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Abstract

Over the past few years, tissue microarray (TMA) technology has been established as a standard method for assessing the expression of proteins
or genes across large sets of tissue specimens. It is being adopted increasingly among leading research institutions around the world and utilized in
cancer research in parallel with the cDNA microarray technology. This article summarizes various aspects of cancer understanding and diagnostics
in which TMA has had great impact. Although tremendous advances continue to be made to facilitate imaging and archiving of TMA specimens,
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utomatic evaluation and quantitative analysis of TMA still remains an important challenge for modern investigators.
2005 Elsevier B.V. All rights reserved.
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. Introduction of tissue microarray technology

Tissue microarray (TMA) is a powerful new technology
esigned to assess the expression of proteins or genes across
arge sets of tissue specimens assembled on a single glass micro-
cope slide, efficiently and economically [1–3].

Kononen’s original TMA creation method extracts tis-
ue cylinders originating from either formalin-fixed paraffin-
mbedded tumor tissue blocks or freshly frozen tumors fixed in
old ethanol and embedded in paraffin (to reserve RNA or DNA
or detection), and precisely arrays them into a “recipient” paraf-
n block [1], please see Fig. 1. About 200 consecutive sections
–8 �m in thickness can be cut from each tissue microarray
lock, with each stained differently to establish a large-scale
ene expression profile of cancers. It has been demonstrated
hat TMA sections can be used to detect DNA (fluorescent in
itu hybridization, FISH), RNA (mRNA in situ hybridization,
NA-ISH), or protein (immunohistochemistry, IHC). This new

echnique should not be confused with DNA microarrays, in
hich each tiny spot on the grid represents a unique cloned

omplementary DNA (cDNA) or oligonucleotide.

Two of the most apparent advantages of TMA technology
are that it allows amplification of limited tissue resources by
providing the means for producing a large number of small
core biopsies, rather than generating a single section, and that it
saves time and antibody to analyze multiple specimens at once.
Using this technology, a carefully planned array can be con-
structed with cases from pathology tissue block archives, such
that a 20-year survival analysis can be performed on a cohort of
600 or more patients using only a few microliters of antibody.
Another major advantage of the TMA technique is the fact that
each specimen is treated in an identical manner. Consequently,
reagent concentrations are consistent across discs within each
TMA specimen, as are the incubation times, temperatures, and
washing conditions. The staining results of these discs are hence
comparable.

TMA technology continues to evolve and improve in order to
simplify the process of constructing arrays [4–7], while accom-
modating a wider variety of specimens. Although the original
TMA technique focused on profiling paraffin-embedded tis-
sue specimens, Abbott et al. established a cell line microar-
ray composed of cell pellets, which had been obtained from
∗ Corresponding author. Tel.: +1 732 235 5680.
E-mail address: wjc@pleiad.umdnj.edu (W. Chen).

human tumor [8], and several groups reported success in creat-
ing TMAs from frozen needle biopsies or brain tissue [6,9–11].
Fergenbaum et al. reported their concern that the extended
storage time for paraffin-embedded tissue might affect tissue’s
003-2670/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Tissue microarray creation, processing, imaging, and archiving.

immunoreactivity and thereby giving rise to an increase in false-
negative results in the corresponding TMAs [12]. Combined
paraffin coating and nitrogen storage was reported by DiVito
et al. [13] to be the best storage condition for preserving TMA
antigenicity.

In response to questions posed by many investigators as to
whether utilizing 0.6 mm diameter cores of tissue was sufficient
in representing the heterogeneous morphology of any given
tissue specimen, the TMA technology underwent tremendous
scrutiny and was tested and validated repeatedly for use in can-
cer research over the period from 1998 to 2003. A number of
research groups participated in this process by comparing TMA
analysis with large tissue sections diagnosis and/or by validat-
ing its results with cDNA microarray findings in various cancer
types: breast cancer [12,14–19]; prostate cancer [20–23]; gas-
tric cancer [24]; colorectal cancer [25–27]; lymphomas [28–32];
multiple myeloma [33]; soft tissue sarcoma [34]; renal cell carci-

noma [35]; bladder tumor [36]; glioma [37,38]; melanoma [39];
lung tumor [40,41]. It is now generally accepted that two to
four samples taken from different regions of each donor tissue
block provides a sufficient amount of morphologic information
for reliably evaluating specimens [18,22,24,31,34,42]. In the
case that the protein marker is expressed focally as opposed to
homogeneously, the use of TMA is validated by Mucci et al., by
increasing number of samples from each specimen [23]. TMA
technology has also proven to be an excellent quality assurance
tool that can be used to conduct inter-observer, intra-laboratory,
and inter-laboratory studies [43–47].

2. TMA in cancer understanding and diagnosis

Although TMA is not currently used to render a primary
diagnosis, it does provide unparalleled insight into cancer devel-
opment, prognosis, and treatment.
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TMAs have recently been accepted as a standard method for
identifying or validating specific molecular markers associated
with cancer [48–52]. Alpha-methylacyl coenzyme A racemase
(AMACR) was first identified as a tissue biomarker for prostate
cancer through cDNA microarray technology [53,54]. Confir-
mation of the discovery using TMA has helped to support its
use in clinical practice [55–57].

Scientist used TMA to explore various proteins over a
large set of specimens for their roles in tumorigenesis, cancer
cell survival, and proliferation, metastasis, and tumor invasion
[58–65]. Genetic variances have been examined against each
other for their contribution in tumor development and progres-
sion [66,67]. Members of known signaling pathways were tested
using TMA technology to confirm the contribution of these
pathways in development of cancer [42,68–70]. For example,
over a cohort of over 170 head and neck squamous cell car-
cinoma (HNSCC) specimens, inactivation of TGF-beta/Smad
signaling was found in approximately 15–20% of the cases, and
these Smad signaling defects were associated with a greater
tendency for metastatic spread and regional or distant recur-
rence of HNSCC [70]. The loss of certain protein expression
has also been successfully utilized to identify high risk patients
[71,72].

TMA has also been used to identify possible therapeutic tar-
gets for a variety of malignancies [73–78]. Researchers have
linked expression of certain markers to specific therapeutic out-
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3. TMA imaging, archiving, and information
management

Currently, the primary methods used to evaluate the arrays
involve manual, interactive review of TMA samples while they
are subjectively evaluated and scored. An alternative, but less
utilized approach for evaluation is to digitize each specimen,
sequentially, for subsequent semi-quantitative assessment [96].
Both procedures ultimately involve the interactive localization
of TMA discs under the microscope, which is a slow, tedious
process that is prone to error. For many researchers and techni-
cians, simply navigating among the regularly arranged tissue
cores while viewing them under a microscope makes it dif-
ficult to keep track the current disc position within the array.
This is especially problematic at high magnifications. Research
groups and manufacturers have implemented several automatic
approaches to image TMA discs for storage and evaluation.

Beyond the algorithmic and software development that is
required for analyzing tissue microarrays, reliable tools are also
needed to facilitate large-scale, multi-site collaboration for a
broad spectrum of research and clinical activities including tis-
sue banking, proteomics, and outcome studies. Future progress
in several key areas will rely upon the capacity of individuals
to acquire, share, and assess microarrays and correlated data,
dynamically.

Although some DNA microarray readers are capable of read-
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omes [79,80].
Molecular profiling has been demonstrated to be a useful

pproach for providing new insight into cancer development
nd differentiation although the underlying mechanisms is not
et fully understood. Multivariate statistical analysis, including
rincipal component analysis, hierarchical clustering analysis
nd other machine learning algorithms, were used in several of
hese efforts to elucidate the possible relationships between the
xpression profiles and biological or clinical parameters of the
ases [81–88]. Using 13 protein markers, Callagy et al. revealed
istinct tumor clusters which divided into two main groups cor-
elating with tumor grade and nodal status, whereas none of the
rotein biomarkers that were tested could identify these groups
ndividually [82]. Hierarchical clustering analysis applied to
mmunostaining results for 18 different markers showed that
ynovial sarcomas, leiomyosarcomas, hemangiopericytomas,
nd solitary fibrous tumors clustered distinctly [84]. Using prin-
iple component analysis to characterize salivary gland tumors
esulted in three components using a panel of 15 markers
89].

It has also recently been discovered that, in addition to expres-
ion intensity, subcellular location of certain protein markers
90–94] is related to clinical outcome. Berger et al. conducted
urvival study that included 555 tumors collected from the
ale University Department of Pathology archives [95]. The

esults of the study indicated that subcellular localization of
ctivating transcription factor 2 (ATF2) could be used as an
ndependent prognostic indicator for melanoma. Subcellular
ocalization of 14-3-3sigma and Ski-related novel protein N
SnoN) are also identified as prognostic factor for breast cancer
92,93].
ng TMA samples, automatic imaging, and evaluation of TMA
resent a host of unique technical challenges. First, TMA sam-
les often exhibit a higher level of morphological irregularities.
or example, aside from the overall rotation of the grid on the
lide, tissue discs are sometimes shifted from regular grid posi-
ions as a result of mechanical deformations, which can arise
uring construction of the physical TMA. Such artifacts are
ften introduced during the sectioning stage of specimen prepa-
ation. In addition, discs occasionally become detached and fall
ut during preparation. To address these issues our group devel-
ped a web-based prototype which features automated imaging,
egistration, and distributed archiving of tissue microarrays in
ulti-user network environments, please see Fig. 1. The imaging

ystem features a robust alignment algorithm that could reliably
ecover sample grids and compensate for detached discs [97].

Several other groups of investigators have also developed
heir own relational databases to manage TMA related infor-

ation [97–102]. To facilitate exchange of TMA data by
esearchers across all these different database implementa-
ions, the Technical Standards Committee of the Association
or Pathology Informatics organized a TMA workshops in order
o establish a TMA data exchange specification. The proposed
ML-based TMA data exchange specification [103,104] is free

nd non-proprietary.
While it is clear that much more research and development is

eeded to achieve reliable analysis of TMA, several commercial
roducts that have already emerged for imaging and visualiza-
ion of TMA including BLISS system by Bacus Laboratory
Lombard, IL); MedScan by Trestle (Irvine, CA); ScanScope
y Aperio Technologies (Vista, CA); Ariol by Applied Imaging
San Jose, CA).
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4. Quantitative analysis of TMA

Gene expression studies using cDNA microarrays have cre-
ated an unprecedented need for the development and intro-
duction of new analytical tools. Similarly, there now exists an
urgent need for tools to analyze TMA specimens efficiently and
effectively. However, despite the many commonalities between
cDNA microarrays and TMA’s, there is one important distinc-
tion which makes the analysis of tissue microarrays especially
challenging. Unlike cDNA microarrays which can generally be
considered homogeneous across a given spot, the discs com-
prising an array typically consist of a set of heterogeneous,
stained tissues which essentially renders simple image analysis
strategies completely inadequate in performing any meaningful
assessment. The analysis is further complicated by the fact that,
depending on the type of tumor or tissue section analyzed, the
area of interest may represent nearly the entire disc or only a
small percentage thereof (please see examples in Figs. 1 and 2).
For example, a pancreatic carcinoma or lobular carcinoma of
the breast with substantial dysplastic response may show stro-
mal tissue representing a large percentage of the total area of
the disc. If the goal of the assay is to determine epithelial cell
expression of a given marker, a protocol must be used that evalu-
ates only that component of the disc. The protocol must not only
be able to identify the region of interest but it must also perform
normalization operations so that the expression level for any
g
o

r

ers [105,106], developing reliable and effective methods and
protocols specifically for quantitative analysis of tissue microar-
rays has become an extremely active research area since 2001
[94,107,108]. Since fluorescent TMA’s and classic immunohis-
tochemistry (IHC) TMA’s each require specific hardware, most
of the methods proposed to evaluate these specimens are only
suitable for one type of processing.

4.1. Quantitative analysis of immunohistochemistry
specimens

IHC is widely used for a broad number of applications
throughout both the clinical and biomedical research commu-
nities. Research efforts focusing on automated quantification
of IHC began with traditional biopsy specimens, but are now
also being investigated for potential use in analyzing tissue
microarrays. Similar to the TMA quantification, one of the most
important tasks in quantification of IHC specimens is to generate
tissue-specific or tumor-specific measurements. Another chal-
lenge of IHC quantification is how best to normalize the color
differences that exist among specimens that have been acquired,
stored, and processed under different conditions. Since TMA
tissue cores are processed and stained on one single slide, tissue
discs within a given slide can generally be considered as having
already being normalized, making IHC TMA an ideal platform
for developing and validating IHC quantification methods.

a
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F ge sta
s a). (d) A sub-image of (a), as shown, enlarged. (e) The DAB staining map of (d). (f)
T

iven disc can be reliably compared with the level reported for
thers.

For these reasons, although a few groups made attempts to
ead TMA specimens using commercial cDNA microarray read-

ig. 2. Example of color decomposition results. (a) The original tissue disc ima
taining map derived from (a). (c) The hematoxylin staining map derived from (

he hematoxylin staining map of (d).
Several successful studies based on computerized IHC
nalysis have been reported including applications involving
ell counting [109,110], microvessel counting [111], and cell
orphology analysis [109]. There now also exist multiple

ined by DAB and hematoxylin, showing heterogeneity of tissue. (b) The DAB
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commercial products which are aimed at quantitative IHC anal-
ysis such as the ChromaVision Automated Cellular Imaging
System (ChromaVision Medical Systems Inc., San Juan Capis-
trano, CA) [112], the Image Tiler (Tripath Imaging, Burlington,
NC) [113], and QPRODIT (Leica Imaging Systems Ltd., Cam-
bridge, UK) [109], TMAscore (Bacus Instruments, Lombard,
IL), and TMAx (Breecher Instruments, Sun Prairie, WI). Most
of these approaches rely upon manual delineation of the region
of interest (ROI) before analysis can begin [109,114].

4.2. Quantification of fluorescent TMA

Rao et al. developed a TMA-based quantitative fluorescence
image analysis (QFIA) method and validated its use by analyz-
ing distinctive BRCA1 expression patterns in high-grade and
low-grade sporadic epithelial ovarian cancers and their adjacent
dysplastic fields [106]. However, his system could not automat-
ically distinguish epithelial tissue from surroundings, instead it
depended on manual segmentation to locate regions of interest.

Haedicke et al. [105] used a cDNA microarray two-color laser
scanner to evaluate fluorescent TMA specimens. In his unique
approach using double-label indirect immunofluorescence, the
target protein expression signal was normalized by a second flu-
orescent label, cytokeratin, on the same TMA specimen. Since
a cDNA microarray scanner only measures total signal strength
from each core, his method was based on a debatable underly-
i
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distinguish between tumor cells and non-malignant tissue com-
ponents such as stroma or inflammation, in their analysis.

Elie et al. attempted automatic tissue specific nuclei quan-
tification [115]. Their method for delineation of epithelial from
stromal compartments was based on intensity difference in the
green color channel, which is not necessarily applicable to other
IHC specimens. Lacking the technology to un-mix multiple
stains on a given IHC specimen, they generated their mea-
surements by manipulating RGB color channels while approxi-
mately isolating DAB stained colors.

We have developed the principal color decomposition method
to detect and characterize the staining signatures for each dye
within the specimen based upon vector decomposition inL∗u∗v∗
color space [97]. The method explored the fact that color vectors
that are generated for a representative TMA specimen stained
with DAB and hematoxylin distributes along a hyperplane in
L∗u∗v∗ color space. By performing a polar transformation of
the L∗u∗v∗ color space plot and identifying the two principal
peak colors in this L∗h∗

uvC
∗
uv representation, the principal color

vectors are determined. Therefore, the staining characteristics of
each tissue disc appear as a continuous representation of staining
intensity for each of the dyes. It is interesting to note that the
protocol that we have reported is able to unveil and quantify
the underlying staining characteristics of even those cells that
suffer from visual masking due to the counterstaining, please
see Fig. 2. We also explored the use of the color decomposition
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ng assumption, which is uniform expression of cytokeratin in
pithelial tissue.

Fluorescent multi-labeling technique was also used in the
utomated Quantitative Analysis (AQUA) system developed
y Camp et al. to detect target protein subcellular-localization
n TMA specimens [55,94,108]. This method automatically
ocalized tumor cells and subcellular compartments using three
pecific tags: anti-cytokeratin for tumor cells, DAPI for nuclei,
nd �-catenin for membrane. The resulting co-localization
asks were subsequently used to measure compartment-specific

xpression of estrogen receptor (ER) and �-catenin, which were
isualized using DAB.

The capacity to co-localize multiple targets is the most impor-
ant advantage of using multi-fluorescent-labeling in immuno-
istochemistry analysis. However, this approach also has its
imitations. Developing appropriate multi-labeling staining pro-
ocols is complicated, time-consuming, and expensive. Fluo-
ochromes used in these protocols must be carefully selected
ccording to their excitation and emission wavelength in order
o be effective.

.3. Quantification of light microscopy IHC TMA

Light microscopy IHC assays still remain the most utilized
echniques in diagnostic pathology when establishing protein
xpression status at the tissue level. Such assays can be con-
ucted relatively inexpensively during routine processing with-
ut the need for specialized equipment. Theses approaches are
lso widely used in TMA research.

Although some commercial IHC quantification systems were
uickly adapted to support TMA analysis, the majority cannot
lgorithms for a broader set of immunohistochemical staining
gents. Recent feasibility studies showed that this approach was
lso effective in analyzing histological specimens stained with
ova Red and Vector Red against hematoxylin.

. Conclusion

The power and efficiency of TMA technology rests in its
apacity to provide investigators with a means for evaluating
ene expression in tissue or cell lines while processing large
ohorts of specimens simultaneously. Due to the heterogeneous
nd complex nature of histological samples, the staining char-
cteristics of TMA specimens can be described and quantified
t multiple levels of detail. The most common approaches for
ssessment have focused primarily on determining the overall
taining intensity of the individual tissue discs comprising the
rrays. At the tissue level, however, this overall staining inten-
ity can be normalized according to the amount of tissue which
s present each disc. The next two levels of detail are at the cellu-
ar and subcellular resolution where the assessment can provide
ven greater insight related to the marker distribution in vivo. A
remendous amount of research efforts are targeting these levels
f detail in order to promote better understanding of the under-
ying mechanisms of disease progression. This level of detailed
nalyses accentuates the need for higher standards for TMA
maging resolution and data management solutions. It is antici-
ated that the advances in TMA image analysis will also serve to
mpact the manner in which routine diagnostic IHC specimens
re imaged, archived, and analyzed.

Although it is not anticipated that TMA’s will have direct
linical application in the near future, incremental steps are
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being taken by the clinical and research communities to design,
develop, and evaluate the computational tools which are nec-
essary for performing reliable, reproducible comparative anal-
ysis of expression patterns in arrayed tissues. As these tools
become increasingly reliable they will have tremendous poten-
tial in the areas of drug discovery, clinical outcomes, and therapy
planning.
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