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A frequent goal of genome-scale gene
expression experiments is to identify sig-
nificant alterations in transcript levels
resulting from the exposure of a living sys-
tem to a test agent at a given dose and
time. For animal experimentation, biologi-
cal replication is achieved through strategi-
cally paired dosings of individual animals.
A study design involving, for example, a
control group and three different test
agent dose groups, each at two time
points, can achieve three clear biological
replicate measurements of each transcript
on an array at each dose and time point
using 24 animals. For a similar gene
expression microarray experiment using
cells in culture rather than animals, the
designation of what constitutes a biological
replicate is less clear. Does a biological
replicate require a complete second experi-
ment with cells expanded at some separate
time, or could a replicate be considered a
parallel set of additional culture-flask incu-
bations arbitrarily assigned to a control or
treatment group and treated and processed
that same day? The volume of cultured
cells needed to generate sufficient quanti-
ties of RNA for microarray gene expression
analyses practically limits implementation
of such an experiment to the pooling of
multiple large flasks of cultured cells from
each of the studied dose and time points.
Eight samples of RNA would be collected

for microarray analyses from such an
experiment. To achieve the same mini-
mum of three biological replicate measure-
ments and therefore a similar level of
confidence in biological accuracy, gener-
ally and practically speaking, this entire
cell culture dosing experiment would be
repeated on two additional separate
occasions.

Technical replicate measurements of
each of the individual biological replicates
are generally incorporated at the discretion
of the experimenter and may depend on fac-
tors including the amount of sample avail-
able, the budget of the experimenter, and
whether the design of the specific microarray
platform incorporates replicate probes.
Replicate probes designed into a microarray
platform to measure abundance of the same
target gene transcript in a sample provide
one approach to enhance confidence in the
technical accuracy of relative transcript-level
measurements. Repeat hybridizations of the
same sample set using additional microar-
rays represent an additional level of technical
replication to enhance confidence in the
accuracy of each measurement of gene
expression change. The precision and accu-
racy of replicated biological measurements is
optimized when the technical replicate mea-
surements are accurate and no confounding
systematic error is introduced during sample
processing.

Dual-labeled microarray hybridization
protocols can introduce a systematic dye-
bias error that could confound identifica-
tion of true biological effects distinct from
technical artifact (Goryachev et al. 2001;
Ideker et al. 2000; Kerr et al. 2001; Tseng
et al. 2001; Wang et al. 2001). Differences
observed between red and green channel
fluorescence intensities for a given tran-
script may be due to either a true biologi-
cal difference resulting from the exposure
of test agent to the cells or to a systematic
bias resulting from individual transcript-
dependent differences in efficiencies of dye
incorporation and sample hybridizations.

Gene expression microarray data
normalization typically corrects for system-
atic trends in dye incorporation and
hybridization that affect all the transcripts
similarly based on either array location or
fluorescence intensity (Quackenbush 2002;
Tseng et al. 2001; Yang et al. 2002). Some
transcripts, however, behave differently
from the global population (Tseng et al.
2001; Zhou et al. 2002), and this is the
focus of the current investigation.

Confidence in data accuracy has been
gained through a study design approach that
eliminates dye-bias artifacts by adding a tech-
nical replicate involving a dye reversal or dye-
swap labeling of the same two paired samples
hybridized to an additional microarray (see
“Terminology” in “Materials and Methods”).
A logical approach to improve accuracy is to
simply increase the number of such technical
dye swap replicates of the same sample. The
practical cost and sample limitations associ-
ated with microarray gene expression mea-
surements require investigators to make
difficult choices and carefully consider the
minimum number of arrays to use while not
unduly compromising accuracy and
precision. Such genome-scale gene expression
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comparisons can quickly become costly. The
goal of this study was to demonstrate that
transcript-dependent dye bias is consistent
and measurable on a given day and can there-
fore be corrected mathematically using a pair
of split-control hybridizations (see
“Terminology” in “Materials and Methods”)
to achieve a similar high level of technical
accuracy. The data show that these split-
control hybridizations must be performed
concurrently in the same batch with corre-
sponding treatment and control array
labelings and hybridizations. Careful meas-
urement of dye-bias and mathematical cor-
rection to eliminate this systematically
introduced error result in accurate sets of
microarray data attained with greater effi-
ciency. For example, for the eight samples of
RNA derived from the single typical cell cul-
ture experiment described above, we describe
an approach to measure gene expression
changes, achieving with 10 microarrays a
level of technical accuracy equivalent to that
of a balanced replicate dye swap design
involving 16 microarrays. The biological
interpretations of the effects of (+/–)-anti-
benzo[a]pyrene-trans-7,8,dihydrodiol-9,10-
epoxide (BPDE) on the consistent gene
expression changes observed in thymidine
kinase (TK) 6 cells derived from the data
described in this publication are published
separately (Akerman et al. In press). 

Materials and Methods 

RNA Isolation

Human TK6 cells in suspension culture
were harvested and collected after treatment
with either vehicle or with one of three con-
centrations (0.01, 0.1, 1 µM) of BPDE for
4 or 24 hr. BPDE is a member of the poly-
cyclic aromatic hydrocarbon family and
these substances are extremely hazardous.
Special precautions are to be taken when
working with these compounds. Cell pellets
were snap-frozen at –70°C. RNA was iso-
lated using the Qiagen RNeasy Midi kit
protocol (Qiagen 1999). Cell pellets were
thawed in RNA lysis buffer (RLT; Qiagen,
Valencia, CA), homogenized using a VirTis
Tempest rotor-stator homogenizer (VirTis,
Gardiner, NY), and further processed
according to the RNeasy handbook proto-
col. After final column elution the samples
were precipitated with lithium chloride,
washed with 70% ethanol, and hydrated in
sterile water treated with diethyl pyro-
carbonate. Quantitative and qualitative
analyses were performed on each sample
using the RNA 6000 Assay on an Agilent
2100 bioanalyzer (Agilent Technologies,
Palo Alto, CA). RNA samples were
aliquoted and frozen at –70°C until labeled
and hybridized within 90 days.

Microarray processing. Hybridizations
were performed using the Human-350
microarray, a glass slide with 350 spotted
human cDNA probes (PHASE-1
Molecular Toxicology, Inc., Santa Fe,
NM). Each cDNA probe was spotted in
quadruplicate on each slide for a total of
1,400 spots per microarray. Sample
cDNA labeling and microarray hybridiza-
tions and washes were performed accord-
ing to the supplied protocol. Twenty
micrograms of each RNA was reverse
transcribed, and their corresponding
cDNAs were independently labeled by
incorporation of either Cyanine
(Cy)3-dCTP or Cy5-dCTP. Dye incorpo-
ration was measured using a Cytofluor
multiwell  plate reader (PerSeptive
Biosystems, Inc., Framingham, MA). The
two labeled samples to be compared were
purified, combined, and hybridized to the
same microarray. Each microarray was
scanned using a ScanArray 4000 microar-
ray scanner (PerkinElmer, Inc., Wellesley,
MA) with dual lasers. Low-resolution hor-
izontal line prescans were performed on
each microarray before higher resolution
scanning to balance the overall fluores-
cence intensity of the entire microarray
between the two dyes. The laser power
and photomultiplier tube gain settings
were assessed and slightly adjusted for
each individual microarray to achieve
optimal balance with the least amount of
postscanning processing and normaliza-
tion. QuantArray (PerkinElmer, Inc.)
software was used to quantitate the
relative transcript level for each spot of the
microarray from the ScanArray output

TIF file. Local fluorescent background
was subtracted and log2 transformed, the
resulting data locally weighted scatterplot
smoothing (LOWESS) was normalized,
and log2 ratios were calculated. LOWESS
normalization, also known as locally
weighted least-squares regression, uses a
smoothing curve to normalize a data set
(Cleveland et al. 1992; Yang et al. 2001).
Gene transcript signals beneath the mean
signal strength of the four plant and one
bacterial control genes were excluded
from analyses. All statistical analyses and
the level of statistical significance for each
gene were determined using the Student
unpaired, two-tailed t test, assuming
unequal variance. The complete data set is
currently being submitted to ArrayExpress
(EMBL–European Bioinformatics Ins-
titute, Hinxton, UK; http://www.ebi.ac.
uk/arrayexpress) and will be available for
public download by the second quarter
of 2004. Accession numbers referencing
this data set wil l  be available on the
International Life Sciences Health and
Environmental Sciences Institute website
( h t t p : / / h e s i . i l s i . o r g / i n d e x . c f m ?
pubentityid=120).

Terminology 
Dye-swap hybridization pair. The control
cDNA sample labeled with Cy5 and the
treated sample cDNA labeled with Cy3
were combined and hybridized on the first
microarray. Conversely, the control sample
cDNA labeled with Cy3 and the treated
sample cDNA labeled with Cy5 are
combined and hybridized on the second
microarray of the pair.
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Figure 1. Experimental design for sample treatment, processing, and data generation. Four separate biolog-
ical experiments were run on four separate occasions. Each biological experiment represented two time
points, at 4 hr posttreatment and at 24 hr posttreatment; each was treated with either vehicle or a low,
medium, or high dose of BPDE for a total of 16 samples per experiment. cDNA synthesis, hybridization,
washing, and scanning were performed for sets of eight microarrays at a time on separate dates for each
time point. Two microarrays were performed with a dye reversal on each pair of RNA samples, resulting in
eight microarrays per time point and a total of eight sets of microarray hybridizations performed on eight
separate dates. 

Biological experiment × 4

Time point 1 (4 hr) Time point 2 (24 hr)

C D1 D2 D3 C D1 D2 D3

Eight microarrays:
cDNA labeled and hybridized day 2

Eight microarrays:
cDNA labeled and hybridized day 4

C4 D14 D24 D34 C24 D124 D224 D324

Two sets of four
samples:

(Snap-frozen day 1)

Eight RNA samples:
(prepared and stored

frozen day 2)

Two hybridization
experiments on
separate dates



Split-control hybridization. The same
cDNA control sample was split and labeled
separately with either Cy3 or Cy5. The split
Cy3- and Cy5-labeled samples were then
combined and hybridized to the same
microarray. Two such microarrays processed
concurrently represent a split-control
hybridization pair.

Dye-bias correction. The magnitude and
direction of the apparent dye-bias effect on
the spot intensity values of each dye-swap
hybridization pair are systematically miti-
gated by the dye-bias correction factors

derived for each probe using the split-control
cDNA microarray hybridization data values
calculated for each probe. To correct for dye
bias, the treated Cy3/control Cy5 values for
each probe were divided by the mean of the
split-control Cy3/Cy5 ratios for that same
probe, or the treated Cy5/control Cy3 values
for each probe were multiplied by the mean
of the split-control Cy3/Cy5 ratios.

Results

To demonstrate, accurately measure, and
compensate for transcript-dependent dye

bias, two split-control cDNA microarrays
were dedicated for each set of hybridizations
performed on any given day. Figure 1 is a
description of how the eight sets of
hybridizations were processed separately to
generate these data. In Figure 2 an example
of a subset of LOWESS-normalized data
from four cDNA microarray hybridizations
are presented: one pair of split-control
hybridizations, a concurrent treatment
versus control hybridization, and the
corresponding concurrent reverse-labeled
and dye-swap treatment versus control
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Figure 2. Dye-bias effect before and after correction in a representative split-control hybridization experiment. (A) A sample of total RNA from control cells was
split; half were labeled with Cy3 and the other half with Cy5. Both halves were hybridized to a single cDNA microarray (split-control hybridization). The data were
first LOWESS normalized to correct for differences between samples in dye incorporation and inherent fluorescent intensities between dyes. The log2 Cy3/Cy5
ratios for a pair of split-control hybridizations were calculated and the means were ranked in descending order along the x-axis (blue circles). The individual spot
fluorescent ratio data from two other arrays shown (green and red) are from a dye-swap pair of treated versus control hybridizations performed concurrently on
the same day as two split-control arrays. One set of cDNA microarray data points (green) represents a hybridization in which the treated cDNA was labeled with
Cy3 and the control cDNA was labeled with Cy5. The other set of data points (red) represents a hybridization in which the treated cDNA was labeled with Cy5 and
the control cDNA was labeled with Cy3. For both of these microarrays, the identity of each spot is linked by the x-axis to the same gene of the split-control
hybridization. (B) The magnitude and direction of the apparent dye-bias effect on the individual spot Cy3/Cy5 ratios are reduced by the dye-bias correction factors
derived for each probe using the split-control cDNA microarray hybridization data values. The four corrected individual spot fluorescent Cy3/Cy5 ratio values for
each probe are plotted from each of the pair of dye-swap treated versus control hybridizations (green and red) performed concurrently with the two split-control
arrays. The simple means of the eight dye-swap–treated/control ratios are plotted (yellow) for each transcript linked by the x-axis to the same genes ranked as in
panel A. (C) One set of data points represents the mean treated/control gene expression ratios of four values of each probe for the microarray of a dye-swap pair
for which the treated sample cDNA was labeled with Cy3 and the control sample cDNA with Cy5 (green). The other set of data points (red) represents the
mean-treated/control gene expression ratios of four values of each probe for the microarray of a dye-swap pair for which the treated sample cDNA was labeled
with Cy5 and the control sample cDNA with Cy3. Neither data set was first corrected for dye bias. The genes are listed in descending order according to the mean
of the eight log2 treated/control ratios from the uncorrected dye-swap pair of microarrays (yellow). (D) Same data as in panel C, except the values of the individual
treated/control expression ratios for each probe on each microarray were first dye-bias corrected in the same fashion as the Cy3/Cy5 ratios of the split-control
hybridizations processed concurrently (blue).
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hybridization. These data represent the
control and corresponding 1 µM BPDE-
treated cultured TK6 cells at the 4-hr time
point of experiment 3 of Table 1. The
highly significant contribution of only the
dye bias to the relative ratios between red
and green fluorescence signals of a typical
dual color cDNA microarray hybridization
involving BPDE-treated cultured TK6 cells
is seen in Figure 2A. Ranking in descending
order the Cy3 to Cy5 log ratios for each
probe of the split-control hybridization pair
clearly shows a pattern to the data conveyed
by the dye-bias effect. Some transcripts in
this single experiment show much greater
dye bias than others. For some, there is an
apparent Cy3-labeled transcript bias,
whereas for others the bias is greater for
Cy5. These data show that dye bias alone
contributes a strong signal to some
transcripts (as high as 1.5-fold in the data of
Figure 2). The data show that this artifact

could make difficult the ability to
distinguish systematic experimental noise
from a true biological effect of the test agent
on relative transcript abundance if neither a
split-control hybridization nor an experi-
mental dye-swap replicate were performed.
For any given set of experimental microarray
hybridizations performed on the same day,
we observed a similar trend in the data con-
sistent with the split-control array when the
treated sample was labeled with Cy3 and the
control with Cy5. Conversely, an inverse
trend was observed in the data from the dye
swap hybridization array when the labeling
was reversed and the treated sample was
labeled with Cy5. Figure 2B shows the same
data after mathematical correction for this
dye bias on both of the experimental
microarray hybridization experiments.
These data were corrected for this dye
bias by dividing the individual Cy3
(treated):Cy5 (control) microarray ratios by
the mean split-control microarray Cy3/Cy5
ratio for each particular transcript, or con-
versely, by multiplying the individual Cy5
(treated):Cy3 (control) dye-swap microarray
values by the mean split-control microarray
Cy3/Cy5 ratio of each transcript. The pat-
tern to the data seen in Figure 2A is clearly
mitigated by this process. In Figure 2C and
D, the genes are rank ordered, not by dye-
bias strength measured with the split con-
trols as in Figure 2A and B but rather by the
mean ratio values of the eight determina-
tions from the two dye-swap experimental
arrays, comparing a treated with a control
sample (in this case RNA from TK6 cells
treated with 1 µM BPDE compared with
the control sample, both from the 4-hr time
point). These data show that when only a
single microarray is used and the treatment
effect is calculated by first using the concur-
rent split-control data to dye-bias correct
either the treated Cy3/control Cy5 or the

treated Cy5/control Cy3 microarray data,
the results from each microarray agree well
with the means calculated from the more
conventional replicate dye-swap microarrays
(Figure 2D). When the four individual data
points on each single microarray are not first
corrected for dye bias using the concurrent
split-control hybridization array data, the
agreement with the dye swap pair is poor
(Figure 2C) by comparison. The linear cor-
relation coefficients for comparisons
between the means of the dye-swap replicate
expression ratios with those of the array with
the treated sample labeled with Cy5 is 0.70
before dye-bias correction but improves to
0.91 after dye-bias correction. For the array
with the treated sample labeled with Cy3,
the linear correlation coefficients improve
from 0.75 before dye-bias correction to 0.89
after correction. If the results from each sin-
gle microarray are not first dye-bias cor-
rected, the data, which would reflect both
the treatment effect as well as any dye-bias
effects, show poorer agreement with the
dye-swap replicate mean expression ratios,
which should reflect more accurately only
the true treatment effect.

The split-control hybridization data
used to generate a portion of the data pre-
sented in Figure 2 are represented in
Tables 1 and 2 as experiment 3. Table 1
lists the 99% confidence intervals of the
log2 Cy3/Cy5 ratios for all eight split-
control hybridization pairs performed
across eight separate dates. The 99% confi-
dence interval varied substantially from day
to day, indicating that the magnitude of the
dye-bias effect can be variable. The spread
in the data (Table 1) of the split-control
hybridization pairs from experiments 3 and
8, for example, is quite broad compared
with experiments 4 and 5. As might be
expected, the log2 confidence intervals are
reduced for each experiment after dye-bias
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Table 1. Ninety-nine percent confidence limits of
log2 Cy3/Cy5 ratios of eight pairs of split-control
hybridizations before and after dye-bias correc-
tions.a

Before After
Experiment correction correction
no. Upper Lower Upper Lower

1 0.60 –0.47 0.25 –0.25
2 0.65 –0.51 0.30 –0.34
3 0.69 –0.49 0.28 –0.27
4 0.49 –0.40 0.32 –0.36
5 0.41 –0.47 0.30 –0.32
6 0.59 –0.51 0.40 –0.38
7 0.53 –0.56 0.34 –0.38
8 0.70 –0.51 0.25 –0.23
aEach experiment was performed on separate dates
using eight different control RNA samples collected from
eight unique biological samples. See Figure 1 for a more
detailed explanation of the experimental design. Each
experiment represents the combined data from duplicate
split-control hybridizations depicting a total of 2,800 ratio
values (four replicates of each gene spotted on each
array containing 350 genes for a total of 1,400 spots per
array on each of two arrays).

Table 2. Correlations between data from eight pairs of split-control hybridizations performed on different dates.a

Experiment
no. 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 6a 6b 7a 7b 8a 8b

1a 1.00 0.80* 0.78 0.67 0.64 0.70 0.33 0.12 –0.14 –0.47 0.29 0.49 0.29 0.45 0.60 0.62
1b 1.00 0.61 0.81 0.69 0.79 0.06 0.21 –0.17 –0.15 0.49 0.56 0.19 0.52 0.66 0.66
2a 1.00 0.62* 0.61 0.63 0.43 0.20 –0.07 –0.39 0.22 0.21 0.39 0.46 0.62 0.54
2b 1.00 0.63 0.83 –0.06 0.52 –0.34 –0.10 0.38 0.40 0.02 0.65 0.67 0.59
3a 1.00 0.71* 0.04 0.13 –0.06 –0.19 0.41 0.33 0.40 0.48 0.56 0.58
3b 1.00 0.02 0.45 –0.28 –0.18 0.29 0.36 0.10 0.57 0.58 0.61
4a 1.00 0.00* 0.25 –0.28 –0.12 –0.10 0.40 –0.07 0.13 0.12
4b 1.00 –0.36 0.09 0.03 –0.12 –0.26 0.35 0.28 0.18
5a 1.00 0.40* 0.37 –0.13 0.48 0.03 0.04 –0.05
5b 1.00 0.32 –0.25 –0.01 0.15 0.01 –0.12
6a 1.00 0.29* 0.34 0.56 0.49 0.42
6b 1.00 –0.04 0.21 0.29 0.33
7a 1.00 0.34* 0.49 0.46
7b 1.00 0.75 0.73
8a 1.00 0.78*
8b 1.00
aThe linear correlation coefficients of the log2 Cy3/Cy5 ratio means (n = 4 spots each) for 350 genes is listed for each pairing of the 16 microarrays processed either on the same day within
a given experiment (indicated by asterisk) or on different dates across seven other experiments.



correction. Dye-bias correction of the data
eliminates a large component of the vari-
ance, thus giving greater confidence in the
control data for comparison with the corre-
sponding experimental treatment arrays for
testing statistical significance. The spread in
the data of experiments 3 and 8 is substan-
tially reduced after dye-bias correction to
spreads similar to those of experiments 4
and 5 and all the other experiments listed in
Table 1. The data in the table suggest that
after dye-bias correction, few false positives
would be identified at altered gene expres-
sion ratios greater than 1.3-fold with a sig-
nificance of p < 0.01. The table indicates,
generally, that without the inclusion of a
split control to accurately measure and cor-
rect for dye bias, technical replicate mea-
surements of 1.6-fold are needed to reach
the same level of statistical confidence.

Table 2 is a list of the linear correlation
coefficients for the individual Cy3/Cy5
ratios across experimental pairs for the
same eight split-control hybridization
experiments. Four of the eight hybridiza-
tion pairs show a weak correlation among
themselves within a given set and a weak
correlation with the remaining experi-
ments. These four experiments showing the
weakest correlation with their correspond-
ing partner of the same day also displayed
the smallest 99% confidence intervals
before the data were dye-bias corrected and
therefore apparently the least amount of
dye bias. Experiments 4, 5, 6, and 7
(Table 1) are the four experiments with the
least spread in the data, as evidenced by the
upper limit of the log2 99% confidence
intervals reaching 0.49, 0.41, 0.59, and
0.53, respectively. Each set of split-control
hybridization Cy3/Cy5 values from these
same experiments 4, 5, 6, and 7 shows
poor correlation with their hybridization
pair among all the concurrent pairs listed
in Table 2, with linear correlation coeffi-
cients of 0.00, 0.40, 0.29, and 0.34,
respectively. The Cy3/Cy5 ratios from the
individual arrays of experiments 4, 5, 6,
and 7 also correlate poorly with the ratios
of any of the arrays of experiments 1, 2, 3,
and 8. Conversely, the remaining four of
the eight hybridization pairs show strong
correlation with their corresponding part-
ner of the pair and generally less correlation
with those of the remaining experiments.
Experiments 1, 2, 3, and 8 with the upper
limit of the 99% confidence intervals
reaching 0.60, 0.65, 0.69, and 0.70,
respectively, show higher linear correlation
coefficients between hybridization pairs
with values of 0.80, 0.62, 0.71, and 0.78,
respectively. Furthermore, the Cy3/Cy5
ratios from each of the individual arrays of
experiments 1, 2, 3, and 8 generally

correlate better with all the others among
these four experiments than with those of
experiments 4, 5, 6 and 7. This suggests
that when dye bias occurs, it may be seen
among the same probes.

In Figure 3, the linear correlation
coefficients were determined for three sep-
arate experimental BPDE treatments in
dye-swap experiments performed on the
same day with their corresponding split-
control hybridization pair (experiment 3
of Tables 1 and 2). Before dye-bias correc-
tion (Figure 3A), a strong positive correla-
tion existed between the split-control
Cy3/Cy5 ratios and the experimental
treatment dye swap hybridization Cy3/Cy5
ratios when the treated sample was labeled
with Cy3. A strong negative correlation
was seen when the treated sample was
labeled with Cy5. When the genes were
ranked as explained in Figure 2, then
compartmentalized into thirds,  the
strongest correlation was seen within the
top and bottom two-thirds of the entire
gene set. After dye-bias correction (Figure
3B), the strong correlation between the
treated and control fluorescence ratios and
the split-control Cy3/Cy5 ratios was miti-
gated, resulting in a dye-bias corrected set
of data essentially devoid of this systemati-
cally introduced experimental artifact. 

To further investigate the consistency
of the dye-bias effect for individual probes
across different hybridization dates, the
individual Cy3/Cy5 ratios were calculated
for each transcript across eight separate

split-control hybridization experiments,
and the probes were again ranked in
descending order according to these
Cy3/Cy5 ratios. Figure 4A demonstrates
both a consistent trend in a dye-bias effect
of individual probes across these eight
split-control hybridizations as well as the
variation that can be seen across experi-
ments, as alluded to in Tables 1 and 2
where experiments with both large and
small dye-bias effects have been noted.
Some genes tended to be slightly biased in
the same direction each time across experi-
ment dates. Figure 4A shows that the same
trend described in the single experiment of
Figure 2 tended to persist across certain
transcripts. The same set of genes from the
same set of split-control hybridizations was
ranked in Figure 4B in ascending order by
the magnitude of their standard devia-
tions. The genes identified in split-control
hybridization experiments with the least
amount of associated dye bias tended to
have slightly lower variance than the genes
showing the greatest amount of dye bias
(Figure 4B). The genes with the lower
variances, at the left of the figure, tended
to have means that aligned closer to the
log2 zero value, whereas the means of those
to the right showed greater dye bias by
deviating further from the zero value.
Figure 4C presents data for the 10 genes
with the smallest and largest variance as
well as the 10 genes with the greatest Cy3
or Cy5 bias. In some experiments the
genes displaying the most consistent and
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Figure 3. Linear correlation coefficients of individual treated versus control dye-swap hybridization pairs
with corresponding split-control hybridization pairs. (A) Before dye bias. (B) After dye bias. The correla-
tions of the mean log2 ratios for 350 genes across three representative data sets are presented. Each of the
three sets of microarrays was processed on the same day. The light blue bar represents the linear correla-
tion coefficients of the eight log2 Cy3/Cy5 ratios (n = 4 spots/gene; 350 genes x 2 arrays) for each gene from
two split-control microarray hybridizations with the log2 treated/control ratio values where treated samples
were labeled with Cy3. The pink bar represents the correlation coefficients of the same log2 Cy3/Cy5 split-
control ratios with the treated/control ratio values where treated sample was labeled with Cy5. Correlation
coefficients were derived for three subsets of data from each microarray. The first bar represents the cor-
relation coefficient across the entire set of genes (all). The second bar represents only the top third and the
bottom third of the genes ranked in descending order by mean log2 Cy3/Cy5 split-control ratios. The third
bar represents the middle third of the ranked genes (mid).
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strongest dye-bias effect nevertheless
showed large variation across experiments.
This figure shows that the magnitude of
the dye-bias effect depends on both the
particular experiment and on the relation-
ship between the individual microarray
probe and its target transcript. Note that
the 10 Cy3-labeled gene transcripts and
the 10 Cy5-labeled transcripts identified as
showing the most consistent experimen-
tally introduced dye bias tended to display
the greatest effects in experiments 1, 2, 3,
and 8, the same experiments similarly
identified in Tables 1 and 2. 

The graphs in Figure 5 demonstrate
important similarities and distinctions
between data derived from dye-swap tech-
nical replicate hybridizations and data
derived from single microarray hybridiza-
tions without a dye swap that have been
dye-bias corrected using concurrent split-
control hybridization data. Figure 5A shows
data from experiment 2 of Tables 1 and 2.
These data derive from control cells and
from cells harvested 24 hr after being
treated 4 hr with 1 µM BPDE. Two sepa-
rate sets of data were calculated using each
of the individual microarrays comprising
the dye-swap pair after correction of each
data point for dye bias using the data from
the two concurrent split-control microarray

hybridizations. These two sets of results
were compared with a third data set calcu-
lated simply as the mean and standard
deviation of the eight measurements of
treated/control expression ratios from the
dye-swap pair (with no dye-bias correction).
Little deviation from the dye-swap pair
mean log2 ratios was seen for each gene of
the individual arrays when a dye-bias cor-
rection was first applied. Furthermore,
when the data were displayed such that
their mean values were brought to a com-
mon zero value (for presentation purposes
only), but the actual variation around the
means for each transcript was maintained,
general reduction in standard deviations
was seen when dye bias was first corrected
(Figure 5A inset). 

Figure 5B presents a subset of the same
data from one of the microarrays in the dye-
swap pair. When the mean log2 ratios of the
four gene expression ratios of this microar-
ray were plotted against the mean log2 ratios
of the eight values from the two dye-swap
microarrays, a stronger linear relationship
was seen if the single microarray data were
first corrected for dye bias. For all genes the
linear correlation coefficient for this
microarray improved from 0.924 to 0.953
after dye-bias correction. For those dye-bias
corrected genes statistically different from

control at p < 0.001, the linear correlation
coefficient improved further to 0.983. These
results indicate that the data from a single
dual-color experimental hybridization com-
paring a treated and control sample, when
dye-bias corrected using concurrently
processed split-control dye-bias sample
information, will provide data that are com-
parably accurate to those of a replicate dye
swap experiment.

Discussion

Individual experimenters seek approaches to
optimize accuracy of gene expression ratios
from genome-scale microarray experiments
as free as possible of experimental artifact
introduced during sample processing. It has
been shown previously, and we have con-
firmed in this study, that two-color directly
labeled cDNA microarray hybridization
protocols can systematically introduce a
dye-bias error. Removal of this variable dye
bias is important to obtain a more accurate
set of statistically significant microarray data
to enhance confidence in interpretation of
the biological effects of the test agent. Many
labs perform dye reversal or dye-swap
experiments in which two microarray
hybridizations are performed for each given
dose and time data point, alternating the
labeling of each treated and control sample
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by the magnitude of their standard deviations. (C) Different sets
of 10 genes each from the eight split-control hybridization pairs
are presented, showing the smallest and largest variances and
the largest Cy3 or Cy5 dye biases.



with the Cy3 and Cy5 dyes (Dobbin et al.
2003; Yang et al. 2001). The microarray
results are then averaged between the
dye-swap pair, eliminating the dye-bias
artifact. We propose an alternate approach
that allows the use of only one microarray
per dose or time point within a set of
microarray hybridizations and maintains
the accurate detection of significantly
altered genes. Although the dye-swap
approach to dye-bias correction is accept-
able and widely practiced, it can be costly.
Furthermore, the proposed alternate
approach offers improved technical repli-
cate precision, which may be an important
consideration, depending on whether the
precision of technical replicates is consid-
ered by researchers in selecting genes for
further investigation of biological signifi-
cance. Because of the fairly large numbers
of cell culture flasks that must be harvested
for sufficient cellular material for RNA
analyses, there is a tendency to rely on tech-
nical replicate measurements to help filter
out nonresponding genes and identify those
altered transcripts that can survive confi-
dence-testing thresholds. We reasoned that
biologically relevant alterations devoid of
technical artifact could be identified to then
evaluate for robustness of biological replica-
tion. In common practice, investigators
tend to consider both a fold-change cutoff
value as well as statistical confidence
p-values to identify genes of interest for fur-
ther biological evaluation and investigation
(Akerman et al. In press; Wolfinger et al.
2001). From this perspective, accurate

calculation of the extent of change from a
true control value gains as much importance
as the impact of variability on statistical sig-
nificance. Dye-bias correction of each of the
single individual microarrays of a dye-swap
hybridization pair yields mean ratio values
for each transcript that differ very little from
means of the two microarrays of the
dye-swap pair, and therefore this dye-bias
correction approach using split-control
hybridization data maintains high accuracy.
Dye-bias correction further reduces the stan-
dard deviations of the gene expression ratios.
This increase in precision may allow more
genes to be identified from technical repli-
cate measures as statistically significant,
depending on the technical measurement fil-
tering criteria of an individual experimenter. 

For any given set of dual-labeled
cDNA microarray hybridizations per-
formed on the same day, we saw a dye bias
that varied in intensity across genes. When
dye bias was noted in an experiment, cer-
tain transcript targets tended to be affected
more consistently than others. The magni-
tude of the dye bias was variable across
eight pairs of split-control hybridizations
on eight separate dates, but the strongest
correlation between split-control hybridi
zation sets was generally seen when the
experiments were performed on the same
day. On some days there was evidence of a
greater dye-bias effect than on other days.
Because the dye bias can be measured, it
can be mathematically mitigated by per-
forming a pair of split-control hybridiza-
tion arrays on the same day, then using

these data to correct the corresponding
concurrently processed experimental
treated/control arrays. Furthermore, experi-
mental dye-swap hybridization data derived
from treated and control cell culture sam-
ples can be highly positively correlated with
the magnitude and direction of the same
genes of the corresponding (Cy3/Cy5) split-
control hybridization pair when the treated
sample is labeled with Cy3. Conversely,
dye-swap hybridizations can be highly nega-
tively correlated with the magnitude and
direction of the control hybridization when
the treated samples are labeled with Cy5.
After dye-bias correction, these strong cor-
relations are mitigated over the entire gene
set, indicating the successful removal of a
strong experimental artifact. Because the
contribution of dye bias to the signal inten-
sity ratios in some experiments will be high
for certain transcripts, the impact of the
mathematical correction on accurate study-
data interpretation could be great. On days
when the contribution of dye bias to signal
intensity ratios is low, less impact on overall
data interpretation would be expected. If
data were averaged without first always cor-
recting for the variable strength of dye-bias
signal, there would be greater measurement
variability among certain transcripts, and
therefore greater difficulty for these
transcripts to achieve a level of statistical
significance needed to drive support for
biological consideration.

Given the numerous variables impacting
microarray performance, irreproducibility of
data generation across laboratories may be
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highly likely using the same microarray plat-
forms if experimenters each develop their
own set of labeling and hybridization condi-
tions. Adherence to standardized labeling,
hybridization, and data generation protocols
that have been optimized by commercial
microarray platform providers will be
important. It is unclear whether small
changes in such protocols could further
minimize or even worsen dye bias with the
specific cDNA microarray used in these
experiments. It is also unclear whether the
same magnitude and variability of dye bias
shown here can be generalized and expected
across all two-color directly labeled or indi-
rectly labeled cDNA or oligonucleotide
microarrays.

For a simple experimental design
requiring a control and three concentra-
tions of test agent, all harvested at two
time points, eight samples of RNA will be
generated for microarray analyses
(Figure 1). The conventional dye-swap
approach to dye-bias correction would
stipulate the use of two arrays at each dose
and time point to derive one set of values
constituting a single biological replicate
value for each transcript. When repeated

two additional t imes, a total  of
48 microarrays would be needed to
complete the study with three biological
replicates (Figure 6). For the split-control
hybridization dye-bias correction
approach we have described, two microar-
rays would be needed for each of the split
controls at both time points, but for each
of the treated samples at the three doses
and the two times, only one microarray
hybridization is employed. This design for
deriving microarray gene expression
results from the same eight samples would
require only 10 concurrently processed
microarrays per biological replicate and
therefore 30 rather than 48 microarrays to
complete the study with three biological
replicates (Figure 6). 

In summary, our approach to mathe-
matical dye-bias correction of dual-labeled
cDNA microarray hybridization experi-
ments using concurrent split-control
hybridization data has little effect on mean
gene expression ratio values compared
with a more conventional replicate dye-
swap approach to mitigate dye bias and
establish accuracy but greatly improves the
standard deviations of technical replicate

measurements. The dye-swap replicate
approach requires an expenditure of nearly
40% more microarrays and associated
reagents. The magnitude of dye bias is
variable across experiments but repro-
ducible within any given set of dual-
labeled cDNA microarray experiments
processed concurrently. By running a pair
of split-control hybridizations, dye bias
can be mitigated, resulting in an accurate
set of gene expression microarray data at
reduced cost.
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Figure 6. Reduction in microarray resources using the split-control dye-bias correction approach. By adopt-
ing the split-control dye-bias correction approach as opposed to the conventional dye swap approach, the
total number of microarrays and associated reagents can be reduced from 48 arrays to 30. Only one
microarray is needed from each of the corresponding treated samples (D1, D2, D3) as long as replicate
microarrays are performed on each of the respective control samples (C), which we refer to as the split-con-
trol hybridization, to accurately measure and calculate transcript-dependent dye-bias correction factors. 
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