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1 Repeated measure ANOVA (or
within-subjects ANOVA)
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1.1 Definition
Repeated measures ANOVA:

e isused for analyzing data where same subjects are
measured more than once on the same outcome variable
under different time points or conditions.

e isthe equivalent of the one-way ANOVA, but for related, not
independent groups, and is the extension of the dependent
t-test.

In repeated measures ANOVA, the independent variable (also
referred as the within-subject factor) has categories (called
levels or groups). UZH
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1.2 ANOVA versus repeated measures ANOVA
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https://statistics.laerd.com/statistical-guides/repeated-measures-anova-statistical-guide.php

1.3 Individual differences between subjects

With a repeated measures ANOVA, as we are using the same
subjects in each group, we can remove the variability due to
the individual differences between subjects, referred to as
S Ssubjects» from the within-groups variability (SS,,) by
treating each subject as a block.

That is, each subject becomes a level of a factor called
subjects. The ability to subtract SSsubjects will leave us with a
smaller S'S..,.... term (it will only reflect individual variability
to each condition).
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1.4 One-way versus two-way repeated
measurements analyis

One-way repeated measures ANOVA is an extension of the
paired-samples t-test for comparing the means of three or
more levels of a within-subjects variable.

Two-way repeated measures ANOVA is used to evaluate
simultaneously the effect of two within-subject factors on a

continuous outcome variable.
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2 F-statistic and error term
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2.1 F-statistic

Following division by the appropriate degrees of freedom, a mean sum of squares for
between-groups (M .Sp) and within-groups (M S,,) is determined and an F-statistic is
calculated as the ratio of M S, to M S, (or M S.,ror).

. MS,  MS,

F = —
MSw MSerror

A repeated measures ANOVA calculates an F-statistic in a similar way:

L M Sconditions L M Stime

F

MSBT’T’O’I" MSB’I’"I"OT’
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2.2 Error term

A repeated measures ANOVA can further partition the error
term, thus reducing its size:

S‘Serror — SSw — SSsubjects
SSe'r'ror — SST _ SSconditz'ons _ S‘Ssubjects

This has the effect of increasing the value of the F-statistic due
to the reduction of the denominator and leading to an increase
in the power of the test to detect significant differences
between means.
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2.3 Manual examples: repeated measures
ANOVA vs independent ANOVA

Repeated Measure ANOVA

Independent ANOVA

. (value- (group_mean- (value- (value-
value at value at value at Subject Subjects values times Eroup mean grand_mean)}"2 grand_mean}*2 grand_mean}"2 group_mean}"2
Subjects time 1 time2 time 3 means 1 45,0 1,0 42,8 0.9 97 09 a7
1 45.0 50.0 550 50.0 2 42,0 1,0 156 9,7 15,6 0,7
2 420 420 450 43.0 3 36,0 1,0 98,9 3,7 98,9 46,7
’ ' ' ' a 39,0 1,0 48,2 9,7 48,2 14,7
3 36,0 41,0 43,0 40,0 5 51,0 1,0 256 3,7 256 66,7
4 39,0 35,0 40,0 38,0 6 44,0 1.0 3,8 3,7 33 14
5 51,0 55,0 59,0 55,0 1 50,0 2,0 45,3 16,4 0,4 16,4 21,8
5 44.0 490 s5.0 497 2 42,0 2,0 15,6 0,4 15,6 11,1
3 41,0 2,0 244 0,4 24,4 18,8
Time mean 428 453 49,7 T 350 2,0 1198 04 1198 106,8
Grand mean 459 5 55,0 2,0 82,0 0,4 82,0 93,4
5 49,0 2,0 9,3 0,4 9,3 13,4
1" 55,0 3,0 49,7 82,0 13,9 82,0 28,4
. b 45,0 3.0 0,9 13,9 09 21,8
subjects & 3" 43,0 3.0 87 13,9 87 434
time points (or conditions) 3 After taking away 55_subjects an 400 3.0 353 139 35.3 93.4
from 55_w we are left with an 5" 59,0 3,0 170,4 13,9 1704 87,1
55 _time (or 85_conditions) 143,4 error term (55_error) that is &" 56,0 5.0 1011 138 1011 40,1
within-group variations 1348 265,33 315,33 only 8% as large as the Grand mean 459
S5_w 715,5 | independent ANOVA error term S5 w 858.9
subject 1: (mean-grand_mean)*2 16,4 55_b 143,4
subject 2 8,7 BT 858,9 —
SUh{ECtB 55.3 Groups Sample size  Sample mean Sample variance T
subject 4 63,1 Subjects 6 42,8 27,0
subject 5 82,0 Subjects’ 3 45,3 53,1
subject 6 139 Subjects” 6 457 63,1
55_subjects 658,3 92% .
Subjects 18
|ss_error 572 |a% Groups .
M5_time (or MS_conditions) 71,7 920%;
MS_error 5,7 (MS_w in independent ANOVA) 658,3 Ms_T L7
MS_error 47,7
Fvalue 12,5
—— Fvalue 1,5
df_time: (k-1) 2 u S5 subjects = S5 mor F(df_time, df_error) F(2.15)
df_error: [(k-1)*(n-1)] 10 Critical Fvalue 2,7
Fidf_time, df_error) F{2,10)
Critical F-value 4,1 If the obtained value of F is equal to or larger than the critical F-

value, then the result is significant at that level of probability.

Source 55 df MS F
Time 1434 20 71,7 125
Error 57,2 10,0 5,7

Multivariate statistics
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3 Assumptions and effect size
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3.1 Assumptions

e No significant outliers

e Normality of the dependent variable (at each time point or
condition)

= We can use histograms and normality tests

e Variance of the differences between groups should be equal
(sphericity assumption)

= We can use Mauchly’s test of Sphericity (if p>0.05,
sphericity can be assumed).
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3.2 Reminder about factors

e Simple one-way ANOVA: there is only one factor, the
independent variable that divides the data into groups.

e Two-way ANOVA: there are two factors for which we examine
their effects on the dependent variable, and also if there is
any interaction between the factors.

e Repeated measures ANOVA: the factors may include both
between-subject factors (e.g., group membership) and
within-subject factors (e.g., time points when measurements
are taken on the same subject).
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3.3 Effect size

The n;artml is specific to the factor ¢, but if there are several factors, you cannot add the
individual nzartial to form a total value because the denominator does not contain the

total sum of squares (it includes only the variance related to a particular factor and its

error, not the total variance). nzartial is where the the SSsubjects has been removed from

the denominator:

772 L SS conditions
tial
partia S Sconditions + S Serror

In contrast, total n? considers the proportion of the total variance explained by each
factor, which allows for a single value that accounts for all sources of variance.
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4 Examplein R
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4.1 One-way repeated measure ANOVA

Let’s create a random dataset of 6 participants with three
observation periods:

oY U i W DN -

oy U x W N - O

ID<-seq(l:6) # 6 participants

set.seed (123) # allow for the random sample to be reproducible
TimeOl<-c (sample (1:200, 6, replace=T)) # 6 measurements at first time
Time02<-c (sample (50:250, 6, replace=T)) # 6 measurements at second ti
Time03<-c (sample (100:300, 6, replace=T)) # 6 measurements at third ti
df<-data.frame (ID,Time0l, Time02, Time03)

df$SID<-as.factor (dfS$SID)

# convert into long format

DF <- tidyr::gather (df,Time,Measure,2:4)

DFSTime <- as.factor (DFSTime)

head (DF)

Time Measure
TimeO1l 159
TimeO1l 179
TimeO1l 14
TimeO1l 195
TimeOl 170 UZH
TimeO1l 50 IKMZ
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4.2 Methods for conducting one-way repeated
measure ANOVA

# general
mod=rstatix::anova test (DF,
dv=Measure,

wid=1ID,

within=c (Time))

modSANOVA

Effect DFn DFd F p p<.05 ges
1 Time 2 10 7.931 0.009 * 0.416

# detailed
rstatix::anova test (DF,
dv=Measure,

wid=1ID,

within=c (Time),
detailed = T,

effect.size = "pes")SANOVA
Effect DFn DFd SSn Ssd F p p<.05 pes
1 (Intercept) 1 5 494680.89 29967.11 82.537 0.00027 * 0.943
2 Time 2 10 38812.11 24467.89 7.931 0.00900 * 0.613

Note: “ges” in the outputs indicates generalized n? and “pes” indicates n}%artial.

UZH

IKMZ
Multivariate statistics


http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf
http://127.0.0.1:6825/RepeatedMeasures_slides.html?print-pdf

22

4.3 Mauchly’s test

We can test whether the variance of the differences between
groups is equal (sphericity assumption) using the Mauchly’s
test of Sphericity:

modS$ "Mauchly's Test for Sphericity’

Effect W p p<.05
1 Time 0.936 0.877

Interpretation: When Mauchly’s test for equality of variances
fails to show significance, you have evidence that the data are
suitable for the application of the One-way ANOVA repeated
Measures test.
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4.4 Corrections

In case Sphericity was violated, we can rely on two corrections based upon estimates of
sphericity that are applied to the df used to assess the observed F-ratio:

e Greenhous and Geisser (GG)
e Huynh-Feldt (HFe)

In our example, the lower limitwillbe:1/(k—1)=1/(3—-1)=1/2=10.5

modS$ " Sphericity Corrections’

Effect GGe DF[GG] pIGG] p[GG]<.05 HFe DF [HF] p[HF] p[HF]<.05
1 Time 0.94 1.88, 9.4 0.01 *1.488 2.98, 14.88 0.009 *

Interpretation: In the output the calculated GGe value is 0.94 and, as this is closerto 1
than it is to the limit of 0.5, it does not represent a substantial deviation from sphericity.

In case of sphericity violation (and in case where both corrections give different results), a
good practice is to calculate the average of the two corrections (GGe and HFe) and to take
the average of the two significance values (p[GG] and p[HF]). If the average p-value is not
significant, then the F-ratio is considered as non-significant.
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4.5 Two-way repeated measure ANOVA

ID<-seqg(l:18) # 18 participants
Group<-rep(l:3,each=6) # 3 parallel groups with 6 participants
set.seed (123) # allow for the random sample to be reproducible
TimeOl<-c (sample(1:200,18, replace=T)) # 18 measurements at first ti
Time(02<-c (sample (50:250,18, replace=T)) # 18 measurements at second
Time03<-c (sample (100:300,18, replace=T)) # 18 measurements at third
df<-data.frame (ID, Group,Time0l, Time02, Time(03)
dfSID<-as.factor (df$SID)
df$Group<-factor (df$SGroup, levels=c (1,2, 3),

labels=c ("Group 01", "Group 02","Group 03"))
# convert into long format
DF<-tidyr::gather (df, Time,Measure, 3:5)
DEFSTime<-as.factor (DFSTime)

head (DF)
ID Group Time Measure
1 1 Group 01 TimeOl 159
2 2 Group 01 TimeOl 179
3 3 Group 01 TimeOl 14
4 4 Group 01 TimeO1l 195
5 5 Group 01 TimeO1l 170
6 6 Group 01 TimeO1l 50
F UZH
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4.6 Methods for conducting two-way repeated

measure ANOVA

DFSMeasure <- as.numeric (DF$Measure)
DFSID <- as.factor (DFSID)
DFSTime <- as.factor (DFSTime)

two way <- rstatix::anova test (data = DF,
formula = Measure ~ Group*Time,
dv = Measure,
wid = 1D,
within = c(Group, Time)

)

rstatix::get anova table(two way)

ANOVA Table (type II tests)

Effect DFn DFd F P p<.05 ges
1 Group 2 45 0.187 0.830000 0.008
2 Time 2 45 10.671 0.000161 * 0.322
3 Group:Time 4 45 0.589 0.672000 0.050

Interpretation: We do not observed statistically significant two-way interactions between

group and time.

Multivariate statistics
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4.7 Pairwise comparisons for Group

# Effect of group at each time point
one.way <- DF [>
dplyr::group by (Time) |>
rstatix::anova test (dv = Measu

formula = Measure ~ Group,

wid = 1D,

within = Group) |>
rstatix::get anova table() [|>

rstatix::adjust pvalue (method=
print (one.way[,c(1,2,5,6,8)1])

# A tibble: 3 x 5

Time

<fct>
1 TimeO1l
Time02
3 Time03

N

Effect F P ges
<chr> <dbl> <dbl> <dbl>
Group 0.919 0.42 0.109
Group 0.118 0.89 0.015
Group 0.215 0.809 0.028

OW 0 J o U Wb
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# Comparisons between groups at each time
pwc <- DF
dplyr::group by (Time) |>
rstatix::pairwise t test(

)

| >

Measure ~ Group,
paired TRUE,
p.adjust.method = "bonferroni"

print (pwcl,c(1,3,4,7,9)])

A tibble: 9 x

Time
<fct>
TimeOl
TimeO1l
TimeOl
Time02
Time02
Time02
Time03
TimeO3
TimeO3

Multivariate statistics

groupl
<chr>
Group
Group
Group
Group
Group
Group
Group
Group
Group

5

01
01
02
01
01
02
01
01
02

group?

<chr>
Group
Group
Group
Group
Group
Group
Group
Group
Group

02
03
03
02
03
03
02
03
03

statistic P

<dbl> <dbl>
1.53 0.188

-0.152 0.885

-1.36 0.232

-0.612 0.568
0.0310 0.976
0.454 0.669
0.221 0.834
0.820 0.45
0.502 0.637
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4.8 Pairwise comparisons for Time

# A tibble:

Group
<fct>
1 Group 01
Group 02
3 Group 03

N

# Effect of time at each level of group
one.way2 <- DF |>
dplyr::group by (Group) |>
rstatix::anova test (dv = Measu

formula = Measure ~

wid = 1D,

within = Time) |>
rstatix::get anova table() [|>

rstatix::adjust pvalue (method
print (one.way2[,c(1,2,5,6,8)1)

3 x5
Effect F e ges
<chr> <dbl> <dbl> <dbl>
Time 2.55 0.111 0.254
Time 7.37 0.006 0.496
Time 3.03 0.079 0.288

OW 0 J o U Wb

A tibble:

Group
<fct>
Group
Group
Group
Group
Group
Group
Group
Group
Group

Multivariate statistics

01
01
01
02
02
02
03
03
03
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# Pairwise comparisons between time points
pwc2 <- DF

)

dplyr::group by (Group)
rstatix::pairwise t test(

Measure ~ Time,
paired = TRUE,
p.adjust.method = "bonferroni"

print (pwc2[,c(1,3,4,7,9)])

9 x 5
groupl
<chr>
TimeOl
TimeOl
Time02
TimeOl
TimeOl
Time02
TimeOl
TimeOl
Time02

group?2 statistic

<chr>

Time02
Time0O3
TimeO3
Time02
TimeO3
TimeO3
Time02
Time0O3
TimeO3

<dbl>
.160
.20
.36
.46
.21
.75
.0604
.25
.39

<dbl>

O OO O OO oo o

.879
.009
.065
.057
.024
.141
.954
.023
.062
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4.9 Pairwise t-test comparison (if no significant

interaction)

If the interaction is not significant, we can simply execute pairwise t-test comparison.

# Comparisons for group variable
resl = DF |>
rstatix::pairwise t test(

Measure ~ Group,
paired = TRUE,
p.adjust.method = "bonferroni"

)
resl[,c(2,3,6,8,10)]

# A tibble: 3 x 5

groupl group?2 statistic p p.adj.signif
<chr> <chr> <dbl> <dbl> <chr>

1 Group 01 Group 02 0.698 0.495 ns

2 Group 01 Group 03 0.338 0.739 ns

3 Group 02 Group 03 -0.340 0.738 ns

# Comparisons for the time variable
res?2 = DF |>
rstatix::pairwise t test(

Measure ~ Time,
paired = TRUE,
p.adjust.method = "bonferroni"

)
res2[,c(2,3,6,8,10)]

# A tibble: 3 x 5

groupl
<chr>
1 TimeO1l
TimeOl
3 Time02

N

Multivariate statistics

group?2 statistic p p.adj.signif
<chr> <dbl> <dbl> <chr>

Time02 -1.32 0.203 ns

Time03 -5.68 0.0000269 ****

Time03 -3.88 0.001 *x
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