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ABSTRACT OF THE DISSERTATION

On Semi-Parametric Regression for Time-to-Event Analyses in Electronic Health Records
Studies

By

Kyle Richard Conniff

Doctor of Philosophy in Statistics

University of California, Irvine, 2024

Professor Daniel L. Gillen, Chair

Electronic health records (EHRs) have become a powerful resource for studying health out-

comes. In time-to-event settings, EHRs are usually subject to interval censoring on the true

time of the event. It is common to consider the outcome to be the time of diagnosis. Stan-

dard survival analysis tools for right-censored data, such as the Cox proportional hazards

model, are commonly used to estimate covariate associations with the time-to-event in such

settings. Patients may, however, have access to multiple health care providers across different

systems. If patients seek care from external health systems (a phenomenon we call system

migration), the diagnosis times within the observed system may be erroneously prolonged.

No work has considered the performance of the Cox model under system migration. In this

dissertation, we show that system migration related to the outcome of interest results in

biased estimates of hazard ratios from the Cox model. We develop an extension to the Cox

model that adjusts for system migration by 1) estimating the probability of system migration

for each patient and 2) uses multiple imputation to adjust diagnosis times for patients identi-

fied as migrating across systems. A vital part of this method involves developing a prediction

model from patient-specific system usage patterns for estimating the probability of system

migration. To improve prediction assessment, we develop an estimator for time-dependent

sensitivity and specificity in the recurrent event setting with unbalanced data across sub-

x



populations. Finally, we consider the choice of time scales for assessing the relative risk of

disease diagnosis. We compare the appropriateness of two commonly assumed time scales

that define risk sets in the Cox model: the age time scale and the time-on-study time scale.

Previous research has suggested that the age time scale, corresponding to birth as a time

origin, is most appropriate for epidemiological studies. However, simulation studies have

suggested that the time-on-study time scale with covariate adjustment for baseline age is

more robust to misspecification of the time scale. We investigate the performance of the Cox

model under each time scale under varying degrees of model misspecification and further

assess the robustness of each approach when modeling time-varying covariates.
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Chapter 1

Introduction

Observational studies oftentimes require assumptions about the structure of the data. End-

of-life conditions, such as the time of dementia diagnosis, can be particularly difficult to study,

especially in underrepresented groups like American Indian and Alaska Native (AI/AN) pop-

ulations. Low rates of onset, competing risks (e.g. death), limited access to care/travel/in-

home help, and possibly long times until diagnosis are only a few of the many barriers to

designing a robust prospective observational study of the time-to-dementia diagnosis [1].

Further, to ensure research is equitable across populations, additional care for culturally

appropriate study logistics, recruiting, and retention are components of the overall study

design [2, 3]. For example, there are numerous reasons, both historical and recent, for the

underrepresentation of AI/AN research participants [4, 5, 3, 6, 7, 8]. To study health related

outcomes (including dementia) in AI/AN communities, the Indian Health Services (IHS),

Tribes, and researchers at the Centers for American Indian and Alaska Native Health have

come together and tapped into a vast wealth of data: electronic health records.

In the last decade, electronic health records (EHRs) have become a popular method of

analyzing “real-world” health data on individuals [9, 10]. EHRs offer a glimpse into the lives
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of patients from a medical perspective [9, 10, 11]. In a world where patients all use the same

health care system, EHR data would include complete medical histories of all diagnoses and

health care related concerns for the nearly the entire population. (Note that there may still

be sampling bias due to individuals who do not seek out health care in this setting.) In

such a setting, it is possible to study relationships between many health outcomes with a

large enough population. In the current health care system of the United States of America,

patients may have many options for seeking health care services. When researchers use EHR

data, it is commonly assumed (oftentimes implicitly) that the EHR data contains the full

health care picture of the patients. When considering end-of-life conditions such as dementia,

however, patients may have access to multiple health care options. For example, the vast

majority of people in the US qualify for Medicare coverage at 65 [12].

The IHS EHR database is a massive resources for studying the unique health strengths and

challenges of AI/AN communities. The IHS is an agency within the Department of Human

and Health Services with the goal of providing the high level of health care to AI/AN peoples

across the US [13]. Qualifying individuals (generally, reservation-dwelling Tribal members of

one of the US’s 573 federally recognized Tribes) have no-cost access to IHS or Tribal health

clinics [14]. The health records of patients using IHS or Tribal Health services are stored

in the National Data Warehouse by IHS, and a subset of that data is available for research

upon approval [15]. However, many AI/AN individuals at-risk for dementia also have access

to other health coverage options, such as Medicare, Medicaid, or Private health coverage

[16]. Further, the availability of services and the accessibility of clinics is not uniform across

Tribes and can sometimes necessitate patients seeking care from non-IHS facilities [17]. This

may lead to some care for AI/AN patients taking place at non-IHS and non-Tribal health

facilities, resulting in missing or delayed information on health diagnoses for some AI/AN

individuals in the available data.

In this dissertation, we assess current practices and develop novel statistical methods to

2



best aid the study of dementia in AI/AN communities. Time-to-dementia (either onset or

diagnosis) will be our focus throughout the dissertation. Where applicable, the population

of interest will be in AI/AN communities. The statistical methodology developed considers

reducing bias in associative modeling as well as predictive model selection. The objective

of my research is to allow for valid inference when using Cox’s proportional hazards (PH)

model [18] for observational time-to-event analyses when true model specification is not

straightforward and does not fit typical assumptions.

We begin this dissertation in Chapter 2 with a background on semi-parametric modeling

of time-to-event data. We then consider multiple imputation as a method for handling

missing data followed by its assumptions and asymptotic arguments. Next, we discuss the

evaluation of predicting event status in right-censored survival data through the different

settings of time-dependent receiver operating characteristic curves. We end this chapter

with the importance of time scales in survival analysis and provide a background on a few

papers that have driven the conversation around choosing a time scale. This chapter provides

the necessary background for the methods developed as part of this dissertation.

In Chapter 3, we consider the impact of a novel type of missing data that may be unknown

to the researcher when analyzing EHR data. When patients seek health care from external

health systems, we may be missing important diagnoses, including the time of the diagnosis

of interest. We call this phenomenon system migration. System migration may result in

observed diagnosis times that are delayed relative to a patient’s true diagnosis time. If

unaccounted for, the delayed diagnosis times may result in biased estimates of the hazard

ratios in the traditional Cox model. We propose an extension to the Cox model to account

for system migration through a two step process. The first step estimates the probability

that a patient migrated out-of-system prior to their diagnosis time. The second step uses

multiple imputation to adjust risk sets and map diagnosis times to more natural observation

times for a given patient identified as potentially migrating out-of-system. Our simulation

3



studies explore how system migration may impact estimates of the hazard ratios in the

traditional Cox model, and how the proposed model can reduce the bias by adjusting for

potential system migration. Both the Cox model and the proposed method are then applied

to simulated IHS data to obtain an example of how system migration may influence our

estimates and conclusions in a pseudo-real-world example if it is ignored.

The proposed method developed in Chapter 3 relies upon correctly identifying patients

who are migrating out-of-system. This prediction step involves developing a prediction

model for the time-to-return-to-clinic of patients. This is a recurrent event setting with a

binary outcome. To our knowledge, no one has considered model selection via area under

the receiver operating characteristic curve for recurrent events. In Chapter 4, we discuss

methods for assessing predictive model selection in the setting of recurrent event, right-

censored time-to-event analyses. Time-dependent estimators of the area under the receiver

operating characteristic curve have been developed for settings with a single event. However,

these methods will treat recurrent events from a given subject as independent. We develop

an extension to these models that allow for intrasubject correlation across events. This

method is applied to assess the retention of AI/AN research participants from the National

Alzheimer’s Coordinating Center Uniform Data Set. Differences in the selected models

highlight the potential impact of not accounting for intrasubject correlation between events.

Chapters 3 and 4 develop a method that accounts for system migration and a method for

improving the development of prediction models needed for identifying system migration,

respectively. We next consider the fundamental aspect of choosing which time scale is best

for estimating the relationships between risk factors and dementia diagnosis. In Chapter 5,

we compare the two most common time scales considered when using the Cox model. There

has been some debate on the choice of time scale and which is best to use for observational

and epidemiological studies. Previous simulation studies have considered one of the time

scales correct and used simulation to compare the results of using the correct versus incorrect

4



specification of the time scale. We consider a setting where neither time scale is quite correct

to assess the bias between models fit under each time scale.

We provide a summary of our contributions and results in Chapter 6. We end with a

discussion on future research directions for more robust inference in the setting of missing

data and recurrent event prediction.
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Chapter 2

Background

2.1 Survival Analysis

In many medical settings, the outcome of interest is the time until some event occurs, say

dementia onset. When considering the time until dementia onset, subjects in the population

may be excluded from qualifying for the study due to the timing of their event relative to

the timing of the conduct of the study, this is called truncation. Left truncation occurs when

subjects are excluded from the study sample because they were not event-free for a suffi-

cient amount of time [19]. For example, if the sample inclusion criteria requires potential

participants to be dementia free and 50 years or older, then individuals who do not survive

to 50 and individuals who develop dementia younger than 50 will be left truncated. Right

truncation occurs when subjects are excluded from the sample because they have not ex-

perienced the event of interest by a certain age [19]. Returning to the dementia example

for left truncation, if the inclusion criteria also requires that individuals have died or been

diagnosed with dementia by age 90, then all individuals who survive dementia-free to age 90

will be excluded from the sample and are right truncated. In fact, this study design would
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suffer from both left and right truncation.

2.1.1 Censoring

The setting where subjects are included in a time-to-event study, but where their time of

event is unobserved is called censoring. This is a type of missing data where only partial

information on the subject’s time-to-event is known, but the key value of interest is unknown

[20]. Survival analysis methods attempt to handle censoring through careful consideration

of what we know about censored subjects without assuming knowledge of their true event

times in the estimation procedures. These methods oftentimes assume that the censoring

time and the true event time are independent for all subjects conditional on adjustment

for covariates collected on the subjects. This assumption, typically termed non-informative

censoring assumption, says that knowledge of a subject’s censoring time does not provide

any further information about the subject’s true event time conditional on other observed

covariates [19]. The assumption of non-informative censoring is similar to the missing at

random assumption in general missing data problems, which will be discussed further in

the missing data section. If this assumption is broken, many survival methods may produce

biased, inconsistent, and unreliable results [19]. Here, we will focus on describing the common

types of censoring and we will give brief descriptions of common ways to handle each type of

censoring. A more in-depth discussion on censored data and methods for handling censored

data can be found in Klein and Moeschberger [19].

The most common type of censoring encountered in practice is right censoring. Right cen-

soring is the case where subjects in the study are known to be event-free for some amount of

time, but the time of their event is unknown [19]. For example, we observed patient X from

age 60 to age 75 and they were dementia-free for the entirety of that time. Then we know

that they did not have dementia by age 75, but we do not know if they developed dementia
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at age 76, or at age 80, or perhaps would never develop dementia during their lifetime. We

would consider patient X to be right censored at age 75. Right censoring may exist for several

reasons. If the study follow-up or observation period ends before the subject experiences the

event of interest, we call this administrative right censoring. If a subject dies or experiences

another event before the event of interest, we call this competing risks. For example, if a

subject dies before a dementia diagnosis, their dementia diagnosis time is unknown. Thus,

we censor this subject at their time of death. Right censoring can be further categorized by

when a subject discontinues the study or is not able to be contacted for further follow-up

(lost to follow-up), we call this random right censoring [19]. Under administrative right

censoring, the non-informative censoring assumption typically holds [19]. With competing

risks and random right censoring, however, careful consideration is required to determine

that the censoring time is independent of the event time. In the dementia example, patients

experiencing memory loss, difficulty communicating, and a reduced ability to plan may not

be able to make follow-up appointments for the study and may be lost to follow-up. In this

case, these patients are dropping out due to symptoms of dementia and their censoring time

may be related to their true time of dementia onset. Right censoring is generally handled

by using the information on patients up until the time they are censored. Since we know

the patient has not experienced an event for some amount of time, we can take advantage of

that and compare their covariate values to people who do experience the event during that

period. After the subject has been censored, we no longer use their data for comparisons

because we do not know if they are still event-free.

Another type of censoring that is common in medical records data is left censoring. Left

censoring occurs when the subject has already experienced the event of interest prior to

entering the study. In these settings, it is known that the subject has experienced the event

of interest, but it is not known when the event occurred, beyond that it has already occurred.

For example, in EHR data, patients who have been diagnosed with dementia prior to the

date of their first medical record are left-censored. The data may include an indicator of

8



their previous diagnosis, but the time of that diagnosis is unknown. In electronic health

records data, left censoring is commonly handled via a washout period, or a time frame after

each patient’s initial visit where they are observed for the diagnosis of interest [21]. If they

have a diagnosis within that timeframe, then they are removed from the study as already

having had the event of interest. If they do not have the event of interest, then they are

considered event-free and are included in the study from the point at which their washout

period ends [21].

A third type of censoring, and one we will focus on in this dissertation, is interval censoring.

Interval censoring occurs when we know that the event of interest occurred between two

times, but we do not know the exact event time. For example, the exact time of dementia

onset is rarely known. Instead, we know that patients do not have dementia at one clinic

visit and are diagnosed with dementia at the next clinic visit. Usually, the onset of demen-

tia happened between those two visits, and so the true time of dementia onset is interval

censored. Right censoring and left censoring can be described in terms of interval censoring.

To see these relationships, consider the age of dementia onset. For right censoring, the true

age of dementia onset is known to be between the age at which the subject is right censored

and infinity. For left censoring, the true age of dementia onset is known to be between birth

and the age at which the individual enters into the study. It is important to note that events

in EHR data are almost always interval censored. For example, we see a patient without

an event at one visit. At the next visit, the patient is diagnosed with the event of interest.

Then the time that the event occurred is between those last two points of observation. One

way that this is typically handled is to define the primary outcome for the study as the time

until diagnosis as the event of interest (as opposed to the time of disease onset).

It is possible for one, two, or all three of these types of censoring to occur. In fact, EHR

databases oftentimes include all three [22]. As such, it is important for a researcher to define

inclusion and exclusion criteria as well as their outcomes and predictors of interest carefully
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to limit the impact of these types of censoring.

2.1.2 Statistical Functions of interest in time-to-event data

Survival analysis is focused on maintaining important statistical properties while drawing

inference on population parameters in time-to-event settings where censoring is present [19].

Traditional statistical functionals of interest, i.e. the probability density function (PDF) and

the cumulative distribution function (CDF), may be of interest in time-to-event settings. We

additionally introduce functionals that may be more interpertable. The survival distribution,

defined as one minus the CDF, answers the probability an event has not been experienced

by a given time [19]. We are also typically interested in the rate at which an individual with

some characteristics will experience the event in the next instant, given that they have not

experienced the event to this point, which is the hazard function.

Regression methods in survival analysis tend to focus on estimating the hazard function, or

the rate at which an event occurs at a given time conditional on surviving to that time. The

hazard function is a more natural quantity to estimate in the presence of censoring because

it conditions on a subject having not experienced the event of interest by a given time. This

conditioning allows for censored subjects to contribute to the estimation process by providing

information to the model up until their censoring time without requiring knowledge of the

event time from those subjects [19].

Each of the previously mentioned quantities can be calculated from knowing any one of

them. Below, the functionals, plus the cumulative hazard function, are given as well as their

relationships to the PDF.
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1) Probability Density Function (PDF):

f(t) = lim
∆t→0+

1

∆t
Pr(t ≤ T < t+∆t)

2) Cumulative Distribution Function (CDF):

F (t) = Pr(T ≤ t) =

∫ t

0

f(u)du

3) Survival Distribution:

S(t) = Pr(T > t) = 1− Pr(T ≤ t) = 1− F (t) = 1−
∫ t

0

f(u)du

4) Hazard Function:

λ(t) = lim
∆t→0+

1

∆t
Pr(t ≤ T < t+∆t | T ≥ t) =

f(t)

S(t)

5) Cumulative Hazard Function:

Λ(t) =

∫ t

0

λ(u)du = − log(S(t)) = − log

(
1−

∫ t

0

f(u)du

)
.

2.1.3 Cox Model

The most commonly used regression model in survival analysis is the Cox Proportional

Hazards model (Cox model) [18]. The Cox model considers the hazard function as a mul-

tiplicative function of the covariates and adjustment variables. Let t be time, z1, . . . , zp be

covariates, and β1, . . . , βp be parameters values we are interested in estimating, then the Cox
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model parameterizes the hazard function as:

λ(t | z1, . . . , zp) = λ0(t) e
β1z1+...+βpzp

where λ0 (t) is the hazard rate when all the covariates are zero, or the baseline hazard. In this

setting, eβj can be interpreted as the relative difference in the hazard function comparing two

subpopulations that differ by one unit in zj, holding all other covariates constant. Note that

this interpretation, and βj in general, does not depend on t. The “proportional hazards”

part of the Cox model is a major assumption which specifies that the effect of a covariate

on the hazard is constant over time, which means the effect of zj on the hazard function is

not a function of time [19].

The Cox model accounts for censoring by defining δi = I (Ti ≤ Ci) as the event indicator,

where I (·) is the indicator function returning 1 if the input statement is true and 0 if the input

statement is false, Ti is the true event time for subject i, and Ci is the true censoring time for

subject i. We also define zi as the covariate values for the ith subject, and Xi = min (Ti, Ci)

as the observed time for subject i, where xi = Ti indicates that δi = 1.

The Cox model is powerful in observational studies because it allows for adjustment of

potential confounding factors while not assuming a fully parametric model [19]. In fact, the

baseline hazard in the model cancels out in the estimation procedure, so only the effects of

the covariates are estimated [19]. The Cox model is an example of a semi-parametric model

because the baseline hazard is non-parametric and may be infinite dimensional while the

functional form of the covariates is explicitly specified [19].

This estimation procedure for the Cox model involves maximizing the partial likelihood.

The partial likelihood comes from the conditional probability that a subject with a given

covariate value experiences the event of interest at a particular time, given that some subject

event occurs at that time [23]. For subject i experiencing an event at time ti, the partial
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likelihood is:

Li = Pr(subject with zi experiences the event at ti | an event occurs at ti)

=
Pr(subject with covariate vector zi experiences the event at ti)

Pr(some subject in the risk set experiences an event at ti)

=
λi(ti)∆t∑

k∈R(ti)
λk(ti)∆t

=
λi(ti)∑

k∈R(ti)
λk(ti)

,

where λi is the hazard function for subject i, and R (ti) is the risk set at time ti. Note that

∆t does not depend on the event time, which is why it cancels out in the last line. To get

the ith subject’s contribution to the partial likelihood for the Cox model, we can substitute

in the Cox model’s equation for λ(t):

Li =
λ0(ti) e

zTi β∑
k∈R(ti)

λ0(ti)ez
T
k β

=
ez

T
i β∑

k∈R(ti)
ez

T
k β
.

Thus, assuming independent event times, the partial likelihood for all D event times is:

L =
D∏
i=1

Li =
D∏
i=1

ez
T
i β∑

k∈R(ti)
ez

T
k β
.

Similar to ordinary least squares and generalized linear models, we can estimate parame-

ter values via setting the partial score function equal to zero and solving. This requires
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differentiating the log-partial likelihood:

log(L) =
D∑
i=1

log

(
ez

T
i β∑

k∈R(ti)
ez

T
k β

)

=
D∑
i=1

zTi β − log

 ∑
k∈R(ti)

ez
T
k β



⇒ ∂ log(L)

∂β
= U(β) =

D∑
i=1

zi − ∑
k∈R(ti)

zke
zTk β∑

l∈R(ti)
ez

T
l β

 .

The combination of (Xi, δi, zi) allows the Cox model to consider the covariate values for

subject i from their time of enrollment in the study until the time of their event or being

censored, after which time they no longer contribute to the estimation procedure [19]. In

other words, at a given event time, t, the Cox model compares covariate values of the person

who experienced the event at time t to the covariate values of everyone still at-risk for

experiencing the event. The group of subjects still at-risk for the event are referred to as the

risk set. The risk set consists of all subjects such that xi ≥ t [19].

For purposes of asymptotics in later chapters, the score function of the partial likelihood can

be rewritten in counting process notation. Let Yj (t) = I (Xj ≥ t) andNi (t) = I (Xi ≤ t ∩ δi = 1),

then

U(β) =
n∑
i=1

∫ ∞

t=0

Zi −
n−1

∑n
j=1 ZjYj (t) e

Zjβ

n−1
∑n

j=1 Yj (t) e
Zjβ

dNi (t) = 0 (2.1)

where we let the covariate values be random. There is no closed form solution to this

equation, thus, in practice, the Newton-Raphson algorithm is used to solve U(β̂) = 0 to find

the parameter estimates [19]. Counting process notation allows us to appeal to Rebolledo’s

Martingale Central Limit Theorem and state that β̂ ∼ Np(β0, I−1(β0)), where β0 denotes
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the vector of true value of β and I(β0) = −E
(
∂U(β)
∂β

|β=β0
)
is the partial information matrix

[24]. In practice, it is common to replace I (β0) with the observed information matrix

I (β0) =
∂U(β)
∂β

|β=β0 [24].

2.2 Missing Data

Data collection is never a perfect process. Sometimes collected data is incomplete and missing

values. Formally, “missing data are unobserved values that would be meaningful if observed”

[20]. For example, in EHR data, some patients may be missing demographic information

such as race or income because they did not answer those questions on the form. In this

example, since patients have a race and income, but chose not to answer those questions, the

data is clearly missing. Another type of missing data may occur with abnormally long gaps

between visits. Some patients may seek care from a different health care system, so that a

diagnosis is made, but it is unobserved in our data set. This characterizes missing data that

may contain important information for the patient’s overall health picture, however, we may

not even know the data is missing. Two common approaches for dealing with missing data

are 1) remove the subjects with the missing data and perform a complete case analysis, or

2) fill in the missing values [20]. To understand the appropriateness of these methods, it is

necessary to first understand the patterns and mechanisms behind missing data. We will

start with a discussion of these, then we will discuss a few common methods for handling

missing data. We will end with a discussion of multiple imputation. More information on

all the following topics can be found in Little and Rubin (2019) [20].
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2.2.1 Types of Missing Data

Little and Rubin (2019) make the distinction between missingness patterns and missingness

mechanisms. Missingness patterns describe how the missing values look, or which values are

missing and which values are observed. Many of these patterns are named after how they data

look in a matrix with blank spaces for the missing values. Missingness mechanisms describe

why values are missing, or the relationships between the missingness and the variables related

to the question at hand. Here we will give a brief overview of missingness patterns. Then

we will discuss the mechanisms that lead to missing data.

Missingness Patterns

To describe the patterns of missing data, consider Y , the n × (p + 1) matrix consisting of

individuals on the rows (i = 1 . . . , n) on the rows, and the outcome (j = 1) and covariates

(j = 2, . . . , p+1) on the columns. Then (yij) is the observed value for the subject i in the jth

column. We define the pattern of missing data through rearranging the rows and columns

of the missingness indicator matrix, M = (mij) = I (yij is missing). Thus, mij = 1 if the

yij value is unobserved, and mij = 0 if the yij value is observed. The five main patterns of

missing data we will mention here are univariate non-response, multivariate non-response,

monotone missingness, file matching missingness, and general missingness.

Univariate non-response corresponds to the setting where only a single variable is missing,

or there are missing values in only one column of M . For example, this may occur when

medical records are collected across several healthcare facilities, and all facilities collect the

same information, except for one facility that does not collect information on, say, income.

Then subjects from that facility will be missing income information, while all the other

columns are collected completely.
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Multivariate non-response occurs when multiple columns of M are missing values for the

same individuals. In the example above, perhaps one facility does not collect information on

income or race. Then two columns will have missing values, but only for patients from the

one facility. Note that multivariate non-response can involve multiple sets of this pattern.

Say, in the above example, another facility does not collect age and sex information. Then

the missingness pattern would be multivariate non-response with two patterns.

Monotone missingness occurs when values for a subject are observed until one is missed,

then all values after that are also missing. Longitudinal data is a common setting where

monotone missingness can occur. Some patients may be observed for all follow-up, some

patients may be observed for most follow-up, and some patients are observed for only a little

follow-up. This attrition or loss to follow-up results in a setting where no further information

can be collected on these patients.

File matching missingness occurs when two variables are never observed jointly. For exam-

ple, when combining medical records from multiple facilities, say one facility is a neurological

center and another is an oncology center. Both centers may collect demographic information

about their patients, but the neurological center will have additional information on neuro-

logical symptoms that the oncology center may not collect. Similarly, the oncology center

will have information that the neurological center may not collect. This results in columns

of M that are the opposite of each other.

General missingness refers to missing data that does not exhibit any of these patterns.

Missing values may be dispersed across different variables for different patients seemingly

without meaning. This can be the most difficult form of missingness to handle depending

on the amount of missing data and the relationships between the missing values and the

observed variables.
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Missingness Mechanisms

Here we consider the relationships between the missing values and the variables collected in

the data. We will assume that individuals are independent and identically distributed, (i.e.

that the rows of (yi,mi) are i.i.d. over i). We can characterize the missingness mechanism

by the conditional distribution of mi given yi, say fM |Y (mi | yi, θ) where θ are unknown

parameters. There are three missingness mechanisms we will classify: missing completely at

random (MACR), missing at random (MAR), and missing not at random (MNAR).

MCAR missingness is defined as missing values that are unrelated to data, collected or

uncollected. That is, the missing values are MCAR if, for each subject i and distinct values

for yi, y
∗
i in the sample space of Y ,

fM |Y (mi | yi, θ) = fM |Y (mi | y∗i , θ) .

When MCAR is the missingness mechanism, the data set consisting of the complete cases is

a random sub-sample of the sample. Thus, an analysis with that data is valid for the same

population as the full sample.

MAR missingness occurs when the missing values are only related to observed variables. Let

y(0)i denote the values of yi that are observed and let y(1)i denote the values of yi that are

missing. That is, the missing values are MAR if, for subject i and distinct missing values(
y(1)i, y

∗
(1)i

)
in the sample space of y(1)i,

fM |Y
(
mi | y(0)i, y(1)i, θ

)
= fM |Y

(
mi | y∗(0)i, y∗(1)i, θ

)
.

When MAR is the missingness mechanism for the response variable, Y , and we have a set of

fully observed predictors, X, then the missingness of Y cannot be dependent on Y . In this
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setting, M and Y are conditionally independent given X. Thus,

fY |M (yi | xi,mi = 1, θ, β) = fY |M (yi | xi,mi = 0, θ, β) ,

where β and θ are unknown parameters. Using this equation, we can reasonably predict the

values for Y | mi = 1. Thus, we can build a “complete” data set by replacing the Yi | mi = 1

with Ŷi | mi = 1.

MNAR missingness occurs if the missing values depend on what the missing values are. That

is, the distribution of mi depends on the missing components of yi,

fM |Y
(
mi | y(0)i, y(1)i, θ

)
which does not simplify further and where θ represents unknown parameters. When the

missingness mechanism for the outcome, Y , is MNAR the distribution of missing values for

yi depends on those missing values,

fY |M (yi | xi,mi = 1, θ, β) ,

where β and θ represent unknown parameters. Similar to the distribution of fM |Y , the

distribution fY |M does not simplify further.

If MNAR is the true missingness mechanism, then additional assumptions are generally

required. It is necessary to supplement results with sensitivity analyses including the worst

possible cases as well as other potential cases. More information can be found in Little and

Rubin (2019) [20].

In terms of survival analysis, right censored data is an example of the MARmissingness mech-

anism under the non-informative censoring assumption. The missing event time is because

the true event time occurs after the data collection ends. The non-informative censoring
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assumption, however, means that the event time and the censoring time are independent

conditional on observed covariates. Thus, missing event times have the same distribution of

the observed event times. Accounting for the time up until censoring we avoid biasing the

results in time-to-event data [20].

2.2.2 Methods for Handling Missing Data

Here we will discuss common methods for handling missing data. It is necessary to carefully

consider the mechanism that describes the missing data and to perform sensitivity analyses

to assess how assumptions about the missingness impacts the results. In this section, we

will consider complete-case, single imputation, and multiple imputation analyses. More

information on these topics can be found in Little and Rubin (2019) [20].

Complete-Case Analysis

Complete-case analyses handle missing data by removing subjects with missing data and

performing the analysis on the remaining data as though it is the complete sample. This

approach can be advantageous because it is simple and allows for using standard statistical

approaches without modification. The disadvantage of this method is that information is

discarded, which results in reduced precision and potential bias. If MCAR is the missingness

mechanism, then a complete-case analysis provides valid but inefficient results to the full

sample populations. If the missingness mechanism is MAR or MNAR, then the analysis

may be biased and invalid. In practice, when calculating univariate statistics, it is wasteful

to discard known values for subjects who are missing a value from a different variable. An

available-case analysis uses all available data to calculate univariate statistics to summarize

the sample. In this setting, all available values for a given variable contribute to the summary

statistics, even if some of those subjects may be removed for a larger analysis or regression.
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While this limits the amount of information that is wasted, it is important to characterize

which variables are missing information, stratified by key variables in the analysis (e.g. the

response variable or predictors of interest), so that it is clear if subjects with missing values

are inherently different from subjects without missing values.

Single Imputation

The complete-case and available-case analyses do not consider the relationships between

variables as a method for filling in missing data. For example, if a missing value Yi is

highly correlated with an observed covariate Xi, then we could use Xi to predict the value

of Yi and include the imputed value in the analysis. Single imputation refers to the set-

ting where missing values, y(1)i are imputed once each as draws from some distribution,

f(y(1) | x, y(0), θ), where y(1) are the missing outcome values, θ are unknown parameters,

x are observed covariates, and y(0) are observed outcome values from the full sample. The

analysis is then performed on the data set which includes these imputed values. The key

component of imputation methods involve how the imputed values are determined. Ideally,

f(y(1) | x, y(0), θ) is the predictive distribution of y(1). Since this distribution is unknown, it

is necessary to estimate the predictive distribution based on the observed data. Common

methods of estimating the predictive distribution of the missing values include: mean im-

putation, regression imputation, hot deck imputation, stochastic regression imputation [25],

and composite methods [26, 27]. More information on each of these methods can be found

in Little and Rubin [20].

Single imputation can be attractive as a method because it can appear as though the data

is complete, and statistical methods can be applied to the data per usual. However, only

imputing a value once does not account for the uncertainty in that predicted value, which

generally results in underestimated standard errors. Further, if the imputation method did

not draw values from the correct distribution, then results may be biased. In general, impu-
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tation methods should be conditional on observed variables because it reduces bias, improves

precision, and preserves associations between variables. Imputation methods should also be

multivariate, where applicable, and the imputed values should be draws from a predictive

distribution [20].

2.2.3 Multiple Imputation

One way to account for the uncertainty of predicted values is to impute each missing value

multiple times, known as multiple imputation. The method of multiple imputation was

developed from a Bayesian perspective with imputed values being draws from a posterior

predictive distribution of the missing values. These missing values should be imputed by

independent draws from the posterior predictive distribution of the missing values, Y(1).

Posterior predictive means we condition on the observed values, Y(0), when predicting the

missing values. The method involves creating multiple data sets, where each data set has

unique draws (or imputations) from the predictive distribution of the missing values. We

consider a standard Frequentist approach where our predictive distribution is developed from

a prediction model, rather than a posterior predictive distribution. Estimates and standard

errors from each of the imputation data sets are combined with estimates of the uncertainty

in the imputation process. The uncertainty from the imputation process can be estimated

using the variation in the estimates from each imputation data set. Multiple imputation

shares all the advantages of single imputation, while making up for the disadvantages by

accounting for the uncertainty around the imputed values. The only disadvantage of multiple

imputation compared to single imputation is that multiple imputation requires more steps

for the analysis. That is, multiple data sets must be created, the model is run multiple times,

and the results from those models are combined.

To perform multiple imputation, we will draw D imputations for each missing value, Y(1),
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from a prediction model, f(y(1) | x, y(0), γ̂), where x are observed covariates that are predic-

tive of the observed outcome values y(0), and γ̂ are estimated parameters for the predictive

distribution of Y . Within each of the d = 1, . . . , D imputation data sets, estimate θ and

var(θ̂) with θ̂d and V̂(θ̂d). Then we combine the estimates such that:

θ̄D =
1

D

D∑
d=1

θ̂d

and

V̂ (θ̄D) =
1

D

D∑
d=1

V̂ (θ̂d) +
D + 1

D
∗ 1

D − 1

D∑
d=1

(θ̂d − θ̄D)
2.

Averaging over the imputation data sets improves efficiency over estimation in the single

imputation setting. The variance term can be decomposed as weighted average of the within-

imputation variance, V (θ̂d) and the between-imputation variance 1
D−1

∑D
d=1(θ̂d− θ̄D)2, where

D+1
D

serves as a finite imputation adjustment.

Inference and interval estimation from the above procedure typically comes from the asymp-

totic distribution. θ̄D is normal with the variance V (θ̄D) if the following conditions hold:

1) the imputation method is proper, 2) the complete-data inference method is valid, and

3) the sample is large enough to appeal to asymptotic arguments. In this setting, a proper

imputation method must satisfy that 1) the multiple imputation method inferences follow

the distribution of the complete-data estimates, 2) the within-imputation set variance com-

ponent is centered at the variance of the complete-data statistics, and 3) between-imputation

variance is controlled. More information can be found in [28].

2.3 Receiver Operating Characteristic Curves

Oftentimes in survival analysis, the instantaneous rate of failure is modeled, but the interest

truly lies in predicting if the event will occur. Thus, the underlying goal is building a model or
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marker adept at classification for a binary outcome. Receiver operating characteristic (ROC)

curves are a common method of comparing the performance of classifiers and markers across

a wide-range of possible classification thresholds. In this section, we will discuss ROC curves

in the binary setting first. Then we will discuss time-dependent ROC curves appropriate in

survival analysis.

2.3.1 Sensitivity, Specificity, and Area Under the Curve

In the setting of a fixed binary outcome, ROC curves portray the ability of a classifier to

distinguish event status by plotting sensitivity against (1 – specificity) of a classifier over the

range of possible thresholds. Let’s say our event of interest disease status and our classifier is

a test for presence of the disease in a subject. Sensitivity is the probability that the test result

is positive for the disease given that the subject has the disease. Specificity is the probability

that the test is negative for the disease given that the subject does not have the disease.

In practice, it is common to summarize an ROC curve by the area under the ROC curve

(AUC), which estimates the probability that a randomly sampled subject with the disease

has a higher risk score for the disease than a randomly sampled subject who is disease-free.

An AUC equal to 0.5 suggests that the classifier is no better at identifying disease than

random chance. The closer AUC is to 1, the better the classifier is at separating subjects

with the disease from subjects without the disease. ROC curves are a powerful tool because

they allow for comparison of different markers and models across all possible thresholds.

These comparisons are possible as long as the markers and models are identifying the same

outcome, regardless of how they come to the identification of that outcome [29].
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2.3.2 Time-Dependent ROC Curves

Since disease status is rarely fixed across time, Heagerty et al (2000) proposed time-dependent

ROC curves [30]. These curves estimate sensitivity, specificity, and AUC at a meaningful

(i.e. clinically relevant) time point. Estimating these quantities in a time-dependent setting

requires attention to the definitions of which subjects are allowed to be cases and controls.

For example, if interest is in studying the performance of the classifier at the median event

time (say, t = 7), then should our controls (i.e. non-diseased subjects) be everyone who

has not developed the disease before t = 7? Or should a subject with a disease time of

t = 5 contribute to the specificity for t < 5, and contribute to the cases at and/or after

t = 5? This distinction led to the a few different specifications for time-dependent ROC

methods depending on how they deal with the changing of disease status. For estimating

specificity, controls are defined as either static, meaning that everyone who is disease-free

until some time t∗ is considered a control, or dynamic, meaning that subjects contribute

as controls up until their event time. Similarly, for estimating sensitivity, cases are defined

as either incident, meaning that a subject is only defined as a case at the time of their

event, or cumulative, meaning that a case is all subjects who experienced the event up until

(and including) time t. From these four settings, we can define dynamic specificity as the

probability that subject i’s (i = 1, . . . , n) risk score is smaller than some threshold given

that their event time, Ti, is greater than some time t. Static specificity is defined as the

probability that subject i’s risk score is smaller than some threshold, c, given that their

event time is greater than some fixed time t∗, where t∗ is usually taken be some time equal

to or greater than the time of interest in the study. These expressions can be written as:

SpecD(c, t) = Pr(Mi ≤ c | Ti > t) and SpecD̄(c, t
∗) = Pr(Mi ≤ c | Ti > t∗), where D̄

is used to denote “static” to avoid confusion. Similarly, cumulative sensitivity is defined

as the probability that subject i’s risk score, Mi, is greater than some threshold value,

c, given that the subject’s event time, Ti, is between baseline and some specified time t.
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Incident sensitivity is defined as the probability that subject i’s risk score is greater than

some threshold given that their time of event is exactly time t. These can be expressed

by: SensC(t, c) = Pr(Mi > c | 0 < Ti ≤ t) and SensI(t, c) = P (Mi > c | Ti = t). These

ideas are summarized by identifying the methods for estimating time-dependent sensitivity

and specificity as belonging to one of three categories: cumulative sensitivity and dynamic

specificity (C/D), incident sensitivity and static specificity (I/D̄), or incident sensitivity

and dynamic specificity (I/D). Several estimators have been proposed for each, but we

will focus on the incident/dynamic estimator of Heagerty and Zheng (2005) [31] and the

cumulative/dynamic estimator of Chambless and Diao (2006) [32].

Heagerty and Zheng (2005) [31] developed an I/D estimator to allow for subjects to con-

tribute to the specificity calculation up until the time of their event. At their time of event,

they contribute to the calculation of the sensitivity. After their event time, subjects are

removed from the risk set and contribute no further to either estimator. This mirrors how a

subject contributes information to the partial likelihood of the Cox model. The sensitivity in

their estimator measures the expected proportion of subjects with a risk score greater than

the threshold given that the individuals fail at time t. The specificity in their estimator mea-

sures the expected proportion of subjects with a risk score smaller than the threshold given

that they have not experienced an event prior to time t. This definition effectively splits the

risk set at time t into subjects who have the event at time t and subjects who are event-free

past time t. Besides the natural relationship with how information is contributed to the

partial likelihood, the I/D framework also allows for time-varying risk scores, time-specific

summary measures, and time-average summary measures. When the interest is in assessing

the accuracy of a Cox model under proportional hazards, Heagerty and Zheng proposed

estimating SensI with

ŜensHZ(t, c) =
∑
k

I(Mk > c)
Yk(t)e

Mkγ̂∑
j Yj(t)e

Mj γ̂
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where Mk is the risk score generated as the linear predictors from a Cox model and Yk(t) =

I(Tk > t) is the at-risk indicator for subject k. They propose estimating SpecD with

ŜpecHZ(t, c) =
∑
k

I(Mk ≤ c)
Yk(t+)∑
j Yj(t+)

where Yk(t+) = lim
δ→0

Yk(t+ |δ|). More information can be found in [31].

Alternatively, Chambless and Diao (2006) [32] developed sensitivity and specificity estimators

in the C/D framework. They similarly considered the setting where the linear predictors

estimated via a Cox model serve as the risk score. Heagerty and Zheng (2005) [31] note

that the C/D framework is appropriate when the scientific goal is to develop a risk score

that distinguishes between subjects who survive event-free past t′ and those who experience

the event prior t′, where t′ is a singular time, or a collection of times t1′, t2′, . . . , tq′, of

scientific interest. This framework classifies every subject as either a case or a control for

every fixed time t, so that subjects contribute to the estimation of the specificity prior to

their event time and contribute to the estimation of the sensitivity at all t ≥ Ti, where Ti

is their event time. Chambless and Diao (2006) [32] denote SensCD(t, c) =
E(1−S(t|M))I(c<M)

E(1−S(t|Z))

and SpecCD(t, c) =
E(S(t|M)I(c<M))

E(S(t|M))
, where E(·) is the expectation,M are the linear predictors

from a Cox model, and S(t | M) is the survival function. The values can be estimated by

replacing the expectations with means over all subjects and S(t |M) with estimated survival

functions from a Cox model, Ŝ(t | Z) = exp
{
−Λ̂0(t)exp(Zβ̂)

}
, where Λ̂0(t) is the Breslow

estimator for the baseline hazard [33] and β̂ is estimated from the Cox model.
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2.4 Time Scales

Survival analysis models consider the time until an event occurs. The time component defines

the ordering of subject event times as well as the risk sets at each event time. We typically

define time from some origin, called the time origin, which is the point at which subjects

are initially considered at-risk for the event. The time origin defines how time is measured

in the model, which is called the time scale [34]. For the Cox model, there are two common

time scales: age and time-on-study [34]. In the age time scale, the time origin is birth and

the study is measuring the risk of experiencing the event at a particular age [35]. When

fitting a Cox model under the age time scale, no covariate adjustment for age is included

[35]. In the time-on-study time scale, the time origin is the first visit, or examination, or

study enrollment. This time scale measures the risk of experiencing the event from the time

observation begins. When fitting a Cox model with this time scale, baseline age or age-at-

entry to the study is included as an adjustment covariate [34]. In general, the Cox model

uses the time scale to order the events and determine risk sets [34]. The time of the events

is not accounted for in the estimation of covariates [34]. Figure 2.1 displays how the age,

left truncated age, and time-on-study time scales may order events differently. The age time

scale will order events from youngest to oldest in terms of age. The left truncated age time

scale also orders events by age from youngest to oldest, but it only compares people who

were enrolled in the study at similar ages. In this time scale, the risk set for individual i who

experiences the event at time, ai, consists only of individuals, j, such that a0j ≤ ai ≤ aj,

where a0j is the age-at-entry to the study for individual j. The time-on-study time scale

orders events in relation to how long the subjects have been enrolled in the study. In this

section, we consider previous work that has suggested when the models may estimate the

same quantities. Then we discuss the performance of the models in previous simulation

studies.
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Examples of Time Scales

Time (years)
0 10 20 30 40 50 60 70 80 90 100

Age

Left Truncated

Time−on−Study

Figure 2.1: This figure presents an example of the three most common time scale specifica-
tions. The squares represent the age at which the individuals entered the study. They X’s
represent when the individuals experienced the event of interest.
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2.4.1 Models and Likelihoods

Korn et al. (1997) previously hypothesized that there are two settings where the age time

scale and the time-on-study time scale would be equivalent [36]. Under the age time scale,

let a be the observed age of the event or censoring and x be the vector of covariate values

across subjects (i = 1, . . . , n). The Cox model for the age time scale is:

λA(a | x) = λ0A(a)e
βx, (2.2)

where λ0A(a) is the baseline hazard for experiencing the event at a particular age and β is

the coefficient for x. Similarly, let t be the observed time of event or censoring for a subject,

then the Cox model with time-on-study as the time scale is:

λT (t | x, a0) = λ0T (t)e
βx+γa0 , (2.3)

where β is the coefficient for x, γ is the coefficient for a0, and λ0T (t) is the baseline hazard.

For these two models, Korn et al. (1997) [36] argued that inference on the covariate x would

be identical if 1) λ0A(a) ≈ ceψa, for some ψ, and 2) if the covariate of interest and baseline

age are independent. Simulation studies of these results have had mixed results [34, 35, 37].

Chalise et al. (2012) [34] showed that Korn’s first condition, while mathematically true, is

not necessarily going to result in equivalent estimates because the baseline hazard does not

contribute to the estimation process of the coefficients. They further note that the time

scale is important in the Cox model because it specifies the order of the observed events and

determines the risk sets at each event time. In general, the risk sets will be different between

the age and time-on-study time scales. To observe how the estimation process between these

two models differ, let’s consider the partial likelihoods for each of the Cox models. The
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partial likelihood for equation 2.2 is

PLA(β) =
n∏
j=1

(
eβAxj∑
i∈RjA

eβxj

)δj

. (2.4)

The partial likelihood for the equation 2.3 is

PLT (β) =
n∏
j=1

(
eβT xj+γa0j∑
i∈RjT

eβxj+γa0j

)δj

. (2.5)

To estimate βA and βT , we maximize these partial likelihoods. These coefficient estimates

will be the same when the 2.4 is equal to 2.5. This occurs when a0 cancels out of the

numerator and denominator in equation [34]. That is, the partial likelihoods will be the

same when a0 is constant. Chalise et al. (2012) [34] shows this result in simulation.

2.4.2 Time Scale Performance in Simulations

There have been three groups to assess the assumptions of Korn [36] and the performance

of the models under the two time scales through simulation. There are two models that are

considered in each of the simulation studies, with additional variations considered in a few

of the papers. We will focus on the results for the two models in each paper as well as the

results for an additional model considered by two of the groups. Consider the models:

M1) age time scale model

λA(a | x) = λ0A(a)e
βx

M2) age time scale model with left truncation adjustment

λA(a | x, a0) = λ0A(a | a0)eβx.
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M3) time-on-study time scale model with covariate adjustment for baseline age,

λT (t | x, a0) = λ0T (t)e
βx+γa0

Thiebaut and Benichou (2004) [35] conducted the first large scale simulation study to assess

Korn’s hypotheses. They consider two main goals in their simulations: 1) to investigate

Korn’s condition that independence between the covariate of interest and baseline age would

result in similar estimates across the time scales, and 2) to assess the amount of bias for

different degrees of association between covariates and baseline age. They only assess our

models M1 and M3 under the assumption that age was the correct time scale. They conclude

that independence between baseline age and the covariate of interest is not a condition for

equality between the models, as their results show bias in the time-on-study models with

adjustment for baseline age. However, the simulation results in their Table 1 suggest that

bias is in third decimal place and only exists for hazard ratios of 5, 10, and 50, which are large

hazard ratios to observe in practice. As for their second goal, they similarly note that bias

occurs when the covariate of interest and baseline age are moderately and highly correlated,

as well as for a time-varying covariate. Again, they present results for a hazard ratio of 5

and “significant” biases ranging from 0.008 to 0.051 on M3. They conclude with a general

recommendation for the use of the age time scale for the analysis of epidemiological cohort

studies.

Pencina et al. (2007) [37] similarly consider the choice of time scale and Korn et al’s condi-

tions for equivalence between parameter estimates. In addition to the two models studied by

Thiebaut and Benichou (2004) [37] (M1 and M3), Pencina et al. consider the age time scale

model with adjustment for baseline age in the baseline hazard (M2 above). They investigate

the bias between the models for varying correlations between baseline age and the covariate

of interest under both the age time scale being correct and the time-on-study time scale being
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correct. For all levels of correlation and both time scales, their simulations show that M3

has smaller empirical bias than do the age time scale models (M1 and M2). They conclude

that M2 is generally close to M3, while M1 consistently estimates different quantities.

Pencina et al. also assesses Korn’s condition of independence between baseline age and

the covariate of interest under both time scales. Contrary to Thiebaut and Benichou’s [35]

conclusion, Pencina et al’s simulation studies show equal bias in all three models when there

was no correlation between baseline age and the covariate of interest. They state that while

these models may estimate the same quantities in this setting, it is unlikely for baseline age

to be unrelated to covariates. They conclude that it is best to consider which time scale is

most appropriate for the data, and that adjusting baseline age is necessary, regardless of the

time scale that best fits the data.

Chalise et al. [34, 38] is the most recent group to consider the above models. They reference

the Korn, Thiebaut, and Pencina papers, as well as the contradictions among them as

the motivation for their work. Their first paper [34] derives the partial likelihoods of M1

and M3 to examine when the models estimate different quantities. They argue why the

assertions from Korn et al. may be correct mathematically, but do not hold in practice.

Their simulations in the paper focus on how M1, M2, and M3 will be the same when the

variation in baseline age is 0. They then investigate the performance of the three models as

the variation of baseline age increases. When time-on-study is the correct time scale, they

conclude that adjustment for baseline age in the time-on-study model allows M3 to account

for the variation in baseline age and produce more robust results than models M1 and M2.

When age is the correct time scale, they further conclude that M3 estimates are reasonably

close to the estimates from M1 and M2.

In their second paper, Chalise et al. [38] assess the predictive ability of models M1, M2,

and M3 on the two time scales according to their concordance indices. Across all settings

considered and regardless of time scale, M3 has the best predictive ability. They further
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note that this holds true with censoring rates from ranging from 10% to 90%. They conclude

that M3 has the best predictive power in their simulations. Between their two papers, they

conclude that M3 appears to be the most robust of the models with respect to misspecification

of the time scale.

In general, we note that Chalise has consistent results across a few papers and that their

methods build on partial likelihood based arguments. However, we find that there are holes

in the literature. For example, in late-life disease, such as dementia, is either time scale

truly correct? The risk of dementia for most people is nearly 0 until some point in mid-life.

After that, risk may increase as a function of age. Further, subjects are not enrolled in

studies with knowledge of the age at which their risk started to change. Also, none of these

studies assess the bias of the models when a time-varying covariate is of interest and the time

scale is misspecified. Thiebaut and Benichou consider a time-varying covariate, but from

the standpoint of correlation with baseline age. Our work in Chapter 5 assesses the bias of

the M1, M2, and M3 when neither time scale is correct under various settings of correlation

between the covariate of interest and time, as well as when there is a time-varying covariate.
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Chapter 3

Accounting for System Migration Bias

in EHR-based Time-to-Event Studies

3.1 Introduction

Electronic health records (EHRs) have grown in popularity for health-related research over

the past decade. They offer a low-cost way to access large amounts of longitudinal data

with many potential health outcomes [11]. Establishing causal relationships using EHR

data is, however, subject to several limitations including: confounding bias, selection bias,

informed-presence bias, and misclassification bias. Another potential, yet largely unstudied,

bias arises when a patient’s medical history is not fully captured by the EHR system, result-

ing in potentially informative missing data [39]. Hagar et al. (2014) [22] note that missing

EHR data could occur for a variety of reasons including a move or change in insurance, no

health concerns, an unrelated condition, mortality, a reflection of the patient’s attitude to-

ward healthcare, or seeking care from another facility for the outcome-of-interest. This last

case is most concerning as it is likely to result in a violation of the commonly employed non-
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informative censoring assumption in time-to-event analyses. We refer to patients seeking care

from another health system (regardless of the reason) as system migration (SM). The occur-

rence of SM has been particularly hypothesized among American Indian and Alaska Native

(AI/AN) patients in the Indian Health Services and Tribal health systems (I/T system).

The Indian Health Services (IHS) provides federally-funded healthcare to qualifying AI/AN

patients [13]. In order to study health disparities and health service utilization in AI/AN

communities, the IHS Data Delivery Project (IHS DDP) created an EHR data set of over

600,000 AI/AN patients who are representative of the overall I/T system population in

terms of age and sex [16]. The IHS DDP team has recently focused on studying incidence,

prevalence, risk factors, and costs associated with dementia in the I/T population [40, 41,

42, 43]. They note it is difficult to identify incident dementia cases with clinical diagnostic

codes (e.g. ICD-9 codes) because the codes and previous diagnoses do not carry forward

[40]. Even using a single dementia-related ICD-9 code and a five-year follow-up period,

they were only able to identify 88% of prevalent dementia cases among I/T patients 65+

with a dementia-related ICD-9 code in the baseline year of the data (2007). In studying

time-to-event outcomes, such as time-to-dementia onset, it is vital to accurately capture

diagnoses at the earliest time possible. While Jiang et al. (2021) [40] suggests potential

left-censoring as the cause of uncaptured events, it has also been noted that patients at-

risk for dementia in the I/T health system have more health care options than just I/T

systems. For example, 93.5% of AI/AN patients aged 65+ had Medicare coverage in the IHS

DDP in fiscal year 2010 [16]. Further, I/T system clinics and hospitals do not all offer the

same services, especially for specialty care, like dementia. I/T patients in some areas may

have to seek services for certain dementia-related symptoms and conditions from outside the

I/T health system [44]. On the data-level, patients who receive care from non-I/T clinics

will have unobserved clinic visits that do not appear in the IHS data. This SM results in

unknown intermittent missing data at the subject-level. Thus, the I/T system data can be

characterized by two different groups of system-usage: 1) patients who exclusively utilize
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the I/T system and 2) patients who migrate across systems. The result is interval-censoring

that occurs heterogeneously across patients, resulting in potentially elongated intervals for

patients partaking in SM. Specifically, for patients who receive out-of-system diagnoses,

SM results in delayed diagnostic times within the IHS data, assuming they are eventually

observed to receive these diagnoses within the I/T system. We hypothesize that SM will

impact coefficient estimates in time-to-event analyses if such migration is differential across

covariate-defined subpopulations.

Figure 3.1 illustrates two settings in which system migration may arise in I/T system data.

In setting I, the patient receives a dementia diagnosis upon returning to the I/T system,

resulting in interval-censoring on a clinic visit time. In setting II, the patient migrates

out-of-system without experiencing a diagnosis after (or during) the migration. While this

setting may be of concern if patients who migrate out-of-system are systematically different

from patients who remain in-system, in the current chapter we focus only on the first setting.

Ideally, patients would have standardized lengths of intervals between visits. If a patient

migrated out-of-system in this setting, identifying SM would be trivial, as would be imputing

an expected clinic visit time. Even under random interval-censoring with short intervals

(< 2 years), Law and Brookmeyer (1992) [45] show imputation methods can result in valid

estimates in the time-to-event setting. Specifically, they proposed imputing the midpoints of

intervals, which assumes that events occur uniformly throughout the intervals. Under SM,

this assumption seems inappropriate because patients receiving a diagnosis out-of-system

may be more likely stay out-of-system for follow-up and treatment, resulting in a longer

duration of SM than patients who are not diagnosed out-of-system.

In more general interval-censoring settings, Pan (2000) [46] proposed using multiple impu-

tation algorithms to create right-censored data. Pan’s method imputes “exact” event times

for all subjects with a diagnosis.
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Figure 3.1: Examples of system migration in the IHS data. In setting I, the patient has an
extended gap and is diagnosed with dementia on their first visit post-gap. In this setting it is
unclear from the observed EHR data alone if the patient was unobserved because they were
healthy, or if they were unobserved due to SM. In setting II, the patient has an extended gap
between two adjacent visits without a diagnosis. It is again unclear if they were unobserved
due to SM or simply not needing health care.
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In this chapter, we propose a multiple imputation technique to impute return-to-clinic times

similar to Pan (2000) [46], but only for subjects who are predicted to be migrating out-

of-system based upon observable characteristics. In section 3.2, we propose the Migration-

Adjusted Cox model: a two-step method that 1) estimates a probability of system migration

for each patient and 2) uses multiple imputation to set earlier diagnosis times for patients

identified as potentially migrating out-of-system. In section 3.3 we explore the performance

of the Migration-Adjusted Cox model in simulation studies under two common missingness

mechanisms. Section 3.4 contains an application of the Migration-Adjusted Cox model to

data simulated based on the IHS EHR data, illustrating potential impacts of failing to adjust

for SM in these data. Finally, we end with a discussion of the proposed methods, overall

utility and limitations of the approach, and avenues of future research in section 3.5.

3.2 Methods

Due to SM status being unknown for each patient, we propose the Migration Adjusted

Cox (MA-Cox) model, a two-step process of adjusting for system migration within the Cox

model. In the first step, we predict the propensity for SM for each patient using observed

data from their history of clinic visits. Any gap between two subsequent visits that is

uncharacteristically long for the given individual conditional on covariates can be identified as

a potential period of system migration. In the second step, for patients identified with periods

of potential system migration, we impute a return-to-clinic time that is more normative

for that individual based upon the system usage history profile of patients with similar

characteristics. We provide the details of the two steps in the next two subsections. The

section concludes with overall specification of the MA-Cox estimation algorithm. Asymptotic

arguments for the proposed estimation procedure are provided where appropriate.
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3.2.1 Step One: Estimating the Probability of System Migration

Suppose individual i has Ki observed clinic visits at times XV
i0 < XV

i1 < ... < XV
iKi

where

XV
iKi

= min(Ci, T
V
i + XV

iKi−1); where T
V
i is the the true time between visits, i = 1, . . . , n.

That is, the final observed visit time for subject i is the minimum of their censoring time

and the true time of their next system visit. Let δVik = I(t = XV
ik) be an indicator equal to 1

if the patient has a system visit at time XV
ik and 0 otherwise, k = 1, . . . , Ki. In this setting,

δVik = 1 for all k < Ki. Let Z
V
i denote the covariate vector to be used to model the inter-visit

time for patient i.

To estimate the probability of SM, we begin by creating a prediction model for time-between-

visits of the following form:

γ̂i(t | ZV
i ) = γ0(t

V −XV
ik)e

ZV
i θ̂, (3.1)

where γ0(.) denotes the baseline hazard function, ZV
i can be selected via any model selection

procedure, and θ̂ is obtained by maximizing the partial likelihood score function. In sections

3.3 and 3.4, we employ forward-backward stepwise model selection with AIC as the covariate

selection criterion.

From the model in (3.1), we estimate the individual level return-time distribution, SVi (t
V ) =

P (tV > Xik −Xik−1), with Ŝi(t
V ) = (ŜV0 (t

V ))exp{Z
V
i θ̂}, where ŜV0 (t

V ) is the baseline return-

time function. ŜV0 (t
V ) can be estimated by exponentiating the baseline hazard of the return-

time function so that ŜVi (t
V ) = exp{γ̂0(tV −XV

ik)exp{ZV
i θ̂}}, with γ̂0(tV −XV

ik) the baseline

hazard estimated via the Breslow estimator [33]:

γ̂0(t
V −XV

ik) =
∑

j:XV
ik≤tV +XV

ik−1

1∑n
i=1

∑Ki

k=1 exp(Z
V θ̂)δVik

. (3.2)

Finally, we identify the estimated probability of SM for patient i as p̂SMi = ŜVi (X
V
iK−XV

iK−1).
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3.2.2 Step Two: Map SystemMigration Diagnostic Times to Present

System

Suppose individual i has an observed disease event time, XD
i , where X

D
i = min(Ci, T

D
i ) with

Ci denoting the censoring time and TDi denoting the disease diagnosis time. Let δDi = I(t =

TDi ) = I(XD
i = TDi ) be an indicator equal to 1 if the patient has the diagnosis of interest, and

0 otherwise. Let ZD
i be the specified set of covariates associated with the time-to-diagnosis

for subject i. To accurately estimate the hazard ratios associated with covariates ZD, we

need to account for individuals who migrate out of system for their diagnosis of the event of

interest. Here, we use multiple imputation to map the diagnostic times of potential SM cases

back to “normal” system visitation patterns. Within each of the l = 1, ..., L imputation data

sets, we will impute diagnosis times for potential cases of SM and then model the hazard of

experiencing the event as λ̃Di (t|ZD
i ) = λ̃D0 (t)e

ZD
i β

l
, where λ̃Di and λ̃D0 are the hazard function

and baseline hazard function for for the lth imputation data set. Going forward, we will

represent diagnostic time variables for the lth data set with a tilde. That is, we define

X̃D
i = XD;l

i is the observed time for subject i in the lth imputation data set, t̃D = tD;l

represents the event times in the lth, and Ỹ D
i = Y D,l

i = I(X̃D
i ≥ t̃D) is the at-risk indicator

for subject i in imputation set l.

We identify potential cases of SM as patients who have abnormally long gaps between their

visit with a diagnosis and the prior visit using the approach outlined in section 3.2.1. How-

ever, not everyone with an abnormally long gap is necessarily seeking services from an

external system. To account for this, within each imputation data set, we draw M l
i ∼

Bernoulli(p̂SMi )) as an indicator for whether patient i is an “actual” SM case, where M l
i = 1

represents SM case, andM l
i = 0 represents no SM for that patient. Next, among the patients

with M l
i = 1 we only impute diagnosis times for patients with diagnoses (i.e. δDi = 1). Note

that our diagnosis times are draws from the estimated return-time distribution, ŜVi (t
V | ZV

i ),

added to their penultimate visit time, XV
iKi−1. We sample return times via the inverse prob-
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ability integral transform. That is, for subject i such that M l
i = 1 and δDi = 1, we sample

Ui from Uniform(0, 1) and set the imputation return-time, X̃i, as the return-time from the

inverse return-time distribution plus the time of the penultimate observed visit. That is,

X l
i = (ŜVi )

−1(Ui | ZV
i ) +XV

iK−1, where (ŜVi )
−1(Ui | ZV

i ) is the return-time from the inverse

return time distribution. Now, we only adjust the observed diagnosis time if the imputed

time is earlier than the observed time, X̃D
i = min(TDi , X

l
i). For the rest of the patients in

the data set (i.e. for patients with M l
i = 0 or δDi = 0), we do not change their observed

times: X̃D
i = XD

i .

To estimate β̂, we fit a Cox PH model with each imputation data set to obtain imputation-

specific estimates of βl. That is, solve:

U l(βl) =
n∑
i=1

∞∫
t̃D=0

ZD
i −

n−1
n∑
q=1

Ỹ D
q (t̃D)ZD

q exp{ZD
q β

l}

n−1
n∑
q=1

Ỹ D
q (t̃D)exp{ZD

q β
l}

 dN l
i (t̃

D)
△
= 0, (3.3)

where N l
i (·) is the counting process for events, and Ỹ D

i (t̃D) = I(X̃D
i ≥ t̃D) is the at-risk

indicator for individual i, both for imputation data set l. Using [47] for multiple imputation,

β̂ = 1
L

L∑
l=1

β̂l and V̂ (β̂) = 1
L

L∑
l=1

V̂SI(β̂
l) + L+1

L

(∑L
l=1(β̂

l−β̂)2
L−1

)
, where V̂SI(β̂

l) is the standard

variance estimator for a Cox model. It can be demonstrated that β̂ is consistent for β

and asymptotically normal, and that V̂ (β̂) is consistent for the desired quantity. Details in

section 3.2.3.
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Algorithm 1 Algorithm for the MA-Cox model estimating procedure.

Identify subset of covariates, ZV , which minimizes honest assessment of out-of-sample pre-

diction error of time-to-next visit with the model γ̂i(t | ZV ) = γ0(t
V −XV

ik)e
ZV
i θ̂.

Compute γ̂0(t
V −XV

ik) =
∑

i:XV
ik≤tV +XV

ik−1

1∑n
i=1

∑Ki
k=1 exp(Z

V θ̂)δVik
[33] corresponding to γ̂i(t | ZV )

Calculate ŜVi (t
V ) = (ŜV0 (t

V ))e
ZV
i θ̂

= (eγ̂0(t
V −XV

ik))e
ZV
i θ̂

Estimate pSMi by p̂SMi = ŜVi (X
V
iK −XV

iK−1)

for each of the l imputation data set do

Draw Mi ∼ Bernoulli(p̂SMi ) as an indicator for whether subject i was interval-censored

(Mi = 1), or not (Mi = 0);

if Mi = 1 and δDi = 1 then

Draw Ui ∼ Uniform(0, 1);

Set X l
i = (ŜVi )

−1(Ui | ZD
i ) +XV

iK−1;

Set X̃D
i = min(TDi , X

l
i);

end if

else X̃D
i = XD

i

To estimate β̂(l) on the imputed data set, solve:

U(βl) =
n∑
i=1

∞∫
tD=0

(
ZD
i −

n−1
∑

q:X̃D
q ≥X̃D

i
ZD
q exp{ZD

q β
l}

n−1
∑

q:X̃D
q ≥X̃D

i
exp{ZD

q β
l}

)
dN l

i (t̃
D)

△
= 0.
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Estimate V̂SI(β̂l) with

V̂SI(β̂l) = n−1

n∑
i=1

∫ t̃D

0

(
ZD
i − Z̄(s, β̂l)

)⊗2

Ỹ D
i (s)eZ

D
i β̂

l

λ0(s)ds

where Z̄(s, β̂l) =
n−1

∑
q:X̃D

q ≥X̃D
i
ZD
q exp{ZD

q β̂
l}

n−1
∑

q:X̃D
q ≥X̃D

i
exp{ZD

q β̂
l}

end for

Set β̂ = 1
L

L∑
l=1

β̂l and V̂ (β̂) = 1
L

L∑
l=1

V̂SI(β̂
l) + L+1

L

(∑L
l=1(β̂

l−β̂)2
L−1

)

3.2.3 Asymptotic Distribution

To derive the asymptotic distribution of β̂, we need to consider two pieces: 1) the asymptotic

distribution of the estimator for the lth imputation data set, and 2) the distribution of the

multiple imputation corrected estimators of the mean and variances of β̂. For (1), we follow

arguments similar to those by Lu and Tsiatis (2001) [48] to establish asymptotic properties

of the β̂(l). For (2), along with some technical conditions, if the imputation method is proper

for the complete-case data, then the results converge to a normal distribution [47]. We

assume the prediction model for return-to-clinic time is correctly specified, which implies

that the imputed times will not impact the convergence of the estimating equations.

For multiple imputation to maintain convergence properties and valid inference, three con-

ditions must hold: 1) the imputation method must be proper for the complete-case distri-

bution, 2) the complete-data analysis must be valid, and 3) the sample size much be large

enough to appeal to asymptotic arguments. A proper imputation method satisfies three

conditions: 1) the imputation method should effectively be drawing random samples from

the complete-data distribution, 2) the within-imputation variance estimates are centered at

the corresponding complete-data statistics, and 3) the between-imputation variation is con-

trolled. Under the assumption that the prediction model is correctly specified, the MA-Cox

model randomly selects a return-to-clinic time from the complete-case distribution. Since
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the true diagnostic times can only fall in a finite range, (XiKi−1
, XiKi

], the complete-case

distribution need only contain dense enough points within that range for each person. The

correctly-specified return-to-clinic prediction model will provide dense enough times to al-

low for proper imputation. This also implies that the variance estimates from the Cox

model within each imputation set is approximately centered at the complete-data variance

estimate. Since our imputation method results in imputations based on the complete-case

data, the resulting statistics will be centered around the complete-case statistics. Third,

we assume the variation between imputation data sets is finite. With a correctly-specified

return-time prediction model, each imputation data set will result in proper estimates of

the coefficients. Thus, the between imputation set variation will be controlled. Therefore,

the MA-Cox model’s imputation step is proper for the complete-case distribution. Further,

the Cox model is a valid method in the complete-data analysis. The MA-Cox model is also

valid because if there is no SM, then the estimated probabilities of SM will be small, and the

method will not impute new times for patients. These results hold in simulation settings too

where no SM was included. Finally, we assume sample sizes are large enough for asymptotic

arguments. This implies that the multiple imputation within the MA-Cox model is proper

and the multiple imputation corrections will maintain the properties that occur within each

imputation data set.

3.2.4 Asymptotic Distribution Derivation

We define the filtration at time t for individual i, Fi(t), to be the history of events, visit times,

and covariates up to (and including) time t. That is, Fi(t
D) = σ{ND

i (s), Y D
i (s+), ZD

i ; s ∈

(0, tD]}. It is important to note that 1) the imputation model only considers patients who

have a diagnosis as at-risk for SM, and 2) the imputation method only changes observed

times, tD for a subset of patients in sample. Our proof follows closely to the work of Lu and

Tsiatis (2001) [48].
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We consider the contribution from the lth imputed data set. The counting process for the

lth imputation data set is defined as:

N l
i (t̃

D) = I(X̃D
i ≤ t̃D).

Recall that superscript D refers to variables for the diagnosis time, Xi is the observation

time for subject i, and I(·) is the indicator function. The coefficients, β̂l are estimated by

solving the score function set equal to 0:

U l(βl) =
n∑
i=1

∞∫
t̃D=0

ZD
i −

n−1
n∑
q=1

Ỹ D
q (t̃D)ZD

q exp{ZD
q β

l}

n−1
n∑
q=1

Ỹ D
q (t̃D)exp{ZD

q β
l}

 dN l
i (t̃

D)
△
= 0. (3.4)

Note that we can rewrite U l(βl) by replacing dN l
i (t̃

D) with the martingale increment dM l
i (t̃

D)

where

dM l
i (t̃

D) = dN l
i (t̃

D)− λ0(t̃
D)eZ

D
i β

l

Ỹ D
i (t̃D)dt̃D.

The concave function argument in Andersen and Gill (1982) [49] can be used to establish

that β̂l
P→ β0. Thus, by the weak law of large numbers, it can be shown that

n−1
n∑
q=1

Ỹ D
q (t̃D)ZD

q exp{ZD
q β0}

n−1
n∑
q=1

Ỹ D
q (t̃D)exp{ZD

q β0}
→ µ(t, β0).

Now that this term converges to some value, using similar arguments to those in Tsiatis

(1981) [50], we have

n−1/2

n∑
i=1

∫ n
−1

n∑
q=1

Ỹ D
q (t̃D)ZD

q exp{ZD
q β0}

n−1
n∑
q=1

Ỹ D
q (t̃D)exp{ZD

q β0}
− µ(t, β0)

 dM l
i (t̃

D)
P→ 0,
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which means

n−1/2U l(β0) = n−1/2

n∑
i=1

ϕli(β0) + op(1),

where ϕli(β0) =
∫
(ZD

i − µ(t, β0))dM
l
i (t̃

D).

Since ϕli(β0) is a martingale increment, it is mean zero. Note then that this is a normalized

sum of independent and identically distributed random variables with mean zero. Thus, by

the central limit theorem, U l(β0) is asymptotically normal with with asymptotic variance of

VSI =

∫
E
[
(ZD

i − µ(s, β0))
⊗2eZ

D
i β0Yi(s)

]
λ0(s)ds.

The multiple imputation estimator, β̂, is a mean of consistent estimators from the single

imputation data sets, thus β̂ is consistent for the same quantity, β0. Further, n
1/2(β̂−β0) =

V −1
SI n

−1/2U(β0) + op(1), where n
−1/2U(β0) is asymptotically equivalent to

n−1/2

n∑
i=1

(
L−1

L∑
l=1

ϕli(β0)

)
.

Again, this is a normalized sum of independent and identically distributed random variables

with mean zero. Thus, we have asymptotic normality by the central limit theorem. We

estimate the asymptotic variance with the typical estimator

V̂ (β̂) =
1

L

L∑
l=1

V̂SI(β̂
l) +

L+ 1

L

(∑L
l=1(β̂

l − β̂)2

L− 1

)
.

3.3 Simulations

We assess the MA-Cox model via simulation with varying degrees of SM. We consider two

scenarios of missingness in the “missing at random” (MAR) category. MAR1 refers to system
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migration that depends on covariates indirectly through the time-to-diagnosis; and MAR2

refers to system migration that depends on covariates directly (matching the traditional

sense of MAR data). Since people with shorter times-to-event are less likely to migrate out

of system missing completely at random (MCAR) data would refer to the setting where the

time-to-diagnosis and system migration are both completely independent of all covariates.

We found this to be unlikely in pracitce and do not consider it further.

3.3.1 General Simulation Settings

We consider a correctly specified Cox proportional hazards model depending on three pre-

dictors: one continuous (Z1 ∼ Normal(0, 1)) and two binary (Z2 ∼ Bernoulli(0.5) and Z3 ∼

Bernoulli(0.15)). All results focus on the coefficient estimates for the Z2 (results for the other

predictors are similar). Event times, Ti, are sampled from a exponential distribution with

rate λ(t) = λ0e
β1Z1+β2Z2+β3Z3 where λ0 = 0.1, β1 = log(1.8), β2 = log(1.2), and β3 = log(1.6).

We simulate data with samples sizes of 250 and 1000 subjects. Each simulation setting is

simulated 1000 times.

After we sample the dementia diagnosis times, right censoring times, Ci, are drawn from

uniform distributions with limits specified to achieve the desired censoring rates. We define

XD
i = min(TDi , Ci), where XD

i is the observed time for subject i. For all subjects, we

simulate system visit times, XV
ik from Uniform(0.1, 2.01), so that each subject has an average

of a one year between routine visits. To simulate SM, we simulate a probability of SM as

pSMi = expit(·), where expit(·) is the expit function and the input is defined under the

appropriate missingness mechanism (MAR1 or MAR2). Migration status is simulated via

Mi ∼ Bernoulli(pSMi ) to identify which patients migrate out-of-system. We then simulate

times of migrating out-of-system as tleavei ∼ Exponential(rate = λleavei ) and the length of time

out-of-system, as tlengthi ∼ Exponential(rate = λlengthi ), where λleavei and λlengthi are specified
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under the appropriate missingness mechanism.

For patients with Mi = 1, we apply SM by removing all system visits such that tleavei ≤

XV
ik ≤ tleavei + tlengthi . For the cases where a subject is censored (i.e. XV

iKi
= XD

i = Ci) and

tleavei ≤ Ci ≤ tleavei + tlengthi , then we leave XD
i = Ci and only remove system visits such that

tleavei ≤ XV
ik ≤ XD

i . For the cases where tleavei ≤ XD
i ≤ tleavei + tlengthi and δDi = 1, we adjust

the observed event time, XD
i , to be tleavei + tlengthi . While this case assumes that patients

would be diagnosed upon return to the system, this also represents the setting where SM

would have the smallest impact on coefficient estimates. Note that tleavei and tlengthi do not

impact the data when Mi = 0 or when XD
i < tleavei .

3.3.2 MAR1 Simulation Settings

Under the MAR1 setting, we treat SM as only related to the covariates indirectly through

the diagnosis time. That is, patients with later diagnosis times have more opportunity

to migrate out of system. In this setting, we define the probability of SM as P (SM) =

expit(βSM), where βSM = {−2.2, 0, 2.2} for migration probabilities of approximately 0.1, 0.5,

and 0.9. The time of leaving the system (tleavei ) and length of system migration (tlengthi )

are drawn from exponential distributions with rates λleave = log(− log(0.1)/4) and λlength =

log(− log(0.75)/2).

3.3.3 MAR2 Simulation Settings

In the MAR2 setting, probability for SM depends on the covariates directly. We define

P (SM) = expit(Z ∗ βSM), where Z is the design matrix of covariates (including a column

of 1 for the baseline hazard), and βSM = [b0, 0,−0.3, 0.8]T , with b0 = {−2.2, 0, 2.2} for mi-

gration probabilities of approximately 0.1, 0.5, and 0.9. Similarly, the leave time (tleave) and
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length of the SM (tlength) depend on covariate values also. They are drawn from exponential

distributions with rates:

λleave = eZβleave , where βleave = [log(− log(0.1)/4), log(0.8), log(0.4), log(1.6)]T

λlength = eZβlength , where βlength = [log(− log(0.75)/2), log(0.6), 0, log(0.4)]T .

3.3.4 MAR1 Simulation Results

Figures 3.2 and 3.3 depict the effect of SM on coefficient estimates when using three correctly

specified Cox models. Each figure is broken into three plots representing that cases where

1) the traditional Cox model is fit (top forest plot), 2) a Cox model is fit to data with single

imputation of the midpoint of the SM gap for patients whose diagnosis time is displaced due

to SM (middle forest plot), and 3) the MA-Cox model is fit to adjust for SM. The vertical

lines in each plot represents the true coefficient for Z2, and the horizontal lines represent the

95% confidence intervals on the mean coefficient estimate with the empirical standard error.

The columns to the left represent the right censoring percent (left), the percent of patients

with potential SM (percent of patients where SM impacted their diagnosis time among those

with dementia diagnoses; middle), and the mean of the hazard ratio estimates over the 1000

simulations (percent bias from the truth; right).

When SM is unaccounted for the resulting estimates show greater than 10% bias toward the

null with as little as 17% of the subjects having migration periods that impact diagnosis

times for sample sizes of 250 and 1000 (row 1 of Figure 3.2 and Figure 3.3). As the rates of

censoring and/or SM increase so too does the bias.

In the second row of plots in Figures 3.2 and 3.3, we attempt to account for the bias by

imputing the midpoint of the SM gap for the patients whose diagnostic times change due

to SM. The bias is reduced through midpoint imputation, but not completely removed in
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the most extreme settings. This method also requires knowledge of which patients migrated

across systems.

In the third row of plots in Figures 3.2 and 3.3, we use the proposed MA-Cox model to

identify potential cases of SM and impute diagnostic times for those patients. We observe

that the proposed method reduces bias to less than 10% bias in each setting. With a smaller

sample size of 250, MA-Cox model reduces bias to less than 10% in all settings. Further, with

higher rates of censoring, the method reduces bias to almost zero. In Figure 3.3, the settings

with the most extreme SM exhibit the most bias (∼ 7−9%), regardless of the amount of right

censoring. However, these cases also have 90% of patients with the possibility of migrating

out-of-system, which averages around 40% of observed diagnostic times being delayed due

to SM. The bias from the MA-Cox model is 35% lower in the 35% right censoring setting

and is 80% lower in the 70% right censoring setting. We also note that the proposed method

does not induce bias in the cases where there is no SM.

MAR2 Simulation Results

The simulation settings for MAR2 are set to bias the estimates away from the null because

the MAR1 setting will always bias toward the null. The first row of Figure 3.4, depicts that

the Cox model has 10% bias in the setting with the least SM. As censoring and the amount

of SM increases, the estimated log-hazard ratios exhibit more bias, reaching over 85% bias

in the most extreme setting we consider. Further, even knowing exactly who migrates out-

of-system and imputing an earlier event time (midpoint of the SM gap) is not sufficient to

completely remove the bias in the estimates. The bias still ranges from 10% to 50% when

there is at least 50% of subjects capable of SM. The last row of 3.4 depicts that the MA-Cox

model reduces bias drastically in almost all cases. Only the most extreme case has over 15%

bias in the same direction as the Cox model that does not account for SM. Further, in terms

of raw difference between the estimates and the truth, the MA-Cox model estimates are on
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Figure 3.2: Forest plots for Cox model estimates of a binary covariate with 50% successes.
The effect size is log(1.2). The MAR1 setting occurs when SM depends on covariates indi-
rectly through the time-to-diagnosis. The columns are defined from left to right: “RC %”
refers to right censoring exclusively. The “SM % (SMD %)” refers to the percent of subjects
who could have migrated out-of-system (percent of subjects whose migration period impacts
their diagnosis time among subjects with a diagnosis). The “HR Est (% Bias)” refer to
the mean coefficient estimates (percent bias) from 1000 simulations. The sample size is 250
subjects in each of these simulations.
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Figure 3.3: Forest plots for Cox model estimates of a binary covariate with 50% successes.
The effect size is log(1.2). The MAR1 setting occurs when SM depends on covariates indi-
rectly through the time-to-diagnosis. The columns are defined from left to right: “RC %”
refers to right censoring exclusively. The “SM % (SMD %)” refers to the percent of subjects
who could have migrated out-of-system (percent of subjects whose migration period impacts
their diagnosis time among subjects with a diagnosis). The “HR Est (% Bias)” refer to the
mean coefficient estimates (percent bias) from 1000 simulations. The sample size is 1000
subjects in each of these simulations.
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Figure 3.4: Forest plots for Cox model estimates of a binary covariate with 50% successes.
The effect size is log(1.2). The MAR2 setting occurs when SM depends on the same covariates
as diagnosis time for subjects (MAR2). The columns are defined from left to right: “RC %”
refers to right censoring exclusively. The “SM % (SMD %)” refers to the percent of subjects
who could have migrated out-of-system (percent of subjects whose migration period impacts
their diagnosis time among subjects with a diagnosis). The “HR Est (% Bias)” refer to
the mean coefficient estimates (percent bias) from 1000 simulations. The sample size is 250
subjects in each of these simulations.

average within 0.03 of the true coefficient value.

In Figure 3.5, we see similar results as in the case with Figure 3.4. When not accounting

for SM, the Cox model shows greater than 15% in all but one setting with SM. In the most

extreme settings, the bias is over 30% for 35% right censoring and over 75% for 70% right

censoring. Further, row two of Figure 3.5 depicts that knowing exactly whose diagnostic

times are delayed due to SM is not sufficient to remove bias with midpoint imputation.

In row three of Figure 3.5, the MA-Cox model reduces bias in most settings, especially
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when there is more censoring. In the 70% right censoring setting, estimates with low and

moderate amounts of SM are unbiased. The setting with 70% right censoring and 90% of

subjects with possibility of SM shows 19% bias. While still biased, the estimate is 75% lower

in bias than Cox model. In the settings with no censoring and 35% censoring the MA-Cox

model over-corrects for SM and estimates a coefficient that is 5-15% lower than the truth.

On average, the MA-Cox model coefficient estimates within 0.03 of the true value in terms

of raw difference. We also note that the proposed method does not induce bias in the cases

where there is no SM.

3.4 Application

For privacy concerns related to IHS data, we consider simulated data using previously pub-

lished statistics from the IHS data and IHS website. We apply the MA-Cox model to data

simulated off of what we might see in the Indian Health Services data. Data is simulated

from previously observed results from IHS papers [43, 51, 52, 53, 54]. We simulate several

variables: baseline age, sex, and indicators of depression, vascular disease, cerebrovascular

disease, diabetes, and health coverage status (Medicare, Medicaid, and private) to influence

the time of a dementia diagnosis [55, 56, 57, 58]. We simulate additional variables: body

mass index (BMI), number of prescriptions, and indicators of amputation, liver disease,

chronic kidney disease, hypertension, cancer, cardiovascular disease (CVD), mental disor-

ders, alcohol-use disorder, drug-use disorder, and tobacco-use disorder to influence the times

between observations (or IHS system visits). All variables are simulated from distributions

observed previously and are simulated as independent of one another due to lack of informa-

tion on inter-variable relationships. The time of dementia and the time-between-visits are

simulated from exponential distributions with rates determined loosely based on previous

knowledge of the direction of the relationship. Censoring is simulated uniformly for all pa-
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Figure 3.5: Forest plots for Cox model estimates of a binary covariate with 50% successes.
The effect size is log(1.2). The MAR2 setting occurs when SM depends on the same covariates
as diagnosis time for subjects (MAR2). The columns are defined from left to right: “RC %”
refers to right censoring exclusively. The “SM % (SMD %)” refers to the percent of subjects
who could have migrated out-of-system (percent of subjects whose migration period impacts
their diagnosis time among subjects with a diagnosis). The “HR Est (% Bias)” refer to the
mean coefficient estimates (percent bias) from 1000 simulations. The sample size is 1000
subjects in each of these simulations.
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tients to achieve ∼ 10% event rate. Each dementia patient is assigned a probability of SM

based on covariates possibly related to system usage. The weight of those factors is chosen

somewhat arbitrarily to establish ∼ 50% SM among the patients with a dementia diagnosis.

We hypothesize that the coefficient estimates of health coverage status variables would be

most impacted by system migration because they are a direct indicator of a patient’s ability to

use multiple health systems, but they also serve as an important proxy for underlying health

conditions (among other things) that may be associated with dementia diagnoses. Despite

simulating data for four health coverage groups, we create mutually exclusive groups based

on those variables and how we would approach health coverage groups in an actual analysis

with the data. Each patient is simulated to have a three indicators with respect to access,

one representing each of Medicare coverage, Medicaid coverage, and private coverage. This

results in patients possibly belonging to one of eight groups. In an actual analysis, we would

likely condense the groups to four mutually exclusive groups: 1) any patient with private

coverage, 2) any patient with Medicaid coverage but not private coverage, 3) patients with

only Medicare coverage, and 4) patients with no coverage. Given that the outcome of interest

is dementia diagnosis, the vast majority of this population should have access to Medicare

coverage, thus we combine groups 3 and 4 to create a Medicare and IHS-only group.

3.4.1 Study Population

The Indian Health Service (IHS) is an agency within the department of human and health

services which is responsible for providing culturally appropriate federal health services to

AI/AN peoples [13]. The IHS primarily provides health services at IHS, Tribal, and Urban

Indian health facilities to approximately 2.6 million AI/AN individuals spread across 37

states and 574 federally recognized tribes [59]. For more information on the I/T system data

see [16].
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The analytical data set consists 3,680 simulated IHS patients aged 65+ years old. There are

454 incident dementia cases among the 3,680 patients. Note that in real IHS data adults

without incident dementia includes potential undiagnosed dementia cases. In this simulation,

we assume all incident dementia is diagnosed. The true number of patients who migrate out

of system is 1814. The number of visits for a given patient ranges from 1 to 12, with a

median number of visits of 2. There is a median of 113 days between visits (mean 158 days,

standard deviation 171 days).

The study population is simulated via the following steps. First, baseline age is simulated

for 4,000 subjects from a normal distribution centered at 75 with a standard deviation of 7.

All subjects with a baseline age less than 65 are removed. Characteristics for the remaining

subjects are simulated with an independent covariate structure. The variables that are

binary: sex, health coverage status (Medicaid, Medicare, private), and all of the history

of comorbidities are simulated with rates taken or approximated. BMI is simulated from

[53] split into the common categories as specified by the Centers for Disease Control and

Prevention [60]. The number of prescriptions is simulated via a zero-inflated Poisson with a

rate approximated from [54] and based on the number of comorbidities for the subject. All

variables are simulated to be time-invariant.

Factors in the dementia diagnostic model are given hazard ratios approximated from sources

or hazard rates in the direction noted previously [55, 56, 57, 58]. Variables associated with

the hazard of a dementia diagnosis include: baseline age, sex, BMI, health coverage status,

and histories of depression, vascular disease, cerebrovascular disease, and diabetes. Censoring

rate is determined from a Uniform distribution to achieve approximately a 10% event rate.

Factors determined to be associated with the time between clinic visits are determined

through a thought experiment without consideration of SM. These rates are considered by

asking: what would cause someone to come back to the doctor more or less often? Variables

associated with shorter time-to-return: obesity, Medicaid health coverage, and histories of:
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cardiovascular disease (CVD), mental or cognitive disorders, hypertension, diabetes, cancer,

and renal disease. Variables associated with longer time-to-return: prescription quantity,

Private health coverage, normal BMI, and histories of drug, alcohol, and tobacco use. Note

that variables such as drug and alcohol use may be related to more health problems in the

real world, but are simulated to be associated with longer time-to-return because people

may choose to self-medicate instead of visiting a doctor. Clinic visit times are simulated

from an exponential distribution. The number of visits a patient has depends on the time

of their censoring or dementia diagnosis. When the cumulative sum of the draws from the

time-between-visits distribution is greater than the censoring/dementia diagnosis time, then

no more clinic visits are simulated.

To include SM, each subject receives an indicator of SM drawn from a Bernoulli distribution

with individual probabilities of SM. Patients with a dementia diagnosis and system migration

indicator are flagged to have a system migration visit before their diagnosis time. The SM

is induced by extending the event time by another clinic visit draw. Thus, it is as if the visit

where the patient should have be diagnosed occurs at another system. The patient is then

diagnosed upon return to the “IHS” system at their next visit.

Factors associated with SM are determined through thought experiment considering the

available variables. Factors that increase the number of preventable hospital visits are asso-

ciated with a lower probability of SM. These factors are age, Medicaid coverage, an interac-

tion between Medicaid and age, an interaction between private health coverage and age, and

histories of CVD and renal disease. Factors associated with an increase in the probability

of SM are Medicare health coverage, history of cancer, and an interaction between age and

Medicare health coverage. These are chosen because patients with Medicare likely have ac-

cess to multiple health systems, and cancer requires specialty care that may not be available

at all IHS locations.
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3.4.2 Measures

We use the Cox model and the Migration-Adjusted Cox model, both using time-on-study as

the time scale and adjusted for baseline age as a covariate [34, 38].

Our sample consists of 3,680 subjects, 454 (12%) of whom have an incident dementia di-

agnosis. 79% of subjects fell into the Medicare and IHS-only group, meaning that they

only have access to IHS and Medicare health coverage. 12% of the subjects had Medicaid

coverage, possibly in addition to Medicare coverage. 9% of the subjects have private health

coverage, regardless of the status of other coverages. Subjects with dementia have an older

average age by 9 years (84 vs 75). 60% of the participants are female, 51% have diabetes,

21% have depression, 58% have CVD, and 75% have hypertension. 64% of the subjects with

incident dementia migrate out-of-system. Most comorbidities are balanced between patients

with incident dementia and those without incident dementia. Covariate distributions can be

found in Table 3.1 and history of disease distributions can be found in Table 3.2.

3.4.3 Results

We fit the MA-Cox model and the Cox model to the simulated data. Our predictor of

interest is health coverage status because we believe it to be an important confounder in the

relationship between the time of dementia diagnoses and system migration. We adjust for

sex, baseline age, BMI, and histories of depression, vascular disease, cerebrovascular disease,

and diabetes as important adjustment variables in this relationship. Our interest in the

analysis of the simulated data set is to compare the estimates of the covariates between the

traditional Cox model (our “naive” model) and the MA-Cox model.

With our simulated data, we expect patients with Medicare health coverage and history

of cancer to increase the probability of system migration. We are interested in how the
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No Dementia Dementia Total
n = 3226 n = 454 n = 3680
(87.7%) (12.3%) (100%)

System Migration
No Migration 1701 (52.7%) 165 (36.3%) 1866 (50.7%)
Migration 1525 (47.3%) 289 (63.7%) 1814 (49.3%)

Baseline Age 74.93 (5.45) 84.35 (3.82) 76.09 (6.12)
Health Coverage Status
Medicare and IHS-only 399 (12.4%) 55 (12.1%) 454 (12.3%)
Medicaid 2539 (78.7%) 363 (80%) 2902 (78.9%)
Private 288 (8.9%) 36 (7.9%) 324 (8.8%)

Sex
Male 1294 (40.1%) 165 (36.3%) 1459 (39.6%)
Female 1932 (59.9%) 289 (63.7%) 2221 (60.4%)

Body Mass Index 28.76 (4.8) 28.18 (4.98) 28.69 (4.83)
Categorical BMI
Underweight 111 (3.4%) 24 (5.3%) 135 (3.7%)
Normal 546 (16.9%) 86 (18.9%) 632 (17.2%)
Overweight 1017 (31.5%) 152 (33.5%) 1169 (31.8%)
Obese 1552 (48.1%) 192 (42.3%) 1744 (47.4%)

Prescription Quantity 1.43 (2.17) 1.5 (2.16) 1.44 (2.16)

Table 3.1: This table depicts the distributions of system migration, the covariate of interest
(health coverage status), and covariates. We report the mean (standard deviation) for con-
tinuous variables and count (percent) for categorical variables.
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No Dementia Dementia Total
n = 3226 n = 454 n = 3680

Disease History (87.7%) (12.3%) (100%)
Diabetes
No Diabetes 1580 (49%) 218 (48%) 1798 (48.9%)
Diabetes 1646 (51%) 236 (52%) 1882 (51.1%)

Depression
No Depression 2558 (79.3%) 357 (78.6%) 2915 (79.2%)
Depression 668 (20.7%) 97 (21.4%) 765 (20.8%)

Hypertension
No Hypertension 805 (25%) 114 (25.1%) 919 (25%)
Hypertension 2421 (75%) 340 (74.9%) 2761 (75%)

Vascular Disease
No Vascular Disease 2627 (81.4%) 358 (78.9%) 2985 (81.1%)
Vascular Disease 599 (18.6%) 96 (21.1%) 695 (18.9%)

Cerebrovascular Disease
No Cerebrovascular Disease 2796 (86.7%) 394 (86.8%) 3190 (86.7%)
Cerebrovascular Disease 430 (13.3%) 60 (13.2%) 490 (13.3%)

Renal Disease
No Renal Disease 2369 (73.4%) 351 (77.3%) 2720 (73.9%)
Renal Disease 857 (26.6%) 103 (22.7%) 960 (26.1%)

Cardiovascular Disease
No CVD 1348 (41.8%) 206 (45.4%) 1554 (42.2%)
CVD 1878 (58.2%) 248 (54.6%) 2126 (57.8%)

Cancer
No Cancer 2948 (91.4%) 423 (93.2%) 3371 (91.6%)
Cancer 278 (8.6%) 31 (6.8%) 309 (8.4%)

Tobacco-use Disorder
No Tobacco-use Disorder 3124 (96.8%) 436 (96%) 3560 (96.7%)
Tobacco-use Disorder 102 (3.2%) 18 (4%) 120 (3.3%)

Alcohol-use Disorder
No Alcohol-use Disorder 3001 (93%) 421 (92.7%) 3422 (93%)
Alcohol-use Disorder 225 (7%) 33 (7.3%) 258 (7%)

Drug-use Disorder
No Drug-use Disorder 3141 (97.4%) 446 (98.2%) 3587 (97.5%)
Drug-use Disorder 85 (2.6%) 8 (1.8%) 93 (2.5%)

Table 3.2: This table shows the distributions of comorbidities. History of disease was simu-
lated to be time-invariant. We report the mean (standard deviation) for continuous variables
and count (percent) for categorical variables.
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hazard ratios for Medicaid relative to Medicare, and Private relative to Medicare may change

between the two models. As a note, most of the other covariates have fairly similar estimates

and draw the same conclusions between the two models. This is expected because those

covariates do not impact SM. The small changes may be due to the relationship those

variables have with the time-to-return to clinic. BMI is the only covariate that has different

conclusions between the two models. This may be because the data is simulated such that

a normal BMI is associated with a longer time between visits, an obese BMI is simulated to

have a shorter time between visits, and overweight and underweight were simulated to have no

impact on the time between visits. Since normal BMI is the reference group, the imputation

model may have picked up some of this relationship and adjusted for it in the imputation

phase of the MA-Cox model. As for the predictors of interest, we observe a large change in

the estimated hazard ratios for subjects with Medicaid (relative to Medicare) coverage and

for subjects with Private (relative to Medicare) coverage. The hazard ratios change from

outrageously large estimates of 6-7 fold higher risk of a dementia diagnosis to more common

93% higher risk (for Medicaid coverage) and 55% higher risk (for Private coverage). While

the traditional Cox model’s estimated hazard ratios are likely higher than would be observed

in a real data set, the reduction of estimated hazard ratios under the MA-Cox model are

what we would expect to see in an analysis with real data. This reduction is due to the

subjects with Medicare coverage being more likely to migrate to other healthcare systems,

resulting in observed dementia diagnosis times that are delayed. The MA-Cox model is able

to identify the delayed diagnostic times and impute earlier times, which reduces the hazard

ratio estimates.
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Naive Results MA-Cox Results
Covariate HR (95% CI) p-value HR (95% CI) p-value
Health Coverage Status

Medicare and IHS-Only Referent - Referent -
Medicaid 6.87 (4.95, 9.54) <0.001 1.93 (1.45, 2.57) <0.001
Private 6.20 (4.21, 9.12) <0.001 1.55 (1.11, 2.17) 0.01

Baseline Age 1.15 (1.12, 1.19) <0.001 1.22 (1.20, 1.25) <0.001
Sex (reference Male)

Female 1.03 (0.82, 1.28) 0.826 1.18 (0.92, 1.52) 0.19
History of

Depression 0.99 (0.73, 1.34) 0.935 1.25 (0.89, 1.75) 0.208
Vascular Disease 1.08 (0.82, 1.41) 0.578 1.11 (0.81, 1.52) 0.526
Cerebrovascular Disease 1.05 (0.76, 1.47) 0.755 0.96 (0.66, 1.40) 0.829
Diabetes 1.00 (0.80, 1.27) 0.971 1.06 (0.78, 1.45) 0.829

Body Mass Index
Underweight 2.93 (1.72, 5.01) <0.001 1.41 (0.78, 2.53) 0.252
Normal Referent - Referent -
Overweight 1.80 (1.19, 2.72) 0.005 1.69 (0.92, 3.08) 0.089
Obese 1.72 (1.17, 2.52) 0.006 1.41 (0.78, 2.53) 0.252

Table 3.3: Results from the Traditional Cox model compared to the MA-Cox model for the
simulated IHS data set. Hazard ratio (HR) estimates, 95% Wald-based confidence intervals
and p-values are provided for each variable in each model.
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3.5 Discussion

In EHR data, patients who have access to multiple health systems may seek treatment for

certain conditions at specific health systems while seeking treatment for other conditions

at other health systems. We call this phenomenon system migration. In this chapter, we

investigate how SMmay impact coefficient estimates from the Cox model, and develop a novel

method, a Migration Adjusted Cox model, for reducing the bias in these settings. System

migration is shown to bias coefficient estimates from the Cox model by greater than 15% in

settings with as little as 17% of diagnosed patients migrating out-of-system. Further, our

simulations consider the setting where subjects are diagnosed within the system immediately

upon return-to-system. We hypothesize that the bias would be even larger if patients are

not diagnosed within system at their first return-to-system visit.

We consider simulation settings with right censoring rates of 0%, 35%, and 70%, each with

system migration impacting the diagnosis times ranging from 0% to 40%. Under the MAR1

missingness mechanism, we observe that coefficient estimates from the Cox model are biased

toward the null when SM is present. Under the MAR2 missingness mechanism, we simulate

data such that the coefficient estimates from the Cox model are biased away from the null.

Here, we observe estimates with bias ranging from 7% to 77%. In most of the simulation

settings, the MA-Cox model reduces the bias to nominal levels. The bias in the MAR2

settings is away from the full in our settings, but can be toward the null also. In particular,

when subjects with earlier diagnosis times are the patients migrating out-of-system, then

the observed diagnostic times are delayed. This would result in the SM patients appearing

to have similar diagnostic times to the patients who do not migrate out-of-system, which

results in estimated hazard ratios that are biased toward no difference between the groups.

While the MA-Cox model reduces bias in most settings, the model over-corrects for the bias

and under-estimates the true coefficient value in a few settings where there is relatively low
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amounts of SM that impact the diagnostic times for subjects. This over-correction may

improve with the use of more sophisticated prediction algorithms. Some machine learning

methods, or methods developed specifically for model building in recurrent event survival

analysis, may improve the ability of the MA-Cox model to identify subjects who migrate

out-of-system, and thus improve the imputation step. Further, the asymptotic results of the

coefficients rely on a correctly-specified prediction model in step 1 of the proposed method.

Thus, it is necessary to use a model building technique that estimates an honest assessment

of out-of-sample prediction error to ensure valid results from the MA-Cox model. Another

limitation for the MA-Cox model is the reliance on information of patient system-usage to

estimate the probabilities of SM. While EHR data generally has recurrent visits for patients,

it is necessary to have at least a few visits per patient to use this method.

In this chapter, we propose a novel method for estimating time-to-event outcomes in the

setting where SM may be of concern. The MA-Cox model is shown to reduce bias in the

presence of SM across several levels of SM and right-censoring. We recommend the proposed

method in settings where patients may have access to multiple healthcare options, even if

system migration is not of concern as the method does not induce bias when system migration

is not present. This method is applied to simulated AI/AN health care data to demonstrate

the potential impact of SM on covariates. The MA-Cox model adjusts coefficient estimates

for covariates that are related to SM while not changing the coefficient estimates for the

covariates that do not contribute to SM.

More work is needed to consider SM bias and the MA-Cox model when the proportional

hazards assumption is broken. Future work can involve developing a censoring-robust MA-

Cox model, similar to the work of Nuño and Gillen [61] in the nested case-control setting.

Also, estimating the probability of migrating out-of-system for each subject is vital to the

MA-Cox model’s imputation method, so improving the method of selecting the best subset

of covariates for predicting time-to-return-to-system may make this method more reliable.
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Chapter 4

Receiver Operating Characteristic

Curves for Time-Dependent

Recurrent Event Survival Data

4.1 Introduction

In many healthcare related studies, predicting the occurrence of some event is oftentimes of

interest. In the cross-sectional setting with a single event the receiver operating characteristic

(ROC) curves have been established as a powerful tool for assessing a model’s predictive

ability [62]. ROC curves are a plot of the sensitivity against (1 - specificity) across a range of

values for some continuous risk score [62]. The area under the ROC curve (AUC) is a common

summary metric for the predictive ability of a marker marginalized over all possible values

of the risk score. The AUC can be understood as an estimate of the probability that the

risk score for a randomly sampled case is higher than the risk score for a randomly sampled

control [62]. These traditional metrics for ROC curves and the AUC are not appropriate
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when disease status can change over time, as in the case of survival analysis [32]. Heagerty

et al. (2000) [30] proposed a method for constructing ROC curves and the calculation of the

AUC when disease status is time-dependent. Heagerty and Zheng (2005) [31] and Chambless

and Diao (2006) [32] further proposed methods for estimating sensitivity and specificity using

risk scores derived from the linear predictors of a Cox proportional hazards (PH) model.

To our knowledge, no one has considered time-dependent ROC curves in the setting of

recurrent event survival analysis. Recurrent event survival analysis occurs when subjects

may experience the event of interest multiple times. In these settings, it may be of interest

to consider what factors predict the occurrence of a next event. For example, the National

Alzheimer’s Coordinating Center’s (NACC) Uniform Data Set (UDS) is a collection of data

on study participants enrolled at Alzheimer’s Disease Research Centers (ADRCs). The data

is collected longitudinally to study the onset and progression of Alzheimer’s disease and

related dementias (ADRD) [63]. When conducting longitudinal studies, it is imperative to

retain patients for the duration of the study. Attrition of research participants can lead to

lower power, reduced generalizability, and biased results [64]. Previous research has suggested

that American Indian and Alaska Native (AI/AN) research participants in the NACC UDS

were less likely to be retained than non-Hispanic White (NHW) participants [65]. A natural

next question is to explore what factors predict retention in AI/AN research participants

to identify potential areas of intervention for increasing retention. Current time-dependent

sensitivity, specificity, and AUC estimators will weight each event the same. This will result

in estimates that generalize to individuals with more events. Essentially, participants with

more events have contribute more information due to having more follow-up visits. Here we

propose a method estimating time-dependent sensitivity, specificity, and AUC when subjects

can have more than one event.

In this chapter, we start with a background of some of the methods mentioned in Chapter

2. We then develop a method for calculating sensitivity, specificity, and AUC in the recur-
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rent event setting. We provide simulations to illustrate the performance of the estimator

compared to the Chambless and Diao (2006) [32] estimator. We then provide an application

of the method to the NACC UDS for identifying predictors of retention for AI/AN study

participants.

4.2 Background

Heagerty et al. (2000) [30] proposed time-dependent ROC curves to estimate sensitivity,

specificity, and AUC at some meaningful (i.e. clinically relevant) time. Estimating these

quantities in a time-dependent setting requires specification of which subjects are controls

and which are cases at each time t. Heagerty et al. [31] specify that controls can be either

static or dynamic. Static controls means that everyone who is disease-free until some time t∗

is considered a control. This means static specificity, SpecD̄(c, t
∗) = Pr(Mi ≤ c | Ti > t∗), is

defined as the probability that a subject’s risk score, Mi, is smaller than some threshold, c,

given that their event time, Ti, is greater than some fixed time t∗, where t∗ is usually taken

be some time equal to or greater than the time of interest in the study and where D̄ is used to

denote “static.” Likewise, the dynamic control specification allows subjects to contribute as

controls up until their event time. Dynamic specificity is similarly defined as SpecD(c, t) =

Pr(Mi ≤ c | Ti > t). Additionally, Heagerty et al. [31] similarly note that cases can be

incident or cumulative. Incident cases means that cases are only the subjects who experience

the event at time t. This gives rise to incident sensitivity, SensI(t, c) = P (Mi > c | Ti = t).

Moreover, cumulative cases are defined such that cases at each time t consist of all subjects

who experience the event up until (and including) time t. Thus, cumulative sensitivity is

SensC(t, c) = Pr(Mi > c | 0 < Ti ≤ t). From these definitions, time-dependent estimators

of sensitivity, specificity, and AUC can be situated into the following categories: cumulative

sensitivity and dynamic specificity (C/D), incident sensitivity and static specificity (I/D̄),
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or incident sensitivity and dynamic specificity (I/D) [31]. In the recurrent event setting,

the C/D estimator of Chambless and Diao (2006) [32] is the most natural because it allows

participants to contribute to the specificity as controls, and allows participants to contribute

multiple times to the sensitivity as they accumulate more events.

Chambless and Diao [32] developed sensitivity and specificity estimators in the C/D frame-

work, where the linear predictors from a Cox model serve as the risk score. That is, let

M = Zβ̂, where Z are covariates and β̂ are estimated regression parameters. This frame-

work classifies every subject as either a case or a control for every fixed time t, so that

subjects contribute to the estimation of the specificity prior to their event time and con-

tribute to the estimation of the sensitivity at all points after their event time. Chambless

and Diao [32] denote SensCD(t, c) = E(1−S(t|M))I(c<M)
E(1−S(t|Z)) and SpecCD(t, c) = E(S(t|M)I(c>M))

E(S(t|M))
,

where E(·) is the expectation, M = Zβ are the linear predictors from a Cox model, and

S(t |M) is the survival function. These quantities can be estimated by:

ŜensCD(t, c) =
1
n

∑n
i=1[(1− Ŝ(t |Mi)I(Mi > c)]
1
n

∑n
i=1[1− Ŝ(t |Mi)]

and

ŜpecCD(t, c) =
1
n

∑n
i=1[Ŝ(t |Mi)I(Mi < c)]
1
n

∑n
i=1 Ŝ(t |Mi)

where Ŝ(t | M) is the estimated survival function from a Cox model which is estimated

via Ŝ(t |M) = exp
{
−Λ̂0(t)exp(Zβ̂)

}
, where Λ̂0(t) is the Breslow estimator for the baseline

hazard [33] and β̂ is estimated via the Cox model. Further, they provide an estimator for the

area under the ROC curve created by the above estimators for sensitivity and (1 - specificity)

across all potential thresholds c. Let Mi and Mj be independent observations of the marker,

M , then

AUCCD(t) =
E[(1− S(t |Mi))S(t |Mj)I(Mj < Mi)]

E[1− S(t |M)]E[S(t |M)]
.

This AUC can be estimated by replacing M with linear predictors from a Cox model and
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taking a mean over the distinct (Mi,Mj) pairs:

ÂUCCD(t) =
1
n2

∑n
i=1

∑n
j=1[(1− Ŝ(t |Mi))Ŝ(t |Mj)I(Mj < Mi)]

1
n

∑n
i=1[1− Ŝ(t |Mi)]

1
n

∑n
i=1 Ŝ(t |Mi)

,

where Ŝ(·) is estimated the same way as above. More information can be found in [32].

4.3 Methods

As previously noted, the Chambless and Diao [32] estimator will give equal weight to each

event in the recurrent event setting. This means individuals with more events will have

more weight in ŜensCD(t, c) and ŜpecCD(t, c). We consider reweighting these quantities by a

subject’s number of events. That is, sensitivity and specificity in the setting of right-censored

recurrent event data can be estimated with:

ŜensCD(t, c) =
1
n

∑n
i=1

1
Ki

∑Ki

k=1[(1− Ŝ(t |Mik)I(Mik > c)]

1
n

∑n
i=1

1
Ki

∑Ki

k=1[1− Ŝ(t |Mik)]

and

ŜpecCD(t, c) =
1
n

∑n
i=1

1
Ki

∑Ki

k=1[Ŝ(t |Mik)I(Mik < c)]

1
n

∑n
i=1

1
Ki

∑Ki

k=1 Ŝ(t |Mik)
,

where Mik is the kth event for subject i and Ki is the total number of events for subject i.

Similarly, the AUC can be estimated via reweighting each individual’s contribution by their

number of events.

ÂUCCD(t) =
1
n2

∑n
i=1

∑n
j=1

1
Ki

∑Ki

k=1[(1− Ŝ(t |Mik))S̄(t |Mj)]

1
n

∑n
i=1

1
Ki

∑Ki

k=1[1− Ŝ(t |Mik)]
1
n

∑n
i=1

1
Ki

∑Ki

k=1 Ŝ(t |Mik)
,

where Mik is the linear predictor for the kth event for subject i, Mj = M1, . . . ,MKj
is

a vector of subject j’s linear predictors at each of their observations, and S̄(t | Mj) =
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∑Kj

k′=1
Ŝ(t|Mjk′ )I(Mjk′<Mik)∑Kj

k′=1
I(Mjk′<Mik)

. Note that S̄(t |Mj) is an average over only the cases where subject

j’s linear predictors are smaller than than subject i’s linear predictors in the setting where

covariate values change with events. In practice, the way to implement this is through

reweighting a subject’s contribution to the score of the Cox model by their number of events.

In some programs, this may require reweighting the subject’s contribution to the baseline

hazard as well.

4.4 Simulation Studies

We investigate the performance of the proposed estimator compared to the Chambless and

Diao [32] estimator. We perform 1000 simulations of 1000 subjects coming from two sub-

populations, subpopi ∼ Bernoulli(p), where p ∈ {0.5, 0.6, 0.7, 0.8} and where subpopi = 1

indicates belonging to subpopulation B. We consider the setting of predicting event status

based on a single predictor of interest, Xi ∼ Normal(0.5, (0.2)2). We simulate event times, ti

from an exponential distribution with rate λi = λ0 exp{β1xi + β2subpopi + β3subpopi ∗ xi},

where we fixed λ0 = 0.5, β1 = log(1.3), and β3 = 1.5. We use β2 to determine the ratio of the

median number of events between the two subpopulations. Comparing subpopulation B:A,

we fix the ratio of events as 1:1, 2:1, 3:1, and 5:1 by setting β2 ∈ {−0.7,−0.15, 0.3, 055},

respectively. We consider the four prediction times 1, 3, 5, and 8 to be of interest. The

maximum follow-up time is τ = 10 with uniform censoring such that Ci ∼ Uniform(2, 10).

To simulate recurrent events, we draw Ki times for subject i from the exponential distribu-

tion above such that
∑Ki−1

j=1 tj ≤ Ci <
∑Ki

j=1 tj. Thus, the observed times for subject i are

t⃗i = (t1, t2, . . . , tKi−1, Ci).

Figures 4.1 and 4.2 depict the estimated AUCs from the simulated data for the CD estimator

and the proposed estimator, respectively. The figures consist of four plots representing

balances in the proportions subjects from subpopulations A and B. Within each of the plots
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Figure 4.1: AUC estimates from the Chambless and Diao estimator for the simulated data
with unbalanced number of subjects between subpopulations and with differing rates of
events between the subpopulations.
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Figure 4.2: Estimated AUCs from the proposed estimator for the simulated data with unbal-
anced number of subjects between subpopulations and with differing rates of events between
the subpopulations.

are boxplots of the AUCs for various ratios of events for the subpopulations at the times of

interest.

As stated before, the CD estimator weights each event the same, so that the AUC estimates

are biased toward the subpopulation with more events. We observe this trend in the increas-

ing of the AUC estimates within a given year for each of the plots in Figure 4.1. Conversely,

the proposed method estimates approximately the same AUC within years when the subpop-

ulations are relatively balanced (50/50 and 40/60 for A to B, respectively). The proposed

estimator also estimates approximately the same AUC in the early years of the unbalanced

subpopulation settings (70% and 80% of participants from subpopulation B). In the later

years, however, the proposed method exhibits a similar increasing trend in the AUCs as we

observe for the the CD estimator. This occurs because there are no subjects from subpop-
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ulation A in the risk sets at those later times. With no subjects from subpopulation A in

the risk sets, there is no way to reweight the contributions from subjects in subpopulation

B back to even with subpopulation A.

4.5 Application

We apply the proposed method to identifying predictors potentially associated with retention

of American Indian and Alaska Native (AI/AN) participants in the NACC UDS. The NACC

UDS is a collection of longitudinal data from research participants at National Institute on

Aging-funded Alzheimer’s Disease Research Centers (ADRCs). Each ADRC has their own

protocol for the recruitment and retention of participants. The NACC UDS is primarily

a repository for data on subjects enrolled in Alzheimer’s and related dementia research.

A standardized set of questions and assessments are collected from each participant to be

submitted to NACC. It was previously reported that AI/AN participants in the NACC data

were retained at lower rates than non-Hispanic White participants [65]. In this prediction

analysis, we consider data from 43 ADRCs collected between September 2005 and November

2021 to develop a model for predicting retention to the next follow-up visit for AI/AN

participants in the NACC UDS [66].

We follow the same protocol as Coniff et al. [65] to develop a data set with the potential

predictors: baseline diagnostic status (categorical: “Normal cognition”, “Impaired-not-Mild

Cognitive Impairment”, “Mild cognitive impairment”, and “Dementia”), baseline age (con-

tinuous), binary sex (categorical: male and female), education level (categorical: “Less

than high school”, “High school diploma”, “Some college”, “4-year degree”, and “Greater

than 4-year degree”), smoking status (categorical: “Never smoked”, “Previously smoked”,

and “Currently smokes”), independence (categorical: “Able to live independent”, “Requires

assistance with complex tasks”, “Requires assistance with basic activities”, “Completely de-
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pendent”), marital status (categorical: “Married/partnered”, “Previously married”, “Never

married”), co-participant sex (categorical: “Male”, “Female”), body mass index (contin-

uous), categorical body mass index (categorical: “Normal”, “Overweight”, “Obese”), and

Hispanic ethnicity (categorical: “Yes”, “No”). Details of data cleaning can be found in [65].

We consider retention as having a next visit, regardless of the amount of time between visits.

Participants are censored at the minimum date of 1) end of follow-up (November 21, 2021),

2) 180 days after their last observed visit, 3) death, or 4) study discontinuation.

The analysis data set consists of 197 AI/AN participants from 24 ADRCs who attended

between 0 and 11 follow-up visits. The median number of follow-up visits was one, with 84%

of participants completing three or fewer follow-up visits. The average time between visits

was 14.5 months. Information on covariate distributions can be found in Table 4.1.

We compare the models that maximize AUC for predicting retention to the next visit between

the proposed method (Mprop) with weights set as each individual’s number of visits to the

CD method (MCD), which gives equal weight to each event, regardless of the number of

visits for a given individual. The recurrent event Cox model for MProp follows the Andersen

and Gill (1982) [49] specification. Since the specification from [49] does not work with the

Chambless and Diao [32] estimator, we specify a Cox model that predicts the gap time

between events, similar to the gap time model proposed by Prentice et al. (1981) [67] except

that we do not stratify by event number in this example. We estimate the AUCs at 1,500

days post-enrollment. The model scope consists 2,047 models with only first order covariates

and no interactions. The data set also does not include any comorbidities, which may impact

retention.

Table 4.2 depicts the selected models for each method. The two methods identify the same

eight covariates as predictive of retention. MProp identifies two additional covariates that

MCD does not: 1) continuous BMI and 2) Hispanic ethnicity. We note that these two

predictors are likely not indictive of retention, but rather are likely proxies for comorbididies
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Covariate AI/AN (n = 197)
Age 69 (10.8)
Sex:
Female 125 (63%)
Male 72 (37%)

Co-participant Sex:
Female 141 (72%)
Male 56 (28%)

Hispanic Ethnicity:
Yes 30 (15%)
No 167 (85%)

Cognitive Status:
Normal 76 (39%)
Impaired not-MCI 8 (4%)
MCI 37 (19%)
Dementia 76 (39%)

Independence Level:
Completely Independent 123 (62%)
Slightly Dependent 53 (27%)
Dependent 21 (11%)

Education Level:
< High School 43 (21%)
High School Diploma 75 (38%)
Some College 38 (19%)
4-year Degree 19 (10%)
More than 4-year Degree 22 (11%)

Marital Status:
Married 114 (58%)
Previously Married 75 (38%)
Never Married 8 (4%)

Smoking Status:
Never 87 (44%)
Previous 88 (45%)
Current 22 (11%)

BMI (continuous) 30.3 (6.9)
Normal 48 (24%)
Overweight 65 (33%)
Obese 84 (42%)

Table 4.1: Descriptive statistics on the 193 American Indian and Alaska Native participants
in the NACC UDS who are contribute to the development of the prediction models. Contin-
uous covariates display the mean (standard deviation). Categorical covariates display count
(percent). AI/AN stands for American Indian and Alaska Native. BMI stands for Body
Mass Index. MCI stands for Mild Cognitive Impairment.
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Proposed Method (MProp) CD Method (MCD)
Diagnostic status Diagnostic status
Baseline Age Baseline Age
Independence Independence
Sex Sex
Education Education
Marital Status Marital Status
Co-participant Sex Co-participant Sex
Smoking status Smoking status
BMI
Hispanic Ethnicity

Table 4.2: The covariates selected as most predictive of retention for AI/AN research par-
ticipants in the NACC UDS as determined by maximizing AUC. The proposed method uses
the Andersen and Gill (1982) [49] specification of the Cox model for recurrent events. The
CD method uses the Prentice et al. [67] gap time model without stratification for the Cox
model for recurrent event.

Selected Model
MProp MCD

AUC from MProp 0.6457 0.6439
AUC from MCD 0.8040 0.8047

Table 4.3: The AUC estimates for each model. The diagonal elements represent the AUCs
from the models in Table 4.2. The top-right off-diagonal is the AUC estimates from the
proposed method for the model in column 2 of Table 4.2. The bottom-left off-diagonal is
the AUC estimates from the CD method for the model in column 1 of Table 4.2.

that were not included in the model space. We also note that the AUC estimates for MProp

are generally lower than for theMCD. Table 4.3 shows the AUC estimates from each method

for each of the selected models. Similar to what the simulations show, the Chambless and

Diao estimator has higher AUCs than the proposed method. The higher AUC estimates

indicate that the MCD will generalize better to the participants with more events. The

MProp model, however, suggests that the predictive ability of these models is lower when the

goal is to predict retention for all participants.

The MProp method estimates lower AUCs across almost all 2,047 models compared to the

MCD method. Figure 4.3 shows the AUC estimates for both methods across the entire model

space. The AUC estimates for MProp are higher for the models with fewer covariates, but
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Figure 4.3: Shows the AUC estimates for each of the 2,047 models in the model space. The
red crosses are AUC estimates fromMProp. The blue triangles are AUC estimates fromMCD.
Note that MProp estimates lower AUCs in most settings, especially outside of the first few
models, which were the models with the fewest covariates.

as the model complexity increases, the MCD method estimates consistently higher AUCs

than does MProp. The AUCs are lower for the MProp because the selected covariates predict

retention to the next visit for people with more visits. In Figure 4.3, some of the simplest

models have higher AUC estimates from theMProp method because the factors better predict

retention for participants with fewer return visits.
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4.6 Discussion

In this chapter, we develop an estimator for time-dependent sensitivity, specificity, and area

under the ROC curve in the recurrent event setting. Previous methods of estimating time-

dependent sensitivity, specificity, and AUC applied to the recurrent event setting gives equal

weight to every event, both within and across individuals. This results in AUC estimates

that depend on the ratio of events across subpopulations as well as the balance among the

subpopulations within the sample. To account for this dependence, we propose reweighting

each subjects contribution to the Chambless and Diao [32] estimators by their number of

events. We demonstrate through simulation how this adjustment results in estimating similar

AUCs for settings with relative balance between the subpopulations across varying ratios of

events between subjects in the subpopulations. We also show how this estimator may be

broken when the subpopulations are severely unbalanced in the distribution of subjects

between subpopulation and in the ratio of events.

We apply the method to an analysis of the retention of American Indian and Alaska Native

research participants in the National Alzhiemer’s Coordinating Center Uniform Data Set.

Our results show that the CD estimator of AUC and the proposed estimator of AUC can

identify different models as the being the most predictive of retention to next visit. Further,

the AUC estimates may be different, resulting in different levels of confidence in the predictive

ability of the model. This occurs because the CD estimator will generalize to subpopulations

who have more events, whereas the proposed estimator will generalize to a broad population.

Based on this, the CD estimator is appropriate to use in the recurrent event setting when

the goal is to predict more events, regardless of whether the events are cluster-based or

not. For example, consider the setting where the cost of treating each event is the same,

regardless of whether it is an individual’s fifth event or their first event. It is appropriate to

use the CD estimator for predicting the next event because each event has the same cost.

Weighting each event the same and understanding factors that lead to future events can
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help reduce costs. The CD estimator will also likely have better precision in its estimates

because it treats each event as independent. The proposed estimator is appropriate to use

when the goal is to generalize to a broader population than the subpopulation with the most

events. For example, in longitudinal research studies it is imperative to retain participants

for the duration of the study to avoid potential loss of power, reduced generalizability, and

biased results [64]. The proposed method can identify covariates that predict retention to

the next visit for all participants, which provides options for intervention. We further note

that the simulation settings and application show lower AUC estimates for the proposed

method compared to the CD method. This is because the predictors in both settings are

predictive of more events. The proposed method can estimate higher AUCs if the predictors

are indicative of a fewer number of events.

The simulation results show that the proposed estimator does not fully account for differences

in the rates of events between two subpopulations when the subpopulations are severely

different. When 80% of patients are from the subpopulation that experiences more events, we

observe AUC estimates that depend on the number of events per subject. This occurs because

there are no subjects from subpopulation A remaining in the risk set at the later times, thus

the reweighting scheme fails to balance the contributions between the subpopulations. This

can likely be accounted for by additionally reweighting a subject’s contribution to the AUC

by the probability of being censored. Another limitation is that the simulations only allow

for reweighting by the number of visits for each subject. In some settings, the events may

be correlated, and it may be of interest to reweight an individual’s contribution to the

AUC by some quantity between the CD estimator and the proposed estimator. This can be

accomplished by allowing a more generalized weighting scheme.

The proposed method can be used to develop a prediction model for recurrent event survival

data. This can include developing a risk score for future events, or for attempting to predict

the time until a next event. We demonstrate one potential application in retention analyses
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for longitudinal studies.

Future work on this topic to be included in the related manuscript include deriving an analyt-

ical variance, developing a bootstrap estimator of the variance, and allowing for reweighting

by different quantities. Other future work includes extending the censoring robust time-

dependent AUC estimator developed by Nuño and Gillen (2021) [68].
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Chapter 5

An Investigation of the Choice of

Time Scale under Misspecification of

Time

5.1 Introduction

Survival analysis models consider the time until an event occurs. The time component

defines the ordering of event times as well as the risk sets at each event time [34]. Time is

measured from some origin, called the time origin, which is the point at which subjects are

initially considered at-risk for the event. The time origin defines how time is measured in

the model, which is called the time scale. In practice, there are two common time scales:

age and time-on-study [19]. In the age time scale, the time origin is birth and the study

measures the risk of experiencing the event at a particular age. No covariate adjustment for

age is included when fitting a model under this time scale [35]. In the time-on-study time

scale, the time origin is the first visit, or examination, or study enrollment. This time scale
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measures the risk of experiencing the event from the time observation begins. When fitting

a model with this time scale, baseline age or age-at-entry to the study should be included

as an adjustment covariate [34, 35].

The choice of time scale and time origin can be straightforward in some settings. For

example, when running a clinical trial to test the effectiveness of a new drug, it makes sense

to measure time from the date of randomization [35]. That date is when participants are

given the treatment (be it placebo or the experimental drug), and thus is the earliest possible

time for an effect to start taking place. In some settings, the time origin is less clear. For

example, in epidemiological cohort studies, we are interested in learning about risk factors

related to some condition. For a condition like dementia, a time origin related to study start

is less meaningful because the study start date is not related to dementia risk. Dementia

risk is more related to age, which makes the age time scale a more natural choice. However,

the risk of dementia does not really start at birth. In the general population, the risk of

dementia is effectively 0 at birth, and remains that way for many years [69]. While dementia

symptoms may begin in some populations as early as the late-teens or early twenties, this

is not the case for most people [70]. In reality, the risk for dementia onset in the general

population does not begin until sometime in the 40s, or 50s [69].

Several criterion have been considered previously to help with the choice of time scale. Korn

et al. (1997) [36] wrote the first major paper considering the appropriateness of the time-on-

study time scale for epidemiological studies. They note that most time-to-event analyses used

time-on-study as the time scale and adjusted for baseline age as a covariate. They generally

recommend using a Cox model stratified on birth cohort with age as the time scale (and

thus no covariate adjustment for baseline age). Their reasoning is largely heuristic in that

age is a more appropriate setting for considering the time-to-onset of conditions that do not

have a clear exposure date. They further consider two conditions for when incorrectly using

the time-on-study time scale would be equivalent (heuristically) to the correct model using
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age as the time scale. First, when the baseline hazard takes an (approximately) exponential

form, they argue that the models are mathematically equivalent and thus should result in

similar coefficient estimates. Second, they argue state that the coefficient estimates should be

the same when the covariate-of-interest and the age-at-entry to the study are independent.

These conditions have been assessed by others through simulation [34, 35, 37, 38]. The

results have been mixed. For the second condition, Thiebaut and Benichou (2004) [35] and

Chalise et al (2016) [71] report that independence is not a sufficient condition for equivalence

of the coefficient estimates. In contrast, Pencina et al. (2007) [37] suggests that the second

condition does hold in simulation. Chalise et al. (2012) [34] further consider the conditions

from the standpoint of estimating procedures for the Cox model. They note that models

using the age time scale will not include an age covariate in the partial likelihood, thus

meaning that the distribution of age will not influence the estimated hazard ratios as it will

in the time-on-study model. They conclude that the results from the two time scales will only

be the same when the age-at-entry drops out of the partial likelihood in the time-on-study

model. This happens when all subjects enter the study at the same age, because the event

times and risk sets across models will be the same at all times t. On the other hand, if the

variation in age-at-entry is non-zero, then the risk sets will likely be different, meaning the

two models will be comparing cases to a different set of controls. This will result in different

estimates of the coefficients.

We further note that under condition 2, baseline age is either a precision variable or a

nuisance variable. We define a precision variable as a variable associated with the outcome-

of-interest and uncorrelated with the predictor of interest. We note that precision variables

should be adjusted for in the model because they reduce the variance of the estimated coef-

ficients for the parameter of interest while not impacting that estimate. In the Cox model

adjustment for precision variables will generally result in different coefficient estimates than

when marginalizing over the precision variables. This is because the Cox model is gener-

ally non-collapsible [72, 73]. Further, if age-at-entry is a precision variables then the model
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using the age time scale is misspecified. Model misspecification in the Cox model results

in estimating equations that are consistent for a quantity that depends on the censoring

distribution [74]. With one model misspecified and the other correctly specified, the models

will likely estimate different coefficient values. We define a nuisance variable as a variable

unrelated to both the outcome-of-interest and the covariate-of-interest. Adjustment for nui-

sance variables should not bias the coefficient estimates for the covariate-of-interest because

the estimated log hazard ratio for all subpopulations of the nuisance variable should be zero.

In the present chapter, we consider the choice of time scale in epidemiological studies where

the outcome-of-interest is the time of dementia diagnosis. A common model for covariate

adjustment in time-to-dementia diagnosis studies is the Cox Proportional Hazard model

(Cox model) [18]. In general, the Cox model uses the time scale to order the events and

determine risk sets at each event time [34]. The time of the events is not accounted for in

the estimation of coefficients. Time-origins should be carefully considered in the design and

analysis of time-to-event studies because they directly impact the results of analyses through

defining the risk-sets [34, 35].

The choice of time scale for the Cox model has previously been assessed in simulation studies

comparing three common specifications of the Cox model: the the age model, the left trun-

cated age model, and time-on-study model. Let a0j be the baseline age for subject j, let tj be

the observed time of dementia diagnosis or censoring for subject j, let aj be the observed age

of dementia diagnosis or censoring for subject j, and let xj be the one-dimensional covariate

value for subject j. Consider the following models:

M1) age model

λAj (a | xj) = λA0 (aj)e
βxj ,
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M2) left truncation age model

λAj (a | xj, a0j) = λA0 (aj | a0j)eβxj ,

M3) time-on-study model

λTj (t | xj, a0j) = λT0 (t)e
βxj+γa0j .

Thiebaut and Benichou (2004) [35] consider simulation studies of the performance of M1

and M3 under the setting where the true time scale follows age from birth. They assess

1) Korn’s second condition, and 2) the amount of bias for different degrees of association

between covariates and baseline age when the time-on-study time scale is incorrectly used.

Their results show some bias, but only for large effect sizes (i.e. β ∈ {ln(5), ln(10), ln(50)}).

Further, the report results from their simulations depict bias in the third decimal place for a

log-hazard ratio of ln(5). They conclude that the age time scale should be chosen in general

for epidemiological studies using the Cox model to study time-to-event outcomes.

In contradiction to Thiebaut and Benichou (2004) [35], Chalise et al. (2016) [71] consider

the performance of all three models above in the settings of Korn’s conditions. Further,

Chalise et al. (2012) [34] and (2013) [38] consider the robustness of M1, M2, and M3 in

the presence of time scale misspecification, and the predictive abilities of the models. The

three Chalise papers consider the performance of the models under each time scale. In [34],

they show that M3 out-performs M1 and M2 when time-on-study is the correct time scale.

Further, when age is the correct time scale, they show that M3 performs about the same as

M1 and M2. They conclude that the time-on-study model is more robust to use when the

time scale is unknown or unclear. In [38], they study the bias of M1, M2, and M3, as well

as their predictive ability (measured by concordance index) under each time scale. They

conclude similarly to [34] on the bias aspect. For predictive ability, they observe that M3

outperforms M1 and M2 regardless of the true time scale. They again conclude that M3 is
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a more robust model to misspecification of the time scale and that M3 is the better model

in settings where prediction of the outcome is of interest.

In this chapter, we note that these papers only consider the time-scale settings of time-on-

study or age. However, in many late-life conditions, the risk of disease is likely not continuous

and proportional from birth to old age. For example, in the setting of dementia, the risk of

developing dementia is small for the first few decades for most subpopulations of people. The

risk of dementia is generally negligible for the first several decades of life. We hypothesize

that the true time scale for dementia lies somewhere between age and time-on-study. Under

this framework, the true time origin for the time of dementia onset begins at some unknown

age, T0 > 0. In this chapter, we assess the performance of the three models presented above.

Our simulations consider four cases with a single, binary predictor of interest. We consider

the performance of each time scale when the predictor of interest is uncorrelated with age-at-

entry and correlated with age-at-entry. For the age time scale, we simulate dementia onset

to follow an age time scale, where risk of dementia onset is nearly 0 until age 50 and grew

log-linearly in time after age 50. For the time-on-study time scale, we simulate dementia

onset to grow log-linearly after some age T0.

In Section 5.2, we provide a detailed description of the simulation settings and the results of

the simulations. We end with a discussion of the results in section 5.3.

5.2 Simulation Studies

We run 10,000 simulations for 10,000 subjects under both age and time-on-study related

time scales. Since our time scale assumes there is some age where risk for the disease starts,

we set T0 as the age at which risk starts to grow. In the age time scale, we let risk grow

slowly from birth to T0 by simulating from an Exponential distribution. After T0 we simulate
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event times from a Weibull distribution. For the time-on-study time scale, we let risk start

at T0. Under each of these time scales, we consider the setting where 1) time-invariant age

or age-at-entry is independent with a binary predictor of interest and 2) time-invariant age

or age-at-entry is associated with a binary predictor of interest.

In all four simulations, we simulate entry age, a0, from a Normal(50, 5). We set T0 = 50.

We set the coefficient for the covariate of interest, X, as βx = ln(1.5) and the coefficient for

baseline age (where appropriate) as βa0 = ln(1.3). We simulate event times from a Weibull

distribution parameterized as f(x) = γ
κ

(
x
κ

)γ−1
exp{−

(
x
κ

)γ}, with shape parameter of γ = 4

and scale parameter κ = λ−1/γ, where λ is the hazard defined for each time scale. For all

simulations, we denote the observed age of the event or censoring as a = min(aE, aC), where

aE is the age of the event and aC is the age of censoring. Similarly, we denote the observed

time of the event as tobs = min(aE − a0, aC − a0). The time-invariant covariate of interest,

X, we simulate from a Bernoulli(p), where p ≈ 0.5494. For X associated with age, a, we

simulate

X ∼



Bernoulli(0.3) a0 < 45

Bernoulli(0.5) 45 ≤ a0 < 50

Bernoulli(0.6) 50 ≤ a0 < 55

Bernoulli(0.75) a0 ≥ 55.

For the age time scale simulations, we simulate event times such that aE from the Weibull

distribution above with λ = λ0e
xβ, where λ0 = 0.000000015. If aE < 50, then we sim-

ulate aE from an exponential distribution parameterized as f(x) = ψe−ψx, where ψ =

0.0096exβx . We simulate the censoring times for approximately 20% event rate such that

C ∼ Uniform(10, 16). Note that under these settings, aC = C + a0, a = min(aE, aC), and

tobs = a− a0. For any cases where aE < a0, we remove those subjects as would occur in an

epidemiological study with inclusion/exclusion criteria that requires subjects be disease-free
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upon screening.

For the time-on-study time scale simulations, we simulate the events such that for disease

starts at T0. TE is simulated from the Weibull distribution (parameterized above) with

λ = λ0e
xβx+(a0−T0)βa0 , where λ0 = 0.000001. Thus, aE = TE+T0 and tE = TE− (a0−T0). To

obtain approximately a 20% event rate, we simulate C ∼ Uniform(15, 25). Again, subjects

are removed if aE < a0. Otherwise, a = min(aE, a0 + C) and tobs = min(tE, C).

Table 5.1 depicts the mean coefficient estimates from 10,000 simulations for models M1, M2,

and M3 in the settings with time-invariant X. The top half of Table 5.1 shows the results

when X is uncorrelated with a0. Our results show little bias for all models regardless of the

correct time scale. All three models are unbiased when age is the correct time scale. When

time-on-study is the correct time scale, M3 has under 2% bias. Models M1 and M2 are both

models about 5% biased, which is a deviation of about 0.02 in raw difference from the true

coefficient value.

The bottom half of Table 5.1 shows the results when X is correlated with a0. Our results are

similar to Chalise et al (2012) [34], showing that M3 is more robust than M1 and M2. When

age is the correct time scale, models M2 and M3 estimate the truth, while M1 is biased by

about 4%, which is an unconcerning amount of bias. When time-on-study is the correct time

scale, M3 has less than 2% bias while both of the age time scale models, M1 and M2, have

17% bias. The bias in M1 and M2 is likely due to residual confounding because those models

do not adjust for a0 in the estimating procedure.

5.3 Discussion

In this chapter, we assess the performance of the Cox model when fit with three common time

scales in settings where those time scales are misspecified. Previous research by Thiebaut
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X uncorrelated with a0
Truth M1 M2 M3

Correct Age 0.4055 0.4049 (0.1%) 0.4047 (0.2%) 0.4051 (0.1%)
Time Scale TOS 0.4055 0.3834 (5.4%) 0.3834 (5.4%) 0.4133 (1.9%)

X correlated with a0
Truth M1 M2 M3

Correct Age 0.4055 0.3886 (4.1%) 0.4045 (0.2%) 0.4053 (< 0.1%)
Time Scale TOS 0.4055 0.4755 (17.3%) 0.4756 (17.3%) 0.4126 (1.7%)

Table 5.1: Simulation results from the simulation settings with time-invariant a predictor of
interest, X. We present the mean coefficient estimates and percent bias from M1, M2, and
M3 for each of the four simulation settings. M1 is the model that assumes age is the time
scale with no adjustment for age-at-entry to the study. M2 is the model that assumes age
is the time scale and conditioned on age-at-entry in the baseline hazard. M3 is the model
that assumes time-on-study is the correct time scale with linear covariate adjustment for
age-at-entry. TOS stands for time-on-study being the correct time scale.

and Benichou [35] assesses the performance of models M1 and M3 when the age time scale

is correct. They observe that M3 is biased, although we would contend that the bias is

minimal in the settings that are most realistic in practice. They also observe that M1, which

is correctly-specified in their simulations, provides unbiased estimates of the hazard ratios.

They conclude that M1 is the better model when the outcome is a lifetime disease. We

contest that their simulations assume age is the correct time scale, but we believe this is

rarely the case for late-life conditions. Dementia risk is extremely low for the first several

decades of life, but grows quickly after age 65. Thus, the age time scale is not quite correct

when studying dementia. We agree that the time-on-study time scale is rarely correct for

many late-life conditions where there is not a clear exposure time, however, we do not agree

that the age time scale is generally better in these settings.

Similar work by Chalise et al. (2012) [34] considers the robustness of models M1, M2, and

M3 when the wrong time scale is selected for modeling. They observe that M3 is more robust

to misspecification of the time scale. We consider the setting where the true time scale is

based on some age where disease risk starts to grow. Similar to [34], our results suggest

that M3 is more robust to this misspecification of the time scale. In the settings where
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disease-onset is possible over the full lifespan and the predictor of interest is time-invariant,

the age time scale models (M1 and M2) estimate approximately the true value. However,

when the risk for disease-onset is zero until some age, T0, models M1 and M2 are about 17%

biased in their estimates of the the log-hazard ratios. Conversely, the time-on-study model,

M3, is fairly unbiased in all settings.

The choice of time scale is a fundamental aspect of time-to-event analyses. Our results

suggest that the time-on-study model with covariate adjustment for age-at-entry is the more

robust model when the exact time scale is unknown. This may be most useful in time-to-

event analyses using electronic health records data, where the outcome is the onset of some

lifetime disease. Our results support previous work by Chalise et al [34, 38] that the time-

on-study model may provide more robust estimates of hazard ratios when the time scale is

misspecified. This is likely due to the partial likelihood in the time-on-study model adjusting

for the distribution of covariates conditioned on age via the age-at-entry covariate. Since the

age time scale models do not include an age covariate in the model, age only contributes to

ordering the events, but its distribution is not accounted for the partial likelihood.

In this analysis, we only considered a single, binary covariate of interest. It is possible that

more complex patterns of relationships between multiple variables may change these results.

It is further possible that time-varying covariates may also yield different results. These are

areas of future work.
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Chapter 6

Conclusion

This dissertation investigates the importance of careful consideration of both the implicit

and explicit assumptions made in time-to-event analyses with electronic health records data.

Patients of EHR data sets may have multiple options for seeking healthcare. The system

migration that occurs when patients seek care from other providers can result in biased

estimates of hazard ratios for the Cox model. We propose a multiple imputation method to

estimate the probability of system migration among subjects and to adjust for the delayed

diagnosis times that occur when patients migrate out of system. This method relies heavily

on the ability of a prediction model to both identify system migration and to impute diagnosis

times for patients identified as migrating out-of-system. To improve the prediction method,

we develop a time-dependent receiver operating characteristic curve in the recurrent event

survival setting. We observe that estimates of area under the curve depend on the number

of events between subpopulations. To adjust for imbalance in the number of events within a

subject between subpopulations, we propose a method for estimating the AUC that equally

weights each subject’s contribution to the AUC by dividing by their number of events. The

methods from Chapters 3 and 4 account for potential bias when estimating associations

between risk factors and the time-of-diagnosis. A fundamental aspect of survival analysis is
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the choice of time scale. Current literature on time scale selection, however, is inconclusive at

best and oftentimes contradictory. We assess the robustness of common time scale modeling

strategies for the Cox model under time scale misspecification. We observe that the time-

on-study model is more robust than the age models when the time scale is neither exactly

age nor time-on-study. In this final chapter, we provide some areas of future work to further

develop these methods.

6.1 Future Work

Our development of the MA-Cox model assumes that subjects would be diagnosed with the

condition of interest upon return to the system for which we have observed data. This may

not be realistic in practice. Patients may be diagnosed in another system several visits before

they receive a diagnosis in the system-at-hand. Further, even if subjects who do migrate out

of system are not diagnosed at other facilities, if there are fundamental differences between

subjects who migrate out of system and subjects who do not, the risk sets for the Cox model

may not be accurate. Since the Cox model compares the covariate structure for the subject

who has an event at time t to all the subjects in the risk set at time t, it is imperative to have

accurate risk sets. Patients who are migrating out of system at time t may not be in the risk

set at that time, thus they should not be part of the comparison. This may result in model

misspecification, which Struthers and Kalbfleisch (1986) [75] show results in an estimating

equation that is consistent for a quantity that depends on the censoring distribution. It has

further been shown by Xu and O’Quigley (2000) [74], Boyd et al (2012) [76], and Nuño and

Gillen (2021) [61] that reweighting the estimating equation by the censoring distributions can

remove that dependence and result in robust estimates of the hazard ratios. We hypothesize

that the estimating equation for the Cox model may depend on knowing who is migrating

out of system. Our proposed solution is to reweight the estimating equation by the inverse

94



probability of an individual migrating out of system. We hypothesize this will allow for

robust estimation of the hazard ratios in this setting.

The proposed time-dependent AUC estimator for recurrent events could use future develop-

ment. An analytical variance estimator and bootstrap variance estimator will be required to

perform hypothesis tests comparing the difference between the predictive ability of two mod-

els. The method also weights each event within an individual the same. In some settings, it

may be reasonable to reweight events in different manners, for example giving more weight

to earlier or later events. Or perhaps a weighting structure that considers the autocorrela-

tion of events within a subject. Further, Nuño and Gillen [68] proposed a censoring robust

estimator of the AUC for single-event right-censored data. They show that the estimated

AUCs depend on the censoring distribution when the model that developed the risk score

was misspecified. It may be valuable to extend that estimator to the recurrent event setting.
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Appendix A

Retention of American Indian and

Alaska Native Participants in the

National Alzheimer’s Coordinating

Center Uniform Data Set

A.1 Abstract

INTRODUCTION: The number of American Indian and Alaska Native (AI/AN) Elders is

expected to double by 2060. Thus, it is imperative to retain AI/AN participants in longi-

tudinal research studies to identify novel risk factors and potential targets for intervention

for Alzheimer’s disease and related dementias in these communities. METHODS: The Na-

tional Alzheimer’s Coordinating Center houses uniformly collected longitudinal data from

the network of NIA-funded Alzheimer’s Disease Research Centers (ADRCs). We used logistic

regression to quantify participant retention at 43 ADRCs, comparing self-identified AI/AN
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participants to non-Hispanic White (NHW) participants, adjusting for potential confound-

ing factors including baseline diagnosis, age, sex, education, and smoking. RESULTS: The

odds of AI/AN participant retention at the first follow-up visit were significantly lower than

those for NHW participants (aOR : 0.599; 95% : 0.46 − 0.78; p < 0.001). DISCUSSION:

These results suggest the need for improved strategies to retain AI/AN participants, per-

haps including improved researcher-community relationships and community engagement

and education.

A.2 Acknowledgement of Data Sovereignty

Acknowledgement of Data Sovereignty As sovereign entities, tribal nations have the right to

govern the collection, storage, ownership, application, and dissemination of data collected

from members of their nation. Tribal nation members should therefore have input on inter-

pretation of data analyses that include American Indian and Alaska Native (AI/AN) partic-

ipants to ensure respect for individuals and/or their ancestors and that the research benefits

the nation. Data collection by Alzheimer’s Disease Research Centers (ADRCs) consists of

two parts: 1) center-specific collection protocols, and 2) standardized data collection to be

contributed to the National Alzheimer’s Coordinating Center (NACC) [77], and includes

questions about primary, secondary, and tertiary race and allows participants to self-identify

their race. There are no mandatory follow-up questions on tribal affiliation. Additionally,

there are no limitations to AI/AN data access, nor safeguards to ensure research conducted

using AI/AN data is of benefit to AI/AN communities. In the broadly available NACC

data, there are no pathways to ensure results involving AI/AN communities are interpreted

correctly and disseminated to the appropriate communities. While individual ADRCs may

be working with the local AI/AN communities, there is no oversight or guidance from NACC

or the National Institute on Aging to ensure and aid ADRCs in acknowledging the inherent
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right of data sovereignty for AI/AN communities. We acknowledge that the present research

in its current form is not directly aiding AI/AN communities. We withheld some sensitivity

analyses due to the risk of loss of confidentiality among nations and peoples who have not

had the opportunity to review or provide input on the current work. It is our hope that

ADRCs are aware of the priorities, wishes, and goals of AI/AN participants and are working

directly with the tribal nations to achieve their research goals. For more information, please

see: [78, 79, 80, 81].

A.3 Introduction

The U.S. Census Bureau estimates that the American Indian and Alaska Native (AI/AN)

population of adults aged 65 and over will nearly triple between 2016 to 2060.[82] Accord-

ingly, estimates from the Centers for Disease Control and Prevention (CDC), Alzheimer’s

Association, and academic investigators are that the incidence of ADRD will increase four-

to-five fold over the same time frame in this group [83, 84, 85]. AI/AN populations already

experience disparities in many health conditions [86], including having the second highest

dementia incidence rate among six racial and ethnic groups examined in one assessment of a

large healthcare system [87]. Despite this, AI/AN patients are rarely recruited into ADRD

research and are frequently grouped into an “Other” race/ethnicity category in research

analyses. More specifically, AI/AN populations are especially underrepresented in clinical

trials across the range of National Institutes of Health funded intervention studies [88].

Barriers to AI/AN representation in research are numerous. Access to academic medical

centers is limited by geography and sociopolitical constraints. Historical actions as well as

research abuses [4], have created a setting where the field of research and even the word “re-

search” are not viewed favorably in AI/AN communities [89]. Yet, little work has quantified

recruitment and retention of AI/AN research participants.
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To reduce the disproportionate burden of ADRD among AI/AN individuals, research must be

inclusive of AI/AN communities. A systematic review of 22 identified studies that either 1)

examined strategies for recruitment and retention of underrepresented populations in ADRD

research or 2) reported on underrepresented participants’ attitudes toward ADRD research,

found that none focused on or included AI/AN populations [90]. Enrollment is, however, only

one element of inclusive research. Kennedy et al, for example, analyzed 18 studies including

clinical trials and observational studies and found that non-Hispanic Black participants had

higher rates of attrition than did non-Hispanic White (NHW) participants [91]. Failing

to retain participants throughout the course of a study can lead to decreased precision,

questionable validity, and lack of generalizability of results [92, 93]. Disproportionate loss to

follow-up in specific groups may lead to low precision or biased results for those groups.

We assessed retention of AI/AN participants in ADRD research by comparing visitation

patterns across racial and ethnic groups in the National Alzheimer’s Coordinating Center

(NACC) Uniform Data Set (UDS). The NACC UDS consists of longitudinal data collected

at Alzheimer’s Disease Research Centers (ADRCs) across the US. Enrolled participants

are expected to have annual follow-up visits in which a battery of clinical and cognitive

assessments are used to arrive at a diagnostic status and to track performance over time.

A major goal is to identify patterns of and risk for disease progression, making it an ideal

data set for analyzing differences in participant retention. We hypothesized that, like other

minority racial and ethnic groups [91, 94], AI/AN patients would have lower odds of study

retention when compared to NHW participants.
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A.4 Methods

A.4.1 Study Population:

The NACC UDS consists of longitudinal demographic, clinical, neuropsychological, and di-

agnostic data on participants enrolled in National Institute on Aging (NIA)-funded ADRCs.

Each center recruits participants according to their own protocol. Recruitment methods

include clinical, family, and self-referrals, as well as community outreach and active re-

cruitment. Conversely, core information on cognition, demographics, and participant health

status is collected uniformly across all centers from participants and study partners directly

on UDS forms with standardized evaluation by trained clinicians and clinic personnel. En-

rolling with a study partner (e.g., spouse or adult child) is a requirement for participation

as they attend visits and complete informant-based assessments.

The current analysis utilized data from 43 ADRCs collected between September 2005 and

November 2021. Enrolled participants’ initial diagnostic status included normal cognition,

impaired but not mild cognitive impairment, mild cognitive impairment (MCI), and de-

mentia. Diagnoses were made by a single expert physician or a clinical team consensus,

depending on site-specific ADRC protocols. Annual follow-up appointments generally oc-

curred via in-person office visits. In response to the COVID-19 pandemic, additional options

such as telephone and zoom visits were used to collect participant data. As part of the UDS,

Milestone Forms [66] were collected to record participant dropout and death, as well as other

major life changes (e.g., moving to a nursing home).

We classified participants into racial and ethnic categories based upon self-reported informa-

tion and the National Institutes of Health (NIH) definitions. Specifically, the NIH defines

a person to be AI/AN if that is the only reported race. Selecting any race in addition

to AI/AN categorizes that individual as “multiple races.” To define our six race and eth-
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nic groups, we first assigned participants based on their reported race with the categories

AI/AN, Asian, Black, White, and Other/Multiple Races. We then distinguished Hispanic

from non-Hispanic individuals for the White race category to create our final groups: AI/AN,

Asian, Black, Hispanic White (HW), non-Hispanic White, and Other/Multiple Races. The

“Other/Multiple Race” group consisted of 35 “Native Hawaiian or Pacific Islander” partici-

pants, 762 “Unknown or Ambiguous” participants, 1392 “Multiracial” participants, and 128

White participants of “Unknown” Hispanic ethnicities.

Other covariates considered in our analysis were baseline diagnostic status, baseline age,

binary sex, years of education, and smoking status. Baseline diagnostic status included

“Normal cognition”, “Impaired-not-MCI”, “MCI”, and “Dementia.” Baseline age refers to

the age of a participant on their initial visit. Binary sex refers to the participant’s indication

of being either male or female (no other options were available). Education categories were

formed by discretizing “years of education” into: “Less than high school” for fewer than 12

years of education, “high school diploma/GED” for 12 years of education, “some college”

for 13-15 years of education, “4-year degree” for 16 years of education, and “greater than

4-year degree” for greater than 16 years of education. Smoking status (never, previous,

current) was created from participant self-reported answers to four questions: 1) at what

age did the participant quit smoking, 2) total number of years the participant smoked, 3)

has the participant smoked in the last 30 days, and 4) the average number of packs the

participant smoked per day. Participants were assigned smoking status in the order of

“never”, “previous”, “current”, and “unknown.” Participants were considered to have never

smoked if they answered as never smoking or answered all questions as “Not applicable.”

Participants were considered to have previously smoked if they had a quit age, or an unknown

quit age and did not smoke at the time, or an unknown quit age and a non-zero number

of years as a smoker. Participants were considered to currently smoke if they had smoked

within the last 30 days and had a non-zero number of packs smoked per day, or have an

unknown answer to questions 1, 2, and 4. The rest were considered “unknown.”
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A.4.2 Statistical Methods:

We assessed the retention of AI/AN participants in two ways: (1) the odds of retention at the

first scheduled UDS follow-up and (2) the odds of retention at the next scheduled UDS follow-

up visit having completed all previous follow-up visits, as defined per protocol. The first of

our two analyses sought to determine if the odds of retention among AI/AN participants

differed from that of NHW participants. We hypothesized that confounder-adjusted retention

among AI/AN participants would be lower than that of NHW participants.

Since the ADRCs encourage annual appointments, the NACC defines participant retention

as returning for a visit within 15 months of the previous visit’s date. Choosing a more

conservative window, we specified the retention vs. dropout cut-off as 18 months. Under this

definition in analysis (1), we considered a participant as retained if they attended a second

visit within 18 months of their baseline visit. A participant who failed to return or returned

for their first follow-up any time after month 18 was considered a dropout. In analysis (2), we

counted a participant as retained if they had completed all previous visits within 18 months

of the preceding visit. This definition means we considered a participant with a baseline

visit and five annual follow-up visits followed by a 19-month gap (or greater) before the

sixth follow-up visit to have been retained for five visits. Thus, there are some participants

that we considered a dropout per protocol, despite returning for further visits. In both

settings, we removed all participants that were not expected to return (e.g., participants

enrolled as initial visit only) from the analysis sample. Further, in analysis (1), we only

considered participants with at least 18 months of follow-up. In analysis (2), we censored

participants at the minimum of time to death or end-of-follow-up.

To estimate the odds of retention at the first follow-up visit, we used logistic regression. To

estimate the relative odds of retention at subsequent follow-up visits we used a continuation

ratio model [24] with the timescale being number of visits (i.e., annual follow-up appoint-
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ments attended). This model estimates the relative odds of completing a visit, conditional

upon completing all prior visits. In both analyses, we adjusted for a priori hypothesized

potential confounding factors. A covariate was a priori hypothesized to be a potential con-

founder if it was reasonably believed to be related to the probability of retention and related

to race and/or ethnicity. Adjustment covariates included in both regression models included

baseline diagnostic status, baseline age, binary sex, education categories, and smoking status

as shown in Figure A.1. For all analyses we present point estimates along with correspond-

ing 95% Wald-based confidence intervals and p-values for the test of a null association. We

assessed influence via Cook’s distance. No individual points had outstanding influence com-

pared to the others and hence no data were removed from our analyses. All analyses were

performed using R Statistical Software (v4.1.0; R Core Team 2021).

We observed relatively small amounts of missing data. Age, sex, race, and cognitive status

were collected completely. Educational status was missing for 332 participants and smoking

status was missing for an additional 676 participants for a total of 995 out of the 39,290

participants in the study (2.5%). Further, only 8 of those 995 identified as AI/AN. Due to

the small number of missing values, we conducted a complete case analysis for both aims.

We performed four sensitivity analyses to account for potential differential effects of the

COVID-19 pandemic and to assess the potential for site-specific effects. To ensure our

definition of retention did not influence results, we conducted a sensitivity analysis where we

did not censor participants that were seen more than 18 months after their prior scheduled

visit (Supplementary Materials Section 1.1 (SM1.1)). To assess if the pandemic differentially

impacted follow-up across race and ethnicity groups, we re-fit all models with a study end

date of February 2020 (SM1.2). To assess potential site effects of retention, we repeated our

analyses with only the sites that had any (¿0) AI/AN participants and with only the sites

that had at least 10 AI/AN participants (SM1.3). We assessed potential effect modification

over time by splitting the cohort at the midpoint of the total observation period (pre-2013
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vs. post-2013).

A.5 Results

Figure A.1 describes the study sample. Descriptive statistics revealed some differences among

the racial and ethnic groups at their baseline visit. Notably, AI/AN participants accounted

for just 0.6% of participants. The other groups ranged from Asian participants (account-

ing for 2.6% of the sample) to NHW participants (accounting for 73.5% of the sample).

AI/AN participants were observed to have the lowest level of formal education, with 60.1%

of AI/AN participants self-reporting 12 or fewer years of education. There was a greater

proportion of female participants vs. male participants among all race and ethnicity groups.

The AI/AN sample was 64.5% female-identifying, a higher proportion than the NHW partic-

ipants (53.3%) but fewer than Black participants (71.8%). On average, AI/AN participants

were the youngest (mean age of 68 years) at baseline. The AI/AN group included similar pro-

portions of participants enrolling with MCI ( 21%) and dementia ( 36%) to the NHW group.

While over 90% of participants were currently or previously married (i.e., married, divorced,

widowed, or separated), AI/AN (53%), Black (40%), and HW (54%) participants had lower

current marriage rates when compared to NHW (71%) and Asian (70%) groups. Similar

differences were observed for study partner relations. Thirty-nine percent of AI/AN, 30%

of Black, and 39% of HW study partners were spouses, partners, or ex-spouses/ex-partners,

compared to 61% for NHW and 55% for Asian co-participants. AI/AN participants had a

higher observed rate of diabetes (10%) compared to all other groups, as well as double the

frequency of obesity compared to NHW participants (38% vs. 19%). AI/AN participants

also had the highest rate of individuals who smoke (11%) among all racial and ethnic groups

in the NACC UDS.
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Table 1: Descriptive Statistics for NIH Definition of Race/Ethnicity 

Characteristics 
AI/AN Asian Black Hispanic White non-Hispanic 

White Other* 

N = 276 
(0.6%) 

N = 1,161 
(2.6%) 

N = 5,697 
(12.7%) 

N = 2,378 
(5.3%) 

N = 32,884 
(73.5%) 

N = 2,317 
(5.2%) 

Baseline Age 68.01 (10.63) 70.37 (10.29) 71.88 (8.99) 71.02 (10.11) 71.69 (10.68) 69.98 (10.53) 

Binary Sex       

Female 178 (64.5%) 678 (58.4%) 4088 (71.8%) 1552 (65.3%) 17511 (53.3%) 1546 (66.7%) 

Male 98 (35.5%) 483 (41.6%) 1609 (28.2%) 826 (34.7%) 15373 (46.7%) 771 (33.3%) 

Patient Education       

< High school diploma 61 (22.1%) 88 (7.6%) 829 (14.6%) 792 (33.3%) 970 (2.9%) 649 (28%) 

High school diploma/GED 105 (38%) 140 (12.1%) 1395 (24.5%) 474 (19.9%) 5540 (16.8%) 425 (18.3%) 

Some College 54 (19.6%) 141 (12.1%) 1352 (23.7%) 389 (16.4%) 5673 (17.3%) 408 (17.6%) 

4 Year Degree 28 (10.1%) 317 (27.3%) 851 (14.9%) 302 (12.7%) 8377 (25.5%) 360 (15.5%) 

>4 Year Degree 25 (9.1%) 456 (39.3%) 1234 (21.7%) 402 (16.9%) 12082 (36.7%) 437 (18.9%) 

Unknown/Missing 3 (1.1%) 19 (1.6%) 36 (0.6%) 19 (0.8%) 242 (0.7%) 38 (1.6%) 

Marriage Status       

Married/Partnered 145 (52.5%) 812 (69.9%) 2259 (39.7%) 1279 (53.8%) 23224 (70.6%) 1162 (50.2%) 

Previously Married 114 (41.3%) 267 (23%) 2876 (50.5%) 941 (39.6%) 8016 (24.4%) 941 (40.6%) 

Never Married 15 (5.4%) 61 (5.3%) 488 (8.6%) 146 (6.1%) 1447 (4.4%) 172 (7.4%) 

Other/Unknown 2 (0.7%) 21 (1.8%) 74 (1.3%) 12 (0.5%) 197 (0.6%) 42 (1.8%) 

Residence Type       

Private Residence 264 (95.7%) 1063 (91.6%) 5215 (91.5%) 2196 (92.3%) 29403 (89.4%) 2143 (92.5%) 

Independent Community 2 (0.7%) 43 (3.7%) 256 (4.5%) 73 (3.1%) 1755 (5.3%) 71 (3.1%) 

Assisted Living 0 (0%) 26 (2.2%) 43 (0.8%) 24 (1%) 669 (2%) 28 (1.2%) 

Nursing Home 2 (0.7%) 5 (0.4%) 38 (0.7%) 26 (1.1%) 440 (1.3%) 16 (0.7%) 

Other/Unknown 8 (2.9%) 24 (2.1%) 145 (2.5%) 59 (2.5%) 617 (1.9%) 59 (2.5%) 

Number of Visits 2.39 (1.75) 3.36 (2.97) 3.38 (2.91) 3.24 (2.7) 3.82 (3.14) 3.11 (2.72) 

Categorized Number of Visits       

<3 178 (64.5%) 621 (53.5%) 3033 (53.2%) 1250 (52.6%) 15020 (45.7%) 1338 (57.7%) 

≥3 98 (35.5%) 540 (46.5%) 2664 (46.8%) 1128 (47.4%) 17864 (54.3%) 979 (42.3%) 

Retention to Follow-up 1 (within 
18 months of initial visit)       

No 102 (44.5%) 349 (35.4%) 1945 (38.6%) 761 (36.5%) 8533 (29.4%) 742 (38.1%) 

Yes 127 (55.5%) 636 (64.6%) 3098 (61.4%) 1322 (63.5%) 20471 (70.6%) 1204 (61.9%) 

Retention to Follow-up 2 (within 
18 months of F1)       

No 45 (38.5%) 160 (28.2%) 803 (29.1%) 311 (26.9%) 4166 (23.5%) 339 (32.3%) 

Yes 72 (61.5%) 407 (71.8%) 1956 (70.9%) 846 (73.1%) 13570 (76.5%) 709 (67.7%) 
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Baseline Health 
Status 

AI/AN Asian Black Hispanic White Non-Hispanic 
White Other* 

Baseline Diagnostic Status       

 Normal Cognition 104 (37.7%) 487 (41.9%) 2533 (44.5%) 830 (34.9%) 12839 (39%) 812 (35%) 

Impaired-not MCI 14 (5.1%) 51 (4.4%) 363 (6.4%) 133 (5.6%) 1260 (3.8%) 168 (7.3%) 

MCI 57 (20.7%) 304 (26.2%) 1313 (23%) 608 (25.6%) 6977 (21.2%) 497 (21.5%) 

Dementia 101 (36.6%) 319 (27.5%) 1488 (26.1%) 807 (33.9%) 11808 (35.9%) 840 (36.3%) 

Baseline Primary Etiology       

 Cognitively Normal 104 (37.7%) 487 (41.9%) 2533 (44.5%) 830 (34.9%) 12839 (39%) 812 (35%) 

Alzheimer's 97 (35.1%) 368 (31.7%) 1812 (31.8%) 901 (37.9%) 11678 (35.5%) 866 (37.4%) 

Lewy Body 11 (4%) 21 (1.8%) 75 (1.3%) 47 (2%) 1299 (4%) 55 (2.4%) 

 Frontotemporal 1 (0.4%) 50 (4.3%) 52 (0.9%) 50 (2.1%) 1991 (6.1%) 72 (3.1%) 

 Vascular 7 (2.5%) 40 (3.4%) 226 (4%) 57 (2.4%) 511 (1.6%) 67 (2.9%) 

Other Reason 30 (10.9%) 118 (10.2%) 444 (7.8%) 266 (11.2%) 2069 (6.3%) 255 (11%) 

Missing/Unknown 26 (9.4%) 77 (6.6%) 555 (9.7%) 227 (9.5%) 2497 (7.6%) 190 (8.2%) 

Family History of ADRD       

No 104 (37.7%) 499 (43%) 2245 (39.4%) 881 (37%) 11900 (36.2%) 860 (37.1%) 

Yes 111 (40.2%) 506 (43.6%) 2462 (43.2%) 1171 (49.2%) 17634 (53.6%) 1100 (47.5%) 

Unknown/Missing 61 (22.1%) 156 (13.4%) 990 (17.4%) 326 (13.7%) 3350 (10.2%) 357 (15.4%) 

Patient Independence       

Completely independent 173 (62.7%) 797 (68.6%) 4272 (75%) 1557 (65.5%) 21031 (64%) 1457 (62.9%) 

Some assistance needed 71 (25.7%) 216 (18.6%) 835 (14.7%) 432 (18.2%) 7416 (22.6%) 477 (20.6%) 

A lot of assistance needed 23 (8.3%) 97 (8.4%) 423 (7.4%) 220 (9.3%) 2987 (9.1%) 243 (10.5%) 

Completely dependent 6 (2.2%) 34 (2.9%) 152 (2.7%) 155 (6.5%) 1250 (3.8%) 93 (4%) 

Unknown/Missing 3 (1.1%) 17 (1.5%) 15 (0.3%) 14 (0.6%) 200 (0.6%) 47 (2%) 

Diabetes Status       

 No 65 (23.6%) 318 (27.4%) 1138 (20%) 543 (22.8%) 7713 (23.5%) 459 (19.8%) 

 Yes 27 (9.8%) 80 (6.9%) 436 (7.7%) 180 (7.6%) 749 (2.3%) 134 (5.8%) 

 Missing 184 (66.7%) 763 (65.7%) 4123 (72.4%) 1655 (69.6%) 24422 (74.3%) 1724 (74.4%) 

Smoking Status       

Never Smoker 126 (45.7%) 888 (76.5%) 3109 (54.6%) 1510 (63.5%) 18155 (55.2%) 1335 (57.6%) 

Previous Smoker 112 (40.6%) 233 (20.1%) 2032 (35.7%) 737 (31%) 12948 (39.4%) 799 (34.5%) 

Current smoker 31 (11.2%) 27 (2.3%) 447 (7.8%) 94 (4%) 1267 (3.9%) 139 (6%) 

 Unknown/Missing 7 (2.5%) 13 (1.1%) 109 (1.9%) 37 (1.6%) 514 (1.6%) 44 (1.9%) 

BMI Categories       

Underweight 1 (0.4%) 53 (4.6%) 58 (1%) 30 (1.3%) 449 (1.4%) 22 (0.9%) 

Normal 63 (22.8%) 601 (51.8%) 1201 (21.1%) 589 (24.8%) 11291 (34.3%) 577 (24.9%) 

Overweight 82 (29.7%) 298 (25.7%) 1763 (30.9%) 904 (38%) 11157 (33.9%) 759 (32.8%) 

Obese 106 (38.4%) 54 (4.7%) 2063 (36.2%) 652 (27.4%) 6138 (18.7%) 678 (29.3%) 
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Unknown/Missing 24 (8.7%) 155 (13.4%) 612 (10.7%) 203 (8.5%) 3849 (11.7%) 281 (12.1%) 

Number e4 Alleles       

 0 101 (36.6%) 592 (51%) 2071 (36.4%) 1146 (48.2%) 15278 (46.5%) 901 (38.9%) 

1 41 (14.9%) 190 (16.4%) 1465 (25.7%) 495 (20.8%) 8779 (26.7%) 496 (21.4%) 

2 9 (3.3%) 33 (2.8%) 280 (4.9%) 61 (2.6%) 1773 (5.4%) 107 (4.6%) 

Unknown/Missing 125 (45.3%) 346 (29.8%) 1881 (33%) 676 (28.4%) 7054 (21.5%) 813 (35.1%) 

Study Partner Sex       

Female 185 (67%) 710 (61.2%) 3920 (68.8%) 1479 (62.2%) 20063 (61%) 1547 (66.8%) 

Male 67 (24.3%) 399 (34.4%) 1492 (26.2%) 740 (31.1%) 11065 (33.6%) 658 (28.4%) 

Unknown/Missing 24 (8.7%) 52 (4.5%) 285 (5%) 159 (6.7%) 1756 (5.3%) 112 (4.8%) 

Study Partner Race       

AI/AN 136 (49.3%) 1 (0.1%) 9 (0.2%) 2 (0.1%) 26 (0.1%) 14 (0.6%) 

 Asian 1 (0.4%) 881 (75.9%) 10 (0.2%) 14 (0.6%) 260 (0.8%) 21 (0.9%) 

Black 7 (2.5%) 8 (0.7%) 4882 (85.7%) 12 (0.5%) 144 (0.4%) 289 (12.5%) 

Hispanic White 14 (5.1%) 6 (0.5%) 33 (0.6%) 1582 (66.5%) 361 (1.1%) 107 (4.6%) 

Non-Hispanic White 63 (22.8%) 150 (12.9%) 185 (3.2%) 325 (13.7%) 29600 (90%) 573 (24.7%) 

 Unknown/Missing/Other 55 (19.9%) 115 (9.9%) 578 (10.1%) 443 (18.6%) 2493 (7.6%) 1313 (56.7%) 

Study Partner Education       

< High school diploma 25 (9.1%) 32 (2.8%) 305 (5.4%) 306 (12.9%) 391 (1.2%) 269 (11.6%) 

High school diploma/GED 110 (39.9%) 103 (8.9%) 1184 (20.8%) 448 (18.8%) 4502 (13.7%) 457 (19.7%) 

Some College 50 (18.1%) 121 (10.4%) 1319 (23.2%) 451 (19%) 5481 (16.7%) 440 (19%) 

 4 Year Degree 30 (10.9%) 376 (32.4%) 1151 (20.2%) 437 (18.4%) 8654 (26.3%) 452 (19.5%) 

>4 Year Degree 21 (7.6%) 422 (36.3%) 1168 (20.5%) 448 (18.8%) 10506 (31.9%) 444 (19.2%) 

Unknown/Missing 40 (14.5%) 107 (9.2%) 570 (10%) 288 (12.1%) 3350 (10.2%) 255 (11%) 

*The “Other” race category consists of 35 Native Hawaiian or Pacific Islander identifying participants, 762 participants with unknown 
race, 1392 multiracial participants, and 128 White participants with unknown Hispanic ethnicity. 

Figure A.1: Descriptive statistics for the research participants in the NACC UDS.
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A.5.1 Assessment of the Odds of Retention at the First Follow-up

Visit:

Among 38,409 participants, 26,346 (68.6%) attended an expected follow-up within 18 months

of their initial visit. We observed that AI/AN participants were retained to first follow-up at

the lowest rate (122 out of 221 AI/AN (55.2%)) among all racial and ethnic groups (70.8% for

NHW, 64.8% for Asian, 63.6% for HW, and 61.4% for Black participants). We used logistic

regression to estimate the odds of retention at the first follow-up visit across racial and ethnic

groups. Figure A.2 depicts the relative odds (and 95% Wald-based confidence intervals) of

retention for the race and ethnic groups after adjusting for potential confounding factors. We

estimated that AI/AN participants had 40.1% lower relative odds of being retained to their

first follow-up visit compared to NHW participants, after adjustment for baseline diagnostic

status, age, sex, education level, and smoking status (aOR: 0.599; 95% CI: 0.46-0.78; p

¡ 0.001). There was no evidence of differential relative odds of retention for participants

enrolled after 2013 compared to participants enrolled before 2013 (i.e., no cohort effect).

A.5.2 Assessment of the Odds of Retention at All Follow-Up Vis-

its:

Approximately one-fifth (19.7%) of the participants in the NACC data set were retained

annually from their time of enrollment until either death or November 2021. In the four-

fifths of participants who were not retained, we observed that the majority of those missed

visits occurred soon after enrollment (within the first three follow-up appointments). Of the

243 AI/AN participants included in our analysis, 205 (84.4%) experienced a missed visit at

some point during the course of follow-up. Of the 38 AI/AN participants who did not miss

an expected follow-up appointment, 11 (29%) were censored because they either died within

18 months of their previous assessment or attended a previous assessment within 18 months
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Table 2: Results for retention at first follow-up analysis 

Covariate 
Unadjusted 

Odds Ratio (95% CI) 
(N = 39,290, 229 AI/AN) 

(N Retained = 26,858, 127 AI/AN) 

Adjusted 
Odds Ratio (95% CI) 

(N = 38,409, 221 AI/AN) 
(N Retained = 26,346, 122 AI/AN) 

(adjusted) 
p-value 

Race/Ethnicity    
 AI/AN 0.52 (0.40, 0.67) 0.60 (0.46, 0.78) <0.001 
 Asian 0.76 (0.67, 0.87) 0.75 (0.66, 0.87) <0.001 
 Black 0.66 (0.62, 0.71) 0.68 (0.64, 0.72) <0.001 
 HW 0.72 (0.66, 0.79) 0.81 (0.74, 0.90) <0.001 
 NHW Referent Referent  
 Other* 0.68 (0.62, 0.74) 0.79 (0.71, 0.87) <0.001 
Baseline Diagnostic Status    
 Normal Referent Referent  
 Impaired-not MCI 0.83 (0.74, 0.92) 0.86 (0.77, 0.96) 0.008 
 MCI 0.80 (0.76, 0.85) 0.77 (0.73, 0.82) <0.001 
 Dementia 0.66 (0.62, 0.69) 0.64 (0.60, 0.67) <0.001 
Age (x5 years) 1.08 (1.06, 1.09) 1.09 (1.08, 1.10) <0.001 
Sex    
 Female Referent Referent  

 Male 1.19 (1.14, 1.24) 1.16 (1.10, 1.21) <0.001 
Education Level    

 <High school Referent Referent  
 High school diploma/GED 1.22 (1.11, 1.33) 1.11 (1.01, 1.21) 0.038 
 Some College 1.37 (1.25, 1.50) 1.21 (1.10, 1.33) <0.001 
 4-year degree 1.53 (1.40, 1.67) 1.27 (1.16, 1.40) <0.001 
 >4-year degree 1.70 (1.56, 1.85) 1.36 (1.23, 1.49) <0.001 

Smoking Status    
 Never Referent Referent  
 Former 1.14 (1.09, 1.19) 1.08 (1.03, 1.13) 0.002 
 Current 0.75 (0.68, 0.83) 0.89 (0.8,0 0.98) 0.023 

Table 2 highlights the regression results for the retention to first follow-up model.  The first column shows unadjusted 
relative odds (and 95% Wald-based confidence intervals) of retention for the defined race and ethnic groups and each of 
the adjustment variables.  The second column depicts the relative odds (and 95% Wald-based confidence intervals) of 
retention for the race and ethnic groups after adjusting for each of the a priori specified potential confounders.  The third 
column specifies the p-values associated with the adjusted analysis results. 
 
*The “Other” race category consists of participants who identified as Native Hawaiian or Pacific Islander, unknown race, 
multiracial, or White participants with unknown Hispanic ethnicity. 

Figure A.2: Results for retention to first follow-up.
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of the end of study follow-up. Of the 205 AI/AN participants who were not retained at an

expected follow-up appointment, 103 participants were not retained at the first follow-up

appointment, 47 were not retained at the second follow-up after having completed the first,

and 27 were not retained at the third follow-up after having completed the first two visits.

This accounts for 86.3% of the 205 AI/AN participants who missed a visit. In contrast, 71.5%

of NHW participants missed the first, second, or third follow-up appointments. Based on

the results of a continuation ratio model considering the relative odds of attending an annual

visit within 18 months of the preceding visit, we estimated that AI/AN participants had a

47% lower odds of being retained to their next visit, conditional on attending all previous

visits, compared to NHW participants (aOR: 0.53; 95% CI: 0.44-0.64). This comparison was

adjusted for baseline diagnostic status, age, sex, education level, and smoking status. See

Figure A.3 for results.

A.5.3 Sensitivity Analyses:

To assess the impact of the COVID-19 pandemic on retention, we re-ran all analyses after

adjusting the end-of-follow-up date to be February 2020. The overall retention rate for pre-

COVID data was numerically higher (70.2%) than the main analysis proportion (68.6%). Of

the 18 AI/AN participants who enrolled in the study within 18 months of February 2020,

only seven returned for their expected follow-up visit. We observed a retention rate of 56.2%

for AI/AN participants who enrolled at least 18 months before COVID hit the US, which is

slightly higher than the previously observed 55.2% for the analysis that includes participants

who enrolled within 18 months of the start of COVID. Results of the model for the outcome of

retention to first follow-up remained nearly the same, with AI/AN participants having 40.1%

lower odds of returning for the first follow-up appointment compared to NHW participants.

A second sensitivity analysis revealed that COVID impacted retention across all participants
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Table 3:  Results of a regression model for the outcome of long-term follow-up.  

Covariate 
Unadjusted 

Odds Ratio (95% CI) 
(N = 39,827, 232 AI/AN) 

(N Retained = 7,846, 27 AIAN) 

Adjusted 
Odds Ratio (95% CI) 

(N = 39,616, 224 AI/AN) 
(N Retained = 7,569, 27 AIAN) 

(adjusted) 
p-value 

Race/Ethnicity    
 AI/AN 0.46 (0.38, 0.55) 0.54 (0.45, 0.66) <0.001 
 Asian 0.78 (0.72, 0.85) 0.78 (0.72, 0.85) <0.001 
 Black 0.72 (0.69, 0.75) 0.74 (0.71, 0.77) <0.001 
 HW 0.66 (0.63, 0.70) 0.77 (0.72, 0.81) <0.001 
 NHW Referent Referent  
 Other* 0.67 (0.63, 0.71) 0.78 (0.73, 0.83) <0.001 
Baseline Diagnostic Status    
 Normal Referent Referent  
 Impaired-not MCI 0.81 (0.76, 0.86) 0.84 (0.79, 0.89) <0.001 
 MCI 0.67 (0.65, 0.69) 0.65 (0.63, 0.68) <0.001 
 Dementia 0.57 (0.55, 0.59) 0.58 (0.56, 0.59) <0.001 
Age (x5 years) 1.06 (1.05, 1.07) 1.07 (1.06, 1.08) <0.001 
Sex    
 Female Referent Referent  

 Male 1.12 (1.09, 1.15) 1.13 (1.10, 1.16) <0.001 
Education Level    

 <High school Referent Referent  
 High school diploma/GED 1.28 (1.21, 1.36) 1.14 (1.07, 1.21) <0.001 
 Some College 1.47 (1.39, 1.56) 1.23 (1.16, 1.31) <0.001 
 4-year degree 1.65 (1.56, 1.74) 1.32 (1.24, 1.40) <0.001 
 >4-year degree 1.79 (1.69, 1.88) 1.38 (1.30, 1.46) <0.001 

Smoking Status    
 Never Referent Referent  
 Former 1.10 (1.07, 1.13) 1.05 (1.02, 1.08) 0.001 
 Current 0.78 (0.74, 0.84) 0.93 (0.87, 0.99) 0.023 

Table 3 highlights the regression results for the retention to next follow-up conditioned on having attended all previous 
follow-up appointments.  The first column shows unadjusted relative odds (and 95% Wald-based confidence intervals) of 
retention for the defined race and ethnic groups and each of the adjustment variables.  The second column depicts the 
relative odds (and 95% Wald-based confidence intervals) of retention for the race and ethnic groups after adjusting for 
each of the a priori specified potential confounders.  The third column specifies the p-values associated with the adjusted 
analysis results. 

 
*The “Other” race category consists of participants who identified as Native Hawaiian or Pacific Islander, unknown race, 
multiracial, or White participants with unknown Hispanic ethnicity. 

Figure A.3: Results of regression of long-term follow-up.
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but did not exacerbate the differences between groups. In total, 4,808 participants missed an

expected follow-up after COVID (24 of whom were AI/AN participants), for an overall reten-

tion rate of 32.0% (22.1% for AI/AN participants). In this analysis, 92, 42, and 22 AI/AN

participants were not retained to the first, second, and third follow-up visits, accounting

for 90.2% of AI/AN participants who were not retained. Compared to NHW participants,

AI/AN participants were retained for the long-term at a lower rate (33.9% NHW vs 22.1%

AI/AN). Also similar to the full analysis, AI/AN participants had an estimated 47% lower

odds of being retained at an expected follow-up visit than NHW participants (aOR: 0.534;

95% CI: (0.44, 0.65)). See Supplementary Materials section 1.2 for details.

To assess if potential effect-modification by site could account for lower retention among

AI/AN participants, we restricted our analyses to two subsets of ADRCs. Figure A.4 shows

the odds ratios for retention to the first follow-up appointment across racial and ethnic

groups compared to NHW participants from the analyses with all sites, the 24 sites with

at least one AI/AN participant, and the five sites with at least ten AI/AN participants.

While retention rates were not the same across sites, the overall results of the differences

in retention of AI/AN participants relative to NHW remained consistent. Point estimates

of retention rates compared to NHW were lower for AI/AN participants (as well as Black

and HW participants) in the group of five sites with at least ten AI/AN participants. See

Supplementary Materials section 1.3 for details.

A.6 Discussion

We examined the rates of retention of AI/AN participants in the NACC UDS. We considered

two definitions of participant retention: 1) the odds of retention to the first follow-up visit

and 2) the relative odds of completing any follow-up visit having attended all previous follow-

up visits. In both cases, AI/AN participants were retained at significantly lower rates when
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Forest Plot of Sensitivity Analyses on Participant Retention

Figure 1: Forest plot of the odds ratios for site−specific sensitivity analyses on retention to first follow−up visit for the race and ethnicity groups compared to 
non−Hispanic White participants.
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Figure A.4: Forest plot of the odds ratios for site-specific sensitivity analyses on retention
to first follow-up visit for the race and ethnicity groups compared to non-hispanic White
participants.

compared to NHW participants. Both sets of analyses had similar results regardless of the

study end date, the exclusion of sites with limited numbers of AI/AN participants, or the

adjustment for potential confounders.

In sensitivity analyses, we considered that COVID may have changed retention patterns.

We observed that COVID impacted retention rates, but not enough to change the results of

these analyses. It was noted early in the pandemic that COVID disproportionately affected

AI/AN populations [95]. However, our results do not suggest a differential effect of COVID

on retention between AI/AN and NHW participants. In light of how COVID impacted

minoritized communities, these results may be surprising [96, 97]. However, few AI/AN

participants enrolled within the year and a half of COVID reaching the US, potentially

limiting the impact of the pandemic on our primary analyses.

Participant retention in longitudinal studies is critical to maintaining study power, reduc-

ing bias, and ensuring generalizability [64]. In longitudinal analyses, statistical methods
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require a minimum of three visits per individual to estimate patient trends over time. Thus,

participants with fewer than three visits are commonly excluded from analyses assessing

longitudinal trends. Further, if participants who are lost to follow-up differ from partici-

pants who remain in study, then selection bias is likely to result. Specifically, if participant

attrition is due to a reason related to an uncollected characteristic, or for a reason related

to the outcome of interest, then results from a statistical analysis may contain significant

bias, even in settings with little loss to follow-up [98]. Even in the absence of bias, however,

the loss in power may increase the probability of type two error. In addition, prospective

observational settings (e.g., NACC) may not generalize to the broader population from the

start because the sample of participants may not be representative of the overall population.

Thus, differential attrition in addition to potential analytical biases may make it difficult to

draw meaningful conclusions that generalize to any population [64].

The results of our work imply that efforts to retain AI/AN study participants should be

prioritized. Retention of minority participants may be improved through tactics such as

including community members in study design and data collection; providing detailed in-

formation on the research goals and how participant data will be used, as well as sharing

benefits of individual participation; and limiting barriers to entry and continued participa-

tion [99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111]. A recent secondary

analysis by Salazar et al. found that retention strategies focused on “study personnel” and

“study description” were associated with greater participant retention in NACC UDS data

[112]. They did not observe effect modification by race and ethnicity. The “study person-

nel” strategy included tactics such as diverse staff, regular retention trainings for staff, and

continuity between specific staff members and specific participants over time [112].

Within the NACC UDS, we previously observed a positive association between the number

of retention tactics employed by a site and the rate of participant retention [92]. Under

the possibility of site-specific retention practices being different between sites with AI/AN
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participants and those without AI/AN participants, we repeated our primary analyses on

two subsets of the sites: 1) all sites with at least one AI/AN participant, and 2) all sites

with at least ten AI/AN participants. In both settings, our analyses resulted in nearly

identical odds ratios for retention between AI/AN and NHW participants. The results of

Salazar et al. also suggested that any differences in retention strategies between the sites

did not differentially impact the relative odds of attrition between AI/AN participants and

NHW participants [112]. However, we observed lower retention rates for Black and HW

participants in sites with at least ten AI/AN participants, compared to the analysis with all

sites. This suggests that there may be differences in retention among some racial and ethnic

groups, but those differences are not observed between AI/AN and NHW participants. Our

data do not inform whether these differences could be related to differences in site-specific

retention practices or if similar tactics may have differentially affected race and ethnicity

groups.

When conducting research with participants from underrepresented communities, it is im-

portant to take precautions to ensure all research methods, results, and interpretations are

appropriate. For example, it is necessary to be aware of history of research in those commu-

nities [113, 114]. Work by the Native American Center for Excellence (NACE) describes how

the trust of AI/AN communities has been betrayed by researchers whose work was unethical,

drew inappropriate conclusions, and was culturally inconsiderate [3]. To gain trust in Na-

tive communities, NACE recommended that researchers work with communities as partners

[3]. For example, previous work has suggested developing a sense of community/research

partnerships by regularly providing research feedback to participants (and the community),

offering small personal items with the study logo, and hiring community members as part

of the team [102, 106, 108, 110, 115, 116, 117]. The latter can help ensure culturally appro-

priate methods, reduce cultural misunderstandings, and provide participants with a trusted

point of contact [3, 118]. Redwood et al. also described persistence and detailed tracking of

contact attempts as vital to their retention of AI/AN participants [115].

125



It is worth noting that most of the studies that have considered retention in AI/AN popula-

tions are over a decade old. The results of the present work suggest that retention gaps have

persisted. It will likely be essential for researchers to actively invest time into building per-

sonal relationships in the AI/AN community to improve these outcomes. This will necessitate

building enduring relationships, beyond conventional funding cycles, incorporating research

strategies with long-term relationships in mind, and developing educational programs to fa-

miliarize communities with goals and procedures. Education and relationship-building may

improve community attitudes towards research over time, which directly affect willingness to

participate and even study retention [119]. Investigators, not just members of the research

team but lead PIs, can and should work directly with communities to introduce research

topics, explain results, and generally educate on research practice and findings. Specific to

ADRD, Jernigan et al. noted the need for education on risk factors and caretaking skills

within AI/AN communities [120]. Regular presentations on ADRD topics and hosting small

gatherings in which investigators invest time and energy to learn the names of local leaders

and cultural traditions of the community all can help to build a relationship beyond the

traditional researcher-participant interaction.

There are several limitations to our study. We aimed to assess retention of AI/AN partici-

pants in ADRCs across the United States. These results may not generalize to the overall

US population, to the general AI/AN population, or to other studies. For example, we

observed a smoking rate of 11% among AI/AN participants, which is lower than the 27%

estimated by the CDC report on tobacco use among AI/AN adults [121]. Further, we were

unable to account for differences in retention tactics employed at centers more likely to have

participants of a certain race or ethnicity. We were also limited to the definitions of some

covariates. For example, we could not explore the intersection between sex and gender with

race and ethnicity due to the wording of the data collection instruments. Nevertheless, our

work highlights an important area of deficit for ADRCs with respect to the retention of

AI/AN participants. Future work can examine the time-to-return for follow-up, as well as
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attempt to understand how different retention tactics work with the AI/AN participants

specifically, in NACC and other studies.

In conclusion, to reduce bias and improve validity of results, it is essential to retain par-

ticipants in studies focused on longitudinal outcomes. For generalizability, identification of

subgroup-specific risk factors, and ensuring health equity, it is especially important to re-

tain participants from underrepresented populations. Participants who identify as AI/AN

are vastly understudied and underrepresented, despite a disproportionate burden of disease.

Our analyses of retention show that AI/AN participants were not retained at similar rates as

NHW participants. To effectively learn more about ADRD in AI/AN communities, concerted

efforts will be needed to increase retention of these participants.

A.7 Supplementary Materials

A.7.1 Sensitivity Analyses

Results from Full Data Analysis

To ensure our definition of retention did not influence results, we conducted a sensitivity

analysis where we did not censor participants that were seen more than 18 months after

their prior scheduled visit. In this analysis all participants were followed until their last

visit. Participants who did not have a subsequent visit were censored if their last observed

visit was 18 months or longer from the data freeze date (November, 2021). The results

of this sensitivity analysis are qualitatively the same as the two analyses presented in the

primary manuscript. We estimated that AI/AN participants had a 56% lower odds of being

retained to their next visit, conditional on attending all previous visits, compared to NHW

participants (aOR: 0.44; 95% CI: 0.36-0.54). Supplementary Table 1 provides full results.
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Supplementary Table 1: Long-term overall retention results using modified censoring definition for retention. 

Covariate 

Unadjusted 

Odds Ratio (95% CI) 

(N =41,403, 236 AI/AN) 

(N Retained = 13,972, 50 
AI/AN) 

Adjusted 

Odds Ratio (95% CI) 

(N = 40,412, 228 AI/AN) 

(N Retained = 13,670, 50 AI/AN) 

(adjusted) 

p-value 

Race/Ethnicity    

 AI/AN 0.35 (0.29, 0.42) 0.44 (0.36, 0.54) <0.001 

 Asian 0.77 (0.70, 0.84) 0.77 (0.70, 0.84) <0.001 

 Black 0.69 (0.67, 0.72) 0.72 (0.69, 0.75) <0.001 

 HW 0.64 (0.61, 0.68) 0.78 (0.73, 0.83) <0.001 

 NHW Referent Referent  

 Other* 0.63 (0.59, 0.67) 0.77 (0.72, 0.82) <0.001 

Baseline Diagnostic Status    

 Normal Referent Referent  

 Impaired-not MCI 0.7 (0.66, 0.76) 0.74 (0.69, 0.8) <0.001 

 MCI 0.55 (0.53, 0.57) 0.55 (0.53, 0.57) <0.001 

 Dementia 0.46 (0.44, 0.47) 0.47 (0.46, 0.49) <0.001 

Age (x5 years) 1.04 (1.03, 1.05) 1.06 (1.05, 1.06) <0.001 

Sex    

 Female Referent Referent  

 Male 1.08 (1.05, 1.11) 1.11 (1.07, 1.14) <0.001 

Education (x4 years) 1.24 (1.22, 1.26) 1.13 (1.11, 1.15) <0.001 

 <High school Referent Referent  

 High school diploma/GED 1.3 (1.22, 1.38) 1.12 (1.05, 1.19) <0.001 

 Some College 1.62 (1.53, 1.72) 1.29 (1.21, 1.37) <0.001 

 4-year degree 1.83 (1.73, 1.94) 1.39 (1.3, 1.48) <0.001 

 >4-year degree 2.12 (2, 2.24) 1.54 (1.44, 1.64) <0.001 

Smoking Status    

 Never Referent Referent  

 Former 1.08 (1.04, 1.11) 1.03 (1, 1.06) 0.067 

 Current 0.78 (0.73, 0.83) 0.93 (0.87, 1) 0.061 

Supplementary Table 1 highlights the regression results for the retention to next follow-up.  The first column 
shows unadjusted relative odds (and 95% Wald-based confidence intervals) of retention for the defined race and 
ethnic groups and each of the adjustment variables.  The second column depicts the relative odds (and 95% 
Wald-based confidence intervals) of retention for the race and ethnic groups after adjusting for each of the a 
priori specified potential confounders.  The third column specifies the p-values associated with the adjusted 
analysis results. 

 

*The “Other” race category consists of participants who identified as Native Hawaiian or Pacific Islander, 
unknown race, multiracial, or White participants with unknown Hispanic ethnicity. 
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Supplementary Table 2: Results for retention at first follow-up analysis (Pre-COVID timeframe). 

Covariate 

Unadjusted 

Odds Ratio (95% CI) 

(N = 35,670, 211 AI/AN) 

(N Retained = 24,940, 119 AI/AN) 

Adjusted 

Odds Ratio (95% CI) 

(N = 34,840, 203 AI/AN) 

(N Retained = 24,446, 114 AI/AN) 

(adjusted) 

p-value 

Race/Ethnicity    

 AI/AN 0.50 (0.38, 0.66) 0.60 (0.45, 0.80) <0.001 

 Asian 0.76 (0.66, 0.88) 0.74 (0.64, 0.86) <0.001 

 Black 0.69 (0.65, 0.74) 0.72 (0.67, 0.77) <0.001 

 HW 0.73 (0.66, 0.80) 0.84 (0.76, 0.93) 0.001 

 NHW Referent Referent  

 Other* 0.67 (0.61, 0.74) 0.79 (0.71, 0.88) <0.001 

Baseline Diagnostic Status    

 Normal Referent Referent  

 Impaired-not MCI 0.85 (0.76, 0.96) 0.89 (0.79, 1.00) 0.052 

 MCI 0.81 (0.76, 0.86) 0.78 (0.73, 0.83) <0.001 

 Dementia 0.63 (0.60, 0.67) 0.62 (0.59, 0.66) <0.001 

Age (x5 years) 1.07 (1.06, 1.08) 1.08 (1.07, 1.09) <0.001 

Sex    

 Female Referent Referent  

 Male 1.18 (1.13, 1.24) 1.15 (1.10, 1.21) <0.001 

Education (x4 years) 1.22 (1.19, 1.25) 1.13 (1.10, 1.17) <0.001 

 <High school Referent Referent  

 High school diploma/GED 1.23 (1.12, 1.35) 1.12 (1.01, 1.24) 0.026 

 Some College 1.40 (1.28, 1.54) 1.24 (1.12, 1.37) <0.001 

 4-year degree 1.60 (1.46, 1.75) 1.34 (1.21, 1.48) <0.001 

 >4-year degree 1.76 (1.61, 1.92) 1.41 (1.28, 1.55) <0.001 

Smoking Status    

 Never Referent Referent  

 Former 1.13 (1.07, 1.18) 1.07 (1.01, 1.12) 0.011 

 Current 0.73 (0.66, 0.82) 0.87 (0.78, 0.97) 0.011 

Supplementary Table 2 highlights the regression results for the retention to first follow-up model.  This analysis only considers 
participants who enrolled before August, 2018 (18 months prior to COVID reaching the US).  The first column shows 
unadjusted relative odds (and 95% Wald-based confidence intervals) of retention for the defined race and ethnic groups and 
each of the adjustment variables.  The second column depicts the relative odds (and 95% Wald-based confidence intervals) 
of retention for the race and ethnic groups after adjusting for each of the a priori specified potential confounders.  The third 
column specifies the p-values associated with the adjusted analysis results. 

 

*The “Other” race category consists of participants who identified as Native Hawaiian or Pacific Islander, unknown race, 
multiracial, or White participants with unknown Hispanic ethnicity. 
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Results from Sensitivity Analyses Assessing Impact of COVID

To assess if COVID impacted retention results, we ran the same analyses with the data freeze

date set as February, 2020 instead of the actual freeze date of November 2021. All other

details of the two studies were the same. For retention to first follow-up, we estimated that

AI/AN participants had 40% lower odds of being retained compared to NHW participants

(aOR: 0.60; 95% CI: 0.45-0.80). These results are similar to the full analysis (aOR: 0.599;

95% CI: 0.46-0.78). More details are in Supplementary Table 2.

Based on the results of a continuation ratio model considering the relative odds of attending

an annual visit within 18 months of the preceding visit, we estimated that AI/AN participants

had a 48% lower odds of being retained to their next visit, conditional on attending all

previous visits, compared to NHW participants (aOR: 0.52; 95% CI: 0.43-0.63). These

results are similar to the full analysis (aOR: 0.54; 95% CI: 0.45-0.66). More details are in

Supplementary Table 3.

1.3 Results from Site-Specific Sensitivity Analyses

We considered potential site-specific effects by restricting analyses to sites with AI/AN par-

ticipants. To assess if ADRCs with AI/AN participants have different retention rates than

other ADRCs, we considered two analyses: 1) ADRCs with at least one AI/AN participant,

and 2) ADRCs with at least ten AI/AN participants. We found that AI/AN participants

had an estimated 38.2% (aOR: 0.612; 95% CI: 0.47-0.80) lower odds of being retained to first

follow-up than NHW participants at sites with at least one AI/AN participants. Similarly,

we found that AI/AN participants had a 35.5% (aOR: 0.645; 95% CI: 0.47-0.88) lower odds

of being retained to first follow-up than NHW participants at sites with at least ten AI/AN

participants. These results are consistent with the results from the analysis including all

ADRCs (aOR: 0.599; 95% CI: 0.46-0.78). Full results from the models are presented in
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Supplementary Table 3:  Results for number of visits until the first missed annual follow-up appointment analysis (pre-
COVID timeframe). 

Covariate 

Unadjusted 

Odds Ratio (95% CI) 

(N = 36,142, 214 AI/AN) 

(N Retained = 9,221, 34 AI/AN) 

Adjusted 

Odds Ratio (95% CI) 

(N = 34,995, 206 AI/AN) 

(N Retained = 9,019, 33 AI/AN) 

(adjusted) 

p-value 

Race/Ethnicity    

AI/AN 0.42 (0.35, 0.51) 0.52 (0.43, 0.63) <0.001 

Asian 0.81 (0.74, 0.89) 0.79 (0.72, 0.87) <0.001 

Black 0.71 (0.68, 0.74) 0.73 (0.7, 0.77) <0.001 

HW 0.65 (0.61, 0.69) 0.78 (0.73, 0.83) <0.001 

NHW Referent Referent  

Other* 0.65 (0.61, 0.69) 0.78 (0.73, 0.83) <0.001 

Baseline Cognitive Status    

Normal Referent Referent  

Impaired-not MCI 0.82 (0.77, 0.88) 0.86 (0.81, 0.92) <0.001 

MCI 0.65 (0.63, 0.68) 0.64 (0.62, 0.67) <0.001 

Dementia 0.52 (0.51, 0.54) 0.54 (0.52, 0.55) <0.001 

Age (x5 years) 1.06 (1.05, 1.06) 1.07 (1.06, 1.07) <0.001 

Sex    

Female Referent Referent  

Male 1.12 (1.09, 1.15) 1.13 (1.1, 1.17) <0.001 

Education (x4 years) 1.25 (1.21, 1.23) 1.14 (1.12, 1.16) <0.001 

<High school Referent Referent  

High school diploma/GED 1.3 (1.22, 1.38) 1.15 (1.08, 1.22) <0.001 

Some College 1.53 (1.44, 1.63) 1.26 (1.19, 1.35) <0.001 

4 year degree 1.75 (1.65, 1.85) 1.38 (1.29, 1.47) <0.001 

>4-year degree 1.94 (1.84, 2.05) 1.47 (1.38, 1.56) <0.001 

Smoking Status    

Never Referent Referent  

Former 1.08 (1.05, 1.11) 1.03 (1, 1.06) 0.051 

Current 0.74 (0.7, 0.8) 0.89 (0.83, 0.95) 0.001 

Supplementary Table 3 highlights the regression results for the retention to next follow-up conditioned on having attended 
all previous follow-up appointments.  This analysis only considers participants who enrolled before August, 2018 (18 
months prior to COVID reaching the US).  The first column shows unadjusted relative odds (and 95% Wald-based 
confidence intervals) of retention for the defined race and ethnic groups and each of the adjustment variables.  The second 
column depicts the relative odds (and 95% Wald-based confidence intervals) of retention for the race and ethnic groups 
after adjusting for each of the a priori specified potential confounders.  The third column specifies the p-values associated 
with the adjusted analysis results. 

 

*The “Other” race category consists of participants who identified as Native Hawaiian or Pacific Islander, unknown race, 
multiracial, or White participants with unknown Hispanic ethnicity. 
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Supplementary Table 4: Results of sensitivity analysis on retention at first follow-up for sites with at least one AI/AN participant. 

Covariate 

Unadjusted 

Odds Ratio (95% CI) 

(N = 27,728, 229 AI/AN) 

(N Retained = 18,982, 127 AI/AN) 

Adjusted 

Odds Ratio (95% CI) 

(N = 27,106, 221 AI/AN) 

(N Retained = 18,624, 122 AI/AN) 

(adjusted) 

p-value 

Race/Ethnicity    

 AI/AN 0.52 (0.40, 0.68) 0.61 (0.47, 0.80) <0.001 

 Asian 0.78 (0.68, 0.90) 0.79 (0.68, 0.92) 0.002 

 Black 0.71 (0.66, 0.77) 0.75 (0.69, 0.81) <0.001 

 HW 0.72 (0.64, 0.80) 0.81 (0.72, 0.91) 0.001 

 NHW Referent Referent  

 Other* 0.69 (0.61, 0.77) 0.83 (0.74, 0.94) 0.003 

Baseline Diagnostic Status    

 Normal Referent Referent  

 Impaired-not MCI 0.84 (0.74, 0.95) 0.85 (0.75, 0.97) 0.014 

 MCI 0.84 (0.78, 0.89) 0.78 (0.73, 0.84) <0.001 

 Dementia 0.68 (0.64, 0.72) 0.65 (0.61, 0.69) <0.001 

Age (x5 years) 1.10 (1.09, 1.11) 1.11 (1.10, 1.13) <0.001 

Sex    

 Female Referent Referent  

 Male 1.21 (1.15, 1.27) 1.19 (1.13, 1.26) <0.001 

Education (x4 years) 1.18 (1.15, 1.22) 1.11 (1.07, 1.15) <0.001 

 <High school Referent Referent  

 High school diploma/GED 1.18 (1.07, 1.31) 1.10 (0.98, 1.23) 0.115 

 Some College 1.39 (1.25, 1.54) 1.26 (1.13, 1.42) <0.001 

 4-year degree 1.47 (1.33, 1.63) 1.27 (1.14, 1.43) <0.001 

 >4-year degree 1.62 (1.47, 1.79) 1.33 (1.19, 1.49) <0.001 

Smoking Status    

 Never Referent Referent  

 Former 1.17 (1.11, 1.24) 1.10 (1.04, 1.16) 0.001 

 Current 0.72 (0.63, 0.82) 0.87 (0.76, 0.99) 0.032 

Supplementary Table 4 highlights the regression results for the retention to first follow-up model restricted to the 24 ADRCs 
with at least one AI/AN participant.  The first column shows unadjusted relative odds (and 95% Wald-based confidence 
intervals) of retention for the defined race and ethnic groups and each of the adjustment variables.  The second column 
depicts the relative odds (and 95% Wald-based confidence intervals) of retention for the race and ethnic groups after 
adjusting for each of the a priori specified potential confounders.  The third column specifies the p-values associated with the 
adjusted analysis results. 

 

*The “Other” race category consists of participants who identified as Native Hawaiian or Pacific Islander, unknown race, 
multiracial, or White participants with unknown Hispanic ethnicity. 
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Supplementary Table 5: Results of sensitivity analysis on retention at first follow-up for sites with at least ten AI/AN participants. 

Covariate 

Unadjusted 

Odds Ratio (95% CI) 

(N = 6,060, 193 AI/AN) 

(N Retained = 3,852, 106 AI/AN) 

Adjusted 

Odds Ratio (95% CI) 

(N = 5,863 , 186 AI/AN) 

(N Retained = 3,746, 101 AI/AN) 

(adjusted) 

p-value 

Race/Ethnicity    

 AI/AN 0.64 (0.48, 0.85) 0.64 (0.47, 0.88) 0.006 

 Asian 0.99 (0.81, 1.23) 1.01 (0.81, 1.27) 0.895 

 Black 0.54 (0.43, 0.67) 0.57 (0.45, 0.72) <0.001 

 HW 0.68 (0.51, 0.89) 0.65 (0.48, 0.86) 0.003 

 NHW Referent Referent  

 Other* 0.62 (0.48, 0.79) 0.74 (0.57, 0.96) 0.026 

Baseline Diagnostic Status    

 Normal Referent Referent  

 Impaired-not MCI 1 (0.74, 1.35) 1.07 (0.78, 1.46) 0.674 

 MCI 1.17 (1.02, 1.34) 1.03 (0.89, 1.19) 0.711 

 Dementia 0.88 (0.78, 1) 0.82 (0.71, 0.93) 0.003 

Age (x5 years) 1.17 (1.14, 1.2) 1.18 (1.14, 1.21) <0.001 

Sex    

 Female Referent Referent  

 Male 1.05 (0.95, 1.17) 1 (0.89, 1.12) 0.965 

Education (x4 years) 1.07 (1, 1.15) 1.02 (0.95, 1.1) 0.591 

 <High school Referent Referent  

 High school diploma/GED 1.13 (0.86, 1.49) 1.07 (0.79, 1.43) 0.668 

 Some College 1.23 (0.94, 1.62) 1.18 (0.88, 1.59) 0.269 

 4-year degree 1.33 (1.02, 1.74) 1.22 (0.92, 1.64) 0.172 

 >4-year degree 1.29 (1, 1.67) 1.12 (0.84, 1.49) 0.450 

Smoking Status    

 Never Referent Referent  

 Former 1.24 (1.11, 1.39) 1.14 (1.01, 1.28) 0.029 

 Current 0.64 (0.49, 0.83) 0.83 (0.63, 1.09) 0.177 

Supplementary Table 5 highlights the regression results for the retention to first follow-up model restricted to the five ADRCs 
with at least ten AI/AN participants.  The first column shows unadjusted relative odds (and 95% Wald-based confidence 
intervals) of retention for the defined race and ethnic groups and each of the adjustment variables.  The second column 
depicts the relative odds (and 95% Wald-based confidence intervals) of retention for the race and ethnic groups after 
adjusting for each of the a priori specified potential confounders.  The third column specifies the p-values associated with the 
adjusted analysis results. 

 

*The “Other” race category consists of participants who identified as Native Hawaiian or Pacific Islander, unknown race, 
multiracial, or White participants with unknown Hispanic ethnicity. 

133



Supplementary Tables X and Y. All adjustment variables are the same. Note that results

are not the same across all the race and ethnicity groups. Black and Asian participants have

different results in these two sub-analyses.
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