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Microarrays can be constructed with dozens to millions of probes on their surface to allow high-

throughput analyses of many biologic processes to be performed simultaneously on the same
sample. Microarrays are now widely used for gene expression analysis, deoxyribonucleic acid re-
sequencing, single-nucleotide polymorphism genotyping, and comparative genomic hybridiza-
tion. Microarray technology is accelerating research in many fields and now microarrays are

moving into clinical application. This review discusses the emerging role of microarrays in molec-
ular diagnostics, pathogen detection, oncology, and pharmacogenomics.
� 2006 Mosby, Inc. All rights reserved.
Medical science continues to benefit from the tech-
nological revolutions occurring in nanotechnology,
informatics, molecular biology, and many other disci-
plines. Since the mid-1970s, recombinant DNA methods,
automated deoxyribonucleic acid (DNA) sequencing,
the polymerase chain reaction, and many other break-
throughs have migrated onto the pages of this journal
and into the hospitals and clinics at which we practice.
The current issue of the Journal has several papers using
or considering the role of a powerful new approach: mi-
croarray analysis. The purpose of this review is to serve
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as a primer for clinicians and investigators who are un-
familiar with this tool. This review will focus on DNA
microarrays; common research and emerging clinical
applications will be highlighted.

What are microarrays?

Microarray chips have dozens to millions of molecules
(oligonucleotides, cloned DNA, antibodies, peptides,
etc) arrayed on a surface; these attached molecules are
used to probe a variety of biological phenomena simul-
taneously in a test sample. Manufacturers can reliably
place picogram amounts of probe at each location and
to place these probes just a few micrometers apart.
Depending on the planned use for the microarray and
the manufacturer, these molecular probes are attached
to plastic, glass, nylon, or even silicon wafers. Each indivi-
dual probe is placed at a precisely defined location on the
array support, which is usually a flat, 2-dimensional
surface. The identity of the molecule fixed to each spot

mailto:ken.ward.hi@verizon.net
http://www.ajog.org


Ward 365
Table Types of microarrays

There are literally dozens of different designs and hundreds of different names that have been applied to microarrays. Gene expression,
resequencing, CGH, copy number, and SNP arrays are discussed extensively in this review. This table briefly describes some of the
other arrays being designed and used for high-throughput applications.

Antibody microarrays: Various antibodies with known ligands are arrayed and used to study gene regulation at the protein level.66

Bead arrays: These arrays are small beads with capture probes and fluorescent dyes attached. Bead arrays have faster hybridization
kinetics and more flexibility in assay design than 2-dimensional arrays.

Carbohydrate microarrays (monosaccharide, oligosaccharide, polysaccharide, glycoconjugate, and glycoprotein microarrays):
These arrays rapidly screen protein binding to carbohydrates. Most cell surface proteins are glycoproteins, and the carbohydrate
attachments are critical to their function.67,68

Cell arrays: Living cells are placed at defined locations on chips and then tested for a variety of reactions to applied agents
Chemical microarrays: Chemical libraries of potential drugs are bonded to the array and protein affinities to these molecules are tested.69

GPCR microarrays: GPCR is an abbreviation for G protein-coupled receptors. These receptors are such an important drug target class
that arrays have been developed to screen multiple GPCRs simultaneously.70

Electronic microarrays: These arrays consist of electrical circuits that can respond to presence biologic molecules.
Microfluidics chips: These chips are usually not manufactured as arrays. These chips contain tiny channels that control the movement

of reagents over the chip, allowing various molecular assays to be performed entirely at a microscopic scale on the chip. The chips can
save money when the reagents involved are particularly expensive.71

Protein microarrays: These chips are designed to measure changes in protein expression, protein-protein interactions, and the
proteomic response to response to drugs and other stimuli.65,72-74

RNAi arrays: RNA interference (RNAi) is a method used to reduce the expression of specific target genes in cultured cells by
delivering an RNA-blocking molecule. RNAi arrays use cell arrays to screen multiple cells against each RNA blocker in a
high-throughput manner.75-77

Tiling arrays: Tiling arrays are used to refine the precise exon structures of genes in a genomic region of interest. Tiling arrays are
built on the basis of nonrepetitive genomic DNA sequence. These chips allow unbiased interrogation of the genome because no
assumptions are made about gene identities from the DNA sequence. Tiling arrays enable the discovery of regulatory elements
and novel genes that were not predicted by current gene prediction software.10,78-80

Tissue microarrays: Tissue microarrays allow the simultaneous analysis of multiple samples of a tissue or cell line arranged in
an array format to allow high-throughput molecular profiling of the tissue.81,82

Viral gene chips: These created chips can rapidly identify known viruses and classify new ones based on their genetic makeup.
Viral gene chips recently identified that the cause for severe acute respiratory syndrome (SARS) was a novel coronavirus.83-85
for any particular array design never changes. The
microscopic scale of the array keeps assay costs lower
and allows high-throughput ‘‘parallel’’ testing of sam-
ples as small as a single cell.

Regardless of the array design, hybridization, the
ability of 2 complementary molecules to lock together, is
the central design element for microarray assays. For
instance, DNA microarrays depend on Watson-Crick
base pairing. Single-stranded DNA probes will hybrid-
ize, or stick, to the strands of DNA sample to be tested
following the usual rules of base pairing (A to T, C to
G). Complementary DNA sequences have incredibly
high affinity for each other and thus the target DNA in a
solution literally find and attach itself to the immobi-
lized probe DNA. Probes as short as 20 nucleotides in
length can be highly specific, whereas even a single
mismatched base will greatly reduce the strength and
likelihood of hybridization. Longer probes usually have
greater sensitivity for the target molecule; numerous
other modifications have been reported to change other
probe characteristics. Usually probes are prepared by
chemical synthesis or using the polymerase chain reac-
tion. Other types of microarrays, such as arrays that use
antibodies to probe for antigens or proteins to probe for
protein interactions (Table), are more difficult to build,
but they also depend on the chemical and physical forces
attracting complementary molecules.

DNA microarrays are basically reverse Southern
blots. With Southern blots, DNA to be tested is arranged
(by size) on a nylon membrane and a probe in solution is
labeled with a detection molecule and applied to the
membrane to generate a signal. With microarrays, the
probe is fixed onto a surface and the nucleic acid to be
tested is in a solution, which is applied to the array. Most
microarrays use fluorescent tags as the means of identi-
fying whether hybridization has occurred (whether the
target molecule is stuck to the probe molecule on the
array). Array scanners can rapidly detect very low levels
of fluorescence and map the signal to its source on the
array with great certainty. Usually the fluorescent tags
are excited by a laser and the signal captured by a high-
resolution digital camera. Most protocols improve
sensitivity of detection by chemically attaching more
than 1 copy of fluorescent tag per target molecule
detected.

The upfront cost of microarray instrumentation is
high, and most chips cost several hundred dollars each
and they can be used only once. Fortunately, as man-
ufacturers increase their sales and as competing pro-
ducts emerge, array prices are coming down. Costs
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considerations drive the development of statistical
methods to rest as much valid data as possible from a
small number of microarrays. Nonetheless, on a per-test
basis, microarrays offer relatively inexpensive, rapid,
simple testing, compared with other molecular methods.
Certainly the increasing numbers, varieties, and subtle-
ties of available arrays are accelerating the pace of
biomedical discoveries. In my own laboratory, we can
now generate genotype data in 1 day that 15 years ago it
might have taken a year to produce. Our focus has
shifted from producing data to the task of analyzing the
voluminous data produced.

Whereas various DNA arraying methods (Southern
blots and dot-blots) had been in use more than 2 decades
earlier,1 Fodor et al2 launched the microarray era in
1991. They borrowed techniques from computer chip
manufacturing (ie, photolithography) to allow parallel
synthesis of a large number of oligonucleotides probes
directly on silicon wafers. The company Fodor subse-
quently formed (Affymetrix) remains an innovator and
is also the largest supplier of DNA microarrays. The
variety of commercially available techniques, devices,
and instrument systems keeps expanding. Homemade
microarrays can be produced using inexpensive spotting
devices, which work in a manner similar to ink-jet
printers, allow researchers to develop their own probe
sets that are then sprayed onto a precise position on a
blank array.3

Research applications

DNA resequencing chips

DNA microarrays can be used to rapidly and accurately
sequence known genes.4,5 For any specific base pair in

Figure 1 DNA resequencing using oligonucleotide probes. A

large number of probes can be synthesized to interrogate any
particular base pair of a known sequence. In this schematic, 8 ol-
igonucleotide probes are depicted: 4 are complementary to the
sense strand and 4 complement the antisense strand. Each of

the 4 probes in either set has a different base at the critical posi-
tion. Only 2 of these 8 probes (the 2 probes outlined by a rectan-
gle) will hybridize to the DNA sequence being tested. This

particular hybridization pattern occurs only when the unknown
sequence has the sequence represented in the diagram.
the human genome, an oligonucleotide probe can be
constructed that matches the normal sequence on
1 strand perfectly. Three other oligonucleotides can be
constructed, substituting an alternative base matching
each of the 3 other possible nucleotides at that position.
Similarly 4 probes can be constructed for either the nor-
mal base or the 3 substituted bases on the complemen-
tary strand (Figure 1).

Because these oligonucleotides can be designed with
the base pair being probed at the 3 prime ends or the 5
prime ends or anywhere in between, a very large series of
oligonucleotide probes can be designed. For instance, if
each of the oligonucleotide probes is 25 nucleotides
long, then it is possible to make 200 different oligonu-
cleotides all assaying the same base pair in the genome
(4 probes ! 2 strands ! 25 positions in the oligonu-
cleotide). These 200 probes will have different hybridi-
zation affinities, but the signature of any base change
should always be similar. Any missense mutation would
affect hybridization to all 200 probes! It is also easy to
predict how various microdeletions would alter the
hybridization pattern. The redundancy this affords
allows probes to be spread over different geographic
areas of the microarray chip, thus lessening the chance
that air bubbles or extraneous debris would interfere
with the hybridization.

Comparative genomic hybridization/DNA
copy number

In comparative genomic hybridization (CGH), DNA to
be tested is labeled with one fluorescent dye, and it is
added in equal amounts directly to DNA from normal
reference DNA labeled with a second dye (Figure 2.).
This mixed sample is then hybridized to DNA microar-
rays with probes from every region of the genome.6

Relatively large DNA probes cloned in bacteria (such
as bacterial artificial chromosomes) are frequently used
for CGH arrays. Fluorescence ratios for every probe

Figure 2 Comparative genomic hybridization on a microar-
ray. The florescence ratios read off the array reflect whether
chromosomal regions are deleted or duplicated in the test

DNA sample.
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spotted on the array are calculated. If any area of the
genome is duplicated (as with trisomy), then the test
sample will show an abnormally high signal for probes
matching the duplicated region. If any areas are missing
in the test sample (as with a microdeletion), then the test
sample will show abnormally low signal in the affected
regions.

With array-based CGH, it is possible to perform a
molecular karyotype.7 The resolution of a CGH array
karyotype can be better than the resolution of conven-
tional cytogenetics (deletions as small as 100,000 base
pairs have been detected), and no culture time is required.
Furthermore, probes can be included for all of the micro-
deletion regions commonly tested by ancillary fluorescent
in situ hybridization tests (ie, DiGeorge syndrome caused
by a chromosome 22 microdeletion). Moreover, all of
these common microdeletion regions can be tested in
parallel rather than one at a time. The patterns obtained
on arrays are easier to read by computer, compared
with G-banded metaphase spreads. It is likely that
CGH microarrays will become the preferred method for
analyzing chorionic villi and amniocytes for chromo-
somal abnormalities. CGH microarrays cannot be used
to detect balanced chromosomal changes or low-level
mosaicism.

Expression profiling

Genes do not result in clinical phenotypes unless they
are expressed as messenger ribonucleic acids (mRNAs)
first and ultimately as proteins. DNA microarrays are
used widely to study mRNA.8,9 Because ribonucleic acid
(RNA) is inherently unstable, mRNA is extracted from
fresh cells or tissues to be studied and then reverse tran-
scribed into a stable complementary deoxyribonucleic
acid (cDNA) copy. Label is incorporated into the
cDNA molecule as it is synthesized, and then the
cDNA is placed on the array. DNA probes are now
available for the cDNA for every known and predicted
human gene and also for the genomes of all common ex-
perimental organisms. (However, recent experiments
with tiling arrays show that gene predictions to date
have underestimated the number of genes.10) These
probes are arrayed as uniform sets, and the pattern
obtained when the labeled test sample hybridizes to
the array is the gene expression profile or signature for
that starting test material. Probe sets exist that can
examine every gene simultaneously, or the chip can
be designed to focus on particular pathways (ie,
inflammation).

Comparative profiling/differential expression

Usually cDNA arrays are used to screen for genes that
are differentially expressed between 2 tissues (normal
and diseased, treated and untreated). Comparative
analyses often consider what the genes are doing over
time or after an intervention: which genes are up-
regulated and which genes are down-regulated.11 The
most common reason for doing these experiments is to
try to find novel targets for drug development.12 For ex-
ample, by comparing the genes expressed in both normal
and diseased ovaries, we might be able to find the genes,
proteins, and pathways that are part of that ovarian dis-
ease process. An immediate result of this experiment
might be the discovery of new biomarkers predicting
clinical outcomes. Eventually, drugs may be discovered
or developed targeted against these disease pathways
(see for example recent work on breast cancer.13).

For most tissues and most known regulatory path-
ways, tremendous knowledge has already been gained,
using many different investigational approaches. Micro-
array expression data can show whether particular gene
pathways are regulated in a coordinated fashion or
whether they are differentially regulated because of the
disease process. Because thousands of pathways can be
examined simultaneously, these analyses might suggest
proteins that would be an appropriate drug target or
which therapeutic compounds might have the lowest
side effects (because they perturb the expression of the
smallest number of genes). Expression profiles from tens
of thousands of reference experiments are already
available for most cell lines, tissue, physiological re-
sponses, pharmacologic response, etc to accelerate the
analysis of any new data.

To date, our ability to generate comparative data is
outpacing our capacity to draw the biologic meaning
out of these experiments. The outputs from the micro-
arrays and the underlying genetic pathways are ex-
tremely complex, but most analysis software packages
perform only a limited number of tasks.14 Large data-
bases are used to store the expression data and to
move the data between software packages. Replication
and controls are critical. Positive controls can include
spiking the test sample with DNA that should react
with certain probes on the array, examining the expres-
sion of genes that are normally expressed in every cell
(housekeeping genes), placing identical probes on differ-
ent portions of the array, etc. For negative controls,
DNA that should not hybridize can be included on the
array and other positions can be left empty. The chal-
lenges related to data analysis will be considered only
briefly in following text.

Genotyping: gene mapping/discovery

Most diseases have an intrinsic genetic component.
Usually mutations or variants (polymorphisms) in sev-
eral different genes contribute to complex disease risk.
The mutations underlying common disease usually
cause minor changes in gene expression or the amino
acid structure of the encoded proteins. For most variant
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alleles, the effect on the disease phenotype is rather
weak. Furthermore, numerous minor genetic changes
interact with nutritional, environmental, and other fac-
tors before resulting in the disease phenotype. Despite
these challenges, microarrays that scan the entire ge-
nome in a single experiment have resulted in the
discovery of dozens of important disease genes over
the past year. The most powerful genome-wide ap-
proach uses single nucleotide polymorphisms (SNPs):
DNA sequence variations that occur when a single
nucleotide in the genomic sequence is altered. SNPs
occur every 100 to 300 bases along the 3 billion-base
human genome. For single-base changes to be consid-
ered a polymorphism and thus an SNP, the change must
occur in at least 1% of the population.

For instance, the Affymetrix HuSNP arrays have
either 100,000 or 500,000 SNPs selected on the basis of
their location, their heterozygosity, and the likelihood
that they are genetically linked to each other.15 These
microarrays are used to perform case-control associa-
tion studies or relative pair studies. Subjects and con-
trols are matched for the most readily apparent
confounding factors (age, sex, known risk factors,
etc).16,17 Disease-associated alleles with modest relative
risks (relative risk of 2 or more) can be detected with
manageable sample sizes.18,19

As with resequencing arrays, the ability of SNP
microarrays to discriminate perfect match versus mis-
match hybridizations allows rapid and accurate typing
of SNPs. Probes to adjacent nonpolymorphic sequences
are included as controls. The SNP markers are less than
5000 base pairs apart on average for the 500,000 arrays.
This marker density greatly enhances the chance of
finding the actual disease-associated alleles and/or ge-
netic markers strong linkage disequilibrium with the
disease alleles.

When the SNP markers from a particular chromo-
somal region are very close together, the neighboring
SNP markers do not give independent results (ie, certain
SNP alleles are always observed in association with
1 particular allele for a neighboring SNP). This means
that very little additional information is gained by
testing SNPs that are right next to each other. Investi-
gators are identifying the recombination hot spots in our
genome that define the boundaries of blocks of SNPs,
which tend to occur together as defined haplotypes
(alleles strung together on the same DNA strand).20 A
limited number of common haplotype patterns account
for most of the genetic variation in a block, and most of
the variation in SNP allele frequencies can be accounted
for by a small set of common haplotype patterns. The
International HapMap Project is successfully describing
the extent of these haplotype blocks in humans, promis-
ing greater efficiency in future disease gene discov-
ery.21,22 Current SNP chips are designed so that for
every block in the human genome, there are enough
SNP markers to determine the frequencies of these com-
mon haplotype patterns.

Because more than 500,000 case-control association
studies can be tested simultaneously, corrections for
multiple testing and very stringent significance levels
need to be used when analyzing the results. False-
positive association studies can occur. Most commonly
this occurs if ethnicity in the cases and controls are not
well matched or if there is hidden population stratifica-
tion in the cases.23 Founder effects reflecting the differ-
ent racial or ethnic origin rather than any link to
disease alleles can give rise to false-positive associa-
tions.24 Various statistical methods are being developed
to deal with this issue as we learn which of the SNPs
tend to have more ethnic variation.25,26 False associa-
tions can also be avoided by using of relatives as con-
trols, ie, sibling pairs.27

When testing relatives, transmission disequilibrium
testing, testing the frequency of transmission of a spe-
cific allele from a parent to an affected child, is com-
pared with transmission of the other allele from the
same parent, can also help avoid false conclusions. Ulti-
mately replication in additional independent samples is
the best way to be certain of the findings.

Clinical applications

Disease diagnosis/prognosis

As the relationships of individual genes and polymor-
phism to disease are discovered, this knowledge can be
immediately used for diagnostic and prognostic tests
using either microarrays or a variety of other formats
for testing. In 2004 the Food and Drug Administration
approved the first laboratory test using an actual
microarray for medical use. The AmpliChip Cyto-
chrome P450 genotyping test (Roche Molecular Systems
Inc, Pleasanton, CA) analyzes 2 important cytochrome
P450 genes. Enzymes encoded by these genes act in the
liver to metabolize many commonly prescribed drugs
(ie, beta blockers, many antidepressants, and some
chemotherapy agents). Polymorphisms in cytochrome
P450 genes can dramatically affect the rate of metabo-
lism and thus the clinical effectiveness of these drugs.
The Food and Drug Administration also approved the
instrument to run this test, Affymetrix’s GeneChip
System 3000Dx chip reader as an in vitro diagnostic
device. Both products have also been approved in
Europe.

In the coming decade, microarrays will allow rapid
assessment of the fetal genotype in prenatal diagnosis,
more accurate and extensive newborn screening,28 better
measures of viral loads and resistance or virulence
factors, and more complete characterization of malig-
nant lesions. Scientists are also studying physiologic
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processes like endometrial receptivity using microar-
rays.29,30 Bioterrorism concerns and newly emerging ep-
idemics like severe acute respiratory syndrome have
already caused development of microarrays for the
rapid identification of infected individuals and rapid
characterization of the threatening organism.31 In indus-
trial-scale diagnostics, microarrays may be used to
detect genetically modified organisms or microbial con-
taminants in foods.31 Systems have already been
designed to allow point-of-care testing by staff with no
molecular biology training.

Oncology applications

All cancers have genetic changes; microarray technology
will be useful in assessing the degree of genetic damage in
both the primary tumor and the surrounding issues,
which could alert to the probability of tumor recur-
rence.32,33 Even though tissue margins close to resected
tumors may look microscopically normal, microarrays
can be used to detect the genetic damage that crosses
these histologic margins. All tumors will be analyzed by
microarray technology to allow correct selection of pri-
mary and adjuvant treatment by predicting the sensitivity
of each tumour to radiation and to various chemo-
therapeutic agents. Microarrays may be useful in predict-
ing those cases of dysplasia or atypical benign lesions
that will undergo malignant transformation.34 Microar-
rays are beginning to unravel the mysteries underlying
metastasis, and they are likely to be used in the future
to predict the likelihood of metastasis.35 Certainly ex-
pression profiles of melanoma36 and breast cancers37-40

have already led to advances in methods of staging and
classifying these diseases. Patients with tumors can be
subdivided into distinct groups based on their gene
expression profiles, even though there were no obvious
pathological differences between the tumors.41

Pharmacogenomics/toxicogenomics

Why do some drugs work better in some patients than in
others? And why are some drugs highly toxic to certain
patients? The field of pharmacogenomics is using micro-
arrays to find correlations between therapeutic re-
sponses to drugs and the genetic profiles of patients.42-45

A related field, toxicogenomics, seeks to find correla-
tions between toxic responses to toxicants and changes
in the genetic profiles of the objects exposed to such tox-
icants.46-48 By identifying individuals with similar bio-
logical patterns, microarray analysis can assist drug
companies in choosing the most appropriate candidates
for clinical trials of new drugs. In the future, this tech-
nology my lead to personalized medicine, in which pa-
tients are prescribed drugs that are very likely to be
effective and free of side effects, given their individual
profile.
Pathogen detection49

Diagnostic assays for acute infections are rapidly chang-
ing from antibody detection to pathogen detection, from
slower culture-based methods to rapid molecular
methods, from clinical laboratory based to point-of-
care–based tests, from detection of only a few types of
organisms at a time to simultaneous detection of multiple
pathogens. Microarrays have the ability to detect viruses,
bacteria, and other microorganisms all on the same chip.
Host studies are unraveling the development and activa-
tion of both innate and adaptive immunity; others are
studying global gene expression of both the pathogen
and the patient during progression. In the near future,
virulence factors, resistance factors, and host response
to the pathogen will all be monitored in parallel.50,51

Sequence-based tracking of pathogens has allowed
more thorough evaluation of recent outbreaks such as
monkey-pox or severe acute respiratory syndrome.
Rapid point-of-care devices allow detection and surveil-
lance of infections at ports of entry and will be very
helpful in the event of a bioterrorism attack.

Problems and pitfalls

Microarrays are a tremendous advance, but they are still
too costly and too difficult for widespread clinical use.
Greater automation and increasing sophistication of the
analytic paradigms are already on the horizon. The cost
of arrays will decrease as patent protections expire.

As microarrays have improved, data analysis rather
than data production became the critical issue. Micro-
array analysis has been addressed in a number of recent
reviews.14,29,52-59 As the reader can imagine, the first dif-
ficulty comes with analysis of the image off the array. Is
any fluorescent spot identified a true spot? Is the detec-
tor aligned (recall that the spots are only micrometers
apart)? Is the background variable? Is there evidence
of uneven hybridization? Each feature has to be detected
and localized correctly. Many variables can affect the
signal obtained.

Massive amounts of data are produced by microarray
experiments. With so many features being tested at once,
corrections for multiple testing need to be applied to any
tests of significance. Important, low-level signals can be
missed because of the need for conservative statistical
analyses.

Interpretation of gene expression has many more
pitfalls than interpretation of genotyping or resequenc-
ing chips.8,60 First of all, mRNA is an unstable mole-
cule, so all current methods require fresh or frozen
tissue. Rigorous quality control is essential and any tis-
sue-processing protocol can introduce artifacts. Tissues
are usually heterogenous and cancers even more so.
Fine-needle aspirations, core-needle biopsies, and surgi-
cally resected specimens yield somewhat different tran-
scriptional profiles from the same tumor.61,62
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Statisticians and the software they write must make
basic assumptions about the behavior of genes. Most of
the analysis programs assume that genes that are
expressed together in time and space are likely to
participate in similar physiological processes.63 We as-
sume there is a link between the expression of a gene
and its function; however, we know that genes are often
expressed in settings in which no protein is subsequently
produced, and therefore, expression may not have
changed the physiology in a straightforward way.64

Unfortunately, protein arrays that analyze downstream
events lag well behind the nucleic acid arrays.

Sophisticated software is used to detect genes with
different expression under different conditions. Because
expression constellations can involve hundreds of indi-
vidual genes, it can be difficult to determine whether and
how a group of samples can be divided into 2 or more
distinct groups. For many applications, expressed genes
that meet certain quality criteria are first analyzed by
unsupervised methods. These methods are less biased
and more likely to discover previously unrecognized
pathways based on the clustering of gene-expression
profiles. Three-dimensional scatter plots are examined
to determine whether related specimens cluster together.
When they do, self-organizing groups can develop into
evolutionary trees as multiple experiments are compared
and as various types of regression analyses are per-
formed. Some of the associations, although statistically
significant, will not reflect actual pathways. The preci-
sion of the clustering analysis will increase as additional
expression data become available.

Supervised analysis of expression data depends on
known relationships between genes and the results of
related expression studies. A number of public databases
can provide pattern information useful for interpreting
newly observed patterns of gene expression.

The National Center for Biotechnology Information,
part of the National Library of Medicine, hosts the Gene
Expression Omnibus (GEO). GEO (accessible at www.
ncbi.nlm.nih.gov/geo) is a public repository that archives
and distributes via the internet gene expression data sub-
mitted by the scientific community. GEO currently con-
tains more than half a billion individual gene expression
measurements, derived from more than 100 organisms,
addressing awide range of biological issues. Each submis-
sion includes data on the experimental design, the array
design (each array used and each spot on the array), the
preparation and labeling of the samples used, the hybrid-
ization procedures and parameters, the measurement
methodology, and the types and characteristics of con-
trols used. Various query and visualization tools are
available on the GEO Web site.

Most other software packages can also query these
databases. Unfortunately, when some patterns are com-
pared, spurious patterns from early experiments may
corrupt the analysis of new array data. A lack of
standardization makes it difficult to compare data pro-
duced by different systems and has made it difficult to
merge data.63

Conclusions

By providing global views of biological processes,
microarrays enable systematic surveys of variations in
DNA sequence and gene expression. Microarrays are
fueling novel and expansive research. The current $2
billion per year market for microarrays in the United
States is growing by more than 30% each year.65

Patients are likely to benefit from this research activity
as it leads to improved genetic diagnostics, personalized
treatments, and more rapid and definitive testing of clin-
ical specimens.
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