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Multispectral enhancement method to
increase the visual differences of tissue
structures in stained histopathology images
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Abstract. In this paper we proposed a multispectral enhancement scheme in which the spectral colors of the stained tissue-
structure of interest and its background can be independently modified by the user to further improve their visualization and
color discrimination. The colors of the background objects are modified by transforming their N-band spectra through an NxN
transformation matrix, which is derived by mapping the representative samples of their original spectra to the spectra of their
target colors using least mean square method. On the other hand, the color of the tissue structure of interest is modified by
modulating the transformed spectra with the sum of the pixel’s spectral residual-errors at specific bands weighted through
an NxN weighting matrix; the spectral error is derived by taking the difference between the pixel’s original spectrum and its
reconstructed spectrum using the first M dominant principal component vectors in principal component analysis. Promising
results were obtained on the visualization of the collagen fiber and the non-collagen tissue structures, e.g., nuclei, cytoplasm
and red blood cells (RBC), in a hematoxylin and eosin (H&E) stained image.
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1. Introduction

Color is the most accessible feature of an image for
use in image interpretation [1]. In pathology diagno-
sis, color is a primary feature of stained tissue sections
by which diagnostic interpretations are derived. There
are many varieties of chemical stains that can be uti-
lized to visualize the tissue structures’ organization.
For routine staining, however, hematoxylin and eosin
(H&E) staining is the most popular. This stain mainly
differentiates the nuclei areas from the cytoplasm
areas. When abnormal changes in the ratio between
the cytoplasm and nuclei areas are observed other
staining techniques, i.e., special stains or immunohis-
tochemical stain, are employed to further probe the
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cause of the abnormality. Due to the popularity of the
H&E staining, a number of investigations have been
done to digitally simulate its staining effect and to
investigate the discrimination of H&E stained tissue
structures which are ordinarily differentiated with the
use of other types of stain [2–8]. The success of these
research endeavors would eventually allow patholo-
gists to quantify the distribution of tissue structures in
the absence of special stains. In effect, the cost of stain-
ing and the risk of losing the area of interest in tissue
re-cuts are reduced.

Interest on the application of multispectral imaging,
which is widely used in remote sensing applica-
tions, to pathology diagnosis has grown over the
years. Results on several pilot studies on the utility
of multispectral imaging to improve the visualiza-
tion of tissue structures and accuracy of quantitative
histopathology image analysis showed promise [2–15].
A multispectral image acquisition system captures
the same scene at different spectral wavelength using
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narrowband spectral filters producing a stack of N
grey-level spectral images, where N corresponds to the
number of narrowband spectral filters employed by the
imaging system. Compared to conventional RGB color
image, a multispectral image carries more spectral
color information. Hence, pertinent to histopathol-
ogy image analysis where stained tissue structures are
mainly discriminated through their staining colors, the
use of multispectral imaging rather than the conven-
tional RGB imaging, which utilizes wideband spectral
color filters, is expected to be more effective.

Image enhancement is a valuable tool to improve
the visual color discrimination between the different
classes of objects in the image. It is typically employed
to pre-process images to improve the accuracy of
the quantitative image analyses [16–20]. Multispec-
tral enhancements are implemented to either improve
our visual perception of the objects in a multispectral
image or to particularly detect an object which is not
visually perceptible [2–8, 14–15]. When the objective
of the enhancement is to emphasize the spectral-color
difference between the object of interest and its back-
ground the visual clarity of the different objects in
the background are not generally given attention. In
stained histopathology images, the background objects
in an image could consist of tissue structures whose
features are also relevant in the diagnosis. Hence an
enhancement scheme that improves the color discrim-
ination between the structures in the background while
at the same time enhances the tissue structure of inter-
est is beneficial either for manual or automatic image
analysis task.

In this paper we introduce a spectral enhancement
scheme which, aside from bringing out improved color
difference between the tissue structure of interest and
its background, provides an option for users to change
the colors of the background objects to either increase
their color discrimination or to simulate their stain-
ing patterns as reactions to a particular chemical stain.
The details of the proposed multispectral enhancement
are discussed in Section 2.The results of our experi-
ments on the visualization of collagen fiber, which is
ordinarily emphasize using special stain, i.e., Masson’s
trichrome stain, from an H&E stained tissue image are
presented in Section 3. Evaluation of the enhancement
results are also presented in this section. Discussions
about the results, limitations of the present multispec-
tral enhancement and thoughts about future works are
presented in Section 4. Our conclusion is presented in
Section 5.

2. Method

2.1. Previous multispectral enhancement method

We based our proposed multispectral enhancement
methodology on the spectral enhancement introduced
by Mitsui et al. [15]. If to is the original N-band spectral
transmittance of the multispectral pixel, its enhanced
spectral transmittance te is given in the following form:

te = to + W� (1)

� = to − t̂o (2)

In the above equations to, te, and � are all Nx1 column
vectors while W is an NXN matrix. The notation � is
referred as the spectral residual-error and is determined
by taking the difference between the original spectrum
and the reference spectrum, t̂o, Eq. 2. The notation
W, on the other hand, is defined as the weighting
matrix whose elements function as weighting factors to
the spectral residual-errors at different bands. Hence,
through the matrix W the amount of spectral error
feed back to the original spectrum can be controlled.
Furthermore, the reference spectrum t̂o in Eq. 2 is
the pixel’s original spectrum reconstructed using M
dominant principal component vectors in principal
component analysis (PCA) and calculated as follows:

t̂o = VVT to + [
I − VVT

]
t (3)

where t̄ is the average spectrum of the spectral samples
used in the principal component analysis (PCA); I is
an NxN identity matrix; and V is an NxN matrix whose
jth column correspond to the jth principal component
vector, Vm:

[V]j =
{

vj j =<M

0
(4)

The enhancement formulation in Eq. 1 modifies the
color of the object of interest, but not the color of the
background objects. That is, in the previous enhance-
ment formulation the users do not have options to
modify the colors of the background objects. In addi-
tion, the users cannot freely specify the enhancement
color for the object of interest as it is directly tied
to the band/s at which the spectral residual-error, �,
of the object peaks. For example, if the object of
interest’s error peaks at 550 nm then its enhancement
color is associated to the spectral color of this wave-
length. These limitations are addressed in the proposed
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multispectral enhancement scheme discussed in the
next section.

2.2. Proposed multispectral enhancement method

There are three phases in the proposed multispectral
enhancement method: (i) modification of the pixels’
spectral colors; (ii) detection of the object of inter-
est; and (iii) multispectral enhancement. In the spectral
color modification phase the user first manually selects
the background objects whose colors he/she desires
to modify in the enhancement. After which the user
specifies the envisioned colors of these objects in the
enhanced image. The N-band spectra of the objects’
original and target colors, which could either be calcu-
lated or measured, are also provided by the user at this
phase. In this work the relation between the N-band
spectra of the original and target colors is considered
linear such that we can derive an NxN matrix describ-
ing such relation by least mean-square pseudoinverse
method [5]. In the object detection phase, the spectral
residual-error configurations of the different objects
in the sample images are investigated. The bands at
which the spectral error of the object of interest is
large compared to background objects (or object of
non-interest) are noted. The errors at these bands are
amplified to emphasize the detected object of interest.
The last phase of the present multispectral enhance-
ment methodology is the superposition of the results in
phases (i) and (ii) to produce the enhanced spectrum of
the multispectral pixel. This process is repeated for all
the multispectral pixels to produce an enhanced mul-
tispectral image wherein we can observe clearer color
discrimination between the object of interest and its
background. The processes involve in each phase are
discussed at length in the following sub-sections.

2.2.1. Modification of the background objects’
spectral-color

Two sets of spectral data are specified by the user
at this stage: (i) the spectra of the objects’ original
colors; and (ii) the spectra of the objects’ target col-
ors, which are the colors envisioned by user. The NXN
transformation matrix that characterizes the relation
between the original and target spectra is derived and
kept for use in the actual multispectral enhancement
procedure.

Let {fc,gc} be a pair of Nx1 column vectors
which respectively represent the N-band spectra of the

original and target colors of the cth background object.
Furthermore, let Qg be the NxN transformation matrix
that maps fc to gc such that:

gc = Qg fc (5)

The solution forQg can be found by applying the lin-
ear mean-square method to the spectral samples of the
C number of background objects, i.e., c = 1, 2, . . . C.

Qg = GF+ (6)

where F and G are NXC matrices which hold the repre-
sentative spectra of the original and target colors of the
C objects, respectively; and F+ is the pseudoinverse
of matrix F.

2.2.2. Detection of object of interest
The object of interest is detected based on its

acquired spectral residual-error. With Eq. 3, we can
express the spectral residual-error, �, in Eq. 2 into the
following form:

� = [
I − VVT

]
to − [

I − VVT
]
t (7)

The result of Eq. 7 is an Nx1 column vector which
reflects the error characteristics of a multispectral
object at different spectral bands. The spectral residual-
error of an object varies across the different spectral
bands. At some bands the error of the object could be
small while at some bands it could be large. In previous
works [4, 5] the spectral residual-error characteristics
of the various objects in the image were investigated
to gain knowledge on the spectral bands at which the
spectral errors’ magnitudes of the object of interest
are larger compared to the background objects. These
bands were considered as the bands for enhancement
since at these bands the object of interest can be fairly
detected. In order to give more emphasis to the detected
objects and hence provide clearer visualization of their
presence, the errors at these bands are amplified. In this
procedure, the resulting color of the detected object is
tied to the spectral colors of the bands for enhance-
ment. That is, the user doesn’t have the flexibility to
specify the enhancement color of the detected object.
This can be mitigated by re-assigning the elements of
the spectral residual-error vector in Eq. 7 to a con-
stant. Let � be an Nx1 vector representing the modified
spectral residual-error whose ith element, i = 1, 2, .. N,
is computed as follows:
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�i =
∑
j∈bo

εj ∀i (8)

By incorporating Eq. 8 to the original spectral error
expression in Eq. 7 we will have:

� = A
[
I − VVT

]
to−A

[
I − VVT

]
t (9)

[A]ij =
{

1 j ∈ bo, ∀i

0 otherwise
(10)

where A is an NxN matrix, and the variable bo is a set of
band numbers which correspond to the spectral bands
at which the spectral errors of the object of interest are
large, i.e., bands for enhancement. Since the magnitude
of the spectral residual-error, Eq. 9, no longer varies
between spectral bands, the bands for enhancement
can be defined by the user by assigning appropriate
weighting factors to the spectral errors at the selected
spectral bands. Let us define the NxN weighting matrix
W in Eq. 1 as follows:

[W]ij =
{

ki i = j ∈ bd

0 otherwise
(11)

where ki ∈ �, and is specified by the user. Moreover,
bd is the set containing the user-defined bands for
enhancement. Introducing W in Eq. 11 to the spec-
tral residual-error in Eq. 9 results to the following
form:

od = W� (12)

where od is an Nx1vector representing the weighted
spectral residual-error of a multispectral pixel. The
desired color for enhancement is obtained by boost-
ing the spectral errors at the bands specified by the
user in bd , and suppressing the errors at other bands.
Hence, through the weighting matrix W the color for
enhancement can be controlled by the user. In should
be noted that while the spectral bands in bo are iden-
tified from the spectral residual-error configuration of
the object of interest, those in bd are freely specified
by the user.

2.2.3. Multipectral enhancement
The proposed multispectral enhancement scheme is

derived by introducing modifications to Eq. 1. The
NXN matrix Qg determined from Eq. 6 is introduced
and the second term of the equation is replaced with the
expression given in Eq. 12. The proposed enhancement
scheme can then be expressed as follows:

Fig. 1. Process flow of the proposed multispectral enhancement
scheme.

te = [
WA

(
I − VVT

) + Qg

]
to

−WA
[
I − VVT

]
t (13)

The present modifications broaden the functionality of
the enhancement scheme which was originally intro-
duced in [15]. These modifications allow the user to
not only control the enhancement color of the object
of interest but also to re-define the colors of the back-
ground objects. Equation 13 generates the same results
as Eq. 1 when and if the NxN matrix Qg is an identity
matrix and � = �. In order for the N-band enhanced
spectrum te to be observed on ordinary color display,
the spectrum is transformed to its equivalent RGB color
values [21].

The actual implementation of the proposed multi-
spectral enhancement method requires that the NxN
matrices Qg, V, W, and A must all be determined
offline. Spectral samples of the various objects in
the image, i.e., object of interest and its background
objects, are needed to calculate the entries of matrices
Qg and V. Information on the enhancement band set,
bo, is also needed to effectively calculate the modified
spectral residual-error, Eq. 9, and determine the spa-
tial location of the non-zero entries for the matrix A,
Eq. 11. The user-defined bands for enhancement bd

should also be known to define the weighting matrix
W, Eq. 12. The process flow of enhancing an N-band
spectral transmittance to is illustrated in Fig. 1.
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3. Experimental results

3.1. Multispectral images used

We used the microscopic multispectral imaging sys-
tem developed by Olympus, Japan to capture 13 sets

of stained liver tissue images. Each set is composed
of H&E and Masson’s trichrome stained multispec-
tral images of the tissue. The H&E and Masson’s
trichrome stained sections are contiguous so that the
pair of images in a set shares similar structural make-
up. The spatial dimension of each multispectral image

Fig. 2. Spectral distribution of the different tissue components, which were identified from the captured images, projected onto the principal
component (PC) axes. The distribution show similarly stained tissue structures, such as the smooth muscle and collagen fiber, could be difficult
to differentiate using their staining colors: (a) projection of the spectral samples onto the 1st and 2nd PC axes; (b) projection of the spectral
samples onto the 2nd and 3rd PC axes. The number of spectral samples for each tissue component is as follows: Nucleus = 350; Cytoplasm = 450;
RBC = 200; Collagen fiber = 425; Smooth muscle = 450 and Duct = 300. And the white areas are represented with 350 spectral samples.
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Nucleus 

Cytoplasm 

RBC 

White 

(a) (b) (c) 

Fig. 3. Color patches illustrating the original and target colors of
the background tissue components, i.e., nucleus, cytoplasm, and red
blood cells (RBC), whose spectral transmittance were selected to
derive the transformation matrix. (a) Original colors; and (b) and (c)
illustrate the target colors. The colors in (b) mimics the staining col-
ors of the tissue components when stained with Masson’s trichrome,
while those in (c) were freely specified by the user.

is 1434 × 1050 pixels and its spectral dimension is
N = 63. The 63 spectral band images have spectral reso-
lutions of 5 nm and span the visible spectrum from 410
to 720 nm. The H&E stained multispectral images were
used as inputs to the proposed multispectral enhance-
ment process while the Masson’s trichrome stained
images were used as reference for the visual evaluation
of the enhanced images.

3.2. Spectral transmittance data

From the captured images we identified six differ-
ent tissue components namely: nucleus, cytoplasm, red
blood cells (RBC), collagen fiber, smooth muscle and
duct. We obtained the H&E stained spectral samples
of these tissue components and the spectral samples
of the white areas (areas which do not contain any
tissue structures) to calculate for the principal com-
ponent (PC) vectors v, Eq. 4, and to investigate the
spectral-error enhancement bands, bo, Eq. 10. Figure 2
shows the spectral samples projected onto the first three
dominant principal component (PC) axes. The clus-
ter plots provide an overview on the differentiation of
these tissue components based on their H&E staining
color. Clearly, discrimination between tissue compo-
nents which are stained with the same type of dye, such
as the cytoplasm, smooth muscle and collagen fiber

which are mainly stained with the eosin dye, is not very
direct. We can observe from Fig. 2 that there are sig-
nificant overlaps in the spectral clusters of these tissue
components.

3.3. Generation of the NxN transformation matrix

Linear mapping procedure is most effective when
the spectral transmittance classes are linearly separa-
ble. Hence, to solve for the NxN matrix Qg in Eq. 6 we
considered the spectral samples of nuclei, cytoplasm
and RBC whose spectral clusters display clear-cut sep-
arations in the linear PCA space. In order for the white
areas in the image, the areas which do not contain
any tissue structures, to be preserved in the enhance-
ment result, we also considered the spectral samples
of the white areas in the mapping. The NxC, N = 63,
C = 4, matrix, F, in Eq. 6 contains the average H&E
stained spectral samples of the nuclei, cytoplasm, and
RBC, and that of the white area, and matrix G contains
the spectra of their target colors. The color patches
in Fig. 4 demonstrate the original and target colors
of these tissue components. The color patches at the
leftmost panel demonstrate their original colors, while
the two groups of color patches displayed at the right
panel illustrate the tissue components’ target colors.
The first group of target colors was specified based
on the Masson’s trichrome staining colors of the tis-
sue components. The second group of target colors,
on the other hand, was freely specified by the user.
The corresponding transmittance spectra of the first
group of target colors were obtained from the Masson’s
trichrome multispectral images that were captured,
while the transmittance spectra for the second group
were calculated from the specified color values [7].
The transformation matrices using these sets of tar-
get colors were calculated using Eq. 6 wherein the
pseudoinverse F+ is determined using the function
in Matlab [22]. In the following discussions, we refer
to the transformation matrices derived using the first
and second group of target colors as Qga and Qgb,
respectively.

3.4. Determination of the spectral residual–error

The spectral data set that we used to derive the prin-
cipal component (PC) vectors v, Eq. 4, to determine
the spectral residual-error of a multispectral pixel con-
sisted of the spectral samples of the non-collagen fiber
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Fig. 4. The plots illustrate the average spectral residual-error of the different tissue components. (a) Original form of the spectral residual-error.
Here, we can observe variations in the error values at different bands; (b) Modified form of the spectral residual-error. Here, the error values
were mapped to a constant, which is the sum of the spectral residual-error at bands 550–560 nm. These bands correspond to the bands at which
the error of the collagen fiber is at its maximum.

tissue structures, which include the nuclei, cytoplasm,
RBC, smooth muscle, and duct. The spectral samples
of the white areas were also included. This implies that
the derived principal component vectors could well

estimate the spectra of the non-collagen fiber tissue
structures but not the spectrum of the collagen fiber
itself. We used five principal component (PC) vectors,
i.e., vj, j ≤ 5, to re-construct the original spectrum
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Fig. 5. RGB images of the hematoxylin and eosin (H&E) stained images along with their Masson’s trichrome stained counterparts. Images on
the first column correspond to the H&E stained images and images on the second column illustrate how the different tissue structures in the
H&E stained images appear in a Masson’s trichrome stained tissue section.
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of the pixel using Eq. 3. This number was based on
the experimental results reported in [8]. To determine
the modified spectral-residual error using Eq. 8, we
first determined the sets of bands for enhancement,
bo, from the spectral error configuration of the col-
lagen fiber. Figure 4a displays the average spectral
residual-errors of the different tissue components in
their original configurations. We selected the bands
at which there is a significant difference between the
spectral error’s magnitude of the collagen fiber and the
rest of the tissue components, and these correspond
to: bo = {550, 555, 560 nm}. Figure 4b demonstrates
the effect of re-assigning the spectral error values to
the result of Eq. 8. We can observe that the magni-
tude of the modified spectral residual-error, as shown in
Fig. 4b, is constant across the different spectral bands,
which is in contrast to the original spectral residual-
error displayed in Fig. 4a where there are obvious
variations in the error values between different spectral
bands.

3.5. Enhancement of multispectral images

Figure 5 displays the original H&E stained images.
The Masson’s trichrome stained images on their right
serve as reference for the visualization of the collagen
fibers, which are denoted by arrows, in the enhanced
image. In the enhancement, the user-defined bands for
enhancement bd were set to 480 to 520 nm at a step
of 5 nm. The spectral residual-errors at these bands
were weighted by a factor of k = 10, and the weight-
ing factors for the rest of the errors were set to k = 0.
The enhanced H&E stained images are presented in
Fig. 6. The enhanced images at each column represent
the enhancement results for a particular transformation
matrix Qg: (i) Qg = I, where I is an identity matrix;
(ii) Qg = Qga; and (iii) Qg = Qgb; the derivation of
the Qga and Qgb matrices are discussed in Section 3.3.
The different sets of enhanced images show improved
visualization of the collagen fiber when compared to
their original H&E stained images in Fig. 5. The results
further illustrate the effect of the transformation matri-
ces to the enhancement results. For instance, the color
of the enhanced images on the second column share
similarity to the Masson’s trichrome stained images
in Fig. 5, especially the color impression of the back-
ground, i.e., non-collagen fiber areas; and the enhanced
images on the third column show better discrimination
between the nuclei, cytoplasm, and RBC.

Table 1

The spectral bands at which the spectral residual-error were weighted
with non-zero weighting factors

Enhanced Bands for enhancement, bd Weighting
images (nm) factor, k

Fig. 7a 480–500 30
Fig. 7b 480–500; 520–530 20; 10
Fig. 7c 520–530 20
Fig. 7d 550–560 20

The enhancement color of the collagen fiber can
be varied by varying the combination of the spectral
bands in bd or by varying the value of weighting factor
assigned to each band in W. This is being demonstrated
by the enhanced images in Fig. 7. The transforma-
tion matrices Qga and Qgb were used to generate the
enhanced images on the first and second rows, respec-
tively. The bands for enhancement for each enhanced
image are listed in Table 1. Here, we can see that the
user can freely change the color of the object of inter-
est, which is the collagen fiber. The enhancement color
the collagen fiber is associated to the spectral color of
the bands specified in bd .

3.6. Color discrimination evaluation

We used the CIELAB color difference as metric
to evaluate the color discrimination between the dif-
ferent tissue components [7]. We randomly extracted
spectral samples for the different tissue components
from the 13 multispectral H&E images that we cap-
tured and applied spectral enhancement using Eq. 13.
Table 2 shows the average Euclidian distance between
the centers of the Lab color vectors of the different
tissue components for the three different cases of trans-
formation matrices. It is noted that the original color
difference between the collagen fiber and smooth mus-
cle is less than 5. This implies that from an H&E stained
tissue section these tissue structures are perceptually
similar. It is shown that application of spectral enhance-
ment helps improves the color discrimination between
these two structures. Furthermore, the color difference
values presented in Table 1 illustrate the effectiveness
of introducing the transformation matrix Qg to the
enhancement formulation in the overall multispectral
enhancement result. By appropriately designing the
transformation matrix we can further improve the visu-
alization and color discrimination of both the collagen
fiber and its background structures.
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Fig. 6. Enhancement results illustrating the effect of using different designs of transformation matrices. The bands for enhancement were set
to 520–530 nm and the weighting factors were set to k = 20 at these bands. Enhanced images at the first column demonstrate the enhancement
results when Qg is set to an identity matrix; enhanced images at the second and third columns illustrate the effect of the transformation matrices
derived using the target colors illustrated in Fig. 4b, c.

4. Discussion

In this work we have introduced a concept of mul-
tispectral enhancement which allows the user to vary
the enhancement color of the object of interest as well
as correct or modify the color of the background struc-

tures to the colors envisioned by the user. The option
to modify the color of the background tissue structures
is beneficial especially when the tissue sections from
which the images were captured are poorly stained.
Results of our experiments show that by appropri-
ately designing the transformation matrix, the matrix
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Fig. 7. Enhancement results illustrating the effect of choosing different bands for enhancement. The transformation matrix used to obtain these
images was Qgb, i.e., using target colors illustrated in Fig. 4b. The bands for enhancement used to produce these images are reported in Table 1.
By choosing different bands for enhancement the enhancement color of the object of interest, which is at present the collagen fiber, can be
varied.

Table 2

Average color difference, �Eab, between the different tissue components for the different design of transformation matrices

Tissue components being compared Original Transformation matrices used (bd = [520–530 nm], k = 20)

Qg = I Qg = Qga Qg = Qgb

Nuclei & Cytoplasm 34.64 35.35 33.28 57.02
Nuclei & RBC 47.92 61.13 52.56 125.19
Cytoplasm & RBC 27.10 34.73 43.039 84.97
Fiber & Cytoplasm 7.52 36.15 39.62 55.84
Fiber & Smooth muscle 4.77 51.67 62.01 66.86

*Number of spectral samples: Nuclei –30700; Cytoplasm –20400; RBC –7500; Fiber –31200; muscle –7200.

used to convert the original spectrum of the multispec-
tral pixels to the target spectral configuration, better
visual perception of the different tissue structures can
be achieved. The multispectral enhancement method
proposed in [7] which was also extended in [23] to
enhance the collagen fiber areas also allows the user to

define the color for enhancement. However, the method
is most effective only when the hues of the background
pixels are similar, which is not true for the multispectral
enhancement method proposed in this paper.

Figure 8a shows magnified areas cropped from the
original H&E and Masson’s trichrome images. The
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Collagen fiber 

Nucleus 

Cytoplasm 

Smooth muscle 

(a)

(b)

Fig. 8. Areas cropped from the original H&E stained and enhanced images. (a) These images show the effectiveness of the present enhancement
scheme to differentiate collagen fibers and smooth muscles which are originally not clearly discriminated from an H&E stained tissue section.
This set of images also show the variation of the response of the collagen fiber areas to the enhancement, i.e., some areas are more saturated than
others. (b) These images show areas which are mislabeled in the present enhancement. Cytoplasm pixels were mislabeled to Collagen fiber.
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leftmost and rightmost images respectively illustrate
the staining patterns of H&E and Masson’s trichrome
stains. We can observe that while the smooth mus-
cle and collagen fiber areas display indistinct H&E
staining patterns, they are prominently discriminated
in the Masson’s trichrome stained image. The digitally
enhanced H&E stained images at the center panels
show similar color discrimination as the Masson’s
trichrome stained image wherein the collagen fiber and
smooth muscle areas also display distinct colors. It has
been shown in [8] that the spectral difference between
the smooth muscle and collagen fiber lies in their dif-
fering reaction to eosin stain. The spectral bands at
which the spectral residual-error of the collagen fiber
has large values are correlated to the eosin stain absorp-
tion bands, Fig. 4a. One of the issues pointed by authors
in [8] in the simulation of the Masson’s trichrome stain-
ing is the color of the nuclei which appear reddish
in the digitally stained images. The present experi-
mental results show that designing the transformation
matrix Qg using the spectral samples that are lin-
early separable improves the enhanced color of the
nuclei.

An important aspect in any enhancement algorithms
is consistency in delivering the desired results regard-
less of the image condition. For the same weighting
factor value k we can observe differing responses of
the collagen fiber areas to the enhancement as noted
by the variation in their color saturation, Fig. 8a. We
can also observe that some pixels belonging to the
cytoplasm were mis-detected to be part of the colla-
gen fiber in that they display the enhancement color
assigned to collagen fiber, Fig. 8b. This could be the
underlying reason why the color difference between
the cytoplasm and collagen fiber is smaller in compar-
ison to the color difference between the collagen fiber
and smooth muscle after enhancement, Table 2. This
result also shows that there is a greater variance in the
spectra of the pixels belonging to cytoplasm areas. It
is thought that the current results can be improved fur-
ther by: (i) incorporating information on the staining
condition of the multispectral pixel in the definition of
the weighting matrix; (ii) integrating statistical prop-
erties of the multispectral pixels to the enhancement
formulation; and (iii) increasing the number of spectral
samples to encompass the staining variations of the dif-
ferent tissue sections. Moreover to address variations
in H&E staining protocols, staining correction method
such as the one proposed in [24] could be employed to
pre-process the images.

5. Conclusion

We have presented a multispectral enhancement
methodology whereby we could effectively visualize
the color differences between tissue structures which
display similar H&E staining patterns. Moreover,
the options in the current multispectral enhancement
approach allow us to digitally simulate the effect
of chemical staining, i.e., Masson’s trichrome stain-
ing, by designing appropriately the transformation and
weighing matrices. The viability of the method to
provide clearer discrimination between the different
tissue structures has been illustrated by the enhance-
ment results of the H&E stained images. The present
enhancement methodology can be very useful to visu-
alize tissue structures which are not emphasized by
the original stain thereby reducing the cost of staining
and the time to deliver a diagnosis. The technology
of whole slide scanners is evolving. Integrating mul-
tispectral acquisition capability in the scanner designs
are being looked into. In this case, the proposed mul-
tispectral enhancement can be incorporated into the
scanners’ image acquisition or image analysis software
to deliver digitally enhanced H&E images which pos-
sess improved visualization of the tissue structure of
interest.
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