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Profound effect of normalization on detection of differentially
expressed genes in oligonucleotide microarray data analysis
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Abstract

Background: Oligonucleotide microarrays measure the relative transcript abundance of
thousands of mRNAs in parallel. A large number of procedures for normalization and detection
of differentially expressed genes have been proposed. However, the relative impact of these
methods on the detection of differentially expressed genes remains to be determined.

Results: We have employed four different normalization methods and all possible combinations
with three different statistical algorithms for detection of differentially expressed genes on a
prototype dataset. The number of genes detected as differentially expressed differs by a factor of
about three. Analysis of lists of genes detected as differentially expressed, and rank correlation
coefficients for probability of differential expression shows that a high concordance between
different methods can only be achieved by using the same normalization procedure.

Conclusions: Normalization has a profound influence of detection of differentially expressed
genes. This influence is higher than that of three subsequent statistical analysis procedures
examined. Algorithms incorporating more array-derived information than gene-expression values
alone are urgently needed.
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Figure 1 (see the legend on the following page)
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Figure 1 (see the figure on the previous page)
Pre- and post-normalization signal intensity scatterplots. The x-axis in all panels except (c) represents the not normalized average difference values (AD)
derived from the Affymetrix GeneChip software after scanning. (a) y-axis is invariant-feature normalization with calculation of AD values. (b) y-axis is
invariant-feature normalization with model-based expression values (MBEV). (c) x-axis is invariant-feature normalization with calculation of AD values;
y-axis is invariant-feature normalization with MBEV. (d) y-axis is invariant probe set normalization. (e) y-axis is global scaling. Blue dots, subA-array; pink
dots, subB-array.
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Figure 2
Invariant sets and normalization curves generated by nonlinear normalization methods using identical randomly chosen arrays. (a) Invariant-feature
method. x-axis, Mature B cells, replicate 3, not normalized; y-axis, baseline: pre-BI cells, replicate 3. Black dots, feature intensities; red circles, invariant set
of features (connected by the green line). The blue line forms the diagonal with slope of 1. (b) Invariant set method. Cells as in (a). Black dots, probe set
average difference values; red circles, invariant set. Blue dots form the diagonal with slope of 1. Axes are labeled with average difference intensities.
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Figure 3
Results of testing different combinations of analysis methods. (a) Numbers of genes reaching a 99% confidence level in all possible combinations of
normalization and statistical analysis algorithms. x-axis, normalization methods; y-axis, statistical analysis algorithms. Column height, number of genes. (b)
Percentage of genes from Figure 2a that additionally reach a ratio of at least 2 and an absolute difference of at least 100 units. Layout is as in Figure 2a.
AD, average difference; F, F-statistics; KW, Kruskal-Wallis; MBEV, model-based expression values; significance analysis of microarrays (SAM).
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Figure 4
Numbers of genes detected by one or more of the 12 possible
combinations between normalization and statistical analysis. x-axis, count
of different combinations between normalization and statistical algorithm,
y-axis, number of genes detected as differentially expressed in the
respective number of different analysis combinations. A total of 12
different analysis combinations (four normalization procedures times
three methods to detect differentially expressed genes) have been
investigated.
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Table 1   

Results of different methods of statistical analysis

Invariant Invariant Invariant Global 
feature (AD) feature (MBEV) set scaling

(a) Mean 3.55 2.45 1.59 3.37
Median 2.09 1.46 1.30 2.12
Max 429.01 667.16 71.63 848.28

(b)  Mean FC
F 15.05 9.69 3.06 10.28
KW 18.48 12.24 3.35 12.21
SAM 21.91 13.75 3.63 13.08

Median FC
F 5.77 2.97 2.08 3.89
KW 7.89 3.63 2.25 4.77
SAM 9.20 4.11 2.41 4.92

(c) Mean 428.71 750.20 324.17 384.47
Median 85.52 259.83 122.04 102.37
Max 25141.89 24616.80 28650.70 24794.22

(d) Mean difference
F 2248.04 3346.51 1427.59 1784.93
KW 2545.81 3881.37 1655.16 2044.61
SAM 3157.21 4451.51 1827.97 2216.36

Median difference
F 1116.52 1954.57 664.49 954.38
KW 1328.38 2444.28 815.85 1138.39
SAM 1865.47 2927.57 952.92 1248.04

(a) Mean, median, and maximum fold changes (FC) of all genes on the
two array types normalized with different methods. AD, average
difference; MBEV, model-based expression values. The averages are given
across all genes of the ratio between the maximum and the minimum
value across the five different conditions, calculated after averaging
replicate arrays. (b) Mean and median fold changes (FC) of genes
detected as differentially expressed with 99% confidence by all possible
combinations of normalization and statistical analysis algorithms,
calculated as in (a). F, F-statistics; KW, Kruskal-Wallis; significance analysis
of microarrays (SAM), (c) Mean, median, and maximum signal differences
of all genes on the two array types normalized with different methods,
calculated by analogy with the ratios in (a). (d) Mean and median signal
differences of genes detected as differentially expressed with 99%
confidence by all possible combinations of normalization and statistical
analysis algorithms, calculated as in (c).
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Table 2

Percentage of genes identical among all genes detected by different combinations of normalization and statistical analysis

Invariant Invariant Invariant Invariant Invariant Invariant Invariant Invariant Invariant Global Global Global 
feature; feature; feature; feature; feature; feature; set; F set; KW set; SAM scaling; F scaling; scaling; 
AD, F AD, KW AD, SAM MBEV, F MBEV, MBEV, KW SAM

KW SAM

Invariant feature; 93 100 78 83 92 81 83 88 64 74 78
AD, F

Invariant feature; 74 95 67 79 82 74 79 81 55 67 69
AD, KW

Invariant feature; 56 66 51 59 74 58 61 66 41 50 54
AD, SAM

Invariant feature; 69 75 82 96 100 77 80 82 58 67 70
MBEV, F

Invariant feature; 62 74 79 80 95 71 75 77 51 62 64
MBEV, KW

Invariant feature; 56 63 81 68 77 63 66 70 44 53 57
MBEV, SAM

Invariant set; F 59 69 77 63 70 76 98 100 56 67 70

Invariant set; KW 56 67 74 60 68 74 90 96 52 66 66

Invariant set; SAM 55 64 74 58 65 73 85 89 49 61 66

Global scaling; F 80 87 92 81 86 90 95* 96* 98* 100 100

Global scaling; KW 72 83 88 73 82 85 89 96* 95* 78 93

Global scaling; SAM 70 78 88 71 77 84 85 89 94* 72 86

Percentages are relative to the method defined in the column headings. Values of 100% and greater than 90% are highlighted in bold. *Percentage of
genes identified after invariant probe set normalization that are also identified after global scaling (see text for details).
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Table 3

Rank correlations for probability of differential expression between all possible combinations of normalization and statistical analysis
procedures

Invariant Invariant Invariant Invariant Invariant Invariant Invariant Invariant Invariant Global Global Global 
feature; feature; feature; feature; feature; feature; set; F set; KW set; SAM scaling; F scaling; scaling; 
AD, F AD, KW AD, SAM MBEV, F MBEV, MBEV, KW SAM

KW SAM

Invariant feature; 1.000 0.922 0.995 0.512 0.495 0.512 0.545 0.549 0.546 0.626 0.618 0.623
AD, F

Invariant feature; 0.922 1.000 0.915 0.487 0.487 0.487 0.540 0.555 0.541 0.604 0.621 0.600
AD, KW

Invariant feature; 0.995 0.915 1.000 0.517 0.500 0.517 0.553 0.555 0.553 0.625 0.617 0.623
AD, SAM

Invariant feature; 0.512 0.487 0.517 1.000 0.941 1.000 0.440 0.435 0.440 0.443 0.444 0.446
MBEV, F

Invariant feature; 0.495 0.487 0.500 0.941 1.000 0.941 0.431 0.433 0.431 0.428 0.435 0.432
MBEV, KW

Invariant feature; 0.512 0.487 0.517 1.000 0.941 1.000 0.440 0.436 0.440 0.443 0.444 0.447
MBEV, SAM

Invariant set; F 0.545 0.540 0.553 0.440 0.431 0.440 1.000 0.933 1.000 0.738 0.730 0.749

Invariant set; KW 0.549 0.555 0.555 0.435 0.433 0.436 0.933 1.000 0.933 0.719 0.743 0.729

Invariant set; SAM 0.546 0.541 0.553 0.440 0.431 0.440 1.000 0.933 1.000 0.739 0.731 0.750

Global scaling; F 0.626 0.604 0.625 0.443 0.428 0.443 0.738 0.719 0.739 1.000 0.925 0.994 

Global scaling; KW 0.618 0.621 0.617 0.444 0.435 0.444 0.730 0.743 0.731 0.925 1.000 0.918 

Global scaling; SAM 0.623 0.600 0.623 0.446 0.432 0.447 0.749 0.729 0.750 0.994 0.918 1.000 

Values of >0.9 are highlighted in bold.
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Invariant feature normalization and model-based expression values
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Invariant set normalization
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Statistical analysis
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