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I. What are Multiple Testing Corrections?

A. Introduction

Multiple testing corrections adjust p-values derived from multiple statistical tests to
correct for occurrence of false positives. In microarray data analysis, false positives
are genes that are found to be statistically different between conditions, but are not in
reality.

B. Importance of Multiple testing corrections

A typical microarray experiment measures several thousand genes simultaneously
across different conditions. When testing for potential differential expression across
those conditions, each gene is considered independently from one another. In other
words, a t-test or ANOVA is performed on each gene separately. The incidence of
false positives (or genes falsely called differentially expressed when they are not) is
proportional to the number of tests performed and the critical significance level (p-
value cutoff).

Imagine a box with 20 marbles: 19 are blue and 1 is red. What are the odds of
randomly sampling the red marble by chance? It is 1 out of 20. Now let’s say that you
get to sample a single marble (and put it back into the box) 20 times. Wouldn’t you
say that you have a much higher chance to sample the red marble? Indeed, there is
a 64% chance in the latter case (see Table below).

This is exactly what happens when testing several thousand genes at the same time:
imagine that the red marble is a false positive gene: the chance that false positives
are going to be sampled is higher the more genes you apply a statistical test on.

Example: when a two-sample t-test is performed on a gene, the probability by which
the gene’s expression level will be considered significantly different between two
groups of samples is expressed by the p-value. The p-value is the probability that a
gene’s expression level are different between the two groups due to chance. A p-
value of 0.05 signifies a 5% probability that the gene’s mean expression value in one
condition is different than the mean in the other condition by chance alone. If 10,000
genes are tested, 5% or 500 genes might be called significant by chance alone.

Number of genes False positives Probability of calling 1 or more false
tested (N) incidence positives by chance (100(1-0.95"))
1 1/20 5%

2 1/10 10%

20 1 64%

100 5 99.4%

This is why it is important to correct the p-value of each gene when performing a
statistical test on a group or genes. Multiple testing correction adjusts the individual
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p-value for each gene to keep the overall error rate (or false positive rate) to less
than or equal to the user-specified p-value cutoff or error rate.

Il. Where to find Multiple Testing Corrections?

The Multiple testing corrections can be found in two types of filters involving different
statistical tests:

1) Filter on Confidence, under the Filtering menu:

% Filter on Confidence

EHS Expatiments

Bt vanst call o Starting Gene List: all genomic elements

| Yeast cell cycle time series (no 90 min...

Cross-Gene Error Model is: Active

Choose Measure of Confidence: |Hest p-value ﬂ

Choose Multiple Testing Correction:  |Benjamini and Hochberg false disc |

Baonferrani
Filter Genes on t-test p-value Bonferrani step-down (Holm)

Lo~ 1 6,127 out of 7,216 genes ‘Benjamini and Hochber false discover [T Update

0 20 30 40 &0 BO 7O 80 100 120 140 160

i Minirmurm: |0 Maximum: |1 View: |Graph

Walues must appearin at least |8 out of 16 conditions.

t-test p-value
1
-
[y ]

N — B

Saue...‘ Close| Help |

The multiple testing corrections are available for a filter on the t-test p-value only.
The t-test p-value filter uses the p-value calculated for each gene based on a one-
sample t-test. The multiple testing corrections will be applied on these p-values.

2) The Statistical Analysis tool, found under the Tools menu. They are available
for 1-way and 2-way tests.
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% Statistical Analysis (ANOVA)

Gene List
Expetime all genomic elements (7216)

N o

Yeast cell cycle time series (no 90 min), Default Interpretation [Mode: Log of r...
Cross-Gene Error Model is: Active

1-4¥ay Tests | 2-4iay Tests |

You can expect a false discovery rate of about 5% of the genes identified.

Parameter to Test: |time (minutes) _~| Select Groups Manually...

Test Type: |Parametrictest. dontassume variances equal ﬂ

False Discovery Rate: 0.05

Multiple Testing Correction: |Elenjamini and Hochberg False Discovery Rate j

Post Hoc Tests: Bonferroni

Bonferroni Step-down (Holm)

Computation Prefarences ‘."."estfall and Young Permutation (slow)

e Tl Denjamini and Hochberg False Discovery Rate
MNone

Progress:

Lacal run time estimate: Secands

stat | ciose | Hep |

The multiple testing corrections are available for all test types. Correction will be
applied on the p-value calculated based on a two-sample t-test or ANOVA.
Depending on what multiple testing correction is selected, the p-value cutoff wording
changes, referring to the error rate type (e.g., False Discovery Rate with the
Benjamini and Hochberg False Discovery Rate multiple testing correction). See
section IV for details on interpretation.

lll. Technical details

© Agilent Technologies, Inc. 2005

GeneSpring offers four types of multiple testing corrections:
A. Bonferroni
B. Bonferroni Step-down (Holm)
C. Westfall and Young Permutation
D. Benjamini and Hochberg False Discovery Rate

The methods are listed in order of their stringency, with the Bonferroni being the
most stringent, and the Benjamini and Hochberg FDR being the least stringent. The
more stringent a multiple testing correction, the less false positive genes are allowed.
The trade-off of a stringent multiple testing correction is that the rate of false
negatives (genes that are called non-significant when they are) is very high.
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Bonferroni More false negatives

Bonferroni Step-Down

Westfall and Young Permutation

Benjamini and Hochberg False Discovery Rate

None More false positives

Each method is described in more details below. The descriptions are only
approximate for clarity purposes. In the examples, an error rate of 0.05 and a gene
list of 1000 genes are assumed.

A. Bonferroni correction

The p-value of each gene is multiplied by the number of genes in the gene list. If the
corrected p-value is still below the error rate, the gene will be significant:

Corrected P-value= p-value * n (number of genes in test) <0.05

As a consequence, if testing 1000 genes at a time, the highest accepted individual p-
value is 0.00005, making the correction very stringent. With a Family-wise error rate
of 0.05 (i.e., the probability of at least one error in the family), the expected number
of false positives will be 0.05.

B. Bonferroni Step-down (Holm) correction
This correction is very similar to the Bonferroni, but a little less stringent:
1) The p-value of each gene is ranked from the smallest to the largest.

2) The first p-value is multiplied by the number of genes present in the gene list:
if the end value is less than 0.05, the gene is significant:

Corrected P-value= p-value * n < 0.05

3) The second p-value is multiplied by the number of genes less 1:
Corrected P-value= p-value * n-1 < 0.05

4) The third p-value is multiplied by the number of genes less 2:
Corrected P-value= p-value * n-2 < 0.05

It follows that sequence until no gene is found to be significant.

Example:

Let n=1000, error rate=0.05

Gene | p-value before | Rank | Correction Is gene significant
name | correction after correction?
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A 0.00002 1 0.00002 * 1000=0.02 | 0.02<0.05 => Yes

vy]

0.00004 2 0.00004*999=0.039 | 0.039<0.05 => Yes

C 0.00009 3 0.00009*998=0.0898 | 0.0898>0.05 => No

Because it is a little less corrective as the p-value increases, this correction is less
conservative. However the Family-wise error rate is very similar to the Bonferroni
correction (see table in section V).

C. Westfall and Young Permutation

Both Bonferroni and Holm methods are called single-step procedures, where each p-
value is corrected independently. The Westfall and Young permutation method takes
advantage of the dependence structure between genes, by permuting all the genes
at the same time.

The Westfall and Young permutation follows a step-down procedure similar to the
Holm method, combined with a bootstrapping method to compute the p-value
distribution:

1) P-values are calculated for each gene based on the original data set and
ranked.

2) The permutation method creates a pseudo-data set by dividing the data into
artificial treatment and control groups.

3) P-values for all genes are computed on the pseudo-data set.

4) The successive minima of the new p-values are retained and compared to
the original ones.

5) This process is repeated a large number of times, and the proportion of
resampled data sets where the minimum pseudo-p-value is less than the
original p-value is the adjusted p-value.

Because of the permutations, the method is very slow. The Westfall and Young
permutation method has a similar Family-wise error rate as the Bonferroni and Holm
corrections.

D. Benjamini and Hochberg False Discovery Rate

This correction is the least stringent of all 4 options, and therefore tolerates more
false positives. There will be also less false negative genes. Here is how it works:

1) The p-values of each gene are ranked from the smallest to the largest.
2) The largest p-value remains as it is.

3) The second largest p-value is multiplied by the total number of genes in gene
list divided by its rank. If less than 0.05, it is significant.
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Corrected p-value = p-value*(n/n-1) < 0.05, if so, gene is significant.

4) The third p-value is multiplied as in step 3:

Corrected p-value = p-value*(n/n-2) < 0.05, if so, gene is significant.

And so on.

Example:

Let n=1000, error rate=0.05

Gene | p-value (from Rank | Correction Is gene significant

name | largest to smallest) after correction?

A 0.1 1000 No correction 0.1 >0.05=>No

B 0.06 999 1000/999*0.06 = 0.06006 > 0.05 =>
0.06006 No

C 0.04 998... | 1000/998%0.04 = 0.04008 < 0.05 =>
0.04008 Yes

As you can see from the example above, the correction becomes more stringent as
the p-value decreases, similarly as the Bonferroni Step-down correction. This
method provides a good alternative to Family-wise error rate methods. The error rate
is a proportion of the number of called genes.

IV. Interpre

tation

The interpretation of the number of false-positive genes after multiple testing
correction can be summarized in the table below.

Bonferroni Step-
down

Westfall and Young
permutation

Test Type Type of Error control Genes identified by chance
after correction
Bonferroni Family-wise error rate If error rate equals 0.05, expects

0.05 genes to be significant by
chance
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Benjamini and False Discovery Rate If error rate equals 0.05, 5% of
Hochberg genes considered statistically

significant (that pass the
restriction after correction) will be
identified by chance (false
positives).

Family-wise error rates allow very few occurrences of false positives.

False discovery error rate allows a percentage of called genes to be false positives.

V. Recommendations

1.

2.

3.

4.

The default multiple testing correction is the Benjamini and Hochberg False
Discovery Rate. It is the least stringent of all corrections and provides a good
balance between discovery of statistically significant genes and limitation of false
positive occurrences.

The Bonferroni correction is the most stringent test of all, but offers the most
conservative approach to control for false positives.

The Westfall and Young Permutation is the only correction accounting for genes
coregulation. However, it is very slow and is also very conservative.

As multiple testing corrections depend on the number of tests performed, or
number of genes tested, it is recommended to select a prefiltered gene list in the
Filter on Confidence or the Statistical Analysis tool. Example:

If there are 10,000 genes in the gene list, assuming a p-value cutoff of
0.05, the individual p-value for a gene must be at least
0.05/10,000=0.000005 to pass a statistical test after a Bonferroni
Multiple Testing Correction.

If there are 4000 genes in the gene list, the maximal individual p-value
must be only 0.0000125.

VL. Frequently asked questions

Q. Why do | get more genes with a smaller gene list than with all genes list
when | perform a one-way ANOVA using a Multiple Testing Correction?

A. As multiple testing corrections depend on how many genes are tested, the larger
the gene list, the more stringent the correction will be. For instance, the Bonferroni
correction will multiply the p-values of each gene by the number of tests performed.
The more tests (or the more genes, since there is one test per gene), the smaller the
p-value must be to pass the restriction.

Q. Why should | use a Multiple Testing Correction? If | select one, no genes
pass the restriction.

© Agilent Technologies, Inc. 2005
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A. Even though no genes pass the statistical restriction, it is important to keep in
mind that genes that pass a restriction without multiple testing correction might all be
false positives, thus not significant at all. If you have 10,000 genes in your genome,
and perform a statistical analysis, a p-value cutoff of 0.05 allows a 5% chance of
error. That means that 500 genes out of 10,000 could be found to be significant by
chance alone.

Q. What should | do if no genes pass the statistical test when | apply the
multiple testing correction?

A. To improve your statistical results, try one or more of the following suggestions:
1) Increase the p-value cutoff or error rate.
2) Increase the number of replicates in your experiment.

3) Select a smaller list of genes to use with your analysis. The smaller the list, the
less stringent the multiple testing correction will be (see first question).

4) Select a less stringent or no multiple testing correction. If you choose to apply no
multiple testing correction, rank the genes by their p-values to inspect them
manually. Genes with the smallest p-values will be the most reliable.
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