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Normalization and analysis of DNA microarray data by 
self-consistency and local regression
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Abstract

Background: With the advent of DNA hybridization microarrays comes the remarkable ability,
in principle, to simultaneously monitor the expression levels of thousands of genes. The
quantiative comparison of two or more microarrays can reveal, for example, the distinct patterns
of gene expression that define different cellular phenotypes or the genes induced in the cellular
response to insult or changing environmental conditions. Normalization of the measured
intensities is a prerequisite of such comparisons, and indeed, of any statistical analysis, yet
insufficient attention has been paid to its systematic study. The most straightforward
normalization techniques in use rest on the implicit assumption of linear response between true
expression level and output intensity. We find that these assumptions are not generally met, and
that these simple methods can be improved. 

Results: We have developed a robust semi-parametric normalization technique based on the
assumption that the large majority of genes will not have their relative expression levels changed
from one treatment group to the next, and on the assumption that departures of the response
from linearity are small and slowly varying. We use local regression to estimate the normalized
expression levels as well as the expression level-dependent error variance.

Conclusions: We illustrate the use of this technique in a comparison of the expression profiles
of cultured rat mesothelioma cells under control and under treatment with potassium bromate,
validated using quantitative PCR on a selected set of genes. We tested the method using data
simulated under various error models and find that it performs well.
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Figure 1
A pair of Clontech microarrays hybridized as described in Materials and
methods to mRNA from cultured rat mesothelioma cells. (a) Control
expression patterns. (b) Expression patterns from cells after treatment
with potassium bromate. Waf-1 and HSP-70 are examples of genes that
seem to be upregulated as a result of potassium bromate treatment. Note
the apparently consistent overall expression pattern from one array to
the other, in spite of the toxic treatment received in (b).
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Figure 2
The normalized log intensity in a pair of replicate arrays. (a) Data normalized by subtracting the mean over all spots; that is, no bias removal. (b) Data
normalized by estimating the normalization function using local regression and then subtracting the inferred bias, as described in the text.
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Figure 3
Histogram of estimated mean log abundance levels, ak, and local variance (solid line) from the potassium bromate experiment. This distribution of x and
this local variance curve were used as input for the simulation studies. The dashed curve gives the variance estimated in a randomly chosen member of
the simulation datasets.
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Figure 4
Biases in the four arrays in the potassium bromate experiment (solid lines). These biases were then used as input to the data simulation as described in
the text. A simulation dataset was chosen at random and biases were estimated from it (dashed lines).
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Table 1

Assessment of algorithm performance on data simulated
according to the homoscedastic error model

Power Rate of false positives RMS bias (x10-2)

� f q Naive NoSe- Naive NoSe- 5th 95th 
(%) CoLoR CoLoR percentile percentile 

10 1.5 0 0.318 0.315 1.024 1.035 0.937 1.710

10 1.5 1 0.127 0.300 0.929 0.933 16.559 17.872

10 2.5 0 0.989 0.974 1.004 1.181 1.524 3.292

10 2.5 1 0.689 0.971 0.955 0.968 15.776 17.163

20 1.5 0 0.327 0.314 0.975 1.002 1.079 2.226

20 1.5 1 0.129 0.295 0.883 0.973 16.380 17.742

20 2.5 0 0.985 0.939 1.000 1.662 3.359 5.763

20 2.5 1 0.684 0.941 0.889 1.298 15.279 16.823

The proportion, �, among all genes of those for which the expression
level has been changed is either 10% or 20%. The ratio, f, of treated
expression level to mean control expression level is varied between 1.5
and 2.5. The bias multiplier q is either zero (no bias) or 1 (bias as
measured in the analysis of the real data). The power is the mean number
of correct discriminations achieved in the test divided by the number of
true changes (59 and 119 for � = 10% and � = 20%, respectively). The
false-positive score is the mean number of incorrect discriminations
divided by the expected number at the nominal type-I error rate of 0.01.
The expected number of false positives is 5.4 when � = 10% and 4.8 when
� = 20%. The RMS bias is computed from the bias as estimated as
described in the text. Reported here are the 5th and 95th percentiles
over the simulated datasets.

Table 2

Assessment of algorithm performance on data simulated
according to the heteroscedastic error model (Equation 26)

Power Rate of false positives RMS bias (x10-2)

� f q Naive NoSe- Naive NoSe- 5th 95th 
(%) CoLoR CoLoR percentile percentile 

10 1.5 0 0.312 0.346 1.577 0.890 0.933 1.669

10 1.5 1 0.130 0.342 0.775 0.784 16.536 17.763

10 2.5 0 0.982 0.939 1.482 0.970 1.474 3.447

10 2.5 1 0.683 0.939 0.749 0.855 15.740 17.271

20 1.5 0 0.313 0.345 1.600 0.878 0.930 2.091

20 1.5 1 0.128 0.324 0.784 0.803 16.320 17.722

20 2.5 0 0.983 0.905 1.560 1.367 3.113 5.967

20 2.5 1 0.685 0.909 0.751 1.078 15.299 16.821

Details as in Table 1.

Table 3

Assessment of algorithm performance on data simulated
according to a model with homoscedastic multiplicative error
plus additive (background) error

Power Rate of false positives RMS bias (x10-2)

� f q Naive NoSe- Naive NoSe- 5th 95th
(%) CoLoR CoLoR percentile percentile 

10 1.5 0 0.266 0.380 1.607 1.089 1.840 6.824

10 1.5 1 0.127 0.317 7.791 0.888 7.227 34.413

10 2.5 0 0.628 0.636 1.687 1.117 1.859 8.019

10 2.5 1 0.292 0.630 9.987 0.970 9.842 37.617

20 1.5 0 0.275 0.384 1.468 1.031 2.006 6.927

20 1.5 1 0.126 0.296 8.857 0.895 9.741 34.407

20 2.5 0 0.635 0.646 1.361 1.384 2.228 7.120

20 2.5 1 0.282 0.608 8.887 1.063 10.778 34.203

Details as in Table 1. 
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Figure 5
The normalized log intensities from simulated data generated according to Equation 26. (a) The data normalized without local regression, as in Figure 1.
(b) The same data normalized using local regression for bias removal. Note that the apparent curvature is induced simply by adding a background term
with non-zero expectation.
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