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A. Abstracts

Abstract (Greek)

To otatiotiko teot two-way ANOVA cuykpivel tn dtadopd twv pé-
oWV TLUWV aVAPEDSA OTLC OMASEC TTOU €xouv XwploTel facel duo avelap-
Twv petapfAntwy. O kKUPLOG oKoTog Tou two-way ANOVA eival va yivel
Katavonto av umapxel aAAnAsnidpacn avdapeoa ot Suo ave€aptnteg
HETAPBANTEG o€ Oox€on e TNV e€aptnuévn petaBAnth. MNa mapadeyua, Ba
propouoe va eAeyxBel av umdpyxel aAAnAenibpaon avapeoa oto emnimne-
60 puaoikng SpaotnplotnTag Kot GUAOU OTN CUYKEVTPWON XOANOTEPLVNG
oto oaipa ota moadld, omou n  ¢uowkn SpaoctnplotnTta  (xaun-
An/uéon/udnAn) kat ¢puAo (ayopl/kopitol) eival ol aveédptnTteg HeTA-
BANTEG, KAl N CUYKEVTPWON XoAnotepivng lvat n e€aptnuévn PeTaBAn-
™.

O 6pog aAnAemidpaon o€ éva teot two-way ANOVA mAnpodopel av
n enidpaon Hlag amo Tig avefaptnteg HETABANTEG MAVW OTNV €€0PTNUE-
vn HeTaBANTA elvat n (St yla OAEC TIC TLUEG TNG AAANG avefapTnTNG He-
TaBAnTAG (katL To avtiotpodo). MNa nmapadelyua, n eniépacn tou GpuAou
(ayopl/Kopitol) otn OuyKEVIPpWGON XOANOTEPOANG emnpedletal amd tn
duoikn Spactnpotnta (xapnAi/ueon/vPnin);

H edappoyn autig tTng SUTAWHATLKAC Epyaciog umoBETel otL dev u-
napxel aAAnAsmidpaon avapeoa otic aveéaptnteg HeTaBAnTEC. Xpnot-
LOTIOLWVTOG TNV MPOYPAMUATLOTIKY YAwooa Python, ulomoleital To teot
«two-way ANOVA xwpig aAAnAemnidpaon pe S16pbwaon Bonferroni».

Keywords

Two-way ANOVA, Bonferroni, Python
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Abstract (English)

The statistical test two-way ANOVA compares the mean differences
between groups that have been split on two independent variables. The
primary purpose of a two-way ANOVA is to understand if there is an in-
teraction between the two independent variables on the dependent var-
iable. For example, there could be determined whether there is an inter-
action between physical activity level and gender on blood cholesterol
concentration in children, where physical activity (low/moderate/high)
and gender (male/female) are the independent variables, and cholester-
ol concentration is the dependent variable.

The interaction term in a two-way ANOVA informs whether the ef-
fect of one of the independent variables on the dependent variable is
the same for all values of the other independent variable (and vice ver-
sa). For example, is the effect of gender (male/female) on cholesterol
concentration influenced by physical activity (low/moderate/high)?

The application of this thesis assumes there is no interaction be-
tween the two independent variables. Using the programming language
Python, the test "two-way ANOVA without interactions with Bonferroni
correction" is implemented.

Keywords

Two-way ANOVA, Bonferroni, Python
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B. Introduction

t test for independent samples

The independent-samples t-test (or independent t-test, for short)
compares the means between two unrelated groups on the same con-
tinuous, dependent variable. For example, an independent t-test can be
used to understand whether glucose levels differed based on treatments
A and B for two separate groups (i.e., the dependent variable would be
"glucose levels" and your independent variable would be "treatments",
which has two groups: "A" and "B") [1].

This statistical test will compare the two groups with the following
formula:
Xa — Xp

t =
SE

where SE = Jspooled (ni + i)

T np

(np—1)sp?+(np—1)sp?
(nr-1)—(np-1)

and Spooled =

How confident are we that a given valuet (e.g.t = —4.07) is signifi-
cant? Alternatively, what is the error probability (i.e. the p-value or the
probability of false-positive result) for claiming that t is significant?

We can answer the question by comparing the absolute value of t =
4.07 with the value of the 5% point (0.05) of the t-distribution with de-
grees of freedom as follows:

dfz(nT—l)-i-(np—l)
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df Er 0.50 0.20 0.10 0.05 0.02 0.010 0002

| Lo ([, 3.078 6.314 12.7046 31.821 63,657 118.31
F 0.B1& 1.886 2.920 4.303 6.965 9.9135 22,327
3 0.765 1.638 2.353 3182 4.541 5.841 10.214
4 0.741 1.511 2.132 2.776 3.747 4.604 7173
5 0.727 1.4T6 2.015 2.571 3.3465 4.032 5.893
L] 0.718 1.440 1.943 2447 3.143 3707 5.208
T 0.7l 1.415 I.LBS5 2,345 2.998 3459 4.785
] 0706 1.397 I.860 2,304 2894 3.355 4.501
49 0.703 1.383 1.833 2262 2.821 3250 4297
1o 0.700 1.372 1.BE12 2238 2.764 3169 4.144
11 0.697 1.363 1.796 Z.201 2.718 3.106 4.025
12 0.695 1.356 1.782 2179 2.681 3055 3.930
13 0.654 1.350 1.771 2.160 2.650 A0l2 3.852
14 0.6592 1.345 1.761 2.145 21.624 2977 3. 787
15 0.691 1.341 1.753 2.131 2.602 2.947 3733
16 0650 1.337 1.746 2120 2.581 2921 3.686
17 0589 1.333 1.740 2.110 2.567 2898 3.646
18 0.688 1.330 1.734 2.101 2.552 2.E78 3.610
19 0.688 1.328 1.72%9 2093 2.539 2861 3579
20 0.587 1.325 1.725 2,084 2.518 2,845 3.552
z1 0.686 1.323 1.721 2.080 2.518 Z.831 3.517
22 0686 1.321 1.717 2.074 2.508 2,819 3.505
23 0.685 1.319 1.714 2,069 2.500 2807 3485
24 0.685 1.318 1.711 2.064 2,492 1.797 3467
25 0.684 1.316 1.708 2060 2,485 2787 3.450
28 0.684 1.315 1.704 2,056 2.479 2379 3.435
7 0.684 1.314 1.703 2.052 2473 2771 1.421
28 0.683 1.313 1.701 2,048 2.467 2.763 31.408
9 0.683 1.311 1.699 2045 2.462 2,756 1.196
A0 0683 1.alo 1.697 2.042 1.457 2750 3.385
40 0.681 1.303 1.684 2.021 2,423 2,704 3.307
&0 0679 1.294 1.671 2,000 1.390 2.660 iz
120 0677 1.289 1.658 1.980 2,358 2617 1160
L] 0674 1.282 1.645 1.960 2326 2.576 3.0

In Medicine we use the aforementioned 5% value. Other disciplines
use different points, for example psychology uses B, = 10%.

Fordf = 22 = P. = 2.07

If the absolute t value is above a certain threshold then we can claim the
difference between means (taking into account the variability of the data
and the size of the trial) is significant (i.e. different from zero).
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Example: Testing the difference between means by comparing the ef-
fectiveness of two treatments.

To assess the effectiveness of Tysabri, 24 patients with RRMS were
randomized to receive either Tysabri or placebo. The primary end-point
was the ARR. The results were as follows:

Tysabri (n=12) Placebo (n=12)
0.38 0.80
0.37 0.70
0.24 0.39
0.08 0.06
0.04 0.49
0.03 0.07
0.07 0.63
0.19 0.83
0.35 0.62
0.38 0.95
0.27 0.92
0.20 0.81

If we simulate the study ten thousand times by randomly permutating all
the numbers, and after every permutation we calculate the t-test, we
expect 5% of the random t-tests to be greater of 2.07 or less than -2.07.
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The value t = 4.07 is larger than 2.07. Thus, we can claim thatt = 4.07
is not a random value, but a significant one (i.e. different from zero),
with probability error (p-value) P < 0.05 (i.e. a small error probability).

This means that the difference between the two means is significant
with a probability error P < 0.05.

Using a statistical software we can calculate the exact P = 0.001.

Confidence interval (Cl) of the difference between two means

The significance of the difference between the two means D can also be
assessed using the 95% Cl.

The Cl is defined as:
(D—-t-SE,D+t-SE)
More specifically, the 95% Cl is defined as:
(D —toos " SE, D + to5 * SE)
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If zero is not included in the 95% CI then there is statistically signifi-
cant difference between the two treatments.

One-Way ANOVA

The one-way analysis of variance (ANOVA) is used to determine
whether there are any statistically significant differences between the
means of two or more independent (unrelated) groups (although it is
used more often when there are a minimum of three, rather than two
groups). For example, a one-way ANOVA could be used to understand
whether glucose levels differed based on treatment received amongst
patients, dividing them into three independent groups (e.g., A, B and C).
Also, it is important to realize that the one-way ANOVA is an omnibus
statistic test and cannot tell which specific groups were statistically sig-
nificantly different from each other; it only tells that at least two groups
were different. Since there may be three, four, five or more groups in a
study design, determining which of these groups differ from each other
is important [2]. This can be done using a post hoc test; this thesis will
use the Bonferroni’s correction.

Bottom line: There is a dependent continuous variable and a categorical
variable with two or more categories. When there are only two catego-
ries, then the one-way ANOVA is equivalent to the t-test for independent
samples.

Example: In a study the liver weight (x) expressed as a percentage of the
body weight of mice belonging in k = 4 groups that were fed with 4 dif-
ferent diets. In order to examine if there is difference between the four
groups, the mean values of the four groups will be compared using one-
way ANOVA.
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There are two types of variances in this study. One is the sum of squares
between groups and the other is the sum of squares within groups. The
latter is considered as standard error or random variance.

The comparison of the variance between the four groups with the ran-
dom variance is a result of the F-test as follows:

df SS MS

Source of variation

Between groups 4—-1=3 0.954 0.318

Within groups (error) 23—-3=20 0.876 s? = 0.044

Total 24 —1=23 1.83

The total variance of the dataset is:

n N2
o Zizl(xf —%)" 143

n—1 T 241

The Mean Square is:

MS_SS
=7
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The F test compares the mean square between the groups with the error
MS as follows:

_ Between groups MS  0.318

Error MS = 0044 3

If the mean variance between the four groups is greater than the ran-
dom mean variance, then the differences between the four groups is not
random (i.e. there is statistically significant difference).

As with t-test, there is a table for the F-distribution:

Post hoc tests

With two groups the interpretation of a significant difference is rea-
sonably straightforward, but how the significant variation among the
means of three or more groups is interpreted? Further analysis is re-
quired to find out how the means differ, for example whether one group
differs from all the others. Note that only differences between individual
groups should be investigated when the overall comparison of groups in
the analysis of variance is significant, unless certain comparisons were
intended in advance of the analysis [3].
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If each pair of means is compared in turn then there is a 5% chance
of a false positive result when there is no real difference (a Type | error).
So, if there are for example four groups and all six paired tests are per-
formed then the probability of at least one false positive result is very
much greater than 5%. Several methods have been proposed to deal
with this problem, such as Bonferroni, Newman-Keuls, Duncan and
Scheffe. Each method is aimed at controlling the overall Type | error rate
at no more than 5% (or some other specified level).

The disadvantage of all of these methods is that they are ‘conserva-
tive’, in that they err on the side of safety (non-significance). It is possible
to find that, although the F test in the analysis of variance is statistically
significant, no pair of means is significantly different.

There is no simple nor totally satisfactory solution to these problems,
but the following strategy should be used:

1) Decision in advance of the analysis which groups are particularly
interested in comparing (the fewer the better)

2) Perform modified t tests to compare the pairs of groups of inter-
est, using the Bonferroni (or some other) method to adjust the P
values.

The modified t test is based on the pooled estimate of variance from all
the groups (which is the residual variance in the ANOVA table), not just
the pair being considered. So t is calculated as

X=X

B se(¥%, — X3)

1

_ _ 1
where se(X; — X3) = Syes - ~ + -

10
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Bonferroni correction

Because the comparisons between the groups are not independent,
when multiple comparisons (numbered k) are performed the significance
level (P) changes to P’ = kP.

For example, if six comparisons are made between the groups, then
the adjusted P value will be P’ = kP = 6P. The adjusted P value can in-
crease too much if too many variables are added to the test. That’s why
a careful consideration of the proper pair testing is needed beforehand.

Two-way ANOVA

The two-way ANOVA is similar to the one-way ANOVA except that
the comparison is made between the mean differences of groups of a
dependent continuous variable that has been split on two independent
categorical variables instead of one.

In the previous example with the mice, if there was one more cate-
gorical variable (e.g. gender) a two-way ANOVA would be required. The
liver weight as the dependent continuous variable, and the diets and
gender as the two categorical variables.

Assumptions

When a two-way ANOVA is chosen for data analysis, part of the pro-
cess involves checking that the data can actually be analyzed using a
two-way ANOVA. This is needed because it is only appropriate to use a
two-way ANOVA if the data “pass” six assumptions that are required for
a two-way ANOVA to give a valid result [4].

Sometimes when analyzing data, one or more of these assumptions
is violated. This is not uncommon when working with real-world. There
are the following assumptions:

11
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1. The dependent variable should be measured at the continuous level
(i.e. they are interval or ratio variables). Examples of continuous vari-
ables include revision time (measured in hours), intelligence (meas-
ured using 1Q score), exam performance (measured from 0 to 100),
weight (measured in kg), and so forth.

2. The two independent variables should each consist of two or more
categorical, independent groups. Example independent variables that
meet this criterion include gender (2 groups: male or female), ethnic-
ity (3 groups: Caucasian, African American and Hispanic), profession
(5 groups: surgeon, doctor, nurse, dentist, therapist), and so forth.

3. There should be independence of observations, which means that
there is no relationship between the observations in each group or
between the groups themselves. For example, there must be differ-
ent participants in each group with no participant being in more than
one group.

4. There should be no significant outliers. Outliers are data points with-
in the data that do not follow the usual pattern (e.g., in a study of
100 students' 1Q scores, where the mean score was 108 with only a
small variation between students, one student had a score of 156,
which is very unusual, and may even put her in the top 1% of IQ
scores globally). The problem with outliers is that they can have a
negative effect on the two-way ANOVA, reducing the accuracy of the
results.

5. The dependent variable should be approximately normally distribut-
ed for each combination of the groups of the two independent varia-
bles. However, two-way ANOVA only requires approximately normal
data because it is quite robust to violations of normality, meaning
the assumption can be a little violated and still provide valid results.

6. There needs to be homogeneity of variances for each combination of
the groups of the two independent variables.

12
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C. Methods

When working with large datasets it is very hard, frustrating and
prone to mistakes to make by hand all the calculations required for a sta-
tistical test.

In order to avoid this, for my thesis a software in the programming
language Python has been developed which calculates the two-way
ANOVA when there is no interaction between the groups. Optionally, the
Bonferroni’s correction can be calculated when one of the categorical
variables has at least 3 categories.

Using Python, the powerful Python statistical libraries could be ac-
cessed and a GUI could be designed for easier user experience. The ap-
plication is compatible with csv files which store a table row in each line
of the file and the values are separated by a specific character for exam-
ple comma.

Importing an existing csv file

Through clicking Data -> Load, an open file dialog pops up and the desir-
able csv file can be imported.

13
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In the follow-up dialog, the appropriate parameters of the csv file can be
chosen.

14
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Saving a csv file

A csv file can be saved by clicking Data -> Save. The .csv extension is rec-
ommended. The resulting csv file by default will separate the values with

comma, quote the text with double quotes and have the variable names
above the values like so:

16
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D. Results

Executing two-way ANOVA with Bonferroni’s correction

A sample dataset was used with name “ToothGrowth.csv” that can be
downloaded from https://stat.ethz.ch/R-manual/R-
devel/library/datasets/html/ToothGrowth.html .

The dependent continuous variable is the length of odontoblasts (cells
responsible for tooth growth) in 60 guinea pigs. Each animal received
one of three dose levels of vitamin C (0.5, 1, and 2 mg/day) by one of
two delivery methods, (orange juice - a form of vitamin C (ascorbic acid)
and coded as VC).

It is a data frame with 60 observations on 3 variables.

[,1] len numeric Tooth length
[,2] supp categorical Supplement type (VC or OJ).
[,3] dose numeric Dose in milligrams/day

Through clicking the button “Two way ANOVA with Bonferroni’s correc-
tion”, a dependent continuous variable “len” was chosen and a post hoc
text for a categorical variable “dose”.

17
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https://stat.ethz.ch/R-manual/R-devel/library/datasets/html/ToothGrowth.html
https://stat.ethz.ch/R-manual/R-devel/library/datasets/html/ToothGrowth.html

The results appear in a separate window:

18
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The first plot is an interaction plot which as the name suggests shows if
the data have interaction. The lines should be parallel for the interaction
not to exist.

The second plot is the outlier detection. There should be no significant
outliers outside the boxes.

The dataset should pass the above two tests for the results to be consid-
ered valid, although some interaction and outliers will still give valid re-
sults.

Reporting the results

A two-way ANOVA was conducted that examined the effect of supple-
ment type and dose in milligrams/day on tooth growth of guinea pigs.

19
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The analysis shows that there is statistically significant correlation be-
tween the type of supplement (p < 0.001) and dose (p < 0.001) and tooth
growth. Using the post hoc test (Bonferroni’s correction) all three doses
(0.5, 1.0 and 2.0) are found to have statistically significant difference (p <
0.001).

E. Conclusion

For this thesis the version 3.6.2 of Python with Anaconda 4.3.21 and
the open source integrated development environment JetBrains Py-
Charm was used.

In the file “ach_multiple_comparisons.py” the multiple comparisons
and the calculation of the Bonferroni correction is performed. The graph-
ical user interface was designed with the Python library tkinter.

The application overall is lightweight in contrast with many commer-
cially available software. There is also a graphical user interface to make
it easier to use.

20
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