretation of the references to color in this figure legend, the
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isually compare to the raw data to find the biologically flawed
egions. We  may  use a multi-spectral scanner to obtain the images
t different color channels, however, this also cannot be used for
uantitative evaluation since it is difficult to get a color filter that
xactly matches the stain color. As ground truth unmixing results
re not available for real clinical data, we created a synthetic
ultiplex image from ground truth unmixed channels to quan-

itatively validate our algorithm. We  first synthetically generated
ix unmixed images, as shown in the first row of Fig. 8, following
he stain co-localization and grouping rule in the example frame-
ork (Fig. 3). The vectorized binary masks of the unmixed channels
ere multiplied by the reference color matrix to create the multi-
lex image in Fig. 6. More specifically, a pixel of multiplex image

 here is generated by y = Ax,  where A is the reference color matrix
nd x is a vector of pixels corresponding to the pre-defined unmixed
mages. To demonstrate the algorithm performance w.r.t. the group
parsity regularization parameter � variation, we plotted the aver-
ge intensity error between the algorithm outputs and the ground
ruth unmixed channels in Fig. 7 for � within the range 0–2. The plot
hows that the system has stable solutions when � > 0.3. In Fig. 8,
e also show the unmixing results when increasing �. Note that
hen � = 0.01, the system is close to deficient as in Eq. (2), hence
nmixing errors are observed as shown in the second row of Fig. 8.

.2. Clinical data experiment

A clinical data set containing several different cancer tissue sam-
les was used to demonstrate the proposed algorithm. 32 fields
f view (FOVs) from colorectal cancer, non-small cell lung can-
er, and breast cancer were included in the data set. The tissues
ere stained with the following assays as shown in Fig. 9: yel-

ow chromogen for tumor cell cytokeratin, purple for regulatory
-cell nucleus, blue for universal nucleus, light blue for B-cell mem-
rane, orange for universal T-cell membrane, and dark green for
ytotoxic T-cell membrane. Fig. 11 shows the unmixing examples
f decomposing the multiplexed image into single stain channels
sing modified Ruifrok’s method based on nearest neighbor color
ssignment and the proposed group sparsity method. Note that �
s set to be 0.5 through the clinical data experiments. We  obtain �
hrough a cross-validation type of experiment on this data set. Since
round truth unmixing result is unavailable, the pathologist visu-
lly exams the unmixed images and picks the best result based on
omain knowledge, finally the � that is associated with the selected
nmixing result is preferred. Pixel discontinuities, unmixing errors,
nd artifacts were observed from the modified Ruifrok’s method
y solving multiple three color systems using the color similarity
or system assignment. The proposed method instead solves one
ingle system for all the pixels which lead to smoother unmixed
mages while maintaining the biological constraints and reducing
he background noise due to the group sparsity regularization.

Since the cytotoxic T-cell is a subset of the universal T-cell,
he green cytotoxic T-cell membrane marker always co-localizes
ith the orange universal T-cell membrane marker, but the orange
arker can present alone. Fig. 12 shows an example of the orange

nly cell, and the green and orange co-localized cell. We  can see that
he algorithm is able to handle both cases. This demonstrates that
he L2 norm constraint is used within the group to linearly sepa-
ate the color mixture into different stain channels. Meanwhile, the
odified Ruifrok’s method is prone to unmixing errors due to the

ard assignment of the unmixing system based on color similarity.
The algorithm can also be applied in cases of less than or equal

o three color unmixing. When the group size becomes 1, the

lgorithm is equivalent to Ruifrok’s unmixing plus a sparse con-
traint on the combination weights. The system can be solved by
ASSO. In this experiment, we set the group size to 1 and com-
ared to Ruifrok’s method [10] for two-stain unmixing on a clinical
Fig. 15. Counts from serial sections. (For interpretation of the references to color in
this sentence, the reader is referred to the web version of the article.)

breast cancer data set containing 217 FOVs. The proposed technique
consistently showed better performance than Ruifrok’s method.
Example results are shown in Fig. 10 with significantly less back-
ground noise observed when using the proposed sparse unmixing
method.
A cohort of breast cancer tissue was stained with a marker panel
consisting of FP3, CD3, CD8, as well as a tumor marker. As shown
in Fig. 13, a tissue block was  cutted into parallel thin pieces and
each piece was  stained by the same multiple dyes. Left of the figure
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hows the three thumbnails of the whole slide images and right of
he figure shows the FOVs indicated by the red boxes in the thumb-
ails. Due to the fact that the serially sectioned slides are close to
ach other (e.g. 4 �m thickness), the tissue contexts on the images
re similar. As a result, similar cell counts are expected on the seri-
lly sectioned slides for FP3, CD3 and CD8. Since no ground truth
nmixing is available for the true clinical data set, we  designed
he following experiment to assess the unmixing performance. The
ata set contains 47 FOVs annotated by an expert pathologist. The
tained slides were scanned at 40× on the Ventana iScan HT scan-
er. We  first applied the proposed unmixing algorithm to obtain
he individual channels for each marker and then trained a con-
olutional neural nets based cell detector [29] to detect different
ypes of immune cells. The example detection results are shown in
ig. 14. Finally, we compare the cell counts detected from different
erial sections to see if similar counts were reported. As shown in
ig. 15, the x-,y- and z-axes indicate the cell counts from each slide
n the serial sections and the blue line shows the coordinates of the
ame counts from the three serial sectional slides. Thus, each red
ot represents one triplet of counts. We  observed consistent count-

ng results from the serial sections as the red dots are clustered
round the blue line. This experiment also serves as an application
o the proposed unmixing algorithm.

. Conclusion

In this paper, we introduced a novel color unmixing strategy for
ultiplexed bright field histopathology images based on a group

parsity model. The biological co-localization information of the
iomarkers is explicitly defined in the regularization term to pro-
uce biologically meaningful unmixing results. The experiments
f both synthetic and clinical data demonstrate the efficacy of the
roposed algorithm in terms of accuracy and stability when com-
ared to the existing techniques. A promising immediate avenue
or future research is the incorporation of the structural preserving
onstraint [30] to the group sparse unmixing.
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