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Immunohistochemistry is entering its fourth decade of
use on formalin-fixed paraffin-embedded tissues. Over
this period the method has evolved to become a major
part of the practice of diagnostic surgical pathology
worldwide. From the beginning immunohistochemistry
has been adapted to provide a range of markers of cell
lineage and tissue type, with particular application to
the diagnosis and classification of tumours. In this
modality immunohistochemical methods were em-
ployed simply as ‘special stains’, the results of which
were evaluated qualitatively by the pathologist, as for
any other stain. More recently, attention has shifted to
the demonstration of prognostic markers in tumour

cells, driven by the advent of molecular biology and the
discovery of numerous regulatory molecules, coupled
with manufacture of the corresponding specific anti-
bodies. Immunohistochemistry has rapidly adapted
to this new use, but in so doing the demand for
quantification has become paramount; it is no longer
enough that the ‘stain’ is there; rather it is a question of
‘How much is there?’. This review explores the limita-
tions of immunohistochemistry when employed in a
semiquantitative mode, and explores the possibility of
fulfilling the full potential of immunohistochemistry, as
a true quantitative immunoassay applied in a tissue
section environment.

Keywords: computer-assisted image analysis, immunohistochemistry, quantification, reference standards,
spectral imaging, standardization

Definitions
Quantity (noun): 1. a certain amount or number; 2. the property of something that is measurable in number,
amount, size or weight; 3. a considerable number or amount (from Latin, quantitas, how much?).
Quantitative (alt. quantitive) (adjective): of, concerned with, or measured by, quantity.
(Oxford Dictionary Compact Edition, Oxford University Press, 2002)

Introduction

The term ‘semiquantitative’ lacks clear definition, but
would imply having some of the features of ‘quantita-
tive’, as in ‘semiprecious’, or not quite precious.

While these definitions have some clarity in certain
contexts, the use of the term ‘quantitative’ in anatom-

ical pathology is uncommon and inconsistent. By way
of contrast, within the Clinical Laboratory many assays
are quantitative and the characteristics that make up a
quantitative assay can there be examined at leisure.

Anatomical pathology (surgical pathology, histo-
pathology) per se is primarily observational, dependent
upon pattern recognition in its broadest sense, without
overt acknowledgement that within the context of
pattern recognition there are elements that are quan-
titative. Biological stains, introduced in the mid-19th
century (for review, see 1) lend tinctorial properties to
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the tissue section. The interpretation of even the simple
routine haematoxylin and eosin (H&E) stain does
include elements of a quantitative assessment, albeit
mostly at a subconscious level. Are the nuclei more
or less blue (hyperchromatic)? Is the cytoplasm of the
cardiac myocytes pinker than normal (hypereosinophi-
lic), as in the early phases of myocardial infarction?
What amount of atypia is present? These evaluations
are made subjectively, with experience as the reference
point, and formal quantitative methods are not usually
employed, except for particular defined purposes.2

Assessment of the degree of malignancy, formalized in
some instances into grading criteria, again includes
quantitative elements, such as the number of mitotic
figures (sometimes going so far as to offer a count per
high-power field), or the number of large cells versus
small cells in a population, as in the grading of
diagnosed follicular centre cell lymphomas of B-cell
origin. Underlying these ‘semiquantitative’ approaches
there is the subliminal concept of a covert reference
standard, against which judgements, rather than
‘measurements’, can be made. Often this standard is
crude, as in the use of a ‘normal histiocyte’ nucleus to
separate large from small in the grading of follicular
centre cell lymphomas, and the level of diagnostic
agreement amongst different observers, including ex-
perts, is disturbingly poor (about 60% in this instance3).

Faced with the limited application of quantitative
methods in day-to-day surgical pathology, a compar-
ison with the quantitative methods in use in clinical
pathology is of real value in determining how to
improve the situation. Biological stains (including those
based on aniline dyes) that are the basis of the usual
histopathological stains are somewhat difficult to con-
trol in terms of intensity of colour (stain), from cell to
cell and more so from section to section (different tissues
on different days), although this may change with the
advent of new generations of automated stainers. An
immunohistochemical (IHC) reagent, by contrast, has
the potential to provide quantitative data, for although
we are not accustomed to thinking of it as such, it is in
potential, if not in fact, an ‘immunoassay’ performed
in situ on the tissue section. An IHC ‘stain’ is strictly
analogous to an enzyme-linked immunosorbent assay
(ELISA) test performed in the clinical lab and ELISA tests
are widely recognized as being truly quantitative (if
properly performed). Exactly the same reagents that are
employed in an ELISA test on serum, e.g. an assay for
insulin, may be employed to perform an IHC stain for
insulin in a paraffin section. It is a curious oversight of
scientists in general, and pathologists in particular, that
the principles and reagents used in one environment are
accepted as providing a strictly quantitative result

(ELISA-serum), but when applied to a tissue section
(IHC), are addressed only as a ‘stain’.

Factors to be addressed in establishing
quantitative IHC methods; towards an IHC
assay as opposed to an IHC stain

There have been several schools of thought as to the
reason why IHC ‘stains’ are difficult to run in a manner
that lends itself to quantitative analysis. If there is a
consensus, it is that several reasons conspire together;
these may conveniently be grouped into three general
areas (Table 1).

Possibly the overriding factor in effecting significant
change would be to transform the mindset of pathol-
ogists, at least of the next generation, so that the end
result of an IHC protocol would come to be regarded
not as just a stain, but rather as a precise immunoassay
that is strictly quantifiable, if properly performed and
controlled, similar to any other immunologically based
assay of like principle (such as ELISA).

It would seem evident that in order to achieve a
quantifiable result with an IHC stain, thereby convert-
ing it to a quantifiable immunoassay, the total assay
(staining process) must itself first be standardized.6–10

Those areas in assay performance that lead to signifi-

Table 1. The Total Test, adapted from the earlier proposal of
the US Biologic Stain Commission4 and modified from 5

The Total Test

Pre-analytical
Specimen handling, from operating room to histology lab

Fixation: total fixation time and type of fixative

Paraffin embedding, storage and sectioning

Deparaffinization

Analytical
Antigen retrieval (exact method)

Assay (staining) method and protocol

Reagent validation

Controls (Reference Standards)

Technologist and laboratory certification

Proficiency testing and quality assurance

Post-analytical
Reading of result(s) ⁄ scoring ⁄ quantification

Report

Turn-around time

Outcomes analysis ⁄ economics ⁄ reimbursement
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cant variability or errors, and are therefore targets for
improvement, are reviewed below.

P R E - A N A L Y T I C I S S U E S : T R A N S P O R T A T I O N ,

F I X A T I O N , S E C T I O N I N G

Pre-analytical issues fall under the broad rubric of
‘sample preparation’ (Table 1). This area is the least
well controlled of all phases of the IHC staining
process6,11 and the least controllable, because of the
ways in which tissues are obtained from diverse
hospital and clinic settings. At long last the importance
of good sample preparation in cancer diagnosis, or
misdiagnosis, particularly with regard to measurement
of prognostic and predictive markers, has reached the
national consciousness in the USA, with issuance of
requests for proposals from the National Cancer Insti-
tute (RFA-CA-07-003: Innovations in Cancer Sample
Preparation, U.S. National Cancer Institute, 2006,
www.nih.gov).

In the ‘routine’ environment of diagnostic surgical
pathology, specimens that ultimately may be subject to
IHC analysis may be obtained by fine-needle aspiration,
or from the operating room by biopsy, or by more
extensive therapeutic surgical procedures. Following
removal of the tissue from the body, autolysis generally
is arrested by immersion in a fixative. By far the most
commonly employed fixative is formalin (in common
practice a 4% solution of formaldehyde).6,11,12 Other
fixatives have been employed, and others are being
explored, in order more effectively to meet some of the
current needs for performing molecular analyses of
tissues or cells.13 Formalin has many advantages, not
least a long tradition of use and the fact that it yields
good morphological detail; or rather, it yields the
morphological detail we are accustomed to, which is
deemed the equivalent of good. Formalin is also
inexpensive, easily stored (with some reservations as
to quality) and universally available. Formalin there-
fore is what we have, and what we must learn to work
with for the immediate future.

Recognizing that the autolytic process begins imme-
diately, the routine practice is to place the excised
tissue directly in formalin, prior to leisurely transpor-
tation to the laboratory, with emphasis on ‘leisurely’.
Once in the surgical pathology suite (‘grossing’ room),
the specimen is cut in, meaning that if not already
sufficiently small it is cut into small blocks to facilitate
rapid penetration by the fixative (formalin penetrates
relatively slowly) and placed in fresh fixative for further
processing. Whereas the ideal time for fixation of a
5 mm thick tissue block is perhaps 12–24 h (no
uniform agreement here11,12), in practice, the total

time in fixative is very variable, due to differing
transportation times to the laboratory and accumula-
tion of specimens for batch processing. Fixation time in
reality is almost entirely uncontrolled, varying any-
where from 6 to 24 h, or more. Add to this, questions
as to whether the formalin is freshly prepared and
adequately buffered, plus variability in the rate of
penetration of formalin in different types of tissues and
into differently sized blocks, and the result is a major
impediment to standardization of an IHC stain and an
obstacle to quantification.

As an aside, in situ hybridization (ISH) methods have
a probe–target pairing that is not immunologically
based, and thus strictly do not fall under the title of
IHC. Nonetheless, the principles are closely analogous,
particularly with reference to interpretation and scor-
ing. For RNA analysis by ISH methods, there is a
further complication, namely the rapid degradation of
RNA by intrinsic enzymes, probably beginning as soon
as the blood supply to the tissue is interrupted as part of
excision. For useful results, and certainly for quantifi-
cation, it is essential therefore to process such materials
immediately, and control over transportation time
becomes critical so as to minimize the time elapsed
prior to complete fixation.

Following fixation, the process of embedding in
paraffin, and subsequent de-paraffinization of the cut
sections, also involves exposing the tissues (and there-
fore the analytes) to a series of chemicals and to heat.
The end result is a formalin-fixed paraffin-embedded
(FFPE) tissue section. While anecdotes exist, there are
no good data as to the adverse effects of processing
upon the various analytes that might be detected by
IHC staining. This aspect therefore is usually ignored,
but in the absence of data it appears sensible that these
steps of the overall preparation of the tissue section are
performed as consistently as possible.

The importance of consistent sectioning may also be
overlooked. For routine staining a precision microtome
is used to achieve a section thickness of about 5 lm.
A nucleus that is 5 lm in diameter may thus be entirely
within the plane of the section, or only partially
included, with effects upon the apparent intensity of a
nuclear IHC stain, all other things being equal. Thicker
sections may manifest the same problem even for quite
large nuclei, whereas generally thinner sections will
minimize it. Uniform preparation of FFPE sections that
are < 5 lm in thickness is not possible; plastic embed-
ding media, or other special media, allow consistency in
sectioning down to 1 lm, but do not lend themselves
well to routine use, or to larger blocks. Even slight
variations in thickness, over a 5-lm section, due to
‘chatter’ or unevenness of cut, may also produce

Quantification of immunohistochemistry II 413
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changes in intensity of the staining reaction that
are inapparent to the naked eye, but are readily
appreciable using quantitative imaging techniques.6

A N A L Y T I C A L I S S U E S : A N T I G E N R E T R I E V A L ,

P R O T O C O L S , R E A G E N T S , C O N T R O L S

Antigen retrieval (AR), considered here as part of the
analytic process, has shown spectacular benefits in
terms of the ability of all and sundry to achieve a
positively stained FFPE section, but there have been
some unexpected and unwanted consequences.5,14–16

The fact that many antigens, which hitherto could be
stained only with difficulty, are now readily demon-
strable following AR has led to renewed laxity with
regard to fixation and to diminished efforts in develop-
ing alternative and superior fixatives. The AR method
itself is also open to great variation in practical
performance, and this may affect the intensity of stain
achieved, or even the number of cells that are perceived
as demonstrating a positive staining reaction. The
degree to which any particular antigen is ‘retrieved’ is
also entirely unknown with reference to the absolute
amount present postfixation (in the FFPE section) and
the amount present postfixation is itself not known
with reference to the amount present (per cell) when
the tissue was first removed from the body (fresh, prior
to sample preparation—‘prefixation’). Some standard-
ization may be achieved through the practice of testing
the different variables in the retrieval process (method
of heating, temperature, time, pH, etc.) to achieve the
optimal AR protocol for each specific antigen using a
defined set of reagents and staining methods.5,15 This
approach would seem to risk the possibility of uncov-
ering significantly different AR protocols for many
antigens, but in practice yields only three major
variations of the basic AR method, one of which will
generate excellent results for the great majority of
clinically relevant antigens.5,15

Reagents and staining protocols, once seen as the
primary impediment to qualitatively reproducible stain-
ing, are now regarded as perhaps the least of the
difficulties, provided that certain procedures are fol-
lowed, a tribute to the fine efforts of the Biological Stain
Commission ⁄ Food and Drug Administration (FDA)
working groups more than a decade ago.4,17 A common
error is to neglect to read the package insert for each
new reagent carefully; at a minimum, perusal will
provide performance characteristics (does it work on
FFPE sections?) and expected patterns of staining. It
should also provide a detailed staining protocol, with a
judicious reminder that should a laboratory choose to
depart from the protocol, then validation becomes the

entire responsibility of the performing laboratory. In
any event, every new reagent introduced into the
laboratory, whether a primary antibody, or a different
labelled antibody system, must undergo an initial
validation by the laboratory to establish the perform-
ance characteristics. So called positive-control tissues
serve this purpose and properly should have been fixed
and processed in a manner identical to the test
specimens (same fixative, fixation time, etc.).4,5,8,18,19

Tissue microarrays are useful in evaluating a new
primary antibody, allowing a quick and efficient study
of the pattern of staining on potentially hundreds of
tumour or tissue types, in duplicate or triplicate,
deposited on a single slide. These basic control sections
serve to validate qualitatively the reagents and proto-
col, but as usually constituted cannot serve as absolute
reference materials for calibration and quantification.
This limitation is because the control materials them-
selves, while demonstrably positive in a qualitative
sense, have been fixed and processed in ways that
preclude knowing, in absolute terms, how much of the
test analyte is present postfixation; it is merely that
there is enough to detect a positive staining reaction
with the reagents and protocol employed. Indeed, the
amount of analyte present prefixation (when fresh) is
also totally unknown.

From this brief review it is argued that the ‘total test’
must be standardized in order for any conceivable
quantitative scoring method to achieve a useful degree
of reliability. Even so, for all the reasons described, the
best that can be achieved today is a ‘semiquantitative’ type
of assay, given the lack of a defined reference standard.

It follows that a primary requirement should be
to develop reference materials that can be used to
establish the integrity of the sample, as well as to
standardize the assay and to calibrate the results. The
criteria for such a standard can be derived once more
by extrapolation from clinical pathology (Table 2).

For IHC these requirements are exacting and have
yet to be fully met in a practical sense. As discus-
sed above, the usual positive-control tissue employed
in laboratories meets only some of these requirements,
as does the FDA-approved Her2-kit produced by
Dako (HercepTest; Dako, Glostrup, Denmark, or www.
dakousa.com). In all instances the most important
deficiency is the lack of data relating to the absolute
amount of the analyte present in the control material
prior to the first step of the total test (i.e. prior to
specimen preparation ⁄ fixation). Efforts to meet the
requirements set out in Table 2 have been few, but
do show some promise in the use either of peptide
deposits,20,21 cell lines (including cell-line blocks)22,23

or faux tissues (histoids) (M. Ingram and A. Imam,
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unpublished collaboration, 2005; see 5, p. 35,
Figures 1–27). Another proposed approach is to use
quantifiable internal reference standards, the charac-
teristics of which have been measured by experimental
observation under differing conditions of formalin
fixation, paraffin embedment and antigen retrieval.19

Such internal standards, once established in terms of
absolute quantity of analyte per specific cell type, have
the potential to serve as calibration points for test
analytes demonstrated in adjacent cells by double-IHC
stain methods, using multiplex-capable imaging tech-
niques, which are described later.

Lacking quantifiable internal reference standards for
calibration, all IHC stains at best can only be semiquan-
titative, comparing the intensity of stain, or the number
of positive cells, or both, with the control, or with other
cases, with results that are relative, not absolute.

P O S T A N A L Y T I C : R E S U L T S A N D I N T E R P R E T A T I O N

( S C O R I N G )

One school of thought held that the lack of reliability of
IHC methods for measurement of oestrogen receptor
(ER) or progesterone receptor (PR) expression was
attributable to the nature of the ‘semiquantitative’
scoring process and the intrinsic deficiencies of an
observer-based, subjective manual method. The under-
lying belief was that, however clearly the criteria are
set forth, the application of such criteria and the
reporting of the outcome will vary from pathologist to
pathologist, or even for the same pathologist from day
to day. Computer-assisted image analysis was a touted
solution to the scoring of IHC stains, where a quanti-
fiable result was the desired outcome. Comparative
studies7,9,24,25 indeed do show that under controlled

circumstances image analysis is superior to manual
methods as performed by most observers.

The problem of interpretation of an IHC stain should
not be minimized. With basic lineage-related markers,
the problem of consistent evaluation is real, even with
reference to relatively simple questions: is the cell or
tissue positive for j chain or ER or CD30, or is it not? Is
specific staining present or not, with reference to the
controls? Where is the staining localized? How much
staining is there (begging the questions as to whether
the amount of staining correlates with the absolute
amount of antigen)? What scoring system should be
used and how reproducible is it? The general consensus
is that IHC methods, applied as qualitative ‘special’
stains, if properly applied and interpreted, increase the
accuracy of diagnosis in surgical pathology, as is well
established by studies of lymphoma.3 However, it is
known, although not often publicly acknowledged,
that the eyes and brains of different observers do not
see and interpret the same H&E section the same
way.18,26,27 For IHC stains the variability of interpreta-
tion may be even greater, as is revealed in some of the
proficiency-testing exercises carried out by the College
of American Pathologists (Chicago, IL, USA) and UK
National External Quality Assessment Immunocyto-
chemistry. It turns out that the answers are dependent
not only upon the experience and acuity of the eye of
the beholder, but also upon the integrity of the staining
process, as already emphasized.6,7,9,10,28–30

With respect to prognostic markers, the problem of
interobserver consistency is much greater, requiring
not just a decision as to whether or not there is specific
positive staining, but some sort of scored or semiquan-
titative result. The inherent difficulties are well recog-
nized for such commonly tested analytes as ER and
PR,28 where commercially available reference stand-
ards are not usually available and where both meth-
odology and scoring vagaries contribute to error. The
problem is arguably even greater for Her2.29,30 The
FDA-approved Dako kit contains a cell-line standard
and includes instruction about how to read the result,
and most published reports utilize some form of
reference control. Even with these important provi-
sions, scoring of the same cases for Her2, ER and PR by
residents and pathologists shows clinically important
variations and is short of the desired uniformity.28–30

Some investigators believe that the solution to the
problem of interpretation, especially the quantitative
or scoring aspects of interpretation, may be found in
improved methods of image analysis.7,9,24,25 Methods
and instruments currently exist that yield improved
results; many of these instruments are available
commercially. At present the larger reference laborat-

Table 2. Summary of desirable characteristics of any refer-
ence standard that would provide a basis for accurate
quantification of immunohistochemistry (or in situ hybrid-
ization)19

Immunohistochemical Reference Standard: Requirements

It must be subjected to the same rigours of sample
preparation (fixation) as the ‘test’ tissue

It must be integrated into all phases of the test (assay)
protocol, including evaluation of the result

It should contain a known amount of the analyte(s)
subject to assay

It should be universally available

It should be inexhaustible and inexpensive

Quantification of immunohistochemistry II 415
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ories are more likely to use such aids than smaller
laboratories, or even academic centres. In part, this is a
matter of economics; the instruments are expensive
and hard to justify where volumes are insufficient, or
where special expertise cannot be developed and
committed to their operation. In part, it is a reflection
of the fact that image analysis still requires interactive
input by the pathologist, and that often leads to
increased time requirements for reading the assay
without conclusive evidence that the result is of more
value clinically. Nonetheless, a visit to the exhibitor
display at any of the major pathology meetings leaves
little doubt as to which way the wind is blowing, as
reviewed in the following paragraphs.

The last decade has seen enormous advances in the
capabilities of image analysis systems applied to tissue
sections, both in software and hardware, especially
in digital cameras and in data management of the
resulting large files. However, realization of the poten-
tial for increased accuracy in the post-analytic phase
of the assay has served to focus renewed attention on
the basic deficiencies of the IHC staining process as
a whole, and its intrinsic lack of reproducibility, as
discussed in the first part of this review. Even the most
sophisticated image analysis hardware ⁄ software sys-
tem cannot produce accurate results if the underlying
stain (read immunoassay) itself suffers from non-
reproducibility or significant non-linear behaviour.
In this context, accuracy (and reproducibility) can be
determined only if rigorous quantifiable reference
standards19 are available and are used to calibrate
the system. The notion of accuracy should embrace not
only the measurement of an analyte in a particular
section, validated against a reference standard, but also
the ability to repeat the result on the same case, day to
day, in the same and in different laboratories, and the
ability to measure the same (and ultimately different)
analyte(s) in different specimens and cases, again
reproducibly. Thus, standardization of the overall assay
must proceed hand-in-hand with accurate and reliable
reading (scoring) of the assay; both are essential for
achievement of an IHC stain, which in practice could
be, and should be, more than just a stain but rather a
system of controlled and interlocked processes, analog-
ous to immunoassays in the clinical laboratory.

Finally, expression-array-based research has empha-
sized that pathology and, in particular, cancer biology,
reflects the simultaneous workings of multiple molecu-
lar pathways. For maximum relevance, these should be
assessed on a per cell, rather than a per tissue slice
basis, since ultimately cells are the units of behaviour
and their individual phenotypes are the relevant
metric. In a practical sense this implies multiplexed

molecular (IHC or ISH) assays in which more than one
analyte is assessed on a tissue section at one time, in
identifiable individual cells. As can be imagined, in
addition to the imaging challenges this may pose, it
also amplifies all the demands on controls and stand-
ards elaborated above.

Image analysis; approaches and systems

While image analysis of molecular labels can include a
number of applications, the following section will be
limited to the discussion of the problem of estimating
abundance of stains in histological tissue, with an
emphasis on IHC as opposed to immunofluorescence.
The previous section has addressed issues of sample
preparation and provision of appropriate controls that
can ensure that the IHC procedures have generated a
valid signal for the imaging system to capture. The
assumption is made that the signal on the slide is
representative and in some way quantitatively related
to the abundance of the antigens in the tissue section,
which in turn is related, albeit in ways unknown, to
the absolute amount of the analyte in the original
tissue. The example used here will be estimation of
nuclear antigens rather than membrane staining, since
the latter may require additional considerations beyond
simple intensity measurements, such as spatial patterns
of expression that have their own subtleties. In
addition, this review will not dwell on the well-
documented subjectivity and intra- and interobserver
variability of manual, visual-based semiquantitative
estimation of intensity or even of percent positivity31,32

and will simply postulate that properly designed auto-
mated imaging methods, because they are immune to
the consequences of fatigue and subjectivity, can
outperform human observers, certainly in terms of
precision and quantitative reproducibility.

Factors that affect performance of the imaging
system include the choice of camera and illumination
source, the optical performance of the stains them-
selves, as well as the presence and degree of multiplex-
ing. After image acquisition, it is then necessary to
deploy appropriate mathematical techniques to extract
quantitative intensity and area measurements from the
imaging data.

I M A G I N G H A R D W A R E : R G B V E R S U S M U L T I S P E C T R A L

A P P R O A C H E S

There is a long history of the application of image
processing to pathology samples.33,34 While some early
automated imaging systems employed greyscale cam-
eras and filter wheels to collect images, most current

416 C R Taylor & R M Levenson
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brightfield (transmitted light) pathology imaging sys-
tems rely on standard colour cameras similar in many
respects to consumer digital cameras. These typically
employ a Bayer-pattern colour mask over a charge
coupled device or complementary metal oxide semicon-
ductor detector, and use various algorithms to process
the raw image data to generate colour images that can
be presented to the pathologist, and that are also used in
downstream automated analysis. Single-chip, Bayer-
pattern red-green-blue (RGB) cameras that are often
employed, especially in many ‘home-grown’ systems,
can generate imaging artefacts, especially with respect
to fine structures or edges, and have poorer spatial
fidelity than more expensive three-chip systems in
which separate pixel-registered cameras are used to
acquire simultaneously red, green and blue images.
While the simple acquisition of good-looking colour
images is appealing, RGB detectors can introduce
significant problems when one is trying to achieve
quantification and inter-instrument precision. There
are a number of ways that variation arises. For example,
colour values can vary significantly with the colour
temperature of the illumination source, different colour-
correction routines in camera firmware can play a role
in the exact colour values that are reported out, and
different camera chips have differing spectral respon-
siveness. Some cameras employ automatic gain control
or related circuitry designed to ‘optimize’ image quality,
with unpredictable effects on resulting images.

Even if an RGB imaging system is working perfectly,
there are intrinsic limitations to its ability to distinguish
between similar chromogens and, even more challen-
gingly, to be able to ‘unmix’ such signals if they overlap
spatially. ‘Unmix’ in this sense means to isolate the
optical signal from each chromogen so that each can be
measured quantitatively, and separately. Signal pro-
cessing theory suggests that at least n if not n + 1
measurements are needed to unmix n signals. In
theory, therefore, it is impossible to unmix more than
three chromogens with an RGB sensor. In practice,
while it is possible to do a good job unmixing
diaminobenzidine (DAB) (brown) from haematoxylin
(blue), it has proven extremely difficult to unmix brown
from red from blue (a typical combination of stains for a
double-labelled sample) using only RGB measurements,
due to the colour overlap of the spectral profiles. To
accomplish such tasks properly, true multispectral
imaging approaches may be necessary.

S P E C T R A L I M A G I N G

Spectral imaging microscopy represents a technologi-
cal advance over visual or RGB camera-based ana-

lyses. By acquiring a stack of images at multiple
wavelengths, spectral imaging allows the determin-
ation of precise optical spectra at every pixel location.
With this spatially resolved spectral information in
hand, it is possible to enhance the utility of IHC and
ISH stains, and even the standard biological stains
used in surgical pathology. There are a number of
ways to perform spectral imaging (reviewed24,35).
The focus in this review is on the commercially
available liquid crystal tunable filter-based system
(NuanceTM; CRi, Woburn, MA, USA), from which all
examples here will be drawn; this is not to imply that
the Nuance system is the best or only approach,
merely that it is the model with which the authors
have had most experience. This system is suitable for
both brightfield and fluorescence imaging. Under
automatic control, a series of images (from three to
as many as ‡ 20) are taken from blue to the red (e.g.
420–700 nm) and the resulting image ‘stack’ or
‘cube’ is assembled in memory in such a way that a
spectrum is associated with every pixel. The ability to
sample the spectrum with many discrete wavelength
regions spanning the visible wavelength range allows
for accurate unmixing of multiple spatially colocal-
ized chromogens, even if they are similar in colour
and have largely overlapping absorption spectra.
Thus, it becomes straightforward to separate dark
reds from light browns, or even varieties of blue
stains (haematoxylin versus nitroblue tetrazolium)
5-bro-4-chloro-3-indolylphosphate).36,37

I M A G E P R O C E S S I N G A N D U N M I X I N G

The key process, either with RGB images or multispectral
datasets, is to partition the overall signal in a given pixel
correctly into its component species. Linear unmixing
algorithms (as described38–40) rely on the signals
adding together linearly. This is true with fluorescent
dyes (which emit light), but this is not the case with
chromogens imaged in brightfield, since they absorb
light. Fortunately, the Lambert–Beer (or simply Beer’s)
law relating concentrations to absorbance indicates that
when the transmission data are converted to optical
density (absorbance) units, linearity is restored and
quantification and unmixing39 can be successfully
achieved. There are many benefits attendant on the
conversion to optical density (OD), which is typically
performed by taking the negative (base 10) log of the
transmitted image divided by the illumination (usually a
clear area on the microscope slide). First, absorbance
values are an intrinsic property of the sample and do not
depend on vagaries of illumination or camera respon-
sivities. This means that absorbance measurements of a

Quantification of immunohistochemistry II 417
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given specimen performed on any appropriate system
should, in theory, be comparable. Second, in the process
of creating an absorbance image, flat-fielding is auto-
matically performed, which removes the effects of
uneven illumination and minor flaws in the optical
train. Conversion to OD can be performed on mono-
chrome, RGB or multispectral images.

OD (absorbance) units are dimensionless and log-
arithmic: zero absorbance means all photons transmit-
ted; an OD of 1.0 absorbs 90% of all photons, and an
OD of 2.0 absorbs 99% of all potentially detected
photons. IHC stains can individually generate signals of
1 OD. Accordingly, having two or more dense and
overlapping stains can result in virtually black deposits
from which little or no useful spectral or quantitative
data can be recovered. This, plus the lesser dynamic
range achievable with IHC versus fluorescence-based
approaches may mean that immunofluorescence may
be preferable or necessary for some applications.32

Nevertheless, IHC has some practical advantages over
immunofluorescence, including the fact that patholo-
gists prefer it largely because it allows integration of
‘phenotypic’ features in the IHC stain with the tradi-
tional morphological features, long the ‘gold standard’
for diagnosis.

An important caveat is that the optical properties of
the chromogens will affect the linearity and dynamic
range of the assay. The Lambert–Beer law that under-
lies the unmixing approach applies only to pure
absorbers. Some chromogens, most notably the popular
brown DAB stain, exhibit scattering behaviour similar
to that of melanosomes. In fact, it can be impossible to
separate DAB from melanin pigmentation spectrally,
since their spectra arise from the same optical proper-
ties. However, in practice, this does not seem to pose
insuperable problems, since linearity and reasonable
dynamic range can be achieved using DAB approa-
ches.41 Other chromogens, such as Vector Red, have
been shown to have excellent linearity and dynamic
range.42

In addition to the specific molecular labelling
procedure, a counterstain is almost always applied.
Thus the challenge for quantification begins with the
unmixing of the chromogen (typically DAB) from the
counterstain (typically haematoxylin). The latter pair
can be successfully unmixed using simple RGB ima-
gery if conversion to OD is performed,39 but other
pairs may not be so amenable. One of the challenges
(see below) is the accurate determination of the
spectra of the chromogens as input values into the
unmixing procedure. Small variations in the spectra
chosen can have quite dramatic effects on the
calculated abundance values. While in many cases it

suffices to measure the spectrum of the isolated
chromogens (single stain, no counterstain), we have
found that it may be necessary to measure the
spectrum of the chromogens in the actual sample,
after all the staining procedures have been performed,
since the spectra can be affected by the presence of
other dyes and reagents.

M U L T I P L E X I N G

Typically, only a single IHC–chromogen–antigen com-
bination is used per slide; if more than one antigen is to
be analysed, serial sections are made and a different
antibody is applied to each. This procedure benefits
from simplified protocols and quality control regimens
compared with multicolour techniques, but generates
more slides and possibly more preparation steps than
if the reagents are ‘multiplexed’ on a single slide.
Moreover, multiple molecular events cannot be evalu-
ated on a per-cell basis when parallel sections are
employed, and this capability is very important in
establishing the phenotype of individual tumour cells
(e.g. lymphoma cells) distributed in a mixed cell
population. Multicolour immunohistochemistry is thus
an important goal, but is challenging to achieve. The
prerequisite to quantitative accuracy in a multiple
labelled section is lack of interference between the
labels. Not only can one label physically block the
successful labelling of the next antigen due to steric
hindrance, but the various labelling procedures can be
chemically incompatible. Suffice it to say that the
performance of multiple labellings on a single specimen
increases the demands for appropriate controls.43

Assuming that the labelling procedures have been
performed satisfactorily, unmixing of three or more
chromogens is entirely feasible38,44 (Levenson, submit-
ted). In addition, multiple chromogenic ISH signals can
be combined with IHC.45,46

Examples of spectral unmixing and
multiplexing

Figures 1 and 2 illustrate the application of spectral
imaging to a determination of Ki67 levels in lymph
node cells. The Ki67 antigen was visualized using DAB
and the sample counterstained with haematoxylin (H).
Figure 1A shows the visual appearance of the sample,
which, like all the subsequent examples, was spectrally
imaged using a Nuance multispectral imaging system.
The unmixed DAB and haematoxylin channels are
shown in Figure 1B,C. Note that the haematoxylin
staining accurately recapitulates the dense staining of

418 C R Taylor & R M Levenson
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the mantle cells and the paler staining of the germinal
centre. The small box indicates the detail region
highlighted in Figure 2, which addresses the import-
ance of accurately estimating the ‘pure’ spectrum of the
DAB for use in the unmixing procedure. Three different
spectra for the DAB component were used as inputs
into the unmixing procedure. If one simply captures
the spectrum of a DAB-labelled nucleus (top row),
unmixes and examines the haematoxylin channel, it
can be seen that all of the absorbance (due to DAB plus
haematoxylin) ends up in the DAB channel, and a
white ‘hole’ is seen in the DAB+ regions in the H
channel. The integrated intensity of the DAB-labelled
nucleus is indicated. If one attempts to calculate the
‘pure’ spectrum of the DAB by removing the H
component, a variety of curves can be generated,
depending on the nature of the algorithm used. The
second row shows what happens if overcompensation
occurs—in this case, some of the DAB signal remains in
the H channel, leading to an overly intense H signal
and an underestimation of DAB intensity. Finally, if the
DAB spectrum is correctly estimated, unmixing gener-
ates a clean partition of DAB and H signals, in which
the H intensity of the labelled nucleus is essentially
indistinguishable from that of its neighbours. The
integrated intensities of the DAB label in the circled
nucleus varied by more than twofold, depending on the
spectra chosen, illustrating the quantitative importance
of correct unmixing. Of course, the importance of using
appropriate spectra for the unmixing process only
increases with the number of chromogens being con-
sidered simultaneously.

Figure 3 is intended to demonstrate that three-
colour unmixing is feasible, using three strips of
coloured plastic arranged so that all possible combina-
tions of single, double and triple mixtures are captured.

The spectra of the individual strips are shown, as are
the unmixed images for each strip separately (pseudo-
coloured according to the colour of the spectral library
curves in Figure 3B), along with intensity profiles
along each strip. As can be seen, calculated absorbance
values of each strip are unaffected by the presence of
the other absorbers.

Finally, Figure 4 illustrates the application of un-
mixing to a histological section of formalin-fixed,
paraffin-embedded breast tissue containing both non-
malignant and invasive breast epithelial cells, stained
for ER and PR and counterstained with haematoxylin.
This example has considerable current relevance
because the detection and evaluation of nuclear
positivity of breast cancer steroid hormone receptors
can affect the choice of treatment and is useful in
predicting patient outcomes.7,47 Receptor levels are
currently evaluated manually, typically using a 0–3+
grading system and ⁄ or a simple visual estimate of the
number of positive nuclei in a relevant cellular popu-
lation. In this example, ER and PR antigens were
visualized with DAB and Vulcan Red chromogens and
counterstained with haematoxylin (H). The six panels
illustrate the original visual appearance and after
unmixing the H channel (which can be used to identify
the nuclear compartment for quantitative purposes)
and separate channels for ER and PR (green and red,
respectively). The dotted oval identifies a region of
presumptively normal epithelium and the red oval a
region of invasive ductal carcinoma. The bottom panels
show an overlay of the green and red channels, and
finally, a depiction of the original image with ER–PR
double-positive cells is indicated using a yellow mask. It
is striking that the normal and the malignant regions
exhibit different colocalization patterns (normal, �5%;
malignant, �55%, on a pixel-wise basis).

Figure 1. Unmixing of diaminobenzidine (DAB) from haematoxylin: Ki67 in a lymph node germinal centre imaged with a Nuance multispectral

imaging system. A, Visual (RGB) appearance of the sample. B, Unmixed DAB signal. C, Unmixed haematoxylin signal, which accurately

recapitulates the dense staining of the mantle cells and the paler staining of the germinal centre. The small box indicates the region highlighted

in Figure 2.

Quantification of immunohistochemistry II 419

� 2006 The Authors. Journal compilation � 2006 Blackwell Publishing Ltd, Histopathology, 49, 411–424.

 13652559, 2006, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/j.1365-2559.2006.02513.x by C

indy C
hang , W

iley O
nline L

ibrary on [03/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

PETITIONER EXHIBIT 1065 
Page 9 of 14



The biological significance of this and other patterns
of markers revealed quantitatively on a per cell basis
is currently unknown. What is important is that
now there are tools to explore molecular interrela-
tionships in individual cells using multicolour IHC-
based techniques, with the potential for quantifiable
results, prerequisites for the beginnings of ‘Molecular
Morphology’.48

In conclusion, quantitative immunohistochemistry is
not a distant mirage, but is within our grasp. It will

require careful attention to the preimaging components,
including provision of quantitative standards,19 to be
included in the entire sample processing pathway, and
attention to all parameters of sample acquisition, fixation
and staining, with good quality control procedures in
place for each probe singly and in combination. For
multiplexing, the interaction of one antibody–label
combination with all the others must be understood
and controlled, and choice of chromogen and counter-
stains will affect both the visual and quantitative results.
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Figure 2. Unmixing of diaminobenzidine (DAB) from haematoxylin: choice of DAB spectrum affects quantitative results. Differing spectra for the

DAB (along with a constant haematoxylin spectrum) are shown in A,D,G, and the respective unmixing results are shown in the corresponding

rows. The unmixed haematoxylin channels are shown in the second column and the combined DAB plus haematoxylin result is shown in

the third column. The numeric values shown represent the integrated optical density of the DAB signal from the circled nucleus. The third

row represents the best DAB spectral estimate, with haematoxylin values for Ki67(+) and (–) nuclei displaying similar intensities. See text

for additional discussion.

420 C R Taylor & R M Levenson
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Figure 3. Three-colour unmixing of plastic films with spectra similar to brown and red immunohistochemical chromogens and haematoxylin.

The strips were arranged so that single, double and triple overlapping regions were present (representative regions are indicate by numbers

in A). A spectral dataset was acquired; spectra corresponding to the individual plastic strip species are shown in B. Using these spectra, the image

cube was unmixed to create individual images of each coloured strip by itself (coloured in the pseudocolors of the spectral library used for

unmixing). Intensity profiles are shown for each strip, indicating that quantitative unmixing could be achieved even when two or three

absorbing species spatially overlapped.

Quantification of immunohistochemistry II 421
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Figure 4. Detection and unmixing of oestrogen receptor (ER)– (diaminobenzidine) and progesterone receptor (PR)– (Vulcan Red) signals

from a breast tissue specimen counterstained with haematoxylin. The six panels illustrate the original visual appearance (A), and after unmixing,

the H channel (B, which can be used to identify the nuclear compartment for quantitative purposes) and separate channels for ER (C) and PR (D).

The dotted oval identifies a region of presumptively normal epithelium and the red oval a region of invasive ductal carcinoma. The bottom

panels show an overlay of the green and red channels (E) and finally, a depiction of the original image with ER–PR double-positive cells indicated

using a yellow mask (F).

422 C R Taylor & R M Levenson
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Finally, the imaging component has to be carefully
performed, with appropriate sensors, exemplified by
multispectral, reliable and validated unmixing algo-
rithms. In addition, and not discussed above, it will be
essential to incorporate appropriate downstream image
analysis and quantification approaches that accurately
report molecular events on a per pixel, per cell, or per
‘relevant tissue component’ basis, as appropriate. Ulti-
mately, especially for clinical applications, this task
becomes a systems problem, in which the entire process,
from sample acquisition to reporting and interpretation,
needs to be integrated, standardized11,19,49,50 and, to the
greatest extent possible, automated.
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