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and the rate of cognitive decline after the change point near-
ly quadrupled. Age, education, and  APOE  status play impor-
tant but different roles in the timing of the onset of cognitive 
impairment and in the rates of decline before and after its 
onset. Results were similar among participants who were 
cognitively unimpaired at enrollment but later developed 
amnestic MCI or AD.  Conclusions:  The random change point 
model provides a more comprehensive understanding of 
the relation of risk factors with the onset of cognitive impair-
ment and rates of decline before and after its onset.

  Copyright © 2012 S. Karger AG, Basel

  Introduction

  Alzheimer’s disease (AD) is the most common cause 
of dementia among the elderly. Prevention and delay of 
disease onset serve as the best long-term strategies and 
would have a substantial public health impact  [1, 2] . Re-
cent data show that the onset of cognitive decline can oc-
cur months or even years before a clinical diagnosis of 
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  Abstract

   Background:  We present a random change point model to 
characterize decline in cognition among community-based 
elderly who developed Alzheimer’s disease (AD) or amnestic 
mild cognitive impairment (MCI), and to examine how de-
cline varies with age, sex, education, and  APOE  status.  Meth-

ods:  Using longitudinal cohort data on cognitive function, 
we fit a piecewise linear trajectory with a random change 
point that allows different rates of cognitive decline before 
and after the change point. We estimated the change point 
that signals the onset of cognitive impairment, and exam-
ined the association of risk factors with the location of the 
change point as well as the rates of decline before and after 
the change point.  Results:  Among participants who were 
dementia free at enrollment and developed incident AD, the 
change point occurred on average 5.7 years after enrollment 
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AD is made  [3–5] . Further, clinical-pathologic studies 
find that AD and other neuropathologies are common 
among persons without dementia and related to mild 
cognitive impairment (MCI) and level of cognitive func-
tion even among persons without MCI  [6–8] . These find-
ings have led to a new conceptualization of AD as a con-
tinuum from an asymptomatic pathophysiologic process 
to MCI and finally clinical dementia due to AD  [9–11] . 
Understanding the trajectories of cognition as persons 
cross this continuum and the relation of risk factors to 
these trajectories is needed in order to identify and evalu-
ate strategies to reduce the large and rapidly increasing 
burden of cognitive decline on our aging population.

  Prior literature suggests that risk factors associated 
with cognitive decline and the onset of AD dementia 
might differ from those related to cognitive decline fol-
lowing disease onset; in fact, some may even exhibit op-
posite effects before and after clinical diagnosis. For ex-
ample, incidence of AD increases with age and the preva-
lence of AD doubles every 5 years after age 65  [12] . By 
contrast, age appears to be unrelated to rate of cognitive 
decline among community-based older persons with a 
clinical AD diagnosis  [13] , and in clinical settings a more 
rapid decline is found among persons who were younger 
at disease onset  [14] . Some studies suggest that women 
have a higher incidence of AD  [15] , but no sex difference 
is found in decline of language in AD  [16] . Persons with 
more years of formal education tend to have a reduced 
risk of incident AD, but more education is associated with 
a faster rate of cognitive decline among persons with AD 
 [17, 18] . This finding has been supported by a cohort 
study that examines the relation of education to the tra-
jectory of cognition prior to the clinical diagnosis of AD, 
where persons with more education have a later onset of 
change point of cognition, but a more rapid decline after 
the change point  [19] . It is also well known that the apo-
lipoprotein  � 4 allele ( APOE   � 4) is associated with a faster 
rate of cognitive decline  [20]  and an elevated risk of AD 
dementia  [21] . By contrast, some studies suggest that the 
polymorphism is not related to the rate of decline after 
the AD diagnosis  [22, 23] . Together, these data suggest 
that linking risk factors to the trajectory of cognitive de-
cline across the spectrum of AD could provide important 
insights into where risk factors are operative. This has 
critical implications for the timing of treatment and pre-
vention.

  To characterize trajectory of change in cognitive func-
tion, we present a random change point model that allows 
different rates of decline before and after the change point 
and estimate the location of the change point that signals 

the onset of cognitive impairment. This approach enables 
us to investigate, in a unified model, the association of 
multiple risk factors with the timing of the onset of cog-
nitive impairment and with the rates of cognitive decline 
before and after the onset. Using data from nearly 400 
community-based elderly who underwent detailed an-
nual cognitive assessments for up to 18 years, we first ex-
amined participants who were free of dementia at enroll-
ment and later developed AD. In subsequent analyses, we 
examined those who were cognitively unimpaired at en-
rollment and developed amnestic MCI or AD. We re-
stricted the analyses to those participants who had at least 
5 cognitive evaluations in order to better capture the tra-
jectory of cognitive change and allow for stable estimates 
both before and after the change point.

  Subjects and Methods

  Subjects
  Subjects are participants enrolled in two ongoing clinical-

pathologic cohort studies of aging and dementia, the Religious 
Orders Studies (ROS)  [24]  and the Memory and Aging Project 
(MAP)  [25] . Participants from ROS are older Catholic nuns, 
priests, and brothers who agreed to annual uniform structured 
clinical evaluations including a medical history, cognitive func-
tion testing, neuropsychological examination, blood specimen 
collection, and brain donation at time-of-death. They come from 
about 40 groups across the United States. Since January 1994, 
more than 1,100 persons completed the baseline clinical evalua-
tion and the follow-up rate of survivors exceeds 95%. Participants 
from MAP are residents of approximately 40 senior housing fa-
cilities in the Chicago metropolitan area. As in ROS, participants 
from MAP also have consented to undergo annual uniform struc-
tured clinical evaluations. Since October 1997, the MAP study has 
enrolled more than 1,400 participants with a follow-up rate of 
over 90% among the survivors. Both studies were approved by the 
Institutional Review Board of Rush University Medical Center.

  Genotyping of APOE
  Blood was collected with acid citrate dextrose anticoagulant, 

stored at room temperature, and underwent lymphocyte separa-
tion within 24 h of collection. DNA was extracted from approxi-
mately 2–3 million mononuclear cells. Genotyping was done at 
the Agencourt Bioscience Corporation (Beverly, Mass., USA), uti-
lizing high-throughput sequencing of codon 112 (position 3937) 
and codon 158 (position 4075) of exon 4 of the  APOE  gene as pre-
viously described  [26] .

  Participants with 1 or more copies of  � 4 allele (i.e.  � 2/4,  � 3/4, 
 � 4/4) are considered  � 4 carriers. All other participants with other 
allele combinations (i.e.  � 2/2,  � 2/3, or  � 3/3) are considered non-
carriers.

  Cognitive Function and Clinical Diagnosis
  Detailed annual cognitive function data has been collected 

from participants in the two cohorts. Briefly, cognitive function 
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was assessed via a battery of 17 tests which were combined into a 
composite measure of cognition  [27] . Higher scores indicate bet-
ter performance in cognitive function. Psychometric information 
on these summary scores is reported in previous publications 
 [28] .

  Clinical diagnoses were performed in three steps  [29] . The 
steps consist of scoring of tests by computer, assignment of cogni-
tive impairment by a neuropsychologist, and determination of de-
mentia and AD by a clinician using standard criteria which re-
quire evidence of cognitive decline in memory and at least one 
other domain of cognitive function  [30] . MCI was diagnosed in 
the presence of cognitive impairment as determined by the neu-
ropsychologist and the absence of dementia as determined by the 
clinician  [31] . Amnestic MCI required a diagnosis of MCI and 
impairment of episodic memory. The relations between clinical 
diagnoses of AD and of amnestic MCI with the pathologic diag-
nosis of AD have been previously reported  [32] .

  A Random Change Point Model
  We characterize the change in cognition by modeling a piece-

wise linear trajectory with an unknown change point. The model 
follows a hierarchical structure as below:

   y  ij  = ( �  i  0  +  �  i  0 ) + ( �  i  1  +  �  i1 )( T  ij ,  �  i  3  +  �  i  3 ) min  + ( �  i  1  +  �  i  1 )( T  ij  – 
( �  i  3  +  �  i  3 )) +  +  e  ij 

  The outcome  y  ij  is the longitudinal measure of cognitive function 
for subject  i  at visit  j ,  i  = 1, ...,  m  and  j  = 1, ...,  n  i .  �  i  0  +  �  i  0 ,  �  i  1  +  �  i  1 , 
 �  i  2  +  �  i  2  and  �  i  3  +  �  i  3  represent, respectively, the subject-specific 
intercept, the slope before and after the change point, and the 
change point. Here, fixed effects,( �  i  0 ,  �  i  1 ,  �  i  2 ,  �  i  3 ) � , are further pa-
rameterized as linear functions of terms for age at enrollment, sex, 
education and  APOE  status,  �  ik  = X i  �  k ,  k  = 0, 1, 2, 3. Random ef-
fects, ( �  i  0 ,  �  i  1 ,  �  i  2 ,  �  i  3 ) � , assume multivariate normal with means 0s 
and unknown variance covariance structure  �  4   !   4 .  T  ij  is time (in 
years since enrollment) for subject  i  at visit  j . In order to differen-
tiate the rate of change in cognition before and after the change 
point (denoted by  �  i  3  +  �  i  3 ), we specify two separate column vec-
tors of time in the model’s design matrix. The first column vector 
is defined as the minimum of ( T  ij ,  �  i  3  +  �  i  3 ) and the second column 
vector as ( T  ij  – ( �  i  3  +  �  i  3 )) + , where ( T  ij  – ( �  i  3  +  �  i  3 )) +  takes value of 
zero if  T  ij   ̂   ( �  i  3  +  �  i  3 ) and  T  ij  – ( �  i  3  +  �  i  3 ) if  T  ij   1  ( �  i  3  +  �  i  3 ). The 
residual error  e  ij  assumes normal with mean 0 and unknown vari-
ance  �  2 . Similar models have been applied previously in other 
contexts  [33, 34] .

  The change point is intended to signal the onset of cognitive 
impairment. A unique feature of this model is that the change 
point is estimated empirically, rather than anchored at time of the 
clinical diagnosis. Clinical diagnosis was performed annually by 
clinicians blinded to all previously collected data, but clinical di-
agnoses can be imprecise. Dissociation of the change point from 
the clinical diagnosis allows us to directly examine the temporal 
relation of the change point to the clinical diagnosis. The model 
also allows us to investigate whether risk factors modify the loca-
tion of the change point, as well as the slopes of decline before and 
after the change point.

  In analyses, we first compared the location of the change point 
with the time of the clinical AD diagnosis among those who were 
dementia free at enrollment. To do so, we inspected the kernel 
density estimation, computed Pearson’s correlation coefficient, 
and examined the distributional characteristics of individual dif-

ferences between the change point and the time of the clinical 
diagnosis. Next, we examined whether  APOE  status and demo-
graphic variables shifted the location of the change point and ex-
amined how these variables were associated with the rate of de-
cline before and after the change point. Next, in view of the recent 
diagnostic guidelines for AD dementia, we extended the spec-
trum of disease by also including participants who developed am-
nestic MCI. To do so, we repeated the analyses by excluding from 
the previous sample participants who had MCI at enrollment, and 
adding those who were cognitively unimpaired at enrollment but 
developed amnestic MCI during the follow-up.

  Parameters were estimated using a Bayesian Monte Carlo 
Markov Chain (MCMC) approach with conventional conjugate 
priors. Specifically, each coefficient for the fixed effects  �  assumes 
normal prior with mean 0 and variance 10,000; inverse of vari-
ance covariance matrix for random effects assumes Wishart(R,4), 
where R is a 4 by 4 diagonal matrix of 0.1; and inverse of residual 
variance assumes gamma with parameters of 0.001s. As sensitiv-
ity analyses, alternative choice of priors was used in modeling the 
data on incident AD group and the output was presented as online 
appendix (Appendix A), and the results suggest that estimation 
overall was robust to priors selection. Posterior means from the 
sampling chain were used as the point estimates and posterior 2.5 
and 97.5 quantiles were used to construct 95% credible intervals. 
The analyses were implemented in OpenBUGS  [35] .

  Results

  Demographics of the Incident AD Group
  At the time of analysis, 277 individuals from the ROS 

and 231 from the MAP had developed incident AD. Of 
those 508, 38 had missing data on  APOE , and 71 had few-
er than 5 cognitive evaluations. This left 399 individuals 
eligible for the analysis ( table 1 ). The mean (SD) age at 
enrollment was 81.0 (6.3) years. The mean (SD) level of 
education was 16.5 (3.6) years, and 300 (75.2%) of the par-
ticipants were female. 118 (29.6%) of the participants were 
 APOE   � 4 carriers. Participants completed a mean (SD) of 
9.2 (3.2) annual evaluations.

  Table 1.   Demographic characteristics of the incident AD group
(n = 399)

 Age at enrollment, years  81.086.3 
 Age at AD diagnosis, years  86.986.3 
 Time to AD, years 5.983.7 
 Education, years  16.583.6 
 Number of cognitive evaluations 9.283.2 
 Female 300 (75.2) 
 Carriers of APOE �4 allele 118 (29.6) 

 Data presented as mean 8 SD or n (%). 
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  The Change Point in the Incident AD Group
  The posterior mean of the change point was 5.7 years 

(SD = 0.23, 95% CI = [5.2, 6.1]) after enrollment ( table 2 , 
model A). On average, the change point occurred proxi-
mate to the first clinical AD diagnosis which had a mean 
of 5.9 years. Details on the comparison are illustrated in 
 figure 1 . Age at enrollment and years of education were 
both associated with the location of the change point. 
Older age at enrollment moved the change point earlier, 
while persons with more years of education had a later 
change point. Sex and  APOE  status were not related to the 
location of the change point.

  Cognitive Decline before and after the Change Point in 
the Incident AD Group
  The estimated mean rate of change in cognition before 

the change point was –0.090 standard units per year
(SD = 0.008, 95% CI = [–0.106, –0.074]), and the slope of 

decline after the change point was nearly four-fold faster, 
with a mean estimate of –0.337 (SD = 0.023, 95% CI = 
[–0.383, –0.293]). Age at enrollment was not associated 
with the slopes before or after the change point ( fig. 2 a). 
Education was not associated with the decline before the 
change point, but more years of education was associated 
with faster decline after the change point ( fig. 2 b). Sex was 
not related to either slope of decline. Carriers of the  � 4 
allele exhibited faster decline in cognition both before 
and after the change point ( fig. 2 c). There was about a 37% 
more rapid decline before and about a 28% more rapid 
decline after the change point among  � 4 carriers.

  Demographics of the Incident Amnestic MCI or AD 
Group
  Amnestic MCI is often an early manifestation of AD. 

Thus, in a separate set of analyses we included partici-
pants who developed either amnestic MCI or AD. There 

  Table 2.   Association of age, sex, education and APOE with cognitive decline

 Effect Model A Model B 

EST  8  SD 95% CI EST  8  SD 95% CI 

 Intercept  –0.076 8 0.034  –0.142, –0.009 0.134 8 0.025 0.085, 0.182 
 Age  –0.019 8 0.004  –0.027, –0.011  –0.011 8 0.003  –0.017, –0.006 
 Sex male  –0.147 8 0.057  –0.261, –0.037  –0.069 8 0.042  –0.152, 0.013 
 Education, years 0.042 8 0.007 0.028, 0.056 0.043 8 0.005 0.033, 0.053 
 APOE  –0.102 8 0.054  –0.208, 0.005 0.029 8 0.042  –0.055, 0.112 

 Slope_before  –0.090 8 0.008  –0.106, –0.074  –0.051 8 0.007  –0.063, –0.037 
 Age ! Slope_before  –0.001 8 0.001  –0.003, 0.0008  –0.001 8 0.0007  –0.003, –2.8E–6 
 Sex ! Slope_before 0.006 8 0.014  –0.020, 0.032 0.012 8 0.010  –0.007, 0.033 
 Education, years ! Slope_before  0.0003 8 0.002  –0.003, 0.004  –0.002 8 0.001  –0.004, 0.001 
 APOE ! Slope_before  –0.033 8 0.013  –0.058, –0.008  –0.024 8 0.010  –0.043, –0.003 

 Slope_after  –0.337 8 0.023  –0.383, –0.293  –0.273 8 0.021  –0.314, –0.233 
 Age ! Slope_after  –0.003 8 0.003  –0.008, 0.002  –0.006 8 0.026  –0.011, –0.001 
 Sex ! Slope_after 0.034 8 0.038  –0.041, 0.110 0.070 8 0.035 0.0004, 0.137 
 Education, years ! Slope_after  –0.012 8 0.005  –0.021, –0.003  –0.011 8 0.004  –0.020, –0.003 
 APOE ! Slope_after  –0.093 8 0.036  –0.164, –0.025  –0.103 8 0.036  –0.172, –0.033 

 Change point 5.688 8 0.234 5.228, 6.142 5.554 8 0.228 5.107, 6.002 
 Age ! change point  –0.138 8 0.026  –0.188, –0.088  –0.137 8 0.028  –0.190, –0.083 
 Sex ! change point  –0.608 8 0.358  –1.297, 0.084  –0.699 8 0.363  –1.396, 0.018 
 Education, years ! change point 0.155 8 0.045 0.066, 0.244 0.181 8 0.044 0.095, 0.268 
 APOE ! change point  –0.519 8 0.337  –1.172, 0.150  –0.386 8 0.361  –1.091, 0.317 

 SD of random effect 
 Random intercept 0.435 8 0.129 0.399, 0.474 0.324 8 0.098 0.296, 0.354 
 Random Slope_before 0.074 8 0.028 0.064, 0.085 0.056 8 0.021 0.048, 0.063 
 Random Slope_after 0.247 8 0.092 0.215, 0.281 0.247 8 0.091 0.216, 0.281 
 Random change point 2.218 8 0.716 1.993, 2.448 2.203 8 0.726 1.974, 2.442 

 CI  = Credible interval; Age = age at enrollment centered at 79; Education, years = years of education centered at 16; APOE = 1 for 
carriers of �4 allele, 0 for noncarriers; Slope_before = slope estimate before the change point; Slope_after = slope estimate after the change 
point. 

 
 



 Change Point Model for Cognitive 
Decline 

Neuroepidemiology 2012;39:73–83 77

were 498 individuals from the two cohorts (249 in ROS, 
and 249 in MAP) who were cognitively unimpaired at 
enrollment but had either a clinical diagnosis of amnestic 
MCI or AD during the follow-up. Of those, 38 did not 
have data on  APOE , and 61 had fewer than 5 cognitive 
evaluations. This left 399 individuals eligible for this 
analysis ( table 3 ). The mean (SD) age at enrollment was 
79.4 (6.3) years. The mean (SD) level of education was 16.5 
(3.8) years, and 284 (71.2%) of the participants were fe-
male. 104 (26.1%) of the participants were  APOE   � 4 car-
riers. Participants completed a mean (SD) of 9.8 (3.5) an-
nual evaluations. 123 participants were diagnosed with 

amnestic MCI and subsequently with AD, 185 were only 
diagnosed with amnestic MCI and 91 were diagnosed 
with AD without a previous amnestic MCI diagnosis.

  The Change Point in the Incident MCI or AD Group
  Among participants who were cognitively unimpaired 

at the baseline but later developed amnestic MCI or AD, 
the posterior mean of the change point was 5.6 years
(SD = 0.23, 95% CI = [5.1, 6.0]) after enrollment ( table 2 , 
model B). On average, the change point occurred after the 
clinical diagnosis of amnestic MCI which had a mean of 
5.0 years. Details on the comparison are illustrated in  fig-
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  Fig. 1.  Comparison of the change point with the clinical diagnosis 
(the incident AD group).  a  Posterior distribution of the change 
point. The solid curve is a kernel density estimate of the change 
point, in years since enrollment. The dashed curve is the density 
estimate of the first clinical AD diagnosis.  b  Scatter plot of time 
of clinical AD diagnosis versus the change point. On the horizon-
tal axis is the estimated change point, in years since enrollment. 
On the vertical axis is the corresponding clinical AD diagnosis. 
The plot is overlaid with a 45-degree reference line.  c  Histogram 
of difference between change point and AD diagnosis, overlaid 
with a normal density. 
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ure 3 . Consistent with the previous findings, older age at 
enrollment was associated with an earlier change point, 
while more education delayed the change point. Again, 
sex and  APOE  status were not associated with the loca-
tion of the change point.

  Cognitive Decline before and after the Change Point in 
the Incident MCI or AD Group
  Compared with the results from incident AD analysis, 

the estimated mean rate of decline in cognition prior to 
the change point was slower (EST = –0.05, SD = 0.007, 
95% CI = [–0.06, –0.04]) among persons who developed 
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  Fig. 2.  Effect of age, education, and  APOE   � 4 allele on the decline 
in cognition (the incident AD group).  a  Effect of age. Estimated 
mean trajectory of cognitive decline over time for persons with 
younger versus older age at enrollment. The dotted line represents 
a typical subject with 75th percentile age at enrollment (85.2 
years), and the solid line refers to a subject with 25th percentile 
age at enrollment (76.5 years).  b  Effect of education. Estimated 
mean trajectories of cognitive decline over time for groups with 
lower versus higher level of education. The dotted line represents 
a typical subject with 75th percentile education (19 years), and the 
solid line refers to a subject with 25th percentile education (14 
years).  c  Effect of  APOE   � 4. Estimated mean trajectories of cogni-
tive decline over time for groups with and without  � 4 allele. The 
dotted line represents a typical subject without  � 4 allele, and the 
solid line refers to the one with at least one  � 4 allele. 

  Table 3.   Demographic characteristics of the incident amnestic 
MCI or AD group (n = 399)

 Age at enrollment, years  79.486.3 
 Age at first amnestic MCI, years (n = 308)  84.586.2 
 Age at first AD, years (n = 214)  87.585.9 
 Time to amnestic MCI, years 5.083.7 
 Time to AD, years 7.483.5 
 Education, years  16.583.8 
 Number of cognitive evaluations 9.883.5 
 Female 284 (71.2) 
 Carriers of APOE �4 allele 104 (26.1) 

 Data presented as mean 8 SD or n (%). 
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incident MCI or AD. The decline after the change point 
was about five times faster than that before the change 
point (EST = –0.27, SD = 0.021, 95% CI = [–0.31, –0.23]). 
Age at enrollment was now associated with the rate of 
cognitive decline, such that the older the age at enroll-
ment, the faster the decline in cognition before and after 
the change point ( fig. 4 a). More years of education was 
again associated with faster decline after the change point 
( fig. 4 b).  � 4 carriers exhibited about a 47% faster rate of 
decline in cognition before and about a 38% faster rate of 
decline after the change point ( fig. 4 c).

  Discussion

  To date, the vast majority of studies on risk factors for 
cognitive decline have relied on linear models that as-
sume a constant, straight-line decline. Here we present a 
random change point model that allows the rate of cogni-
tive decline to vary at an empirically derived change 
point. The specified model serves as a convenient tool to 
characterize the nonlinear trajectories of cognitive de-
cline among community-based elderly who developed in-
cident AD or amnestic MCI. Further, the model allows 
for simultaneous evaluation of the effect of risk factors on 
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  Fig. 3.  Comparison of the change point with the clinical diagnoses 
(the incident amnestic MCI or AD group).  a  Posterior distribution 
of the change point. The solid curve is a kernel density estimate 
of the change point, in years since enrollment. The dashed curve 
is the density estimate of the first clinical diagnosis of amnestic 
MCI.  b  Scatter plot of time of clinical amnestic MCI diagnosis 
versus the change point. On the horizontal axis is the estimated 
change point, in years since enrollment. On the vertical axis is the 
corresponding clinical diagnosis of amnestic MCI. The plot is 
overlaid with a 45-degree reference line.  c  Histogram of difference 
between change point with clinical diagnosis, overlaid with a nor-
mal density. 
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the location of the change point and rates of decline be-
fore and after the change point, providing important 
clues to where and how risk factors are operating across 
the full spectrum of cognitive aging.

  Using data from two ongoing cohort studies, we com-
pared the location of the estimated change point with the 
timing of clinical diagnosis. In analyses using data from 
persons who developed incident AD, we found that on 
average, more rapid decline in cognitive function started 
just prior to the time of first clinical diagnosis of AD. 
Among participants who were cognitively unimpaired at 
enrollment but later developed amnestic MCI or AD, lo-

cation of the change point to more rapid decline preceded 
the diagnosis of clinical AD but followed the diagnosis of 
amnestic MCI.

  We identified several factors that influence the loca-
tion of the change point and the rates of decline before 
or after the change point. The older the age at enroll-
ment, the earlier the change point. Age was also associ-
ated with the rates of decline before and after the change 
point among participants who were cognitively unim-
paired but later developed amnestic MCI or AD. These 
results suggest that the association of age with cognitive 
decline is quite complex. Further, education was associ-
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  Fig. 4.  Effect of age, education, and  APOE   � 4 allele on the decline 
in cognition (the incident amnestic MCI or AD group).  a  Effect of 
age. Estimated mean trajectory of cognitive decline over time for 
persons with younger versus older age at enrollment. The dotted 
line represents a typical subject with 75th percentile age at enroll-
ment (83.8 years), and the solid line refers to a subject with 25th 
percentile age at enrollment (74.9 years).  b  Effect of education. 
Estimated mean trajectories of cognitive decline over time for 
groups with lower versus higher level of education. The dotted 
line represents a typical subject with 75th percentile education (19 
years), and the solid line refers to a subject with 25th percentile 
education (14 years).  c  Effect of  APOE   � 4. Estimated mean trajec-
tories of cognitive decline over time for groups with and without 
 � 4 allele. The dotted line represents a typical subject without  � 4 
allele, and the solid line refers to the one with at least one  � 4 allele. 
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ated with a delay in the change point and more rapid de-
cline in cognition after the change point. This finding 
lends analytic support to a conceptual model in which 
clinical disease is delayed in persons with greater cogni-
tive reserve but people deteriorate more rapidly once dis-
ease commences  [36] . In terms of  APOE  status, we found 
that  � 4 carriers had more rapid cognitive decline both 
before and after the change point. Several previous stud-
ies have reported that the  � 4 allele was not associated 
with cognitive decline following the diagnosis of AD de-
mentia  [22, 23] . We suspect that this is due to prior stud-
ies examining this issue among persons with prevalent 
AD who already have more severe cognitive impairment. 
A more recent report found that the  � 4 allele was associ-
ated with faster cognitive decline among subjects in the 
early stages of AD  [37] .

  Results from our random change point model have 
broad implications for understanding the relationships 
between risk factors and cognitive aging. It is likely that 
risk factors have divergent effects on different phases of 
the pathophysiological process over the course of AD. AD 
is the result of a sequence of pathophysiological events 
from A �  deposition to synaptic dysfunction, to tangle 
formation, to other structural changes  [11] . Risk factors 
could be associated with different aspects of this cascade 
and therefore affect different parts of the cognitive trajec-
tory. Understanding these associations has important 
implications for the design of clinical trials for disease-
modifying agents.

  Several limitations should be noted. Here we restricted 
the analyses to one change point. It is likely that the tra-
jectory across the continuum of AD has more than one 
change point. Unfortunately, more annual repeated mea-
sures are needed to explore these potentially more com-
plicated associations. However, as longitudinal cognitive 
data accrue, we will be able to conduct such analyses in 
the future. In addition, it is possible to incorporate sub-
jects with fewer repeated measures in the model such that 
these data contribute partially to the overall longitudinal 
trajectory. The effect on inference remains unclear, par-
ticularly with regard to estimation of the change points. 
It is an important topic for future studies as it could po-
tentially affect the utility of this modeling approach. Fur-
ther, the proposed model estimated the random change 
point relative to the time of study enrollment, as opposed 
to the time of clinical diagnosis. While using study en-
rollment as the time reference offers the potential utility 
of being prospective, the approach might introduce larg-
er variance in estimating the random change point. Fu-
ture work is necessary to examine how choice of time 

references changes the inference on trajectory of cogni-
tion in the context of random change point models. The 
study also has many strengths. In particular, it has a large 
number of persons with incident AD and incident MCI. 
Further, cognition is well characterized with 17 cognitive 
tests administered at evenly spaced annual intervals. Fi-
nally, it has an overall follow-up rate over 90% among 
survivors, reducing the potential for bias due to differen-
tial loss to follow-up.
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  Appendix A

  In this appendix, we presented the parameter estimates using 
alternative choices of priors for the data on incident AD group 
(model A in  table 2 , main text) together with the estimates from 
the main analysis (reference). Two alternative sets of priors were 
specified below.

  Alternative priors 1 still follows the same distribution func-
tions as in the main analysis, but we changed the parameters set-
up to
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  Alternative priors 2 has different distribution function for co-
efficients of fixed effects as well as the residual variance
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