
Multifactorial – ANOVA
(more than one factor)

Part II: main versus interaction effects, 
interaction plots and assessing 

assumptions



• Are the differences in weight loss only due to exercise 
alone?

• Are the differences in weight loss only due to diet alone?

• Does the effect of diet on weight loss depend on 
exercise? In other words, are the differences in weight 
loss attributable to some particular combinations of 
exercise and diet? (e.g., the biggest weight loss compared 
to any other combination of diet and exercise was 
observed when individuals both dieted and exercised).

Do exercise and sport affect weight loss?

Let’s elaborate on this question further:
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Treatments

Main effects:

Diet - two treatments (yes/no).

Exercise - two treatments (yes/no).

Interaction:

Combination of diet and exercise treatments - four combinations:

1) No exercise but diet.
2) Exercise but no diet.
3) No exercise and no diet.
4) Exercise and diet.



Does dieting affect weight loss?  DIET (main effect 1)

H0: There is no difference between diet treatments in 
mean weight loss (in the population). 

HA: There is a difference between diet treatments in 
mean weight loss (in the population).   

Stating the 3 possible sets of statistical hypotheses
in a two-factorial design:



Does exercising affect weight loss?  EXERCISE (main effect 2)

H0: There is no difference between exercise 
treatments in mean weight loss (in the population). 

HA: There is a difference between exercise 
treatments in mean weight loss (in the population).   

Stating the 3 possible sets of statistical hypotheses
in a two-factorial design:



H0: The effect of diet on weight loss does not 
depend on exercise in the population (or vice versa). 

HA: The effect of diet on weight loss depends on 
exercise in the population (or vice versa). 

Are the differences in weight loss attributable to some 
combinations of exercise and diet? (interaction effect)

Stating the 3 possible sets of statistical hypotheses
in a two-factorial design:



Diet
Exercise
Diet x Exercise

ANOVA Table

Conclusion: Only exercise affects weight loss!

H0: There is no difference between diet treatments in mean weight loss.
HA: There is a difference between diet treatments in mean weight loss.

H0: There is no difference between exercise treatments in mean weight loss.
HA: There is a difference between exercise treatments in mean weight 
loss.

H0: The effect of diet on weight loss does not depend on exercise (or vice 
versa). 
HA: The effect of diet on weight loss depends on exercise (or vice versa). 



Only exercise affects weight loss!
BUT HOW? Exercise increases weight loss (P<0.0000001)

Interaction plot & 95% confidence intervals

Interaction plots are the best and most intuitive way to understand the outcomes 
(results) of complex factorial studies.  We will use statistical significance tests in a 
later lecture to assess the significance of the patterns we detect visually.  



Mean of exercise 
independent of diet
7.86 lb)

Mean of no exercise 
independent of diet 
(5.46 lb)

Only exercise affected weight loss!
BUT HOW? Exercise increased weight loss (P<0.0000001)

Understanding interaction plots

NOTE: dots and dashed lines
are not used in interaction 
plots; they are used here to 
facilitate understanding.



Mean of no diet
independent of 
exercise (6.46 lb)

Mean of diet
independent of 
exercise (6.86 lb)

Diet did not affect weight loss! (P=0.1974), i.e., variation in mean 
(likely) due to sampling variation

Understanding interaction plots
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There are five different possible outcomes 
from a two-way factorial ANOVA:

CASE 1: Only one main effect is significant (either DIET 
or EXERCISE).

CASE 2: The two main effects are significant (both DIET 
AND EXERCISE) but not the interaction.

CASE 3: Only the interaction is significant.

CASE 4: One or both main factors are significant and the 
interaction as well.  

CASE 5: No factor or interaction are significant (no need 
to cover this one; at least not graphically). 



CASE 2: the two main effects are significant (DIET AND 
EXERCISE) but not the interaction.

Note that I kept the “fictional study”, but I’ve created 
data for the different outcomes (cases). 



CASE 2: The two main effects are significant (DIET AND 
EXERCISE) but not the interaction.

Mean of exercise 
independent of 
diet

Mean of no exercise 
independent of diet



Mean of diet
independent of exercise

Mean of diet
independent 
of exercise

CASE 2: The two main effects are significant (DIET AND 
EXERCISE) but not the interaction.



CASE 3: Only the interaction is significant

Note that I kept the “fictional study”, but I’ve created 
different data set for the different possible outcomes 
(cases). 



Mean of exercise 
independent of diet

Mean of no exercise 
independent of diet

CASE 3: Only the interaction is significant, i.e., weight loss 
depends on the combinations of the levels of the main effects; 
greater when no diet and exercise OR when diet and no exercise.



Mean of no diet
independent of 
exercise

Mean of diet
independent of 
exercise

CASE 3: Only the interaction is significant, i.e., weight loss 
depends on the combinations of the levels of the main effects; 
greater when no diet and exercise OR when diet and no exercise.



CASE 4: One or both main factors are significant and the 
interaction as well. 

CASE 4.1: only interaction should be interpreted but not the 
main effect.



CASE 4: One or both main factors are significant and the 
interaction as well. CASE 4.1: only interaction should be 
interpreted but not the main effect.  

A main effect says that there is a 
difference in weight loss between 
the exercise means, regardless of 
diet. 

This may be technically true but 
only because of the big differences 
at diet.

It is not true that weight loss differ 
for the no diet case.

So, to say that there is weight loss 
regardless of diet (main effect) is 
not accurate!



CASE 4: One or both main factors are significant and the 
interaction as well. 

CASE 4.2: the interaction & main effect can be interpreted.



CASE 4: One or both main factors are significant and the 
interaction as well. CASE 4.2: the interaction & main effect can be 
interpreted.

A main effect says that there is a 
difference in weight loss between 
the exercise means, regardless of 
diet. 

This is the case because the weight 
loss when individuals exercised is 
consistently greater than no 
exercise regardless of the diet.

And, individuals that exercised and 
dieted loss even more weight than 
individuals than only dieted. 



Should we interpret only the interaction or also the differences in calcium 
independent of temperature? 

YES; one could interpret only the interaction because one level of calcium (high) is 
greater in average than all other levels.  In this case one could state that calcium can 
affect growth independent of temperature; even given the fact the greatest growth is 
at an intermediate temperature and at a high level of calcium.    



Should we interpret only the interaction or also the differences in temperature 
independent of calcium? 

NO; one should not interpret the interaction because no level of temperature is 
greater or smaller in average regardless of calcium levels.  In this case, one could 
not state that temperature can affect growth independent of calcium.

Note the change in the position of 
factors to facilitate the 
interpretation (but the mean 
values are the same as in the 
previous graph). 
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Assumptions (the same as for the one-way ANOVA):

1) Each of the samples (observations within groups) is a 
random sample from its population (LATER IN THE 
COURSE).

2) The variable (e.g., weight loss) is normally distributed in 
each combination of treatment (e.g., no diet and exercise) 
population.

3) The variances are equal among all populations from 
which the treatments were sampled (otherwise the F values 
change in ways that may not measure difference among 
means).  

Multi-factorial ANOVA



Assessing the normality assumption

-   ANOVAs are not very sensitive to lack of normality    
    (i.e., they are robust against normality).

- Simulation studies, using a variety of non-normal 
distributions, have shown that the false positive rates 
(Type I error rates) in ANOVA are not strongly 
affected by the violation of the normality assumption 
(Harwell et al. 1992, Lix et al. 1996). 



Assessing the normality assumption – some traditional tests

Source: http://www.statistics4u.info/fundstat_eng/cc_normality_test.html



Assessing the normality assumption:
The Quantile-Quantile normal plot (Q-Q normal plot)

The normal Q-Q plot is a graphical technique for 
determining if multiple data sets come from populations 
with a common distribution (here, if they all come from 
normally distributed populations regardless of their means 
and variances).



Assessing the normality assumption in linear models:
The Quantile-Quantile normal (Q-Q normal plot)

In ANOVAs, it is not the response variable (Weight loss) as a 
whole that is required to be normal, but rather the response 
within groups.

Response variable

Group 1 Group 2

Response variable not normal 
across groups, but normal 
within groups (the correct 
assumption).

Usual interpretation of the 
normality assumption in ANOVAs - 

“Data have to be normal”



Response variable

Group 1 Group 2

Assessing the normality assumption in linear models:
The Quantile-Quantile normal (Q-Q normal plot)



Response variable

Group 1 Group 2

Group 2

Group 1

Assessing the normality assumption in linear models:
The Quantile-Quantile normal (Q-Q normal plot)



Group 2

Group 1
If there are too many groups 
and too many factors (e.g., 
multi-factorial ANOVA), it 
becomes impossible to 
analyze all Q-Q plots for all 
combinations of levels across 
factors!

Ex. 2 factors with 3 levels for 
factor 1 and 4 levels for factor 
2 = 12 groups!

Assessing the normality assumption in linear models:
The Quantile-Quantile normal (Q-Q normal plot)



ANOVA is a linear multiple regression model in which the 
response variable is continuous, and predictors are categorical.

Assessing the normality assumption in linear models:
The Quantile-Quantile normal plot of residuals

(Q-Q normal residual plot)

𝑌 = 𝐹𝑎𝑐𝑡𝑜𝑟(𝐺1, 𝐺2) + 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠

So, instead of plotting all groups, we assess the residuals across all groups,
i.e., variation not accounted by group mean differences. 

Response variable

G1 G2



You will practice the application of Q-Q normal residual plots for 
two-factorials ANOVAs in tutorial 3.

Assessing the normality assumption in linear models:
The Quantile-Quantile normal plot of residuals

(Q-Q normal residual plot)

𝑊𝑒𝑖𝑔ℎ𝑡!"## = 𝐷𝑖𝑒𝑡 + 𝐸𝑥𝑒𝑟𝑐𝑖𝑠𝑒 + 𝐷𝑖𝑒𝑡 × 𝐸𝑥𝑒𝑟𝑐𝑖𝑠𝑒 + 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠



Assessing the equality of variance (homoscedasticity) assumption

The two main assessments for testing the null 
hypothesis that multiple samples come from 
populations with equal variances are: 

Levene’s test and Barlett test (more sensitive to non-
normality than Levene’s).

H0: The samples come from populations with the same 
variance.
HA: At least two samples come from populations with 
different variances.



Assessing the equality of variance (homoscedasticity) assumption

Conclusion?

The two samples come from populations 
with the same variances (they only vary in 
mean values).



Conclusion?

The two samples come from populations 
with different variances (and they also vary 
in their means).

Assessing the equality of variance (homoscedasticity) assumption



H0: The samples come from populations with the same 
variance.
HA: At least two samples come from populations with 
different variances.

Levene’s:

Let’s contrast the Levene’s and ANOVAs hypotheses

ANOVA:
H0: The samples come from the same population.
HA: At least two samples come from different populations.

- If they have the same variances and same means, then we can 
state under the null hypothesis that they come from the same 
population.  Remember, we should test for differences in variance 
(Levene’s) before conducting an ANOVA. 
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To determine the genetic causes and molecular mechanisms re-
sponsible for neurobehavioral differences in mice, we used highly
parallel gene expression profiling to detect genes that are differ-
entially expressed between the 129SvEv and C57BL!6 mouse
strains at baseline and in response to seizure. In addition, we
identified genes that are differentially expressed in specific brain
regions. We found that approximately 1% of expressed genes are
differentially expressed between strains in at least one region of
the brain and that the gene expression response to seizure is
significantly different between the two inbred strains. The results
lead to the identification of differences in gene expression that
may account for distinct phenotypes in inbred strains and the
unique functions of specific brain regions.

seizure " C57BL!6 " 129SvEv " oligonucleotide array " amygdala

Neurobehavioral studies have advanced substantially through
the use of mouse genetics. Many studies have shown that

inbred mouse strains exhibit significant variation in several
central nervous system (CNS) phenotypes. For example, despite
similar seizure susceptibility, inbred strains exhibit large differ-
ences in neuronal cell death after seizures (1) vary greatly in their
behavioral response to drugs of addiction, and show marked
differences in behavioral testing (for a review see ref. 2). With
the advent of highly parallel gene expression studies using DNA
arrays (3–5), it is now possible to ask the questions: what is the
interacting set of genes that account for the differences between
inbred mouse strains and which genes are responsible for the
unique structures and functions of specific brain regions? We
have applied gene expression profiling of multiple brain regions
in two commonly used inbred strains that differ in their neu-
robehaviorial phenotypes, the 129SvEv and C57BL!6 strains
(for a review see ref. 6 and for revised nomenclature of 129
strains see ref. 7).

We determined the number and pattern of genes that are
differentially expressed in multiple brain regions in these strains
of mice and in response to seizure.

Materials and Methods
Animal Use and Tissue Collection. All animal procedures were
performed according to protocols approved by The Salk Insti-
tute for Biological Studies Animal Care and Use Committee.
Male C57BL!6 and 129SvEv mice were purchased from Taconic
Farms at an age of 7 weeks and housed individually for 1 week
before death. Two samples were prepared and analyzed from
different mice for each strain. For animals used in the seizure
analysis, pentylenetetrazol solution was administered s.c. at a
dose of 50 mg!kg. All animals had a similar seizure response as
assessed by using standard criteria (8). Animals were killed 60
min after seizure. Dissections were done between 14.00–17.00 h
on wet ice covered with parafilm. Cortical dissections included
the entire cortex except olfactory bulbs. The midbrain consists of
the brain dissected free of cortex, pons and medulla. Cortex,
cerebellum, midbrain, and hippocampus were prepared in du-

plicate from two different mice of each strain. To obtain
sufficient tissue from amygdala and entorhinal cortex, the mi-
crodissected regions of seven animals were pooled. Dissected
tissue was directly frozen on dry ice and stored at !80°C. Mouse
embryonic fibroblasts were prepared for each strain according to
standard protocols from six embryos at day 13.5 (9).

RNA Preparation!Northern Blot Analysis. Tissues were placed into
TRIzol (GIBCO!BRL) (added to the frozen tissues at approxi-
mately 1 ml per 100 mg tissue) and homogenized (Polytron,
Kinematica, Lucerne, Switzerland) at maximum speed for 90–120
sec. Subsequent steps were done according to the manufacturer’s
instructions. Labeling of samples, hybridization, and scanning were
performed as described (4). Northern blot analysis was performed
by using 20 !g of total RNA, and probes were derived from random
priming of 500–700 base pair fragments derived from expressed
sequence tags available from I.M.A.G.E. consortium. Blots were
scanned with a PhosphorImager (Molecular Dynamics).

Gene Expression Analysis. Two different arrays (GeneChip, Af-
fymetrix, Santa Clara, CA) were used that together represent
13,069 probe sets corresponding to more than 10,000 genes and
expressed sequence tags (Mu11KsubA and Mu11KsubB). Data
analysis was performed by using GENECHIP version 3.1 (Af-
fymetrix) and NFUEGGO 2.1C (Lockhart and Lockhart, San Di-
ego). We used the GENECHIP software global scaling algorithm
to compare all 24 samples (48 total arrays, 24 SubA and 24 SubB
arrays). We scaled all samples to a target intensity of 200. A
target intensity of 200 has been shown to correspond to "3–5
transcripts per cell (4).

All strain variation analyses were done by comparing C57BL!6
to 129SvEv. To generate data for Fig. 1 and Table 1, all C57BL!6
samples were compared with all 129SvEv samples (24 experiments,
six regions per strain prepared and performed in duplicate used to
generate 12 comparison files). The criteria used to detect differ-
ences in gene expression were a fold change of 1.8 or greater and
a difference call (as described in the GENECHIP software) of
increase, marginal increase, decrease, or marginal decrease and a
signal change greater than 50 in 8!12 comparisons. For data in
Table 3, which is published as supplemental data on the PNAS web
site, www.pnas.org, the duplicate C57BL!6 samples were compared
with those from the corresponding duplicate 129SvEv brain region
and the same criteria were used (for 3!4 comparisons). To deter-
mine expression differences in response to seizure the same criteria
(for 4!4 comparisons) were used.

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: CNS, central nervous system; MEF, mouse embryonic fibroblast.
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A more complex (and real) biological data

Gene expression is standardized in relation to seizure versus base line
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fymetrix) and NFUEGGO 2.1C (Lockhart and Lockhart, San Di-
ego). We used the GENECHIP software global scaling algorithm
to compare all 24 samples (48 total arrays, 24 SubA and 24 SubB
arrays). We scaled all samples to a target intensity of 200. A
target intensity of 200 has been shown to correspond to "3–5
transcripts per cell (4).

All strain variation analyses were done by comparing C57BL!6
to 129SvEv. To generate data for Fig. 1 and Table 1, all C57BL!6
samples were compared with all 129SvEv samples (24 experiments,
six regions per strain prepared and performed in duplicate used to
generate 12 comparison files). The criteria used to detect differ-
ences in gene expression were a fold change of 1.8 or greater and
a difference call (as described in the GENECHIP software) of
increase, marginal increase, decrease, or marginal decrease and a
signal change greater than 50 in 8!12 comparisons. For data in
Table 3, which is published as supplemental data on the PNAS web
site, www.pnas.org, the duplicate C57BL!6 samples were compared
with those from the corresponding duplicate 129SvEv brain region
and the same criteria were used (for 3!4 comparisons). To deter-
mine expression differences in response to seizure the same criteria
(for 4!4 comparisons) were used.

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: CNS, central nervous system; MEF, mouse embryonic fibroblast.

See commentary on page 10676.
†R.S. and R.Y. contributed equally to this work.
¶To whom reprint requests should be addressed. E-mail: barlow@salk.edu.
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gene aa119706.at - Only strain is significant (i.e., strains differ 
from one another in their mean gene expression levels, but 

these differences are independent of the brain region)

Case 1 - What are the significant effects? 
a gene for which only strain is significant (i.e., they differ in 

gene expression levels)



gene aa217379.s.at  - Only strain is significant

Note that the B6 and X129 
lines (orange and green) 

do look  parallel

Black lines 
represent means 

of each strain 
independent of 

brain region and 
their differences 

are significant.



Black lines 
represent means of 

each brain region 
independent of 
strain and their 

differences are not 
significant.

gene aa217379.s.at  - Only strain is significant

Note that the brain region lines 
(6 colors) do look  parallel



Which factor to plot where? 
It depends on how differences facilitate interpretation.



gene AA166452.at - Only brain region is significant (i.e., 
regions differ from one another in their mean gene expression 

levels. but these differences are independent of the strain)

Case 2 - What are the significant effects? 
a gene for which only the brain region is significant



AA166452.at - Only brain region is significant

Black lines 
represent means 

of each strain 
independent of 

brain region and 
their differences 

are not significant.

Note that the B6 and X129 
lines (orange and green) do 

look  parallel



Black lines represent 
means of each brain 

region independent of 
strait and their 
differences are 

significant – BUT, 
which brain regions 

differ from one 
another? There are 15 

possible pairwise 
comparisons (tests).

AA166452.at - Only brain region is significant

Note that the brain region lines 
(6 colors) do look parallel



Which factor to plot where? 
It depends on how differences facilitate interpretation



gene aa051500.at - Only the interaction between brain regions and 
strain is significant (i.e., differences in mean gene expression levels of 

brain regions depend on strain, or vice-versa)

Case 3 - What are the significant effects? 
a gene for which only the interaction is significant



Black lines represent 
means of each strain 
independent of brain 

region and their 
differences are not 

significant – but 
some genes are 

more different than 
the other depending 

on the brain region

aa051500.at - Only the interaction between strain 
and brain region is significant

Note that the lines for strain 
are NOT parallel



Black lines represent 
means of each brain region 

independent of strain and 
their differences are not 

significant – but some 
genes are more different 
than the other depending 

on the strain.  There are 66 
possible pairwise 

comparisons (tests).

Note that the lines for brain 
region are NOT parallel

aa051500.at - Only the interaction between strain 
and brain region is significant



gene AA107725.f.at  - The mean gene expression levels 
in  brain regions vary, and the mean differences depend 

on the strain

Case 4 - What are the significant effects? a gene for which at 
least one main factor and the interaction is significant



Black lines represent 
means of each strain 
independent of brain 

region and their 
differences are not 

significant – but 
some genes are 

more different than 
the other depending 

on the brain region

AA107725.f.at – brain region differs in gene expression 
and interaction is significant 

(only interpret interactions seem to be interpretable)

Note that the lines are 
NOT parallel



Black lines represent 
means of each brain 
region independent 

of strain and their 
differences are 

significant – and 
some genes are 

more different than 
the other depending 

on the strain

Note that the lines are 
NOT parallel

AA107725.f.at – brain region differs in gene expression 
and interaction is significant 

(only interpret interactions seem to be interpretable)



A word on balanced designs

The ANOVAs performed here (and in tutorial 3) are based on equal 
number of observations per combination of groups.

In the fictional diet example, there are 5 individuals in each of the 4 
combinations of diet (yes/no) and exercise (yes/no).

In the gene expression study, there are 2 individuals in each of the 
12 combinations of strain (2 strains) and brain region (6 regions).

For balanced designs, we say that the design is fully orthogonal 
because there is no variation that is shared between factors (a 
concept we will see in a few lectures; under ANCOVA).  

For fully orthogonal designs, we use what is called a Type I Sum-
of-Squares (Type I SS). When factors are not fully orthogonal, then 
we use the Type III SS (Sum-of-Squares).  We will learn about 
Type III in the ANCOVA module).   



Lecture 6: Which effects are significant? 

which pairwise means to compare?


