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Abstract: The main theme of the paper is the well-known problem of glaucoma which is the main cause of blindness
worldwide and is also considered a major public health issue. It is usually associated with intraocular pressure above the
normal range. The normal range is considered to be 10-21mmHg. Elevated intraocular pressure is a major risk factor for
the development and/or progression of glaucoma, and intraocular pressure reduction is a well-known treatment strategy
for slowing the progression of the disease. The objective of this article is to identify factors/covariates which affect
intraocular pressure on glaucoma patients taking into consideration various demographic, socio-economic, and clinical
factors. A retrospective longitudinal cohort study was conducted; the study was based on data from all glaucoma
patients who visit at least 3 times repeatedly six waves from January 2016 to December 2018 at Menelik 1l Referral
Hospital Eye Clinic. Profile plots, univariate and multivariate linear mixed effect models were used to explore the major
risk factors for the progression of intraocular pressure of a patient. The predictor variables gender (p-value=0.0218),
occupation (p-value=0.0025), blood pressure (p-value, 0.0263), diabetes (p-value=0.0139), ocular problem
(p-value=0.0290) and type of treatment (p-value=0.0176) found statistically significant effects on intraocular pressure of
glaucoma patient. The interaction effects, i.e. time with age (p-value<.0001), time with ocular problem (p-value=0.0002),
time with cataract surgery (p-value=0.0002), time with duration of treatment (p-value=0.0014) and time with type of

treatment (p-value=0.0262) were found statistically significant on intraocular pressure of glaucoma patient.
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1. INTRODUCTION

Glaucoma refers to a group of eye conditions that
lead to damage to the Optic nerve head with
progressive loss of retinal ganglion cells and their
axons. The two major categories of glaucoma are
open-angle glaucoma (OAG) and closed-angle
glaucoma. The anglell in both cases refers to the
drainage angle inside the eye that controls the outflow
of the watery fluid (aqueous) that is continually being
produced inside the eye [1]. Intraocular pressure is the
fluid pressure inside the eye and tonometry is the
method eye care professionals use to determine this.
The tonometer is calibrated to measure pressure in
millimeters of mercury (mmHg) [2]. Glaucoma is
usually associated with intraocular pressure (IOP)
above the normal range. The normal range is
considered to be 10-21mmHg. We can define
glaucoma as IOP above 21mmHg in an eye.

IOP is an important aspect in the evaluation of
patients at risk from glaucoma. The increased pressure
can damage the optic nerve and will loss of vision.
Elevated intraocular pressure (IOP) is a major risk
factor for the development and/or progression of
glaucoma, and IOP reduction is a well-known treatment
strategy for slowing the progression of the disease

[2].

Glaucoma is one of the most common chronic eye
diseases [2]. The prevalence increases with advancing
age [3-5]. Even though glaucoma can occur at all levels
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of intraocular pressure (IOP), an elevated IOP remains
the main risk factor for the development and
progression of the disease [6].

The primary objective of glaucoma therapy is to
prevent progressive vision loss and blindness.

Control of IOP is the mainstay of glaucoma therapy.
Lowering intraocular pressure (IOP) is the only proven
strategy that prevents the risk of glaucoma progression.
Medical therapy, laser trabeculoplasty, and incisional
surgical treatment are reasonable options for the initial
treatment of glaucoma and most patients initially
receive topical ocular hypotensive drops [7]. Glaucoma
is the leading cause of irreversible blindness worldwide
and it is next to cataract as a common cause of
blindness [8]. When the disease is detected early and
treated properly, blindness from glaucoma may be
preventable.

Worldwide, glaucoma is estimated to affect 60.5
million people with 8.4 million being bilaterally blind.
The magnitude of glaucoma will keep increasing with
the world population growth and an increasing number
of aging people [3].

A prevalence study for East, Central, and Southern
Africa has estimated glaucoma to affect 10,000 people
with an annual incidence of 400 new cases per million
populations [9]. In Sub-Saharan Africa, glaucoma is
more prevalent and thus has been considered a major
public health issue for the region [10]. In Ethiopia,
glaucoma is the fifth most common cause of blindness
and the disease caused irreversible blindness in an
estimated 62,000 people in 2006 [11].
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2. DATA AND METHODOLOGY

2.1. Data and Description of the Study Area

This article was based on data from all glaucoma
patients who visit at least 3 times from January 2016 to
December 2018 at Menelik |l Referral Hospital Eye
Clinic, Addis Ababa, Ethiopia.

2.2. Research Design

The research design is a cohort retrospective study
on longitudinal data. The longitudinal data were
collected repeatedly between the months of January
2016 to December 2018 from patients ‘chart which
contains epidemiological and clinical information of
glaucoma patients. Each repeated measure was
conducted within the one-month interval.

2.3. Eligible Criteria

Subjects who dropout (withdraw), intermittent
missing values, and loss to follow up within the study
period can be included in the study, even if, the
repeated measurements are three-time and more but
one time or two times patients will be excluded from the
study.2.4. Study variables

2.4.1. Response Variable

The intraocular pressure (IOP) of glaucoma patients
was used as the response variable which is a
continuous variable.

2.4.2. Explanatory Variables

The following covariates were used for the study
and coded as shown in Table 1.

Table 1: List of Covariates and their Description

2.5. Longitudinal Data

Longitudinal data means data sets in which the
dependent variable is measured at several points in
time for each unit of analysis [12]. Longitudinal data is a
special case of repeated measurements. The obser-
vations are not independent and are characterized as
having between-subject and within-subject variation,
time-dependent covariates, and missing data [13].

2.5.1. Linear Mixed-Effects Model

The linear mixed-effects model assumes that the
observations follow a linear regression where some of
the regression parameters are fixed or the same for all
subjects, while other parameters are random or
specific to each subject [12, 14].

Laird and Ware (1982) [15], describe a two-stage
model concept in which the random-effects make up
the second stage of the model. Meanwhile, population
parameters, individual effects, and within-person
variation make up the first stage of the model [15]. This
study tried to incorporate a combination of fixed and
random effects as predictor variables on the Intraocular
pressure. The introduction of random effects affords
several non-exclusive benefits. Biological datasets are
often highly structured, containing clusters of
non-independent  observations units that are
hierarchical, and the linear mixed-effects model allows
us to explicitly model the non-independent in such data.
The researchers want to select the linear mixed-effects
model.

The general form of the linear mixed-effects model
after combining the two stages is approximately normal
as follows [12-15].

Variables Description Value or code
Age Age of the patients Continuous
Gender Sex of the patients Male=M=1, female =F=0
Residence Residence area of the patients Rural=R=0, Urban=U=1
Occupation Occupation of the patients Civil servant=0,merchant=1,farmer=2,daily worker=3, other=4
Smoking Smoking status of the patients Yes=0, No=1
Alcohol Alcohol intake of the patients Yes=0, No=1
Blood pressure Blood pressure of the patients Yes=0, No=1
Diabetes Diabetes history of the patients Yes=0, No=1

Ocular problem

The ocular problem of the patients

No=0,cataract=1,ocularinfection=2,corneal scar=3,eye
trauma=4, other=5

Cataract surgery

Cataract surgery of the patients

Yes =0, NO=1

Types of treatment

Treatment type of the patients

Timolol=0,pilocarpin=1,timolowith Diamox=2, timolol with
pilocarpin=3, Timolol with Diamox with pilocarpin=4

Patient history
Duration

Family patient history
Patients duration of treatment

Yes=0, No=1
Short=0, medium=1, long=2
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A two-stage LMM given by:

Stage 1: linear regression model for each subject
separately measure the response Y;;for an i subject at
the time ¢;;,i=1,..,N:j = 1,..,n; response vector Y;
for i" subject.

Y, =Z;Bi+ ¢ (3.1)

Where, Yi=(Y;;,Y5, .-, Yini)'s Ziis an n;xq matrix of
known covariates and B; is q dimensional vector of
unknown subject specific regression coefficients and
€; is a vector of residual componente;;, j=1,2,...,n;

Si’"N(O, Ini52), Often € = 6211”' , this model
describes the observed variability with in subjects.

I,; is the n; dimensional identity matrix,

Stage 2: Describes between subject variability, that
is, explains variability, in the subject specific regression
coefficients using known covariates.

Bi = KiB + b; (3.2)
Where,
K; isa g x p matrix of known covariates.

B is a p dimensional vector of unknown regression
parameter and b;~N,(0,D), where D is a general (qxq)
covariance matrix with (i,j) element d;;_d;.

Now, combining the two levels/ stage models
(equation 3.1 and 3.2), we have:

{lgl. = ngz-l_ . D Yi=ZiKiB + Zib + &
L L L

Let Xi = ZiKi f then

Yi=XB+Zb +¢g
bl-~Nq(O,D)
= giNNni(O' RI.) (33)
by, by, ..., bq €1, &y, .., &y are independent

Where R; is (mn;xn;) covariance matrix which
depends only on i through its dimension i.e. the set of
unknown parameters in R; will not depend on /.

In Equation 3.3, Y; represents a vector of
continuous response for the i" subject

Yuis

X; is ann;x p design matrix, with known values of
the covariates, X,,X,,..,Xp , for each of the mn
observations collected for the i subject:

® &) »)
Xli Xli . Xli
® 2 ()
X X2i X2i X2i
t : ., :
® ) »)
X‘n.ii Xnii o X‘nii

The B in Equation (3.3) is a vector of p unknown
regression coefficients or fixed- effect parameters
associated with the p covariates used in the
construction of X; matrix:

b
B,

By
The Z;(n;xq) the matrix in Equation (3.3) is a

design matrix that represents the known values of the q
covariates, Z;,Z,,...,z, , for the i subject.

B =

Z(I) Z(q)
17 1i

: Zéi) Z( )
q

ni; ni;

The columns in the Z; matrix represents observed
values for the q predictor variables for the i" subject,
which have effects on the continuous response
variable that vary randomly across subjects. In many
cases, predictors with effects that vary randomly
across subjects are represented in both the X; matrix
and the Z; matrix. In an LMM in which only the
intercepts are assumed to vary randomly from subject
to subject, the Z; matrix would simply be a column of
1's.

The b; vector for the i" subject in equation (3.3)
represents a vector of g random effect associated with
the g covariates in the Z; matrix:

bi = : ’biNNq (O,D)

Finally, the ¢; a vector in equation (3.3) is a vector
of n; residuals, with each element in i denoting the
residual associated with an observed response at the
occasion t;; for the i" subject.

€1i
&2i

g = ,€~N (0,Ry)

Snii

2.5.2. Assumptions of Linear Mixed Effects Model

The two basic distributional assumptions for the
general linear mixed-effects model are

|) & ~ N (0, 0'217'1,:) where COV(Ei) = O'ZInl-

The within-group errors are independent and
identically normally distributed, with mean zero and
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variance ¢%1n; and they are independent of the
random effects.

ii) b~ N (0,D) Where Cov(b) =D

The random effects are normally distributed, with
mean zero and covariance matrix D (not depending on
the group), and are independent for different groups.

2.5.3. Methods of Parameter Estimation for LMM

In mixed-model, both maximum likelihood (ML) and
restricted maximum likelihood (REML) are the two
common methods for parameter estimation in this
study.

The likelihood function of the covariance matrix of R
and G in the case of ML and REML is given as follows.

ML: L (G, R)
=—%log|V| —%(r)’V‘lr - glog(ZE) ;wherer =y —
X(X'V-1X)"1X'V-1y.

REML: L (G, R) =—=log|V| — 2log|X'V~1X| —
2 2

%T’V‘lr - %log (2m);

wherer =y — X(X'V™1X)"1X'V-1y and p is the rank
of X.

2.5.4. Model Selection

It is an important task to select the best model, i.e.,
a model that is parsimonious in terms of the number of
parameters used, and at the same time is best at
predicting (or explaining variation in) the dependent
variable [12]. We also use analytic tools, such as the
hypothesis tests and the information criteria [12].

There is also the problem of multiple testing that
comes with fitting and refitting the model. The issue is
made more complicated in the case of longitudinal data
where selecting the best model means not only
selecting the best mean structure but also the most
optimal variance-covariance structure for model
selection criteria; i.e. AIC, BIC, and likelihood ratio test
is used. The variance-covariance structure with the
lower AIC value can be appropriate to select the model.

Finally, we can be taken into account the individual
Wald test. However, maybe unreliable, especially for
small samples. The likelihood ratio test may be one
form of assessing goodness of fit for nested models
under the normality assumption.

2.5.5. Model Building Process

The process of building an LMM for a given set of
longitudinal data was an iterative one that requires a
series of model-fitting steps and investigations, and the
selection of appropriate mean and covariance
structures for the observed data. The model building

typically involves a balance of statistical and subject
matter considerations; there was no single strategy that
applies to every application [12].

In this study, model building starts from a single
covariate analysis approach to “screen" out potentially
significant variables for consideration in the multi
covariate model to identify the importance of each
predictor. All variables that are significant at the 25%
level are taken into multi covariate model.

2.5.6. Model Adequacy Checking (Diagnostics)

After fitting an LMM, it was important to carry out
model diagnostics to check whether distributional
assumptions for the residuals are satisfied and whether
the fit of the model is sensitive to unusual observations.

2.5.7. Missing Data Handling

There are missing completely at random (MCAR),
which refers to amusingness if the missing values are
independent of both unobserved and observed data.
There is also missing at random (MAR) and occurs if
conditional on observed data, the amusingness is
independent of the unobserved measurements. The
other mechanism of amusingness is referred to as
missing not at random (MNAR). In this case, the
missing data process is neither MCAR nor MAR but is
non-random.

For all methods, we were using the multiple
imputation (MIl) method. Ml has emerged as one of the
more common modern options in missing data
handling. Essentially, Ml uses a variety of advanced
techniques, and also accurately predicting missing
values is possible because repeated measures are
often highly correlated to each other. Multiple
imputation (M) inference involves three distinct
phases: the first phase is the missing data are filled in
m times to generate m complete data sets, next the m
complete data sets are analyzed by using standard
procedures, and then finally, the results from the m
complete data sets are combined for the inference.
These parallel data sets can then be analyzed via
standard methods and results combined to produce
estimates and confidence intervals that are often more
robust than other methods of dealing with missing
values.

2.6. Statistical Data Analysis

We explore the data using basic descriptive
statistics and a profile plot of the mean I0P throughout
our study. Univariate and multivariable analyses are
done. Graphical analysis is conducted to investigate
the shape of the IOP trend and to assess, in an
exploratory fashion, the importance of the considered
explanatory variables.
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3. RESULTS

The response variable, intraocular pressure of
glaucoma patients is continuous. In this article linear
mixed model is used to see the progression effect
magnitude between the proposed independent
variables and the response variable.

3.1. Missing Data Handling

The problem of dealing with missing values is a
challenge in any analysis of data. There were some
missing values in the collected data and treated by
applying multiple imputations (MI). Essentially, Ml uses
a variety of advanced techniques and also accurately
predicts missing values because repeated measures
are often highly correlated to each other.

3.2. Data Descriptions and Descriptive Statistics

Medical cards of glaucoma patients have been
reviewed from January 2016 to December 2018 at
Menelik 1l Referral Hospital. The longitudinal response
variable was measured for at least 3 visits and at most
6 visits. There were a total of 513 visits from 1042
medical cards. The descriptive statistics showed that
218 (42.1%) of them were females and 295(56.9%) of
them were males out of 513 patients. Among this
312(60.2%) were from an urban area and the rest
201(38.8%) were from a rural area. From a total of 513
cases of patients, 205(39.6%) of them are a civil
servant, 208(40.2%) of them are merchant, 50(9.2%) of
them are farmer, 31(6.0%) of them are a daily worker
and the rest 19(3.7%) of them are another work
category. Table 2 shows that 103(19.9%) were a
smoker and the rest 410(79.2%) were nonsmoker. Also
448(86.5%) had alcohol users and the rest 65(12.5%)
had non-user. It also the descriptive statistics showed
that in 513 cases 118(22.8%) patients had blood
pressure and the rest 395(76.3%) had no blood
pressure. And also among 513 cases, 164(31.7%)
patients had diabetes and the rest 349(67.4%) had no
diabetes. Also, the descriptive statistics showed that
among 513 cases 230(44.4%) patients had no ocular
problem, 141(27.2%) patients had cataract, 73(14.1%)
patients had an ocular infection, 33(6.4%) patients had
a corneal scar, 16(3.1%) patients had eye trauma, and
the rest 20(3.9%) patients had other ocular problem.
And also 2230(44.4%) patients had a short treatment
duration, 211(40.7%) patients had medium treatment
duration and the rest 72(13.9%) patients had a long
treatment duration. Also 79(15.3%) patients were
treated by timolol, 87(16.8%) patients were treated by
pilocarpin, 43(8.3%) patients were treated by both
timolol with diamox, 138(26.6%) patients were treated
by both timolol with pilocarpin and 166 (32.0%) patients
were treated by timolol with pilocarpin with Diamox.

And also 129(24.9%) patients had family patient history
and the rest 384(74.1) patients hadn’t family patient
history.

3.3. Summary Statistics for Continuous Variables

The patients of average intraocular pressure is
31.61 with a standard deviation of 12.17, and the
average age in the year of glaucoma patients included
in this study is 55.23 with a standard deviation of 13.96,
the minimum age in year 32 and maximum age in year
79.

From Table 2 below, when we observe the mean
and standard deviation of IOP of glaucoma patients at
baseline for each characteristic, men were 36.37
(12.01) while females were 25 (9.21). Patients who
come from the urban area were 27.34 (8.95) while
patients who come from the rural area were
39.62(14.87). Also for civil servants were 24.01 (8.20),
merchants were 32.54 (10.12), farmers were 38.12
(14.56), daily workers were 28.67 (11.34), and other
works were 27.01 (8.06). The mean and standard
deviation of IOP for smokers were 29.76 (6.12) while
for non-smoker were 31 (12.64). And also for alcohol
users were 33.78 (15.04) while for non-user were 30.45
(13.54). In Table 2 we find that for patients having
blood pressure were 34.32 (13.23) while for patients
not having blood pressure were 31.42 (11.03). And
also for patients having diabetes were 36.45 (14.05)
while patients not having diabetes were 30.82 (12.32).
In addition no ocular problem were 27.86 (9.05),
cataract 41.87 (15.09), ocular infection 38.43(14.17),
corneal scar 30.42 (9.21), eye trauma 31.54 (9.05), and
for other ocular problem were 31.95 (13.98). For
patients having cataract surgery were 36.83(13.98)
while for patients not having cataract surgery were
31.86(12.68). And also short-duration treatment means
of IOP patients was 35.06 (12.63), medium duration
was 32.94 (13.82) and for long-duration were 31.08
(11.64). Lastly for treatment type timolol user mean of
IOP were 26.02 (10.09), for pilocarpin user were 28.07
(9.97), for tombolo with Diamox user were 29.12 (9.54),
for timolol with pilocarpin user were 33.21 (14.02) and
for tombolo with diamox with pilocarpin user were
39.15 (14.03).

3.4. Exploratory Data Analysis

The first step to analyze longitudinal data is to
explore the pattern of data given over time through
graphical display and summary statistics.

3.4.1. Profile Plots for Individuals

Figure 1 revealed that follow-up time patients' IOP
varied 10-80 mmHg. The variability of the
measurements at the beginning (baseline) of the
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Table 2: Baseline Demographic, Clinical Characteristics of Glaucoma Patients Mean and Standard Deviation of IOP at

each Characteristic

Categorical Level n % Intraocular Pressure (IOP)
variable Mean Std.Dev
Gender Female 218 42.1 25.42 9.21

Male 295 56.9 36.37 12.01
Urban 201 38.8 27.34 8.95
Place of residence Rular 312 60.2 39.62 14.87
Civil servant 205 39.6 24.01 8.20
Occupation Merchant 208 40.2 32.54 10.12
Farmer 50 9.2 38.12 14.56
Daily worker 31 6.0 28.67 11.34
Other 19 3.7 27.01 8.06

Smoking status No 103 19.9 31.80
Yes 410 79.2 29.76 12.64
Alcohol intake No 448 86.5 30.45 6.12
Yes 65 12.5 33.78 13.54
Having blood pressure No 118 22.8 31.42 15.04
Yes 395 76.3 34.32 11.03
No 164 31.7 30.82 13.23
Have diabetes Yes 349 67.4 36.45 12.32
Cataract 230 44.4 27.86 14.05
Ocular problem Ocular infection 141 27.2 41.87 9.05
Corneal 73 14.1 38.43 15.09
Eye trauma 33 6.4 30.42 1417
Other 16 3.1 31.54 9.21
Having Cataract surgery No 199 38.4 31.95 9.05
Yes 314 60.6 31.86 13.98
Short 230 44.4 36.83 12.68
Duration of treatment Medium 211 40.7 35.06 13.98
long 72 13.9 32.94 12.63
Family Patient history No 129 24.9 31.08 13.82
Yes 384 74.1 25.06 11.64
Timolol 79 15.3 32.13 9.45
Types of treatment Pilocarpin 87 16.8 26.02 12.03
Timolol with Diamox 43 8.3 28.07 10.09
Timolol with Pilocarpin 138 26.6 29.12 9.97
Timolol,Pilolarpin and diamox 166 32.0 33.21 9.54

follow-up time up to the end of follow-up time was
highly varied 50-80 mmHg.

3.4.2. The Mean Plot of IOP for each Categorical
Covariate

Graphical inspection of the sample means vectors
is an important tool for understanding possible
relationships among means over time. The following
graphs were plots of IOP for each categorical
covariate.

The Figure 2 shows that, the mean plot of IOP with
the gender of glaucoma patients. As shown in the
figure the IOP of males is high. As follow-up time
increases, both males and females of glaucoma
patients' IOP decrease.

The Figure 3 shows that, the mean plot of IOP with
the place of residence of glaucoma patients. The figure
exhibits that the initial IOP of glaucoma patients who
come from the urban area is high. As the follow-up time
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Figure 1: Individual profile plot of IOP throughout the follow-up time.
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Figure 2: Mean plot of IOP with gender.
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Figure 3: Mean plot of IOP with the place of residence.

increases patients' IOP who come from both areas
decreases.

Below Figure 4 shows that, the mean plot of IOP
with different types of occupation of glaucoma patients.
As shown in the figure at the initial IOP of farmers are
high while civil servants are low. As the follow-up time
increases, the farmers and daily workers of glaucoma
patients' IOP increase but in the case of the merchant
of glaucoma patients, IOP decreases.

Below Figure 5 shows that, the mean plot of IOP
with smoking status. The figure shows that at the initial
smokers are high IOP. As follow-up time increases the
average numbers of IOP for both smokers and
non-smoker of glaucoma patients decrease.

Below Figure 6 shows that, the mean plot of IOP
with alcoholic glaucoma patients. As shown in the
figure the initial IOP of alcohol users is high. As
follow-up time increases the average numbers of
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Figure 4: Mean plot of IOP with different occupation type.
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Figure 5: Mean plot of IOP with smoking status.
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Figure 6: Mean plot of IOP with alcohol intake.
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Figure 9: Mean plot of IOP with different ocular problem.

intraocular pressure for both alcohol users and

non-user of glaucoma patients decrease.

The above Figure 7 shows that the mean plot of IOP
having blood pressure of glaucoma patients is high. As
follow-up time increases the average numbers of IOP
for both having blood pressure and not having blood
pressure of glaucoma patients decrease.

The above Figure 8 shows that the mean plot of IOP
with diabetes history of glaucoma patients. At all-time

IOP of glaucoma patients having diabetes is high. As
follow-up time increases the average numbers of
intraocular pressure for both having diabetes and not
having diabetes of glaucoma patients decreases.

The above Figure 9 shows that, the mean plot of
IOP with different types of ocular problems of glaucoma
patients. As shown in the figure at the initial IOP of
ocular infection is high while the corneal scar is low. As
the follow-up time increases cataract problem of
glaucoma patients IOP increase.
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Figure 11: Mean plot of IOP with a duration of treatment.

The above Figure 10 shows that the mean plot of
IOP of glaucoma patients having cataract surgery. As
shown in the figure at the initial IOP of not having
cataract surgery of glaucoma patients is high while
having cataract surgery of glaucoma patients is low. As
the follow-up time increases there exists a high

difference between having and not having cataract
surgery of glaucoma patients.

The above Figure 11 shows that, the mean plot of
glaucoma patients' IOP with a duration of treatment. As
shown in the figure at the initial IOP of the short
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Figure 12: Mean plot of IOP with the type of treatment of glaucoma patient.
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duration of treatment and medium duration of treatment
are equal. As the follow-up time increases long
duration of treatment of glaucoma patients IOP
decrease.

The above Figure 12 shows that, the mean plot of

glaucoma patients IOP with different types of treatment.

As shown in the figure at the initial timolol with
pilocarpin and timolol with Diamox and pilocarpin are
equal while with pilocarpin is low. The follow-up time
increases all type of treatments of glaucoma patients
IOP decrease.

3.5. Model Selection

The primary goal of model selection is to choose the
simplest model that provides the best fit to the
observed data. There are several choices concerning
which fixed and random effects should be included in a
linear mixed model (LMM). The issue is made more
complicated in the case of longitudinal data where
selecting the best model means not only selecting the
best mean structure but also the most optimal
variance-covariance structure for model selection
criteria; like AIC, BIC, and likelihood ratio test will be
used. The variance-covariance structure with the lower
AIC value can be appropriate to select the model.

3.5.1. Model Fitting for Fixed and Random Effects

In this article, model building starts from a single
covariate analysis approach of first doing a single
covariate analysis to screen out potentially significant
variables for consideration in the multi covariate model
to identify the importance of each predictor. All
variables that are significant at 25% level, the modest
level of significance from one explanatory single
covariate regression model are taken into multi
covariate model. The purely statistical method is to use
an automatic process (stepwise regression), which can
be forward the variables are added successively (the
most significant at each step) until no variable adds
significant information. To select statistically significant
covariates for the independent mixed effect models
with outcome variables I0P stepwise method was

were selected with constant random effects at first and
then after, the significance of random effects was also
checked.

3.5.2. Covariance Structure Selection

For an analysis to be valid, the covariance among
repeated measures must be modeled properly. Table 3
shows the value of fit statistics for different types of
covariance structures to select the best model for
intraocular pressure (IOP).

According to the above table, we can choose the
model with the smallest AIC value. From the above
correlation structure type Unstructured type had the
smallest AIC=8756.6 values and the model had a
better fit and greater parsimony than any other
correlation structure type.

3.5.3. Univariate Linear Mixed Regression Model
Analysis

By using linear mixed effect model regression
analysis, we include potentially relevant variables in the
model. The place of residence and smoking status of a
patient has no statistical significant because their
p-value greater than 0.25 (level of significance); but the
rest variables has statistically significant variables.

3.5.4. Interaction Effect of Linear Mixed Effect
Model

In the multivariable model, we start by including all
covariates from univariate analysis. By considering the
type three test result of the multivariate linear mixed
model we select out possible interaction effects, by
comparing the respective p-value with the level of
significance alpha 0.25. We first generate all possible
interactions of covariates with time then gender with
time. The Age in the year of a patient over time, blood
pressure of a patient with time, diabetes of a patient
with time, the ocular problem of a patient with time,
cataract surgery with time, duration of treatment with
time, and type of treatment with time have statistical
significance effect on intraocular pressure of a patient.
The remaining interaction covariates with that of the

) ) place of residence, occupation, alcohol intake, and
implemented. The models based on only fixed effects
Table 3: Selection of Covariance Structure for IOP Model
Criteria Unstructured Autoregressive Toeplitz Compound
(Smaller is better) Covariance Structure order 1 Covariance Symmetric cov

AlC 8756.6 8849.3 8832.1 9074.7

AlCC 8764.3 8850.7 8834.4 9076.1

BIC 8980.6 8946.2 8955.8 9171.6

Fit Statistics

-2 Log Likelihood 8622.6

AIC (smaller is better) 8756.6
AICC (smaller is better) 8764.3
BIC (smaller is better) 8980.6
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Table 4: Fixed Effect Result of Linear Mixed Effect Model

Effect Estimate Standard Error PR>|t| 95% C.I.
Lower Upper
Intercept 31.7626 6.2333 <.0001 18.4661 43.0591
Time -4.8696 1.1898 <.0001 -8.3044 -3.6348
Gender(ref=male) -3.3194 1.4448 0.0218 -6.1546 -0.4843
female
Occupation(ref=other) Civil servant 0.6687 1.6920 0.5928 -2.6514 3.9888
Daily worker 1.4941 2.3497 0.4250 -3.1166 6.1048
Farmer 6.0362 1.5594 0.0001 2.9762 9.0962
merchant 21774 1.8924 0.2402 -1.5360 5.8907
Alcohol intake(ref=yes)
no -1.1808 1.2340 0.3288 -3.6022 1.2406
Bp(ref=yes)
no -3.3489 1.5047 0.0263 -6.3015 -0.3962
Diabetes(ref=yes)
no -3.7885 1.5369 0.0139 -6.8042 -0.7727
ocular prob(ref=other)
cataract 3.8035 3.3372 0.2547 -2.7450 10.3521
Corneal scar -3.4147 3.2942 0.5002 -9.8788 3.0495
Eye trauma -1.1469 2.3731 0.6290 -5.8037 3.5098
no -3.7315 1.5336 0.0151 -6.7408 -0.7223
Ocular infection 3.6289 3.3550 0.2797 -2.9546 10.2124
Cata surg(ref=yes)
no 3.9698 3.7734 0.2737 -3.1432 11.0829
Type of treat(ref=timo) Pilocarpin
-1.0825 2.8397 0.7031 -6.6547 4.4897
Timo&Diamox 5.0000 3.5603 0.1605 -1.9863 11.9864
Timo&pilo 4.7436 1.9440 0.0149 0.9289 8.5584
Timo, Diamox, pilo 5.9652 2.2482 0.0081 1.5535 10.3768
Time*gender(ref=male) Time*female
0.2932 0.2649 0.2686 -0.2266 0.8131
Time*age 0.07928 0.01265 <.0001 0.05447 0.1041
Time*bp(ref=yes) Time*no
0.1929 0.2894 0.5052 -0.3749 0.7607
Time*diabetes(ref=yes) Time*no
-0.3953 0.2938 0.1787 -0.9718 0.1811
Time*ocu pro(ref=other) Time*Cataract
2.8099 0.6677 <.0001 1.4997 4.1201
Time*corneal scar -1.0257 0.6518 0.1159 -2.3047 0.2533
Time*Eye trauma 0.5834 0.4545 0.1996 -0.3085 1.4753
Time*No 0.03014 0.2998 0.9199 -0.5581 0.6184
Time*Ocular infection - 0.09364 0.6457 0.8847 -1.3607 1.1735
Time*dura of treat(ref=short) Long
-0.8448 0.3648 0.0097 -1.6607 -0.2289
Medium 0.02151 0.3486 0.9508 -0.6626 0.7056
Time*typeoftreat(ref=timolol)
Time*pilocarpin -0.04961 0.5512 0.9283 -1.1311 1.0319
Time*timo&Diamox -1.8922 0.6608 0.0026 -3.2889 -0.6955
Time*timo&pilo -0.3133 0.3718 0.3997 -1.0430 0.4164

Time*timo,diamo&pilo -0.5776 0.4289 0.1145 -1.5192 0.1641
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smoking status with time has no statistically significant
effect on intraocular pressure of glaucoma patients.

3.6. Estimated Parameters of the Fitted LMM Model

Table 4 shows the significant factors that affect
intraocular pressure of glaucoma patients at a=0.05
level of significance.

3.6.1. Interpretation of the Result

The above table indicates that the fixed effect
intercept was 31.76 (SE=6.23) represents an estimate
of the mean intraocular pressure at the time (in a
month) = 0 excluding all covariates in the model. For a
unit change of time the rate of change of the average
number of IOP is decreased by 4.87 (p-value <.0001)
keeping the other variables constant. And also it
indicates that females were 3.31 times lower in their
IOP than males through the follow-up time.

The average intraocular pressure of farmers were
6.03 times (P-value= 0.0001) higher than other
occupation through the follow-up time keeping the
effects of the other variables constant.

The average IOP of a patient who has no blood
pressure is 3.34 (P-value=0.0263) times lower than a
patient who has blood pressure. And also a patient who
has no diabetes is 3.78 (P-value=0.0139) times lower
than a patient who has diabetes keeping the other
variables constant.

When we compare the average IOP of a patient
(3.73) with a patient who has no ocular problem and
who has other ocular problems then we find that no
ocular problem is 3.73(P-value=0.0151) times lower
than other ocular problem keeping the effects of the
other variables constant.

The average IOP of a patient having treatment type
timolol and pilocarpin is 4.74 (P-value=0.0149) times
higher than a patient having treatment type timolol. And
also a patient having treatment type timolol, Diamox
and pilocarpin are 5.96 (P-value=0.0081) times higher
than a patient having treatment type timolol keeping the
other variables constant.

For a unit change of time overage the rate of
change of the average number of IOP is increased by
0.079 (p-value =<.0001) keeping the effects of the
other variables constant.

For a unit change of time, the rate of change of
average intraocular pressure of a patient difference
between cataract and other ocular problem was 2.8
(P-value<.0001) keeping the effects of the other
variables constant.

For a unit change of time, the rate of change of
average |OP of a patient having not cataract surgery
and patients having cataract surgery is 2.69
(P-value=0.0002) keeping the effects of the other
variables constant.

For a unit change of time the rate of change of
average intraocular pressure of a patient between
patients duration of treatment long and patients
duration of treatment short is -0.94 (P-value=0.0097)
keeping the effects of the other variables constant.

For a unit change of time, the rate of change of
average intraocular pressure of a patient difference
between treatment type timolol with diamox and timolol
is -1.99 (P-value=0.0026) keeping the effects of the
other variables constant.

3.6.2. Variability of Error and Random Effect in the
Fitted Model

Variability analyses of both fixed and random effect
is also another important aspect. High variability
indicates less accuracy or high error in the prediction of
the association of outcome with respective risk factors.
The subject-specific random intercept variance is found
to be 16.2796 (SE =6.4753) (p=<0.0001) with 95% CL
(3.5, 29.05). In addition to that the subject-specific
random slope variance is estimated to be 0.01286
(SE=0.0350) (p=<0.0001) and 95% CI (0.01015,
0.02188), the estimated variance of the random error is
0.8233 (SE=0.03709) p= (<0.0001) and with 95% CI
(0.7386, 0.8830).

3.7. Model Diagnosis

As we observed from the below plots of residuals
versus predicted values; even if there are some outliers
they may not be considered as real outliers because
often points identified as outliers are simply a reflection
of a skewed distribution. And also to check linearity
assumption we plot observed with predicted. Figure 13
suggested that an equal number of predicted values
lies above the diagonal line and below the diagonal line
it was indicated that the variability of the error in
intraocular pressure (IOP) was almost constant i.e. the
error does not deviate from each other and this
indicates that linearity assumption is satisfied.

Furthermore, according to the probability plots
those were shown above. We observed that the
normality assumption was supported through the
upward nearly straight line of normal plots. In Figure 14
both P-P and Q-Q plot shows that the response
variables are normally distributed because the points
are scattered nearly on the line as well as the residual
against fitted value plot didn't show any systematic
pattern thus, it meets the assumption of the distribution
of error terms.
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Figure 14: P-P and Q-Q plot for IOP.

4. DISCUSSIONS, CONCLUSIONS AND RECOM-
MENDATIONS

4.1. Discussion of the Results

The purpose of this study was to determine factors
that affect the progression of intraocular pressure of
glaucoma patients by using a linear mixed effect
model.

Intraocular pressure is known as an important factor
for glaucoma pathogenesis [16]. Therefore, it is
important to identify various factors that may influence
IOP. However, there is still debate about these factors,
especially age. From the result of the linear mixed
model, age in the year of a patient appears to be
statistically non-significant for the progression of
intraocular pressure of glaucoma patients. Naturally, a
patient's IOP increases with increasing age but this
study shows that age in the year of a patient has a
negative effect on a patient's intraocular pressure. But,
the age of a patient over time follow has a positive
effect on the IOP of glaucoma patients. Several studies
have shown that IOP increased with age in study
populations, whereas others suggested no relationship
with age. In a Barbados Eye Study, among the black
participants, the mean IOP increased ~ 1mmHg for

every increase of 10 years of age [17]. However, a
Japanese study showed that IOP correlated inversely
with age in men and women [18].

According to our study, gender had been found a
significant effect on the progression of IOP of glaucoma
patients. Our findings show that men‘s had greater IOP
compared with women’s. A pattern was also reported in
the Gutenberg Health studies [19]. In contrast, the
Barbados Eye study reported men had lower 10P [20]
while the Framingham Eye study reported no
association between sex and I0P [21].

In addition to age and gender, many systemic
factors showed an effect with IOP. This study also
showed that blood pressure and diabetes have a
significant positive correlation with I0OP. It has been
postulated that increased blood pressure leads to
elevated ciliary artery pressure, increasing the
ultrafiltration of the aqueous humor and thus increasing
IOP [22].

Occupation of a patient is found to be another
significant variable for the progression of intraocular
pressure of glaucoma patients. This study found that
farmers have greater intraocular pressure than patients
who have other work.
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According to the study patients' duration of
treatment is not an important variable for the
progression of intraocular pressure of glaucoma
patients. But the study also shows that patient's
duration of treatment over time is a significant variable
for the progression of intraocular pressure. If the
patient's duration is too long and gets sufficient care
with necessary treatments, intraocular pressure
becomes decreases as a number of treatments
follow-up time increases.

Regarding treatment type, the finding indicated that
the patient with treatment type has a significant effect
on the progression of intraocular pressure of glaucoma
patients. The results of this study show that timolol is
more effective for lowering IOP than another treatment
type. The results also show that a patient's treatment
type over time has a significant effect on the
progression of intraocular pressure of glaucoma
patients.

This study found that the ocular problem of a
patient is found to be another significant variable for
the progression of intraocular pressure of glaucoma
patients. A patient with the ocular problem has greater
IOP than Patients with no ocular problem. The result
also shows that a patient‘'s ocular problem over time
has a significant effect on the progression of IOP.

This study also found that the cataract surgery of a
patient over time has a significant effect in lowering
intraocular pressure. The lowering effect is also well
established by Surgeons, he aware that cataract
surgery in glaucoma patients significantly reduces
intraocular pressure [23].

REFERENCES

[1] Song YK, Lee C-K, Kim J, Hong S, Kim CY, Seong GJ.
Instability of 24-hour intraocular pressure fluctuation in
healthy young subjects: a prospective, cross- sectional
study. BMC Ophthalmology 2014; 14: 127.
https://doi.org/10.1186/1471-2415-14-127

[2] Ryskulova A, Turczyn K, Makuc DM, Cotch MF, Klein RJ,
Janiszewski R. Self-reported age-related eye diseases and
visual impairment in the United States: results of the 2002
national health interview survey. American Journal of Public
Health 2008; 98: 454-461.
https://doi.org/10.2105/AJPH.2006.098202

[3] Quigley HA, Broman AT. The number of people with
glaucoma worldwide in 2010 and 2020. British Journal of
Ophthalmology 2006; 90: 262-267.
https://doi.org/10.1136/bjo.2005.081224

[4] Rudnicka AR, Mt-Isa S, Owen CG, Cook DG, Ashby D.
Variations in primary open-angle glaucoma prevalence by
age, gender, and race: a Bayesian meta- analysis.
Investigative Ophthalmology & Visual Science 2006; 47:
4254-4261.
https://doi.org/10.1167/iovs.06-0299

(5]

[6]

[71

(8]

9]

[10]

(1]

[12]

[13]
[14]

(18]

[16]

(7]

(18]

[19]

[20]

[21]

Astrém S, Lindén C. Incidence and prevalence of pseudo
exfoliation and open-angle glaucoma in northern Sweden:
Baseline report. Acta Ophthalmological Scandinavia 2007;
85: 828-831.
https://doi.org/10.1111/j.1600-0420.2007.00992.x

Heijl A, Leske MC, Bengtsson B, Hyman L, Bengtsson B,
Hussein M. Reduction of intraocular pressure and glaucoma
progression: results from the Early Manifest Glaucoma Trial.
Archives of Ophthalmology 2002; 120: 1268-1279.
https://doi.org/10.1001/archopht.120.10.1268

Tamrat L, Gessesse GW, Gelaw Y. Adherence to topical
glaucoma medications in Ethiopian patients. Middle East
African Journal of Ophthalmology 2015; 22: 59.
https://doi.org/10.4103/0974-9233.148350

Ramalho C, Ribeiro L, Olivieri L, Silva J, Vale T, Duque
W. Socioeconomic profile of people with glaucoma in the
ophthalmology department of the University hospital of the
Federal University of Juiz de Fora—Minas Gerais—Brazil.
Arqg Bras Oftalmol 2007; 70: 809-813.
https://doi.org/10.1590/S0004-27492007000500015

Cook C. Glaucoma in Africa: size of the problem and
possible solutions. Journal of Glaucoma 2009; 18: 124-128.
https://doi.org/10.1097/1JG.0b013e318189158¢c

Kyari F, Abdull MM, Bastawrous A, Gilbert CE, Faal H.
Epidemiology of glaucoma in Sub-Saharan Africa:
prevalence, incidence and risk factors. Middle East African
Journal of Ophthalmology 2013; 20: 111.
https://doi.org/10.4103/0974-9233.110605

Berhane Y, Worku A, Bejiga A, Adamu L, Alemayehu W,
Bedri A, Haile Z, Ayalew A, Adamu Y, Gebre T. Prevalence
and causes of blindness and low vision in Ethiopia. Ethiopian
Journal of Health Development 2007.
https://doi.org/10.4314/ejhd.v21i3.10050

West BT, Welch KB, Galecki AT. Linear mixed models: a
practical guide using statistical software, CRC Press 2014.
https://doi.org/10.1201/b17198

Davis CS. Statistical methods for the analysis of repeated
measurements, Springer Science & Business Media 2002.

Verbeke G, Molenberghs G. Linear mixed models for
longitudinal data, Springer Science & Business Media 2009.

Laird NM, Ware JH. Random-effects models for longitudinal
data. Biometrics 1982.
https://doi.org/10.2307/2529876

Konstas AG, Quaranta L, Mikropoulos DG, Nasr MB, Russo
A, Jaffee HA, Stewart JA, Stewart WC. Peak intraocular
pressure and glaucomatous progression in primary
open-angle glaucoma. Journal of Ocular Pharmacology and
Therapeutics 2012; 28: 26-32.
https://doi.org/10.1089/jop.2011.0081

Zhao D, Kim MH, Pastor-Barriuso R, Chang Y, Ryu S, Zhang
Y, Rampal S, Shin H, Kim JM, Friedman DS. A longitudinal
study of association between adiposity markers and
intraocular pressure: the Kangbuk Samsung Health Study
2016.

https://doi.org/10.1371/journal.pone.0146057

Nomura H, Ando F, Niino N, Shimokata H, Miyake Y. The
relationship between age and intraocular pressure in a
Japanese population: the influence of central corneal
thickness. Current Eye Research 2002; 24: 81-85.
https://doi.org/10.1076/ceyr.24.2.81.8161

Carel RS, Korczyn AD, Rock M, Goya |. Association between
ocular pressure and certain health parameters.
Ophthalmology 1984; 91: 311-314.
https://doi.org/10.1016/S0161-6420(84)34282-8

Leske MC, Connell AM, Wu S-Y, Hyman L, Schachat AP.
Distribution of intraocular pressure: the Barbados Eye Study.
Archives of Ophthalmology 1997; 115: 1051-1057.
https://doi.org/10.1001/archopht.1997.01100160221012

Fan N-W, Hwang D-K, Ko Y-C, Tseng F-C, Hung K-H, Liu
CJ-L. Risk factors for progressive visual field loss in primary

angle-closure glaucoma: a retrospective cohort study 2013.
https://doi.org/10.1371/journal.pone.0069772




Determinants of Intraocular Pressure of Glaucoma Patients

International Journal of Statistics in Medical Research, 2021, Vol. 10 45

[22]

Mitchell P, Lee AJ, Wang JJ, Rochtchina E. Intraocular
pressure over the clinical range of blood pressure: Blue
Mountains eye study findings. American Journal of
Ophthalmology 2005; 140: 131-132.
https://doi.org/10.1016/j.aj0.2004.12.088

(23]

Brown RH, Zhong L, Lynch MG. Lens-based glaucoma
surgery: using cataract surgery to reduce intraocular
pressure. Journal of Cataract & Refractive Surgery 2014.
https://doi.org/10.1016/j.jcrs.2014.06.001

Received on 10-02-2021

https://doi.org/10.6000/1929-6029.2021.10.04

© 2021 Emirie and Sharma; Licensee Lifescience Global.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction

in any medium, provided the work is properly cited.

Accepted on 06-04-2021

Published on 27-04-2021



