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Summary Quantification of protein expression in tissue sections stained by immunohistochemistry has

traditionally involved visual grading techniques. However, if these results are to be used to predict

tumor behavior and permit targeted therapy, there is a need for more accurate, objective, and

reproducible methods. This study investigated the utility of spectral imaging as a method of quantifying

thymidylate synthase protein expression in immunohistochemically stained sections of primary rectal

cancer and normal rectal mucosa by comparing it with the current gold standard of manual visual

grading. There was good correlation between estimates of thymidylate synthase stain intensity and area

derived by spectral imaging and visual grading in both tumor and normal mucosal sections, suggesting

that spectral imaging is a valid way of quantifying biologic sections stained by immunohistochemistry.

D 2005 Published by Elsevier Inc.
1. Introduction

Immunohistochemistry (IHC) is widely used for assess-

ing the distribution and expression of proteins within

biologic sections to provide prognostic information and

predict the likelihood of success of adjuvant therapy [1-3].

Accurate quantification of protein expression in tissue
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sections stained by IHC has been difficult because of lack

of objective, reproducible, and widely available methods.

Traditional techniques of visual grading have been the

mainstay for many years and have included estimates of

stain intensity and area, as well as visual scoring systems

such as counting positively stained blood vessels to derive

microvessel density estimates. However, these methods are

subjective and may lack the accuracy needed to generate

data suitable to guide patient therapy. Consequently,

computer-assisted image analysis methods have been

investigated as strategies to provide quantitative and

reproducible data [4]. Spectral imaging is a form of image

analysis that permits the separation of transmitted light
Human Pathology (2005) 36, 1302–1308



Spectral imaging and visual grading in rectal cancer 1303
into an arbitrarily large number of wavelength bands and

produces a high-resolution spectrum of light intensity as a

function of wavelength for each image pixel [5]. It is

possible with spectral imaging to measure light in the UV

and infrared regions of the visible spectrum, both of which

are invisible to the naked eye [5], and images of the object

under investigation can be generated depicting a range of

qualitative and quantitative parameters [6].

Spectral imaging has been applied to various areas of

biomedicine, such as improving the detection of nuclear

atypia on cervical smears [7], determining gene expression

profiles, and detecting early-stage disease in patients with

melanoma [5]. Multiple dyes staining different markers

within the same tissue section can be separated and

segmented based on their spectral characteristics. They

can then be analyzed qualitatively, for example, determining

the distribution of hypoxic protein markers around blood

vessels [6] or quantitatively, by measuring the estrogen

receptor status in breast cancer [8].

The aim of this study was to investigate the utility of

spectral imaging as a method of quantification of immu-

nohistochemically stained samples of primary rectal cancer

by comparing it with the current gold standard of manual

visual grading. Thymidylate synthase (TS) is an enzyme

involved in thymidine biosynthesis [9]. It is also the main

site of action of the chemotherapy agent 5-fluorouracil [10]

and has been investigated as a marker of prognosis and

response to chemotherapy in a range of tumor types,

including colorectal cancer [11,12]. It is preferentially

expressed in colorectal tumor tissue compared with normal

colonic mucosa [13] and was used in this study to

investigate the validity of spectral imaging as a method of

immunostain quantification.
Table 1 The visual grading system used for manual scoring

of stain intensity and area for all sections

Visual grade Stain intensity Area of staining (%)

1 Negative b20

2 Weak 20-50

3 Moderate 50-75

4 Strong N75
2. Materials and methods

2.1. Study patients

Multiple biopsies of histologically proven untreated

primary rectal carcinoma were obtained during standard

surgical resections from 3 individual patients. In addition,

from each patient, 2 samples of adjacent normal rectal

mucosa were obtained and used as an internal control.

Local ethics committee approval was obtained, and all

patients gave informed consent. All biopsies were fixed in

formalin solution (10% neutral buffered; Sigma, Poole,

UK) for 24 hours. They were then dehydrated in graded

alcohols (70%, 90%, and 100%), washed with a clearing

agent, embedded in paraffin, and stored at room temper-

ature until subsequent immunohistochemical analysis of TS

protein expression.

2.2. Immunohistochemistry

Heat-mediated antigen retrieval was performed by

boiling the sections in 250 mL 10 mmol/L citric acid, pH
6, for 3 cycles of 4 minutes each. The sections were then left

to stand in citric acid for 10 minutes before washing in water

for a further 5 minutes. Sections were then transferred to the

Dako Autostaining machine (Dako, Ely, UK) containing

peroxidase block (S2023; Dako), the detection reagents

(ChemMate HRP, K5001; Dako), and anti-TS primary

antibody (gift of Simon Joel, St Bartholomew’s Hospital,

London) diluted 1:300 in antibody diluent. The Autostainer

program included 5 minutes in peroxidase block, 1-hour

incubation in primary antibody, 30-minute incubation in

ChemMate secondary and tertiary reagents, and 5 minutes in

diaminobenzidine (DAB) substrate. When the program was

complete, stained slides were removed from the machine

and counterstained in Gills Haematoxylin (01500E; Surgi-

path Europe Ltd, Bretton, UK) for 5 seconds. Slides were

then washed in tap water, dehydrated in graded alcohols

(70%, 90%, and 100%), cleared in xylene, and mounted in

DPX (08600E; Surgipath Europe Ltd). Each staining run

incorporated a control slide that had previously demonstrat-

ed positive for the antibody of interest. A negative control

was also incorporated and involved the substitution of the

anti-TS primary antibody for an isotypic control antibody at

the same protein concentration.

2.3. Visual grading of TS protein expression

The expression of TS within all sections was quantified

by a visual grading score and by spectral imaging. The visual

grading system outlined in Table 1 was used to score

manually the intensity and area of TS staining for all

sections. All sections were graded on 3 separate occasions by

a single investigator, independent of the results of spectral

imaging. If the grade varied between scoring runs, the results

of the later analysis were chosen because this was considered

to be more accurate (because it was derived after consider-

ation of all other sections). An overall estimate of TS

intensity was used rather than quantifying the regions of

highest expression. In addition, the total positively stained

area of the image was chosen rather than the ratio of positive

to negative tumor cells because it was seen that almost all

tumor cells were positive in all biopsies studied.

2.4. Quantification of TS protein expression by
spectral imaging

Thymidylate synthase expression was quantified by

spectral imaging using a system developed and constructed

in our Institute, as reported previously [6]. The system uses a
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standard monochrome charge-coupled device (CCD) camera

(Brian Reece Scientific, Newbury, UK) with the spectrally

selective element placed between the camera and the

microscope output port using standard C-mount couplers.

The element is based on a linearly variable dielectric

bandpass filter, which has a resolution of 15 nm and covers

the 400- to 700-nm band with a transmission of more than

40%. For this study, the spectrally resolved device was used

with an upright microscope (Optiphot; Nikon, Kingston-

Upon-Thames, UK). The spectral imaging process is outlined

in Fig. 1.

Images were captured into a personal computer using a

1-GHz processor (Precision 220, 256 MB RAM; Dell,

Bracknell, UK) via a frame grabber (type PCI-1409;

National Instruments Ltd, Newbury, UK). Software was

written in bCQ programming language under the Lab

Windows/CVI development environment (National Instru-

ments Ltd) and Windows 2000 operating system (Microsoft

Corp, San Francisco, CA). The optical density (OD) of the

sample was determined from the intensity of light, at a

given pixel and wavelength (k), using Eq. 1:

OD kð Þ ¼ � log10
I kð Þ � Iblack

Iblank kð Þ � Iblack
; ð1Þ
Fig. 1 The spectral imaging process. The tissue section (A) (DAB-la

generate a map of TS immunostaining (C). An arbitrary threshold is a

frequency), allowing segmentation of tumor (higher OD peak) and strom
where Iblank is the intensity through a blank part of the

section (of equivalent optical thickness) and Iblack is the

intensity with no illumination. Optical density is propor-

tional to the concentration (C) of immunostain present

within the section, as given by the Beer-Lambert law

in Eq. 2:

OD kð Þ ¼ E kð Þ � C � d; ð2Þ

where E is the wavelength-dependent extinction coefficient

and d is the thickness of the sample (which was constant

throughout the experiment).

The characteristic spectra of the dyes used in the

immunohistochemical process (DAB, hematoxylin-eosin)

were generated by analyzing sections stained only with the

single dye. These spectra were then used to determine the

contribution of each dye to the spectra at each pixel of

the sample image by applying a nonnegative least squares

unmixing algorithm [14]. This allowed separation of DAB

staining from hematoxylin and eosin staining.

There are several techniques that may be used to analyze

spectral imaging data. Principal components analysis can be

used to reduce the dimensionality and identify the major

components that comprise the measured spectra. Because, in

this case, the components are known, more straightforward
beled, original magnification �100) is spectrally resolved (B) to

pplied to the frequency histogram (D) (x-axis, OD; y-axis, pixel

al (lower OD peak) TS expression.
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techniques can be used to find the proportions of these

components. Because absorptive components add linearly

according to the Beer-Lambert law, linear least squares can

be used to find a solution to this overdetermined fitting

problem. Difficulties can arise because linear least squares

may introduce nonphysical negative proportion values; this

can be avoided with the use of a nonnegative least squares

algorithm, which was the method we used. Better fits may

be achieved with noisy data through the use of an iterative

algorithm (such as Levenberg-Marquart), but this will be

slower and is unnecessary because our data are relatively

free from noise.

The results of the OD spectral unmixing represent

proportions of the reference spectra and, as such, have

arbitrary units (au) of OD normalized to the references.

Frequency histograms of normalized OD were generated

for DAB and presented as grayscale intensity maps for

the whole image, which allowed spatial correlation of

TS expression with the histocytological architecture

(see Fig. 1).

From the frequency histogram, the mean normalized

OD, representing TS intensity for that image, was

determined. The area under the frequency histogram curve

was also calculated and represented the number of pixels

and, therefore, the area of the image, demonstrating TS

expression. Because TS is differentially expressed in tumor

tissue compared with stroma, the frequency histogram

demonstrated 2 peaks (see Fig. 1), a higher OD peak

representing TS within tumor tissue and a lower peak

corresponding to TS stromal staining. An arbitrary thresh-
Fig. 2 Representative images of tumor (A and B) and control (C an

(DAB-labeled, original magnification �100).
old (0.4 au) was chosen to segment the image and minimize

involvement of the stromal staining in the final analysis.

This allowed selective and objective measurement of

tumor-specific TS protein expression. The same threshold

was applied to all images.

2.5. Statistics

A t test with unequal variance was used to compare

visual grading and spectral imaging estimates. Spearman

rank correlation coefficient (rs) was used to determine the

correlation between visual grading and spectral imaging

estimates; the statistical significance was the 2-tailed P value

for rejecting the hypothesis of zero correlation.
3. Results

3.1. Image capture and examples of staining

Twenty-eight sections of rectal carcinoma from 3 indi-

vidual patients were stained for TS and used in this study.

For 24 sections, an image was captured from 3 different

tumor areas. Because of the small size of tumor tissue

within 3 sections, 2 areas were used to capture images and

1 section had only 1 area imaged. Overall, there were 79

individual captured images that were quantified by both

visual grading and spectral imaging (61 tumor and 18

control sections). Representative tumor and control sections

showing the variability in stain intensity and area are shown

in Fig. 2.
d D) sections showing variability in TS stain intensity and area



Fig. 3 Comparison of stain intensity measured by spectral

imaging (au) and visual intensity grade for all tumor (A) and

control (B) sections. The shaded area of A represents the zone of

uncertainty for spectral stain intensities between 0.5 and 0.7 au.

Box and whisker plots are shown with the mean (dot) and median

(line) values; the box represents the SD, and the whiskers, the 95%

confidence limits.

Fig. 4 Comparison of stain area measured by spectral imaging

and visual area grade for all tumor (A) and control (B) sections.

Box and whisker plots are shown.
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3.2. Comparison of visual grading and spectral
imaging stain intensity

All tumor and control sections demonstrated at least

partial TS expression; hence, no sections were visually

graded as 1 for stain intensity. Fig. 3A shows the spectral

imaging data plotted as a function of the visual grading

scores. The mean OD and SD for visual grades 2, 3, and

4 were 0.60 F 0.10, 0.82 F 0.17, and 1.01 F 0.31 au,

respectively. Linear regression analysis revealed a signifi-

cant correlation between the 2 quantification methods

(rs = 0.51, P b .0001). The mean spectral TS stain intensity

for images with a visual grade of 2 was significantly less

than for images with a visual grade of 3 or 4 (both P b .0001).

Similarly, the mean spectral TS stain intensity for images

with a visual grade of 3 was significantly less than for
images with a visual grade of 4 (P = .0014). It is evident

that there is a bzone of uncertainty Q for spectral imaging

values between 0.5 and 0.7 au (see Fig. 3A). This represents

20 of the 79 images, and within this zone, the probabilities

of being visually graded as 2, 3, or 4 were similar (.35, .35,

and .3, respectively). The variability of spectral imaging

scores increased with each visual grade. The coefficients of

variation were 16.0%, 21.0%, and 30.4% in grades 2, 3,

and 4, respectively.

Fig. 3B shows the correlation between the 2 methods in

control sections of normal rectal mucosa. The expression of

TS measured by spectral imaging was lower overall for

control sections compared with tumor sections (0.64 versus

0.96 au; P b .0001). There was a significant linear

relationship between spectral imaging and visual grading

for the control sections (rs = 0.9, P b .0001). The mean OD

and SD for visual grades 2, 3, and 4 were 0.47 F 0.05,

0.59 F 0.04, and 0.72 F 0.05 au, respectively. Although

fewer images were assessed, both the variation and the
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overlap in spectral image values within and between visual

grades were less than what was seen in the tumor specimens.

3.3. Comparison of visual area grading and spectral
imaging pixel number

Fig. 4A shows the spectral pixel data plotted as a

function of the visual area grading system. The mean pixel

number and SD for visual area grades 1, 2, 3, and 4 were

0.6F 0.6, 2.0 F 0.7, 2.8 F 0.7, and 3.8 F 0.3 pixels � 105,

respectively. Linear regression showed a significant cor-

relation between mean pixel number and visual area grading

(rs = 0.72, P b .0001). The mean number of pixels for

area grade 1 was significantly less than for grade 2

(P = .0002). Similarly, pixel number for grade 2 was less

than for grade 3 (P = .0007), and grade 3 was less than for

grade 4 (P b .0001).

Fig. 4B shows the correlation between visual area grade

and pixel number in control sections. There was a significant

linear relationship between spectral imaging and visual

grading (rs = 0.72, P b .001). The mean pixel number and

SD for area grades 1, 2, and 3 were 0.26F 0.52, 1.66F 0.59,

and 2.21 F 0.56 pixels � 105, respectively.
4. Discussion

Traditional methods of assessing immunohistochemical

staining of tissue sections have involved visual estimation

techniques to derive qualitative and quantitative data regard-

ing the expression of marker proteins. These techniques have

been applied to a wide range of antigens, generating abundant

literature encompassing a broad field of interest. Their

ubiquity stems from the fact that they do not require specialist

equipment and are easy to perform. They are limited, how-

ever, by their subjectivity and lack of consensus regarding a

positive result. In addition, they are generally considered to

be only semiquantitative because they lack the discrimina-

tory power to differentiate subtle differences in protein

expression between different sections [15]. Furthermore,

reproducibility is an issue, resulting in interobserver and

interlaboratory discrepancies in interpretation [16,17]. These

include which area of the tissue to assess (random areas

versus peripheral/central areas), which staining pattern to

consider (nuclear versus cytoplasmic, overall staining versus

most intense regions, and stain intensity versus area staining

positively), and which cutoff level dictates a positive result.

Computer-assisted image analysis has the potential to

provide the required objectivity and accuracy, as well as

deliver the automation needed for clinical practice. Spectral

imaging is a promising form of image analysis that is

suitable for both bright field and fluorescence microscopy

[7]. Its ability to measure a large number of wavelengths at

each pixel is an advantage over standard color imaging and

enables the image to be spectrally resolved. This allows

histological dyes with characteristic spectra to be separated

and permits the simultaneous measurement of multiple
analytes present within a section [7]. Spectral imaging has

been applied to various areas of biomedicine, but this is the

first report of the use of spectral imaging in the quantifica-

tion of protein expression in colorectal cancer sections. The

only previous study comparing spectral imaging and visual

grading techniques was concerned with the assessment of

the estrogen receptor status in patients with breast cancer [8].

Our study investigated the utility of spectral imaging in the

quantification of rectal cancer sections stained for TS by

IHC, but the concepts and results are applicable to many

other potential prognostic markers in different tumor types.

The results show a significant correlation between the

2 quantification methods for intensity and stained area,

suggesting that spectral imaging is a valid way of

quantifying biologic sections stained by IHC.

Although there was good correlation for stain intensity

between the 2 methods, there was considerable overlap and

variation of spectral imaging parameters within each visual

grading score. This is exemplified by the zone of uncertainty

in Fig. 3A, which shows that there is an almost equal

probability that a section could be classified as visual grade 2,

3, or 4 if its spectral imaging value fell between 0.5 and 0.7

au. This suggests that there is considerable difficulty in

accurately classifying immunostaining by visual estimation

when the staining pattern is not at the extremes of stain

intensity or area. It confirms the subjective nature of visual

estimation and suggests that it lacks the discriminatory power

needed to classify the staining pattern when the marker

expression is at the median level. The major source of

instrumental noise in the system will be due to the light

intensity measurement of the camera, with an additional

source in the stability of the tungsten illumination lamp. The

stain reference spectra used in this study can be called upon to

convert the stain intensity into real OD at the spectral peak. A

stain intensity of 0.6 au at the center of this zone of

uncertainty represents an OD of around 0.2. Considering

the sources of noise, we expect the signal-to-noise ratio to be

around 15 for measurements of this magnitude (0.200 F
0.014 OD), with a ratio exceeding 20 at higher stain

intensities. The scatter in measurements within the zone of

uncertainty would represent a signal-to-noise ratio of less

than 12 (0.200 F 0.017 OD), and therefore, although there

may be a contribution due to instrumental noise within the

uncertainty zone, the scatter at higher intensities must be due

to biologic variation or subjective errors on manual grading.

The lack of correlation noted in some sections may be

related to a problem of sampling in that if only a very small

number of pixels demonstrated stain intensity above the

chosen threshold, an erroneously high spectral intensity could

be produced if the selected pixels were strongly positive, even

if overall the staining was weak, and quantified as such by

manual grading. Analysis without a threshold or the

application of an extremely low threshold may reduce these

erroneously high means at the expense of poor tumor

segmentation. Alternatively, it may be that an integrated

intensity (product of average intensity and pixel number)
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above the threshold would have been a more appropriate

method of quantification.

Automated image processing techniques are not without

their limitations. Background staining is included in the

analysis of stain intensity and area, contributing to a false-

positive result. This can be reduced by the application of a

threshold to the spectral data, but this depends on greater

expression of the protein marker in tumor tissue compared

with stroma and will inevitably lead to the exclusion of

weakly stained tumor areas in the analysis of some sections.

Artifacts such as staining of adhesives used in tissue section

production or excessive staining around the periphery of a

section, the so-called edge artifact [15], also create problems

in interpretation. These can be ignored when analyzing the

staining pattern manually but would be included with

automatic assessment. This highlights the need for robust

image segmentation such that defined regions or thresholds

can be generated and applied independently.
5. Conclusions

As the biology of cancer and the mechanisms of

antitumoral agents are further elucidated, there will be a

greater need for accurate quantification of biologic constit-

uents to predict tumor behavior and permit targeted therapy

based on the results of tissue marker quantification. It is vital,

therefore, that accurate, objective, and reproducible methods

of quantifying IHC are devised, and this study suggests that

spectral imaging is a valid method and would meet these

requirements. Although visual estimation was considered to

be the gold standard, it may be difficult to confirm the

validation of spectral imaging because of the subjectivity of

the visual estimation technique against which it is being

compared. The ultimate validation will come in the ability of

spectral imaging to improve the prognostic power of a

molecular marker such as TS in clinical specimens.
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