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Abstract

A Cox Proportional Hazard Model with Time-Varying Coefficients
Using Revised Survival Time to Investigate Stroke Risk Factors

Jiyeong Jang

The Department of Statistics
The Graduate School

Seoul National University

According to estimates by World Health Organization (WHO), globally,
cardiovascular disease is the first leading cause of death. Among various cardiovascular
diseases, the risk of stroke is constantly increasing even though the mortality rate for it is
decreasing. Including representative studies, Framingham study and Northern Manhattan
stroke study (NOMAS), many of studies relating to the risk factors of stroke have been
performed. In this study, using the dataset obtained from NOMAS, the Cox proportional
hazard model is used in order to investigate stroke risk factors. In particular, the NOMAS
used follow-up time to onset of stroke, whereas, in this study, the age of having a stroke is
treated as survival time for fitting the models. The proportional hazard assumption is
evaluated through graphs, and some risk factors whose risk effects vary according to the
variation of age are detected. The pattern of change and the significance of these risk effects
are evaluated by constructing a Cox’s model with time-varying coefficients. In addition to
the study concerning occurrence of all types of strokes, the study concentrating only on the

ischemic stroke occurrence is also performed and these two are compared.

Keywords: stroke, Northern Manhattan stroke study, Cox proportional hazard model,
survival time, proportional hazard assumption, time-varying coefficient
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Chapter 1

Introduction

A stroke occurs when blood supply to the brain is rapidly interrupted. This can be
due to a hemorrhage or ischemia (i.e., lack of blood flow) caused by blockage such as
thrombosis and arterial embolism (Sims and Muyderman, 2009). Stroke is one of the
major threats to the public health in the world since it is a leading cause of disability
and death. Appropriate approaches to predict individuals with high risk of vascular
disease can help health care professionals to detect the people at risk people (Goldstein
et al., 2006). Various risk factors for stroke have known such as old age, high blood
pressure, diabetes, high cholesterol, smoking, etc.

Many tools have been devised to predict the risk of cardiovascular disease. The
Framingham-based models have been used widely as a tool of risk prediction of stroke
(D’Agostino et al., 1994), coronary heart disease (Wilson, 1998), and cardiovascular
risk (D’ Agostino, 2008). However, these models have limitation; they do not contains
behavioral or anthropometric factors, and they constructed from a white ethnicity only
(D’Agostino et al., 2001). In order to supplement these limitations, the Northern
Manhattan Study (NOMAS) was performed. NOMAS is a research study of stroke and

stroke risk factors in the Northern Manhattan community conducted at the
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Neurological Institute, Columbia University, Division of Stroke and Critical Care.
NOMAS is the first study of its kind to focus on stroke risk factors in whites, blacks,
and Hispanics living in the same community. It is helping to fill gaps in our knowledge
of stroke epidemiology in minority populations. This study includes population of
Washington Heights in Northern Manhattan. The ongoing study, which began in 1990,
is based in the Neurological Institute of Columbia Presbyterian Hospital, located in
Washington Heights. The goal of NOMAS is to improve currently available global
cardiovascular disease risk prediction tools by additionally using behavioral risk
factors and racially diverse cohort for cardiovascular risk prediction of African-
American and Hispanic people (Sacco et al., 2009). A survival model was built to
predict combined cardiovascular outcomes. There are three main outcomes of interest,
stroke (ischemic or intracerebral hemorrhage), myocardial infarction (MI), and
vascular death. When constructing a survival model, the NOMAS used survival time,
follow-up time to stroke onset. However, this approach is less meaningful since the
ages when subjects enrolled were different one another. Therefore, regardless of
subjects’ ages when cardiovascular diseases occur, follow-up time indicates just the
duration from subjects’ enrollment to occurrence of diseases.

In this thesis, we try to replace the survival time based on follow-up time with the age
when a stroke occurs. This approach can provide estimates indicating how risk factors
affect the age of having a stroke. The age group can be also detected in which the risk effect
of each covariate is dominant and we try to find time-varying effect of risk factors through
the log-log Kaplan-Meier, and cumulative coefficients plots from extended version of
Cox’s model. In addition, these plots are also drawn using the models with ischemic stroke

as outcome of interest.



Chapter 2

Statistical Methods

The NOMAS trials is a prospective, population-based cohort of 3,298 subjects
recruited between 1993 and 2001. The detail explanation of NOMAS cohort selection

and follow-up process was described in Sacco et al. (1997).

Censoring and Truncation

Standard statistical methods are not appropriate because survival time data is
typically incompletely observed. Most common type of incompleteness is right
censoring. Right censoring occurs when a subject leaves the study prior to an event
occurrence, or an individual do not experience the event of interest before the end of
study. Truncation is the other main cause to make incompleteness of survival time data.
Truncation is occurred due to study design. Left truncation occurs when a subject has
been at risk before enrollment in study. Under the left truncated right censored data,
for each i-th individual in study, i = 1,2,...,n, X; denotes the time between an
origin and event, and C, indicates the fixed censoring time. Each of X; is assumed
to be identically distributed with probability density function f(x) and survival

function S(x).Thedata {(Tj,8;)}i=1,2,. nare observed only when T; > L; where L;
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is left truncation value, T; = min(X;,C,-) and §; is failure or uncensoring indicator,
I(X; < C,). For the inference with left-truncated data, T; and L; are assumed to be
independent only in the region in the data observed. This assumption is weaker than
the independent assumption and called quasi-independent truncation (Tsai, 1990).

In the NOMAS data, right censoring occurs. In addition, In this study, when
survival time calculated based on a subject’s follow-up time is replaced by a subject’s
age of having a stroke occur, left truncation occurs. This is because only a subject
whose stroke event time exceeds the age at enrollment in study can be observable. Thus,
when age of having a stroke is used as survival time, each subject’s age at enrollment
in study is regarded as a truncation value, L; and the risk set is corrected at each point
where event occurs. The quasi-independent truncation is assumed to be satisfied in this

study.

Kaplan-Meier curves

The Kaplan-Meier estimator (Kaplan and Meier, 1958), also known as the product
limit estimator is used to estimate the survival function from survival data. If the
uncensored observation time points are distinct and t(q), tc), ..., () denote the
ordered failure times, the Kaplan-Meier estimator and its estimated variance based on
Greenwood formula are as follows.

o= [16-4

i:t(i)St

. . 5 d;
var [S(0)] = [S®]°6:2®) = [S®)] 1_[ YV —d)

i:t(i)St

where Y; and d; denote the number of risks and the number of deaths at time ¢,

respectively.



The wvalues of confidence interval were derived from the estimator
Sep {*z, /205 ()}, the default confidence interval values of survfit function in
R statistical software. Kaplan-Meier curves for survival free of stoke are plotted for
three cases when: 1) survival time based on follow-up time is used; 2) survival time
based on age of having a stroke is used without correction for left truncation; 3)

survival time based on age of having a stroke with correction for left truncation.

Cox proportional hazard model

In order to investigate the effect of explanatory variables on survival time X, a Cox
proportional hazard (PH) model (Cox, 1972) is used. For each i-th individual,
explanatory variables z; is observed, where 2z; = (2,%;2,...,%p )Y is a p-
dimensional fixed covariate. The Cox proportional hazard model is written as

hi(t;z;) = Yi(©)ho(Dexp(BTz;)

where Y;(t) is the at risk indicator represented as I(T; >t), h;(t;z;) is hazard
function of observation i at time t and hy(t) is base line hazard function (the hazard
function for an individual with z; is zero).

Most of statistical software packages estimate [ by maximizing the log partial

likelihood function (Cox, 1975).
D
L) = ) &|B20 —bg | ) esp(Fzq)
i=1 I€R;
where z(;) denotes the covariate vector of i-th observation at ordered failure time ¢(;

and R; represents the risk set at time ;).



The base line cumulative hazard is Hy(t) = [ Ot hy(u)du and the Breslow (1972)
estimator

R B t Z?=1dNi(u’)
Ho(t) = fo Z?=1Yi(u)eXp (ETZi)

is generally used in many cases in practice.

The Cox PH model with survival time based on subjects’ age of having a stroke and
follow-up time for a stroke are constructed using the variables ‘STROKE TIME’
(calculated follow-up time for all stroke as an outcome) and ‘INSTORKE’ (censoring
indicator for all stroke). These models are also built regarding ischemic stroke using
‘ISCHEMIC TIME’ (calculated follow-up time for ischemic as an outcome) and
‘ISHCEMIC’ (censoring indicator for ischemic stroke).

As explanatory variables, the risk factors of the final model in NOMAS are
considered. The variables in NOMAS data set, “WAIST (waist circumference)’,
‘etmod’ (moderate alcohol consumption), ‘actmodheavy’ (moderate-to-heavy physical
activity), ‘BLACK’ (black race), ‘HISP’ (Hispanic race), ‘SYSOTLIC’ (systolic blood
pressure), ‘SMOKER1’ (former smoking), ‘SMOKER?2’ (current smoking), ‘LLDL’
(LDL cholesterol level) and ‘LHDL’ (HDL cholesterol level) are used as the same ones.
‘Peripheral vascular disease’ and ‘Fasting blood sugar’ variables are replaced by
‘NCAD’ (any cardiac disease) and ‘DIABETES’ (diabetes) in the given data set,
respectively. ‘Diastolic blood pressure’ and ‘Antihypertensive medication’ variables
are excluded since they are not available. A ‘systolic’ indicator variable is made using
the criteria of metabolic syndrome for certifying the relationship of two risk factors,
systolic blood pressure and Hispanic race. If systolic blood pressure is higher than 130
mmHg, ‘systolic’ indicator is 1 and 0 for otherwise. Using the likelihood ratio test

criteria, variables which contribute to the fit are kept in the model.
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Evaluating proportionality assumption

One of the assumptions of Cox proportional hazard model is proportional hazard
assumption. The survival function can be represented as

In[—InS(t;2)] = BTz + In[—InSy(t)]

where S(t;z) is survival function for X and Sy(t) is survival function when z is
Zero.

Thus, the logarithm of the negative logarithm of the survival functions are parallel,
given different covariates z;. In order to evaluate the proportional hazard assumption
of Cox proportional hazard model, log-log Kaplan-Meier curves are plotted for each

binary covariate.

Cox’s models with time-varying coefficients

The proportional hazard assumption of Cox’s model is not satisfied when the
relative risk of a covariate is not constant with time. In this case, the extension of Cox
proportional hazard model is needed to reflect the time-varying effects of some of the
covariates. The basic extension of Cox’s model to accommodate time-varying
coefficients is

hi(t;2)) = Yi(Dho(Dexp(BT (£)2:(1))

where BT(t) = (B,(t), B2 (1), ., Bp(t)) isa p X 1 vector of time-varying regression
coefficients.

This model has been studied by many authors, e.g., Zucker & Karr (1990), Murphy
& Sen (1991), Grambsch & Therneau (1994), Pons (2000), Martinussen et al. (2002),
Cai & Sun (2003) and Sinnett & Sasieni (2003) (Martinussen and Scheike, 2006). This
fully nonparametric version of the extended Cox’s model is not easy to fit due to the

model high flexibility, for the small to medium sized data. The time-varying



assumption for all covariates may not be needed in some situation. In this case, the
semiparametric version of extension model
hi(t; i) = Yi(£)ho(D)exp(BT ()z;(t) + ¥y wi (D)

where (z;(t),w;(t)) is a (p + q)-dimensional covariate and B(t) is nonparametric
p-dimensional parameter and y is g-dimensional regression parameter of the model.

This model is suggested to compromise between model flexibility and size of the
data. This model has been studied by Martinussen et al. (2002) and Scheike &
Martinussen (2004) (Martinussen and Scheike, 2006). For the covariates whose log-
log Kaplan-Meier curves are not parallel, the semiparametric version of the model is
considered to investigate time-varying effects of covariates. In order to fit the model,

the timecox function of a timereg package in R statistical software is used. This turns

out the cumulative regression function

B(t) = f B(s)ds
0

of each covariate in the semiparametric version of Cox’s models (Martinussen and

Scheike, 2006).



Chapter 3

Results

3.1. All Types of Strokes

The survival function of follow-up time to all types of strokes onset is drawn by
the Kaplan-Meier estimate (Fig. 3.1). The survival probability corresponds to the last
stroke occurrence is 0.845. The Kaplan-Meier curves are plotted when follow-up time
is replaced by the age of having all kinds of strokes (Fig. 3.2). The red line represents
the estimates of survival function without the correction of left truncation and the blue
one is drawn under the correction of left truncation. When left truncation is corrected,
the Kaplan-Meier estimates are lower compared to the case when there is no correction
of left truncation. This is natural since the number of people at risk at each stroke event
time is reduced under the left truncation. The last stroke occurs when the subject’s age
is 103.5. At this age, the survival probabilities are 0.615 and 0.50 in two Kaplan-Meier
curves, respectively. The first stroke occurs when the subject’s age is 42.16. While
drawing a Kaplan Meier curve with the correction of left truncation, this subject having

earliest stroke is excluded. At this time of stroke occurrence, the number of people at
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risk is 16. This small risk set makes the standard error of Kaplan-Meier estimator is
significantly large. After excluding this individual, remain subjects experienced

strokes after age 50 years.

1.0

0.8

0.6

0.4

0.2

0.0

TIME (years since baseline enroliment)

Figure 3.1 Kaplan-Meier estimate of the survival distribution function of follow-

up time to all types of strokes occurrence
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Figure 3.2 Kaplan-Meier estimate of survival distribution function of age at all

types of strokes onset
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Table 3.1 describes the parameter estimates, standard error of parameter estimates
and p value of risk factors of the final Cox proportional hazard model when age at all
kinks of strokes onset is used as survival time. Table 3.2 represents the same items

when follow-up time to all types of strokes are used.

Table 3.1 Cox proportional hazard model with survival time, age of having all types

of strokes
Risk Factor Variables Pargmeter Standard. p-value
Estimate Error
Moderate alcohol consumption -0.282 0.143 0.0493
Mo.d'erate—to—heavy physical 0211 0246 03916
activity
Any cardiac disease 0.399 0.132 0.0026
Black race -0.357 1.302 0.7839
Hispanic race -2.268 1.188 0.0563
Male sex 0.448 0.139 0.0013
Systolic blood pressure (mmHg) 0.001 0.007 0.8395
Diabetes 0.814 0.130 0.0000
Former smoking 0.146 0.143 0.3062
Current smoking 0.478 0.176 0.0067
HDL cholesterol (mg/dl) 0.003 0.004 0.3990
LDL cholesterol (mg/dl) -0.002 0.001 0.0896
Systolic blood pressure (mmHg) 0.004 0.008 0.6379
X Black race
Systth bl.ood pressure (mmHg) 0.016 0.008 0.0453
X Hispanic race
-12 -



Table 3.2 Cox proportional hazard model with survival time, follow-up time to all

types of strokes occurrence

Risk Factor Variables Pg;zﬁzzr St;r;;isrrd. p-value
Moderate alcohol consumption -0.288 0.143 0.045
Z’C[gcvlftr;te'to'heavy physical -0.191 0.246 0.437
Any cardiac disease 0.385 0.133 0.004
Age 0.050 0.007 0.000
Black race -0.424 1.300 0.744
Hispanic race -2.331 1.184 0.049
Male sex 0.454 0.140 0.001
Systolic blood pressure (mmHg) 0.001 0.007 0.871
Diabetes 0.831 0.130 0.000
Former smoking 0.148 0.143 0.300
Current smoking 0.472 0.177 0.008
HDL cholesterol (mg/dl) 0.003 0.004 0.411
LDL cholesterol (mg/dl) -0.002 0.001 0.098
iysi;‘;;fkbrlgc"ed pressure (mmHg) 0.004 0.008 0.603
iyslt{(;l;:agli?ri e (mmHg) 0.016 0.008 0.037

-13 -



The significant set of covariates is almost same in two models. Covariates,
moderate-to-heavy activity, any cardiac disease, male sex, diabetes, current smoking,
and LDL cholesterol level are significant. The parameter estimates of two models are
similar even though the exact values and their p values are slightly different. The
hazard ratio of an individual with diabetes having a stroke compared to an individual
without diabetes is 2.257. This means the hazard ratio increases 2.257 times of baseline
hazard when a subject suffers from a diabetes. It is observed that any cardiac disease,
male sex, and current smoking also increase the relative risk into 1.47, 1.58, and 1.60
times, respectively. On the other hand, the Hispanic race significantly decreases the
risk of having a stroke. It decreases the relative risk into 0.103. The risk factor, age at
study enrollment is added in the model using follow-up time since it is not related to
outcome. The effect of age at study enrollment on the follow-up time is very significant.
The hazard ratio increases 1.65 times when a subject’s age at study enrollment is 10-
years older. In the Framingham study, the interaction for systolic blood pressure and
antihypertensive medications was included in the model and the NOMAS represented
the significance of an interaction for diastolic blood pressure and antihypertensive
medications. There were no significant interaction for each sex or race-ethnic group
(Sacco et al., 2009) whereas in this study, the 2-way interaction of Hispanic race and
systolic blood pressure is involved having a significant effect with p value of 0.045.

The log-log Kaplan-Meier curves are drawn for nine binary covariates in order to
confirm the proportional hazard assumption (Fig. 3.3 (a) — Fig. 3.3 (i)). The interval of

two curves in each plot represents the parameter estimate of each covariate.
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Figure 3.3 Log-log Kaplan-Meier curves of covariates based on the survival

function of age at all types of strokes. (a) Moderate alcohol consumption, (b) Moderate

to heavy activity, (c) Any cardiac disease, (d) Hispanic race (continued).
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Figure 3.3 Log-log Kaplan-Meier curves of covariates based on the survival

function of age at all types of strokes. (e) Black race, (f) Male sex, (g) Diabetes, (h)

Former smoking (continued).
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Figure 3.3 Log-log Kaplan-Meier curves of covariates based on the survival
function of age at all types of strokes. (i) Current smoking, (j) Systolic indicator

variable in only Hispanic race subjects.

The plots of any cardiac disease (Fig. 3.3 (c)) and diabetes (Fig. 3.3 (g)) show
similar patterns that the interval of two curves decrease as age increases. For moderate
to heavy activity (Fig. 3.3 (b)), the plot shows that the stroke risk effect significantly
changes according to the value of age. It indicates that the effect of parameter is high
around subject age 70 years whereas it decreases significantly after about age 80 years.
In the plots of Hispanic race (Fig. 3.3 (d)), black race (Fig. 3.3 (e)), male sex (Fig. 3.3
(f)) and current smoking (Fig. 3.3 (i)), the initial part of two curves are crossed over.
Most of two curves in each log-log Kaplan-Meier plot are not parallel and this imply
that the proportional hazard assumption in the Cox’s model can be biased. In addition,
using the ‘systolic’ indicator variable, the log-log Kaplan-Meier plot is drawn only for

the individuals in the group of Hispanic race (Fig. 3.3 (j)). This plot also express the
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cross of two curves, which suggests the bias of the proportional hazard assumption.
In order to certify the time-varying effect of each covariate, the extended version
of Cox’s models are fitted. Each model includes only one covariate with a time-varying
coefficient and other covariates in the model are treated as variable having a constant
stroke risk effect. For each model, plot is drawn to express the time-varying risk effect
of a covariate with a time-varying coefficient. The model with a time-varying
coefficient of ‘systolic’ indicator variable is also fitted and the graph of this time-

varying effect is plotted. These are represented in the Figure 3.4 (a) - Figure 3.4 (h).
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Figure 3.4 Cumulative coefficients plots of covariates in Cox’s model with time-
varying coefficients using survival time, age at all types of strokes onset. (a)
Moderate alcohol consumption, (b) Moderate to heavy activity, (¢) Any cardiac disease,

(d) Hispanic race (continued).
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Figure 3.4 Cumulative coefficients plots of covariates in Cox’s model with time-
varying coefficients using survival time, age at all types of strokes onset. (¢) Male

sex, (f) Diabetes, (g) Current smoking, (h) Systolic indicator variable.
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The horizontal axis indicates the age of a subject and vertical axis of the graphs
expresses the value of cumulative coefficients. It can be interpreted that the slope at a
certain age represents the stroke risk effect of each covariate. Thus, the positive slope
means that the existence of variable characteristic causes increase in stroke risk and if
the slope of the curve is negative, this variable decreases the occurrence of stroke. The
plots of male sex (Fig. 3.4 (e)), diabetes (Fig.3.4 (f)) and current smoking (Fig.3.4 (g))
show the slopes of initial part are positive. However, their slopes of curves change from
positive to negative after the age 80 years. The plot of any cardiac disease (Fig. 3.4 (¢))
shows generally constant slope of the curve. For moderate alcohol consumption (Fig.
3.4 (a)), the effect of risk factor decreases the stroke hazard and this stroke decreasing
effect becomes gradually large as a subject’s age increases. In the plots for moderate-
to-heavy, Hispanic race, and systolic indicator variable, the slope of their curves change
with high variation. The moderate-to-heavy risk covariate which shows the strong
implication of bias of proportional hazard assumption in its log-log Kaplan-Meier
curve represents dynamic change in its cumulative coefficients graph (Fig. 3.3 (b)). For
Hispanic race, the risk effect is not large until a subject’s age is over middle of eighties
where it increases largely (Fig. 3.4 (d)). The plot of systolic indicator variable
represents constant level of stroke increasing effect until 80 years of an individual’s
age and after this point, it shows large variation of risk effect (Fig. 3.3 (h)). Even though
some cumulative coefficients plots represent the dynamic variations of coefficients,
none of risk factors had a p value < 0.10 in the Kolmogorov-Smimov test and Cramer
von Mises test, suggesting that there is no significant risk covariate with time-varying

effect.
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3.2. Ischemic Stroke

The Cox proportional hazard models are fitted using the ischemic stroke as an event

of interest. The two models, using age and follow-up time of having an ischemic stroke

are fitted in this chapter. The Table 3.3 describes the parameter estimate, exponential

of parameter estimate, standard error and p value of risk factors in the final Cox

proportional hazard model with age at ischemic stroke onset as an outcome of interest.

The Table 3.4 represents the same items when follow-up time at ischemic stroke onset

is used.

Table 3.3 Cox proportional hazard model with survival time, age of having an

ischemic stroke

Risk Factor Variables Pélsrgnnllzzr StaEr;;i(a)lrrd. p-value
Moderate alcohol consumption -0.409 0.160 0.011
Zgg‘iftr;te'to'heavy physical 20.151 0.262 0.563
Any cardiac disease 0.428 0.142 0.003
Black race -1.001 1.417 0.480
Hispanic race -3.188 1.290 0.013
Male sex 0.411 0.151 0.006
Systolic blood pressure (mmHg) -0.003 0.008 0.625
Diabetes 0.908 0.139 0.000
Former smoking 0.176 0.154 0.254
Current smoking 0.507 0.192 0.008
HDL cholesterol (mg/dl) 0.001 0.004 0.743
LDL cholesterol (mg/dl) -0.002 0.001 0.201
iysgl’;fkbrl;:ed pressure (mmHg) 0.008 0.009 0.390
iyslg‘;lsga?i‘;"r‘; e (mmHg) 0.022 0.008 0.012
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The set of significant risk factors is slightly different when compared to the models

using all kinds of strokes as an outcome of interest. The models using all types of

strokes (Table 3.1, Table 3.2) contain the LDL cholesterol level as a significant

covariate. However, the models using ischemic stroke as an outcome (Table 3.3, Table.

3.4) do not include significant variables related to cholesterol levels. Excluding LDL

cholesterol level, the significant covariates are same in two model using all types of

strokes and ischemic stroke. That is, covariates, moderate-to-heavy activity, any

cardiac disease, male sex, diabetes and current smoking are significant risk factors.

Table 3.4 Cox proportional hazard model with survival time, follow-up time to

ischemic stroke occurrence

Risk Factor Variables P]Ssrgrrizeer StaEr;;ig;d. p-value
Moderate alcohol consumption -0.414 0.160 0.010
gggi?tr;te'to'heavy physical 20.123 0.262 0.639
Any cardiac disease 0.410 0.142 0.004
Age 0.054 0.007 0.000
Black race -1.071 1.417 0.450
Hispanic race -3.292 1.287 0.011
Male sex 0.416 0.151 0.006
Systolic blood pressure (mmHg) -0.004 0.008 0.582
Diabetes 0.929 0.139 0.000
Former smoking 0.179 0.154 0.244
Current smoking 0.503 0.192 0.009
HDL cholesterol (mg/dl) 0.001 0.004 0.742
LDL cholesterol (mg/dl) -0.002 0.001 0.218
iysé‘l’;fkbrl;c"ed pressure (mmHg) 0.008 0.009 0.364
iyslfl‘il;azli‘;"r‘igessure (mmHe) 0.023 0.008 0.009
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The hazard ratio of an individual with diabetes having an ischemic stroke compared
to an individual without diabetes is 2.480 (Table 3.3). This value is larger than that of
all stroke model (Table 3.1), 2.257. It is observed that any cardiac disease, male sex,
and current smoking also increase the relative risk of ischemic stroke into 1.53, 1.51,
and 1.66 times (Table 3.3). These quantities are also higher than those in the model
with age of having all types of strokes, 1.47, 1.58, and 1.60 times, respectively (Table
3.1). Meanwhile, the Hispanic race significantly decreases the risk of having a stroke.
It decreases the relative risk into 0.04 and this value is lower than that of model in
Table 3.1, 0.103. The risk factor, age at study enrollment is added in the model using
follow-up time (Table 3.4). The effect of age at study enrollment on follow-up time to
occurrence of ischemic stroke is very significant as before the model using follow-up
time to all kinds of strokes occurrence (Table 3.2). The parameter estimate of age is a
little higher in the ischemic stroke model. That is, the ischemic stroke hazard ratio
increases 1.72 times when a subject’s age at study enrollment is 10-years older. In
addition, having a same result with the model using all stroke outcome, the 2-way
interaction of Hispanic race and systolic blood pressure is involved as a significant
factor with p value of 0.011 in the model with ischemic stroke event.

For comparing two models using age and follow-up time to ischemic stroke
occurrence, the significant set of covariates is almost same in two models as before.
The parameter estimates of two models are similar even though the exact values and
their p values are slightly different.

In order to confirm the proportional hazard assumption, the log-log Kaplan-Meier
curves are plotted for nine binary covariates (Fig.3.5 (a) - Fig.3.5 (i)). These graphs
using the Kaplan-Meier estimates of survival function of ischemic stroke occurrence

represent nearly same pattern compared to the plots in the Figure 3.3. The plots of any
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cardiac disease (Fig. 3.5 (¢)) and diabetes (Fig. 3.5 (g)) show similar patterns that the
interval of two curves decrease as age increases. For moderate to heavy activity (Fig.
3.5 (b)), the plot shows that the stroke risk effect significantly changes according to the
value of age. It indicates that the effect of parameter is high around subject age 70 years
whereas it decreases significantly after about age 80 years. In the plots of Hispanic race
(Fig. 3.5 (d)), black race (Fig. 3.5 (e)), male sex (Fig. 3.5 (f)) and current smoking (Fig.
3.5 (1)), the initial part of two curves are crossed over. Most of two curves in each log-
log Kaplan-Meier plot are not parallel and this implies that the proportional hazard
assumption in the Cox’ model can be biased. In addition, like as the former analysis,
using the ‘systolic’ indicator variable, the log-log Kaplan-Meier plot is drawn only for
the individuals in the group of Hispanic race (Fig. 3.5 (j)). This plot also express the

cross of two curves, which suggests the bias of the proportional hazard assumption.
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Figure 3.5 Log-log Kaplan-Meier curves of covariates based on the survival function

of age at ischemic stroke onset. (a) Moderate alcohol consumption, (b) Moderate to

heavy activity, (c) Any cardiac disease, (d) Hispanic race (continued).
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Figure 3.5 Log-log Kaplan-Meier curves of covariates based on the survival function

of age at ischemic stroke onset. (e) Black race, (f) Male sex, (g) Diabetes, (h) Former

smoking (continued).
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Figure 3.5 Log-log Kaplan-Meier curves of covariates based on the survival function
of age at ischemic stroke onset. (i) Current smoking, (j) Systolic indicator variable in

only Hispanic race subjects.

For confirming the time-varying effect of each covariate, the extended version of
Cox’s models are fitted using the same methods in the previous cases. For each model,
plot is drawn to express the time-varying risk effect of a covariate with a time-varying
coefficient. The model with a time-varying coefficient ‘systolic’ indicator variable is
also fitted and the graph of this time-varying effect is plotted. These are represented in

the Figure 3.6 (a)-(h).

-28 -



-50

-100

-150

100

50

-50

T T T T T T

0 20 40 60 80 100
TIME (age)
(a)
- Vo - o
et E :
; ERCEM
T T T T T T
0 20 40 60 80 100
TIME (age)
(c)

50

-50

100

50

-50

20 40 60 80 100
TIME (age)
(b)
T T T T T
20 40 60 80 100
TIME (age)
(d)

Figure 3.6 Cumulative coefficients plots of covariates in Cox’s model with time-

varying coefficients using survival time, age at ischemic stroke onset. (a) Moderate

alcohol consumption, (b) Moderate to heavy activity, (c) Any cardiac disease, (d)

Hispanic race (continued).

-29 .



150

100

50

40 60 80 10(

20

20 40 60 80 100
TIME (age)
(e)
T T T T T
20 40 60 80 100
TIME (age)

15(

R - .

=3

o

2] -

o
T T T T T T
0 20 40 60 80 100

TIME (age)

=]

o |

® ]

o

©

o

<

o

N -

o
T T T T T T
0 20 40 60 80 100

TIME (age)

Figure 3.6 Cumulative coefficients plots of covariates in Cox’s model with time-

varying coefficients using survival time, age at ischemic stroke onset. (¢) Male sex,

(f) Diabetes, (g) Current smoking, (h) Systolic indicator variable.
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The plots based on the models with ischemic stroke as an event of interest (Fig, 3.6)
express similar patterns of time-varying coefficients of covariates in the model with all
kinds of strokes (Fig. 3.4). The plots of male sex (Fig. 3.6 (e)), diabetes (Fig.3.6 (f))
and current smoking (Fig.3.6 (g)) show the slopes of initial part are positive. However,
their slopes of curves change into negative after the age 80 years. The plot of any
cardiac disease (Fig. 3.6 (¢)) shows generally constant slope of the curve. For moderate
alcohol consumption (Fig.3.6 (a)), the effect of risk factor decreases the ischemic
stroke hazard and this ischemic stroke decreasing effect becomes generally large as a
subject’s age increases. In the plots for moderate-to-heavy, Hispanic race, and systolic
indicator variable, the slopes of their curves change with high variation such as the
corresponding graphs in Figure 3.4. The moderate-to-heavy risk covariate which shows
the strong implication of bias of proportional hazard assumption in its log-log Kaplan-
Meier curve (Fig. 3.5 (b)) represents dynamic changes in its cumulative coefficients
graph (Fig. 3.6 (b)). For Hispanic race, the risk effect is not large until a subject’s age
is over middle of eighties where it increases largely (Fig. 3.6 (d)). The plot of systolic
indicator variable represents constant level of stroke increasing effect until 80 years of
an individual’s age and after this point, it shows large variation of risk effect (Fig. 3.6
(h)). The significance of time-varying coefficients is equivalent to the results of models
using all kinds of strokes. It is same with the cases using all types of strokes that
although some cumulative coefficients plots represent the dynamic variation of
coefficients, any of risk factors did not have a p value < 0.10 in the Kolmogorov-
Smirnov test and Cramer von Mises test, which means that there is no significant risk

covariate with time-varying effect.
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Chapter 4

Conclusion

In this study, we tried to investigate stroke risk factors using the NOMAS dataset
obtained from the prospective cohort of 3,298 subjects in Northern Manhattan. In particular,
we introduced the age of having strokes as survival time for fitting the Cox proportional
hazard models, whereas the NOMAS used follow-up time, years took to stroke occurrence
since subjects’ enrollment at study. For comparing two models using age and follow-up
time, models using follow-up time were also fitted and these two models were constructed
for two specific outcomes, all stroke and ischemic stroke, respectively.

When we compare two models using age and follow-up time, the values of parameter
estimate were similar and the significant risk set of covariates was equal, excluding the a
risk factor, age at study enrollment, only added to the latter model. Even though there were
no interaction for race and other risk factors in final model of NOMAS, the interaction
effect for Hispanic race and systolic blood pressure was significant in both models using
age and follow-up time. For confirming the proportional hazard assumption of the model
using the age of having all strokes, log-log Kaplan-Meier curves were drawn for binary

covariates. Some of these plots implied the bias of proportional hazard assumption in the
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Cox’s model. In particular, the moderate-to-heavy risk factor showed dynamic variation of
the interval of two curves in the plot. The plot of indicator variable of systolic blood
pressure expressed discrete cross pattern of two curves. Even though there was no
significant difference between models using age and follow-up time, we could confirm
the possibility of existence of the covariates with time-varying coefficients through
log-log Kaplan-Meier curves.

The extended version of Cox’s models with time-varying coefficients were fitted and
cumulative coefficients graphs were represented. These graphs showed the change of risk
effects of covariates according to subjects’ age. For the variables, moderate-to-heavy
activity and systolic blood pressure indicator variable, the risk effects of them change with
high variation. Despite of the existence of these variables, there was no significant risk
factor with time-varying coefficients referring to the result of tests. It is expected that if
more covariates used in NOMAS are available, the significant risk variables could be
founded since we detected the high variation of risk factor effect through the
cumulative coefficients curves.

When we compared the models using all types of strokes and ischemic stroke only,
LDL cholesterol level was solely included in the models using all kinds of strokes as a
significant risk factor. The set of other significant covariates was same in two models.
The values of parameter estimate were different from each other. For ischemic stroke,
the decreasing and increasing effects of risk factors were larger than in the case of all

types of strokes models.
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