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Abstract

Purpose: The Bonferroni correction adjusts probability (p) values because of the

increased risk of a type I error when making multiple statistical tests. The routine

use of this test has been criticised as deleterious to sound statistical judgment,

testing the wrong hypothesis, and reducing the chance of a type I error but at the

expense of a type II error; yet it remains popular in ophthalmic research. The pur-

pose of this article was to survey the use of the Bonferroni correction in research

articles published in three optometric journals, viz. Ophthalmic & Physiological

Optics, Optometry & Vision Science, and Clinical & Experimental Optometry, and

to provide advice to authors contemplating multiple testing.

Recent findings: Some authors ignored the problem of multiple testing while oth-

ers used the method uncritically with no rationale or discussion. A variety of

methods of correcting p values were employed, the Bonferroni method being the

single most popular. Bonferroni was used in a variety of circumstances, most

commonly to correct the experiment-wise error rate when using multiple ‘t’ tests

or as a post-hoc procedure to correct the family-wise error rate following analysis

of variance (ANOVA). Some studies quoted adjusted p values incorrectly or gave an

erroneous rationale.

Summary: Whether or not to use the Bonferroni correction depends on the cir-

cumstances of the study. It should not be used routinely and should be considered

if: (1) a single test of the ‘universal null hypothesis’ (Ho) that all tests are not sig-

nificant is required, (2) it is imperative to avoid a type I error, and (3) a large

number of tests are carried out without preplanned hypotheses.

Introduction

The Bonferroni correction, named after the Italian statisti-

cian Carlo Bonferroni (1892–1960), was based on a method

proposed initially by Neyman and Pearson1 to aid decisions

in studies involving repetitive sampling. In modern

research, however, the procedure is frequently used to

adjust probability (p) values when making multiple statisti-

cal tests in any context and this usage is attributed largely

to Dunn.2 It has become a popular method and is widely

used in various experimental contexts including: (1) com-

paring different groups at baseline, (2) studying the rela-

tionship between variables, and (3) examining more than

one endpoint in clinical trials.3,4 In addition, Bonferroni

correction can be used to correct ‘experiment-wise’ and

‘family-wise’ error rates in multiple comparisons. Experi-

ment-wise error correction is where a large number of

independent tests are performed employing basic statistical

procedures such as ‘Students’ (‘t’) or Pearson’s correlation

coefficient (‘r’) and all tests are included.5 By contrast, fam-

ily-wise error correction occurs when a smaller number of

related group means are compared often after a post-hoc

procedure following analysis of variance (ANOVA)6–11 (also

known as the Bonferroni post-hoc test).

The Bonferroni correction was proposed to circumvent

the problem that as the number of tests increases, so does

the likelihood of a type I error, i.e., concluding that a signif-

icant difference is present when it is not. Hence, if a null

hypothesis (Ho) is true and p ≤ 0.05 is used as the test cri-

terion for all tests, a significant difference will be observed

by chance one in 20 trials. If 20 tests are performed, and Ho

is true for all 20 tests, however, it can be shown that the

chance of least one test being statistically significant is not

p = 0.05 but p = 0.64.12 In general, the error rate will be:
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where ‘a’ is the critical p level and ‘T’ is the number of tests

performed. In practice, an adjusted significance level of a/T
is used as an approximation to (1). Hence, the Bonferroni

correction is applied to the p values associated with each

individual test to maintain the a level over all tests at 0.05.

Despite the widespread use of the Bonferroni method,

there has been continuing controversy regarding its use.

Hence, there are those who believe no correction should

ever be made13 and those who consider correction should

be mandatory.14,15 In addition, several criticisms have been

made of the procedure, most notably by Perneger.12 First,

that the Bonferroni correction ‘is at best unnecessary and at

worst actually deleterious to sound statistical inference.’

Second, that the method is often concerned with the wrong

hypothesis and is in actuality a test of the ‘universal’ Ho,

i.e., if 20 different comparisons were made on two groups,

that the two groups were identical in all comparisons. Nor-

mally, this test would be of little relevance to researchers

who wish to assess the statistical significance of individual

tests. Third, that the interpretation of a single test depends

on the number of other tests performed. Hence, it could be

argued that the evidence provided by data is contained

within that specific data set and therefore, the conclusion

drawn should not be altered on the basis of the number of

other tests performed. Fourth, the probability of a type I

error cannot be decreased without increasing that of a type

II error, such that real differences may not be detected.

Hence, as the number of tests increases, the value of the

adjusted p that has to be exceeded to achieve statistical sig-

nificance using the Bonferroni correction decreases mark-

edly, lowering the power of a test. Fifth, there is the

question of what constitutes the population of tests to

which the correction should be applied, e.g., all tests in a

report or a subset of them, tests performed but not

included in the report, or tests from the same data included

in other reports?12 Given these criticisms and the popular-

ity of the Bonferroni method among clinical researchers, a

review of its use in optometric research would appear

timely.

The purpose of this article is to review the use of the

Bonferroni correction in ophthalmic research over the last

10 years and to provide some statistical advice for authors

carrying out clinical studies which may involve the testing

of multiple hypotheses. First, current practice in the use of

Bonferroni and other types of correction is reviewed with

reference to articles published in three optometric journals,

viz. Ophthalmic & Physiological Optics (OPO), Optometry

& Vision Sciences (OVS), and Clinical & Experimental

Optometry (CXO). Second, statistical advice is given on

the use of the Bonferroni correction in two statistical

contexts: (1) correcting the experimental-wise error rate

when making multiple tests involving a simple procedure

such as ‘t’ or ‘r’ and (2) correcting the family-wise error

rate following ANOVA.

Methods

Journals

All articles in which multiple statistical testing of data was

employed and which were published in OPO, OVS, and

CXO in the period 2003–2013 were reviewed. Two searches

were made to investigate: (1) the frequency of correction of

p values by any available method (Search terms: ‘multiple

testing’, ‘post-hoc’ tests) and (2) the specific use of the Bon-

ferroni adjustment (Search terms: ‘Bonferroni correction’,

‘Bonferroni adjustment’, ‘Bonferroni post-hoc test’). Two

questions were considered with reference to the articles

examined: (1) did the article correct p values to reduce the

chance of a type I error using any of the available methods

and provide a rationale for the method used (Search 1),

and (2) did the study apply Bonferroni correctly and did it

provide an appropriate rationale and/or discussion of its

use (Search 2)?

Data analysis

Differences in the distribution of frequencies between cate-

gories were compared among the three journals (totalled

over years) using chi-square (v2) contingency table tests.

Results

The analysis of studies which included multiple statistical

testing by any available method is shown in Table 1. Of 142

articles reviewed, 47 (33%) did not correct p values for

Table 1. What proportion of studies in three optometry journals

(OPO = Ophthalmic & Physiological Optics, CXO = Clinical & Experi-

mental Optometry, OVS = Optometry & Vision Science) involving multi-

ple statistical testing corrected probability (p) values to reduce the

chance of a type I error and provided an appropriate rationale using any

of the available methods?

Categories

Journal

OPO CXO OVS Total

Correction/Rationale

No correction 17 9 21 47

Correction, Rationale 2 3 4 9

Correction, no Rationale 30 15 41 86

Method

Bonferroni 14 9 28 51

Other 35 18 38 91

Comparison of journals (Correction/Rationale: v24 = 1.58 (p = 0.81).

Comparison of journals (Method: v22 = 2.44 (p = 0.30).
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multiple comparisons. Of the 95 (67%) of articles that did

correct p values, nine (9%) provided a clear rationale for its

use, i.e., to avoid a type I error, while 86 (91%) provided

no clear rationale or discussion. There were no differences

in these proportions in the three journals (v24 = 1.58,

p = 0.81). The Bonferroni correction was specifically

applied in 51 (36%) of articles, other types of correction

such as the Bonferroni-Holm method, standard Abbott for-

mula, the false discovery rate, the Hochberg method, or an

alternative conservative post-hoc procedure, such as Sche-

ff�e’s test, being used in the remainder. There were no signif-

icant differences in these proportions in the three journals

studied (v22 = 2.44, p = 0.30).

The proportion of studies in which either a clear ratio-

nale and/or the implications of the Bonferroni correction

were given compared with those in which no such discus-

sion was evident is shown in Table 2. Of 187 articles

reviewed, 133 (71%) provided little or no discussion while

54 (29%) provided some rational and/or discussion of the

method. Of the articles that provided some discussion, 36

(19%) considered its relevance in reducing a type I error,

two (1%) discussed the possibility of a type II error, six

(3%) discussed the relevance of the Bonferroni correction

and decided not to adjust p values, and eight (4%) gave an

incorrect rationale for its use. Of the 187 articles reviewed,

72 (39%) explicitly stated the p value used to judge statisti-

cal significance. Of these 34 (47%) quoted the adjusted p

value correctly while 38 (53%) continued to quote that

p = 0.05 was used as test criterion even after adjustment.

There were no significant differences in these proportions

among the three journals (Discussion/Rational v210 = 11.67,

p = 0.31; Quotation of p value v22 = 4.80, p = 0.09).

Discussion

A wide variety of clinical studies in optometry were

reviewed and a range of current practice in correcting p val-

ues when making multiple tests was identified. A variety of

methods of correcting p values were employed including

Hochberg,16 Greenhouse-Geisser,17 false discovery rate,18

the Abbott formula,19 or ‘guide to expression of uncer-

tainty in measurement’,20 but the Bonferroni method was

the single most popular. In addition, the greatest single use

of these methods was as a post-hoc procedure following

ANOVA
6–8 and its variants, including analysis of covariance

(ANCOVA),21 and multivariate ANOVA (MANOVA).22

Two main issues were identified in the studies reviewed.

First, too many studies failed to address the problem of

multiple testing, viz. the possibility of making a type I error

and very few studies considered its corollary, i.e., the

increasing risk of a type II error if a correction was applied.

In addition, a few studies gave some consideration to the

problem but then made the decision not to adjust p val-

ues.23–26 Some authors compared the results of both cor-

recting and not correcting p values22 thus potentially

complicating interpretation of the data. Second, when the

problem of multiple testing was addressed by the applica-

tion of the Bonferroni or an equivalent method, there were

too many studies in which no rationale for its use or dis-

cussion of its effects was provided.

The Bonferroni correction itself was applied to a wide

variety of statistical procedures, most frequently as a post-

hoc test after ANOVA
6–8 or when multiple ‘t’ tests27–30 and

Pearson’s ‘r’31–34 were employed. It was also used to correct

non-parametric tests such as the Mann-Whitney test,35 the

Wilcoxon test,36,37 the Kruskal-Wallis test,38,39 chi-square

(v2) contingency table test,40,41 and Fisher’s 2 9 2 exact

test.42,43 It was less commonly used in studies involving

regression and multiple regression,29,44,45 or in studies

involving the intraclass correlation coefficient (ICC),46 and

was rarely used to test goodness-of-fit of data to statistical

models such as Rasch model or the normal distribu-

tion.47,48 Applying a Bonferroni correction to a series of

goodness of fit tests would not be recommended as reduc-

ing the chance of a type I error would increase a type II

error, i.e., increasing the chance that some data sets would

spuriously fit the model.

The majority of studies reviewed did not consider the

relative risks of type I and type II errors. The relative

importance attached to these two types of error will depend

on the specific hypotheses tested and the likely conse-

quences of making each type of error. For example, in an

exploratory study, an ANOVA may have been carried out to

determine which of a group of treatments or variables is

likely to have a significant experimental effect, such effects

being investigated in more detail. In this case, it would be

Table 2. What proportion of articles provide a rationale for the use of

the Bonferroni correction and quoted adjusted probability (p) values

correctly in three optometric journals (OPO = Ophthalmic & Physiologi-

cal Optics, CXO = Clinical & Experimental Optometry, OVS = Optome-

try & Vision Science)

Categories

Journal

OPO CXO OVS Total

Dicussion/Rationale

No discussion 50 32 51 133

Discussion, type I error 12 9 15 36

Discussion, type II error 2 0 0 2

Discussion, no correction 4 0 2 6

Discussion with and

without correction

1 0 1 2

Erroneous rationale 6 0 2 8

Adjusted p

Correcly quoted 7 6 21 34

p = 0.05 quoted 1 9 28 38

Comparison of journals: (Discussion/Rationale: v210 = 11.67 (p = 0.31).

Quotation of adjusted p (v22 = 4.80 (p = 0.09).
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better to use a more liberal post-hoc test such as Fisher’s

‘protected least significant difference’ (PLSD).8 In this con-

text, it is better not to miss a possible effect, i.e., to avoid a

type II error and therefore not to use a Bonferroni correc-

tion. By contrast, if the objective is to be as certain as possi-

ble that a particular planned treatment comparison does

have the desired effect then either the Bonferroni method

or one of the more conservative post-hoc procedures such

as Scheff�e, would be more appropriate.49,50 Hence, in any

study involving multiple testing, authors should consider

first, whether specific planned comparisons are envisaged

(hypothesis testing) or whether unplanned exploratory test-

ing is involved and second, consider the relative risks of

type I and type II errors before making a decision of

whether to adjust p values.

A significant number of articles examined did not pro-

vide a rationale or any discussion of the method of correc-

tion used or its consequences. A further problem in those

studies which made an adjustment was that many did not

clearly quote the actual adjusted p value in addition to the

non-adjusted p value and the name of the correction proce-

dure. Some studies stated that a Bonferroni correction was

made and that p = 0.05 remained the test criterion. This

ambiguity could mean: (1) p = 0.05 was the original test

criterion but was modified by a Bonferroni correction, (2)

that after correction, the p value remained at p = 0.05 over

all tests, or (3) p = 0.05 continued to be used erroneously

as at test criterion for the individual tests. A small number

of studies used a Bonferroni correction but did not provide

a correct rationale for doing so. Hence, a Bonferroni cor-

rection is not advisable in circumstances in which the vari-

ables under study are heavily inter-dependent51 or to

correct for unequal variances52; there are other methods

available for taking these problems into account. In addi-

tion, applying the Bonferroni correction to a series of ‘t’

tests to decide whether the data could be pooled for a sub-

sequent ANOVA should be viewed with caution as the correc-

tion would encourage pooling by setting a particularly

conservative p value and thus increasing the chance of a

type II error.53 The Bonferroni correction has also been

applied to multiple tests often on a single data set using dif-

ferent statistical procedures.54–59 The problem with this

approach is not necessarily the number of tests performed

but that the various procedures are likely to be based on

different statistical models, and may result in conflicting

conclusions from the same data.

Given the criticisms of Pernerger12, should the Bonfer-

roni correction be used routinely? In the author’s view, too

many studies applied the correction uncritically, and since

it is a conservative procedure, many ‘real’ effects may have

gone undetected. Pernerger12 describes a number of scenar-

ios in which such a correction would be appropriate. First,

as a test of the universal Ho that all tests are not significant.

For example, an investigator may wish to verify that a spe-

cific eye disease was not associated with the histocompati-

bility locus antigens (HLA), the occurrence of 20 specific

antigens being measured in a group of cases of the disease

and in appropriate controls. If no association existed

between any of the antigens and the disease, the probability

that one antigen at least would be associated would be

p = 0.64.12 A further example of this analysis might be a

healthy person undergoing several health checks and a phy-

sician may wish to be sure that the patient was healthy on

all of the tests.12 Second, correction has been suggested in

situations where an investigator is searching for significant

associations but without a pre-established hypothesis.12,60

However, this use depends on the ‘intention’ of the investi-

gator. In an exploratory context, an investigator would not

wish to miss a possible effect worthy of further study and

therefore, a correction would be inappropriate. However, if

the objective was to test everything in the hope that some

comparisons would appear significant and the results were

not considered to be hypotheses for further study, then a

correction should be applied.3

Concluding remarks and advice

Given the problems described and concerns raised by Pern-

erger12 what is appropriate statistical advice for authors

contemplating multiple statistical testing? As stated by Stre-

iner and Norman3, to correct or not to correct depends on

the circumstances of the study.

1. No correction would be advised in the following cir-

cumstances:

• if the study is restricted to a small number of

planned comparisons.3,61

• if a study is exploratory involving post-hoc testing

of unplanned comparisons which are regarded as

hypotheses for further investigation.

• if multiple usage of a simple test such as ‘t’ or ‘r’ is

envisaged, if it is the results of the individual tests

that are important. Instead, the exact p values for

each individual test should be quoted and dis-

cussed appropriately.

• if it is imperative to avoid a type II error.

2. A Bonferroni correction should be considered if:

• a single test of the ‘universal null hypothesis’ (Ho)

that all tests are not significant is required.

• it is imperative to avoid a type I error.

• a large number of tests are carried out without

preplanned hypotheses in an attempt to establish

any results that may be significant.3

3. If a correction is required but the original Bonferroni

procedure is regarded as too conservative, then a possi-

ble alternative is to use the Bonferroni-Holm62 or

Hochberg63 methods. Both correct for the family-wise
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error rate, employ sequential testing, and are less con-

servative than the original Bonferroni method. In both

methods, p values for the various tests are ranked from

low to high, i.e., representing the most to the least sig-

nificant difference. For the Bonferroni-Holm method

with comparisons 1 to T and p = 0.05 as the ‘a’ level, if
the most significant p1 < a/T then the first Ho is

rejected. If the first Ho is rejected the analysis is termi-

nated, otherwise the next highest p (p2) is tested. If

p2 < a/T-1 then the second Ho is rejected. The analysis

then proceeds to subsequent steps, terminating when a

Ho is not rejected.
64 By contrast, the Hochberg method

tests the largest p value (pT) first. If pT < a, then all Ho

up to and including pT are rejected and the analysis ter-

minated. If the first Ho is not rejected, the analysis pro-

ceeds to test the second highest pT-1 and if pT-1 < a/2,
all Ho up to and including pT-1 are rejected. The analysis

then proceeds to subsequent steps, terminating when a

Ho in the sequence is rejected.64

4. In all studies involving multiple testing, investigators

should clearly describe the design of their study includ-

ing whether specific hypothesis testing or hypothesis

generation is envisaged, provide a rationale for their

choice of adjusting or not adjusting p values, justify the

method selected if p values are adjusted, and quote

adjusted p values correctly.
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