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Abstract: Sequential measurements taken from same experimental unit at different periods of time for a quantitative
trait are named Repeated Measurement. In a repeated measures design with two factors (treatment and time), use of
MIXED model offers an opportunity for describing various covariance structures (CS, UN, ANTE (1), AR(1),
TOEPLITZ etc.) in analyzing data with/without missing observations instead of a Repeated ANOVA ( classical
approach) in the event of violation of spherity assumption. In the framework of MIXED modeling used for the
repeated measures design, the aims of this study are to evaluate statistical validity of some assumptions relevant to
this topic for available data set including missing observations and to get knowledge about selecting the suitable
covariance structure for the data set. To achieve these aims, sample data on animal science were provided.

The best covariance structure was selected on the basis of goodness of fit criteria such as AIC, BIC, and AICC.
In conclusion, present results obviously reflected that in the case of violation of spherity assumption, use of MIXED
modeling in repeated measures design was a good choice for defining ideal covariance structures for data set
with/without missing observations.
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Eksik Goézlem iceren Tekrarlanan Olgiimli Denemelerde En Uygun Kovaryans Yapisinin Belirlenmesi

Ozet: Kantitatif bir 6zellik bakimindan ayni deneme Unitesinden farkli zaman periyotlarinda alinan ardisik
olgtimlere, tekrarlanan 6lgiim denir. iki faktorlii (muamele ve zaman) tekrarlanan dlglimli denemelerde, kiiresellik
varsayiminin saglanmadigi durumda Repeated ANOVA (klasik yaklasim) yerine MIXED modelinin kullaniimasi,
eksik/tam gozlemli verilerde cesitli kovaryans yapilarinin tanimlanmasina (CS, UN, AR (1), TOEPLITZ vs) olanak
saglamaktadir. Bu calismanin amaglari, tekrarlanan olgtimli denemeler igin kullanilan MIXED modelleme
kapsaminda, eksik gozlemler iceren mevcut veri setleri icin konu ile ilgili bazi varsayimlarin istatistiksel
gecerliligini (dogrulugunu) degerlendirmek ve bu veri setleri igin sec¢ilmis uygun kovaryans yapisinin secilmesi
konusunda bilgi sahibi olmaktir. Bu amaglara ulasmak i¢in hayvancilik alaninda bir veri seti temin edilmistir. En iyi
kovaryans yapisi; AIC, BIC ve AICC uyum iyiligi 6lcutlerine gore secilmistir.

Sonucta, bu calisma, tekrarlanan 6lcimlii denemelerde, kiiresellik varsayiminin saglanmamasi durumunda
MIXED model kullaniminin, eksik/tam gozlem igeren veri setleri icin ideal kovaryans yapilarini tanimlamada iyi bir
secenek oldugunu agikca gdstermistir.

Anahtar Kelimeler: Kuresellik testi, Kovaryans yapisi, MIXED model, Repeated ANOVA

INTRODUCTION effectual evaluation in the validity of Spherity

Repeated measures are multiple observations taken  assumption in repeated measures data without missing
consecutively on same experimental unit over time fora  observations. Greenhouse-Geisser and Huynh-Feldt in
quantitative (measurable) trait. In the general linear the violation of this assumption are preferable
mixed models, repeated measures (correlated) designs  conventional (univariate) approaches, to a certain
that include random and fixed effects (Littell et al., extent, compared to Repeated ANOVA. However,
2000), are likely to be analyzed on the basis of classical ~ Profile analysis (Repeated MANOVA) as a multivariate
(univariate) and advanced (multivariate) approaches approach to repeated measures design could produce
(Eyduran and Akbas, 2010). These approaches are often  better valuable results in comparison to these univariate
used for assessing repeated measures data with two  approaches when the assumption is invalid for repeated
factors, time and treatment (Orhan et al., 2010). Of data with non-missing data. Contrarily to all of these
them, the simplest one as a univariate approach is approaches mentioned insofar, applying mixed model
Repeated ANOVA, which statistically presents more approach in repeated measures data is the most
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advantageous optionally, in terms of specifying
different covariance patterns with/without missing
observations in the violation of Spherity assumption
(Eyduran and Akbas, 2010; Orhan et al., 2010).

Over the last decades, some authors have got
sophistically in touch with most advantageous of
choosing mixed model theory in repeated measures
design with two factors (treatment and time) relating to
animal husbandry (Littell et al., 1998; Akbas et al.,
2001; Pancarci et al., 2007&2009; Orhan et al., 2010;
Serbester et al., 2012). Conversely, application of mixed
model methodology and determination of ideal
covariance structure for repeated measures data with
missing observations are scarce in animal science.

The present investigation was undertaken to
establish the most appropriate covariance on the basis of
applying mixed model theory for repeated measures
data with missing observations in animal science. Also,
the effect of including covariate on fitting criteria was
investigated.

MATERIAL and METHOD

In the current work, 228 Mengali lambs, single-born
from dams at the age of 24-30 months, were randomly
selected from sheep flocks in Pakistan.

Sex, as a treatment (between —subjects), time as
repeated factor (within-subject), and birth weight as a
covariate are used throughout this paper. The first 20
observations with the covariate (birth weight) of lambs
are shown in Table 1 as also illustrated in Wang and
Goonewardane, (2004). All the weight data were taken
monthly from birth to six months.

The statistical model used without the covariate was
written as Eq.1:

Yij =m+a; + dj(i) +g,+(@g), + Sit 0
Where:

Yiit is the live body weight measured at time t on

m is the overall

mean effect, & is the i fixed sex effect, Jjq)is the
random effect of the j" lamb within the i"sex

d,;, ~ NID(0,s§)

independently distributed with mean of 0 and variance

the j" lamb assigned to the i" sex,

(approximately normally

2
Sq), 9t is the fixed t" time effect when the
measurement was taken, (ag)n is the fixed interaction

effect between sex and time, eijt is the random error

associated with the jth lamb assigned to the ith sex at
the  time, t,qjt ~NID(0,s?)
normally independently distributed with mean of 0 and

(approximately

2
varianceS ¢ )
Table 1. The first 20 observations of the example data
set of Mengali lambs
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Sex ID Time BW Weight
2 1 1 3.50 7.88
2 1 2 3.50 11.73
2 1 3 3.50 15.96
2 1 4 3.50 17.71
2 1 5 3.50 21.43
2 1 6 3.50 25.15
2 2 1 3.50 7.88
2 2 2 3.50 11.73
2 2 3 3.50 15.96
2 2 4 3.50 19.00
2 2 5 3.50 22.99
2 2 6 3.50 26.98
1 3 1 3.60 8.42
1 3 2 3.60 12.63
1 3 3 3.60 17.17
1 3 4 3.60 21.55
1 3 5 3.60 24.79
1 3 6 3.60 28.02
1 4 1 3.90 9.13
1 4 2 3.90 13.68

The statistical model for the mixed model analysis is
given Eq. 2

Vi = MHaQ, +dj(i) +0, +(@g), (b+] j))ﬂj &2
Where:
B is the common regression coefficient of initial

weight of X, ] i is the slope deviation of the ith sex

from the common slope b, X is the initial (birth)

weight measure of the lamb ) on the sex ! at the
beginning of the study and the remaining terms are the
same as seen in Eq.1.

In this study, the mixed model approach (PROC
MIXED) is used with different covariance structures in
the SAS system. For example, following SAS
commands for TOEPH covariance structure could be
written:

PROC M XED;

CLASS SEX I D TI Mg;

MODEL WEI GHT = SEX TI ME SEX*TI ME BW
| DDFMEKR;

REPEATED TI ME / SUB=I D (SEX) TYPE=
TCEPH,

RUN,

DDFM option on the model report in MIXED
procedure was used to specify Kenward Roger approach
for defining fixed effects and degrees of freedom.

In the repeated measures data, the popular fitting
criteria, viz. Akaike Information Criterion (AIC),
Burnham-Handerson Criterion (AICC) and Shwartz’s
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Bayesian Criterion (SBC) were employed in order to
find the best covariance structure. For this purpose,
repeated (body weight) measurements taken
sequentially from 228 Mengali lambs were subjected to
different covariance structures: Compound Symmetry
(CS), Autoregressive (AR(1)), Unstructure (UN)and
Huynh-Feldt  (HF), Heterogenous  First-Order
Autoregressive (ARH(1)), First-Order  Ante-
Dependence (ANTE(1)), Heterogenous Compound
Symmetry (CSH), Toeplitz (TOEP), and Heterogenous
Toeplitz (TOEPH).

In the work, applying mixed model methodology in
repeated measures data was performed on the basis of
three ways:

1. The complete data (referring to all
measurements taken completely for each lamb) were
exposed to all the covariance structures defined in the
above. A covariate for the complete data was not
defined.

2. The complete data with a covariate (birth
weight) were exposed to various covariance structures
mentioned above.

3. Deletion operation was done at different
proportions (20% and 40%) of missing observations.

All the statistical evaluations were performed using
MIXED procedure of SAS program.

RESULTS and DISCUSSION

In the present work, mixed methodology in repeated
measures design was a preferable option, as
recommended by many authors (Eyduran and Akbas,
2010; Orhan et. al., 2010), due to the fact that Spherity
assumption was violated in the traditional repeated
measures  design, ignoring the time-dependent
correlation (data not shown). In this case, Greenhouse-
Geiser (G-G) and Huynh Feldt (H-F) adjustments can be
routinely applied in preference to the classical approach,
but mixed model approach in repeated measures designs
permits a much better specification on selecting the best
covariance structure for repeated measures data (Wang
and Goonewardene, 2004). Estimates of fitting criteria
(-2 Res Log Likelihood, AIC, AICC and BIC) for some
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covariance structures specified with/without including
the covariate in general linear mixed model are given in
Table 2. However, with the exception of UN covariance
structure, the beneficial impacts of including covariate
(birth weight) on specified repeated measures model
were determined for the other defined covariance
structures. In addition, HF also was the covariance
structure that provided the second worst result
with/without covariate. The most excellent covariance
structure was ANTE (1) structure in the current work
with two factors (sex and time) due to the smallest
fitting criteria results. Specifying CS, HF, AR (1), and
TOEP covariance structure in the repeated measured
model including the covariate led to much better results.
The worst covariance structure with / without adding the
covariate was observed in CS (Table 2).

Many authors reported that the existence of missing
measurements was not a significant problem in repeated
measures design compared to the classical approach,
where it is impossible to accept missing data in repeated
measures design. Therefore, acceptability of missing
data in the correlated design is an important advantage
of mixed model methodology (Eyduran and Akbas,
2010; Orhan et al., 2010).

The significance results of sex, time, and sex by time
interaction in the investigated repeated measures data
with/without the covariate are presented in Table 3.
Including the covariate for most of covariance structures
specifying in the studied data gave better results as also
confirmed in Table 2.

Significance results for fixed effects in general linear
mixed model with/without covariate are summarized in
Table 3. It was understood from Table 3 that all the
fixed effects, and the covariate in the general linear
mixed model with covariate were found significant
(P<0.01) for other covariance structures, with exception
of UN, which did not occur its convergence. In the
model without covariate, CS, UN, and TOEPH
covariance structure did not provide their convergence,
but the other structures ensured convergence operation.
In the examination of Table 3, adding the covariate in
the built models gave smaller F values.

Table 2. Fitting criteria results for comparing covariance structure with/without a covariate

With the Covariate

Without the Covariate

Covariance -2 Res Log -2 Res Log

Structure Likelihood AlC AlCC BIC Likelihood AIC AlCC BIC
Cs 4667.2 4671.2 4671.2 4678.1 5580.1 5584.1 5584.1 5591.0
CSH 2687.5 27015 - - - - - -
UN - - - - - - - -
HF 3967.1 3981.1 3981.2 4005.1 4620.1 4636.1 4636.2 4663.7
AR(1) 3711.2 3715.2 3715.2 3722.0 4172.6 4176.6 4176.6 4183.5
ARH(1) 2284.4 2298.4 2298.4 2322.4 - 2352.6 2380.0
ANTE(1) 2165.8 2187.8 2188.0 2225.6 2062.0 2088.0 2088.2 2132.7
TOEP 33155 33275 3327.6 3399.2 3594.9 3608.9 3609.0 3633.0
TOEPH 2263.4 2285.4 2285.6 2323.2 - - - -
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Table 3. Significance results of fixed effects in mixed model approach (F and P values)

With the Covariate

Without the Covariate

Sex Time Sex by Time BW Sex Time Sex by Time
Effect Effect Interaction Effect Effect | Effect Effect InteractionEffect
Covariance structure = = = = = = =
CS 40.64 6839.56 77.71 140.36 84.94 9512.71 73.25
CSH 84.91 7681.73 30.45 502.53 - - -
UN - - - - - - -
HF 63.88 6853.40 77.53 22.89 86.62 9529.38 73.13
AR(1) 21.70 4398.40 50.12 67.52 42.25 5562.95 45.21
ARH(1) 84.59 5648.36 31.29 268.34 97.42 6511.43 27.40
ANTE(1) 85.91 6751.28 36.35 303.53 83.05 6020.91 30.58
TOEP 18.11 3441.80 53.17 53.77 32.88 2480.32 29.93
TOEPH 86.14 5548.57 32.74 280.75 - - -

All F values estimated were very significant (P<0.001)

For the repeated measures data of the missing
observations, a specification of mixed model
methodology together with a variety of covariance
structures in repeated measures design offers the most
important advantages, whereas the analysis of the
repeated measures data containing missing observations
for Repeated ANOVA and Profile Analysis is assuredly
unacceptable (Eyduran and Akbas, 2010).

In the current work, in order to investigate the effect
of various missing observation proportions (20% and
40%) and to determine the suitable covariance structure
for the repeated measures data of the missing
observations, some observations at 20% (one
observation) and 40% (two observations) proportions
from each animal were deleted randomly in the
application of mixed model methodology. Deletion
operation was made on the basis of other sequential
measurements with the exception of birth weight
(covariate). Hence, the fitting criteria results and F

values found for several covariance structures specified
for the current work are summarized in Tables 4 and 5,
respectively. ANTE (1) was defined to be the best
covariance structure for both missing proportions.
ANTE (1) covariance structure indicates this kind of
covariance structure (unequal variances over time and
unequal correlations among different pairs of
measurements). However, CS was the worst covariance
structure that gave the greatest fitting criteria values.
For instance, convergence operation was stopped for HF
and UN at 20% missing data proportion (Table 4).

In the examination of the Table 5, sex, time, sex by
time interaction and covariate (birth weight-BW) effects
were very significant in using mixed model for
repeated measures data of missing observations
(P<0.001), with the exception of HF at %20 missing
proportion and UN at both %20 and 40% missing data
proportions.

Table 4. Fitting criteria results for comparing covariance structures at different missing proportions in the model

with adding the covariate

20(%) missing observation

40(%) missing observation

Covariance -2 Res AlIC AICC BIC -2 Res AlIC AICC BIC
Structure _ Lc_>g _(smaller _(smaller _(smaller _ L(_)g .(smaIIer .(smaIIer _(smaller
Likelihood is better) is better) is better)  Likelihood is better) is better) is better)
CS 3977.2 3981.2 3981.2 3988.0 3194.9 3198.9 3198.9 3205.8
CSH 2270.5 2284.5 2284.6 2308.6 1800.2 1814.2 1814.3 1838.2
UN - - - - - - - -
HF - - - - 2616.8 2630.8 2630.9 2654.8
AR(1) 3311.5 3315.5 3315.5 3322.4 2812.3 2816.3 2816.3 2823.2
ARH(1) 1940.8 1954.8 1954.9 1978.9 1624.3 1638.3 1638.4 1662.3
ANTE(1) 1871.7 1893.7 1893.9 19315 1550.3 1572.3 1572.6 1610.1
TOEP 3042.3 3054.3 3054.4 3074.9 2698.2 2710.2 2710.3 2730.8
TOEPH 1901.8 1923.8 1924.0 1961.6 1611.5 1633.5 1633.8 1671.3
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Table 5. Significance results of fixed effects in mixed model approach (F and P values)

20(%) missing observation 40(%) missing observation
Sex by Sex by
Sex Time Time BW Sex Time Time BW Effect
Effect Effect Interaction Effect Effect Effect Interaction

Effect Effect
Covariance E £ £ £ £ E £ E
structure
CS 39.39 5640.01 61.06 137.07 | 41.99 4552.24 47.36 138.77
CSH 76.70  7098.85 26.61 539.66 | 78.13 6072.06 24.27 435.96
UN - - - - - - - -
HF - - - - 72.17 4791.13 47.23 290.24
AR(1) 22.71  4043.97 41.51 73.86 25.83 3653.78 36.88 90.83
ARH(1) 79.36 614181 24.87 294.09 | 79.66 5926.65 24.42 284.95
ANTE(1) 85.23  7367.73 33.25 254.34 | 85.97 7065.54 32.78 222.91
TOEP 22.69 2554.83 26.44 76.53 26.01 2596.51 27.11 83.86
TOEPH 82.63 5805.92 25.64 308.42 | 80.20 5923.65 25.14 286.95

All F values estimated were very significant (P<0.001)

Univariate ANOVA, Greenhouse-Geisser Epsilon
(G-G) adjusted F test, Huynh-Feldt Epsilon (H-F)
adjusted F test and profile analysis (Repeated
MANOVA) could not use for repeated measures data
with missing observations (Littell et al., 1996; 1998;
Akbas et al., 2001). Because of the fact that mixed
model methodology has much more advantageous and
more reliable results, many authors have reported that
the application of mixed model methodology was a
better choice for repeated measures data with/without
missing data (Littell et al., 1998; Eyduran and Akbas,
2010; Orhan et al., 2010).

CONCLUSION

In repeated measures data, the univariate approach is
the best choice in the validity of Spherity assumption
without missing data. However, in the event of violation
of spheriticity assumption, mixed model methodology
was much more suitable application than Univariate
ANOVA, Greenhouse-Geisser Epsilon (G-G) adjusted F
test, and Huynh-Feldt Epsilon (H-F) adjusted F test and
Repeated MANOVA without missing data. As
mentioned earlier, applying mixed model methodology
in the violation of the assumption as also observed in
the current work was the best selection to specify
various covariance structures in the repeated measures
data with/without missing observations. The current
work gave some important results in the context of
mixed model methodology in repeated measures data
that:

1. Adding covariate in the specified models for
CS, HF, and AR (1) provided much better contributions
to the improvement of fitting criteria results.

2. ANTE (1) covariance structure was the best
selection procedure for the repeated measures data
without missing observations.

3. ANTE (1) covariance structure was determined
to be the most appropriate procedure the data sets at

different proportions (20% and %40) of missing
observations.

4. The covariate effect (birth weight) was found
very significant (P<0.001) for repeated measures data
with/without missing data.

5.  Sex, time, and sex by time interaction fixed
effects were very significant (P<0.001).

In conclusion, applying mixed model methodology
is recommended in repeated measures data of missing
observations in contrast to classical approaches.
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