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Abstract

Background—Given recent challenges in developing new treatments for Alzheimer dementia 

(AD), it is vital to explore alternate treatment targets, such as neuromodulation for circuit 

dysfunction. We previously reported an exploratory Phase IIb double-blind trial of deep brain 

stimulation targeting the fornix (DBS-f) in mild AD (the ADvance trial). We reported safety but no 

clinical benefits of DBS-f versus the delayed-on (sham) treatment in 42 participants after one year. 

However, secondary post hoc analyses of the one-year data suggested a possible DBS-f benefit for 

participants ≥ 65 years.

Objective—To examine the long-term safety and clinical effects of sustained and delayed-on 

DBS-f treatment of mild AD after two years.

Methods—42 participants underwent implantation of DBS-f electrodes, with half randomized to 

active DBS-f stimulation (early on) for two years and half to delayed-on (sham) stimulation after 1 

year to provide 1 year of active DBS-f stimulation (delayed on). We evaluated safety and clinical 

outcomes over the two years of the trial.

Results—DBS-f had a favorable safety profile with similar rates of adverse events across both 

trial phases (years 1 and 2) and between treatment arms. There were no differences between 

treatment arms on any primary clinical outcomes. However, post-hoc age group analyses 

suggested a possible benefit among older (>65) participants.

Conclusion—DBS-f was safe. Additional study of mechanisms of action and methods for 

titrating stimulation parameters will be needed to determine if DBS has potential as an AD 

treatment. Future efficacy studies should focus on patients over age 65.
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Introduction

The disappointing results of several anti-amyloid trials [1,2] warrant the exploration of 

alternative Alzheimer disease (AD) treatment strategies. One potential target is the circuit 

dysfunction known to be part of the AD pathological process [3]. Such dysfunction is 

thought to lead to disruption in brain networks [4] and may to contribute to cognitive 

impairment [5]. Deep brain stimulation (DBS) has been shown to modulate the activity of 
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motor circuits in patients with Parkinson’s disease [6], and may have utility for the 

modulation of dysfunctional neural circuits implicated in AD. Studies in rodents indicate 

that stimulation of memory circuits increases adult rat hippocampal neurogenesis [7], as well 

as trophic factors and markers of synaptic plasticity [8]. Further, DBS has been shown to 

improve memory in a mouse model of Rett Syndrome [9], improve spatial memory in 

healthy adult mice [10], and reverse the negative memory effects of scopolamine in rats [11].

The phase I open-label trial of DBS targeting the fornix (DBS-f) in 6 adults with mild AD 

demonstrated a favorable safety profile. In some patients there was increased cerebral 

glucose metabolism in AD-related brain regions, and possibly attenuated decline in 

cognitive measures relative to what would have been expected among untreated individuals 

[12]. The degree of hippocampal atrophy was also lessened compared to a matched AD 

group [13]. An additional study of one participant reported no significant adverse events, 

with stabilization of cognitive measures which were previously declining [14]. Following 

these reports, we undertook the ADvance trial, a phase IIb, randomized, double-blind, sham-

controlled, multi-site trial involving 42 participants with mild AD (ClinicalTrials.gov 

NCT01608061). In order to maintain the blind during the first 12 months of ADvance, all 

eligible participants underwent electrode implantation surgery after which half were 

randomly selected to have their electrodes “blindly” activated to DBS-f stimulation (early-
on) while the others had a sham treatment (delayed on) for 12 months [15]. All were taking 

a stable cholinesterase inhibitor medication dose (donepezil, galantamine, or rivastigmine) 

for at least 2 months prior to study initiation. The rate of acute serious device- or procedure-

related adverse events was 7.1%. Of the three long-term study-related serious adverse events 

which occurred during the first year, none were in the early on (active stimulation) arm [16]. 

At 6 months, those in the delayed on (control-no stimulation) arm had small (1–5%) 

decreases in glucose metabolism in all regions. The early on arm demonstrated substantial, 

statistically significant increases of glucose metabolism in several brain regions in the 

default mode network at 6 months. These increases continued but were not statistically 

significant at twelve months [16]. Both arms showed similar declines on the primary 

cognitive outcomes, but in post-hoc subgroup analyses there was a suggestion of benefit to 

older (>65) participants [16].

At 12 months, the implanted electrodes were activated in the participants who had been 

randomized to the delayed on arm, and these participants were followed for an additional 

“active” stimulation year (12–24 months) along with the early on participants, who 

continued on active stimulation. In this paper, we compare rates of adverse events and 

clinical outcome measures in both treatment arms to assess differences between and within 

arms between the first 12 months (phase 1 with a sham-controlled group) and the second 12 

months (phase 2) during which both arms received DBS-f stimulation. Further, we model 

cognitive outcome trajectories for each treatment arm during both phases and assess whether 

the trajectories changed after activation in the delayed on arm relative to the early on arm.

Methods and Materials

The methods of the ADvance trial have been described in detail elsewhere [15]. In brief, 42 

participants were enrolled at 6 US and 1 Canadian trial sites. Participants were aged 45 to 
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85, met criteria for mild probable AD (Clinical Dementia Ratings (CDR) of 0.5 or 1 and 

Alzheimer’s Disease Assessment Scale-11 (ADAS-Cog 11) scores of 12–24 [17], had a 

caregiver informant, and were on a stable dose of an acetylcholinesterase inhibitor. The 

study protocol was approved by independent research ethics boards at each site. All 

participants and their caregivers signed informed consent in person. The trial was overseen 

by the Food and Drug Administration and Health Canada under Investigational Device 

Exemption (IDE) G110220, and was registered with clinicaltrials.gov (NCT01608061).

Surgical and Clinical Methods

All participants underwent bilateral implantation of Medtronic 3387 electrodes placed 

approximately 2mm anterior and parallel to the columns of the fornices. Two weeks after 

surgery, participants were randomized 1:1 to receive either early stimulation or sham 

stimulation followed by delayed activation of the implant after 12 months. Participants had 

clinic visits and safety monitoring one month after implantation and activation (at months 1 

and 13), and then every three months. Adverse events were reviewed and adjudicated in real 

time by a masked internal Clinical Events Committee (CEC), and every 6 months by an 

unmasked external Data Safety and Monitoring Board.

Neuropsychological Measures

Neuropsychological assessments were obtained at 3-month intervals during the first year and 

at 6-month intervals during the second year. The primary outcomes were the Alzheimer’s 

Disease Assessment Scale-cognitive subscale 13 (ADAS-cog 13) [18] and the Clinical 

Dementia Rating sum of boxes (CDRsb) [19]. Secondary outcomes included the second 

edition of the California Verbal Learning Test (CVLT-II) [20] sum of first five trials, and the 

Neuropsychiatric Inventory (NPI) total score [21].

Analytic Plan

For each outcome we fit longitudinal mixed effects models with linear spline terms at 12 

months to allow for different slopes following activation in the delayed on arm. These 

models allowed us to calculate model-based change scores for each study phase and 

treatment arm. Because post-hoc subgroup analyses of phase 1 data suggested possible age 

effects, we also fit a model that adjusted for age group at baseline (above or below 65) and 

that included interactions between age-group-specific phase and treatment arm effects. See 

the appendix for detailed descriptions of these models.

Analyses were conducted according to intention-to-treat principles, and were adjusted for 

potential site effects. As this was a phase IIb study, sample size was selected to demonstrate 

feasibility and safety of DBS-f, rather than efficacy.

Results

At the start of phase 1, 42 participants were randomly assigned to either early on (n=21) or 

delayed on (n=21) DBS-f treatment arms. All 42 participants were followed to the end of 

phase 1 (12 months). but 2 participants were not followed after 12 months (both early on), 3 
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participants were not seen at 18 months, but were seen at 24 (2 early on, 1 delayed on), and 

3 subjects were not seen at 24 months (1 early on, 2 delayed on).

Safety Results

Surgical safety [22], and phase 1 safety as of April 30th, 2015 of the trial [16] were reported 

elsewhere. During phase 2, 15 serious adverse events (SAE) were reported by 8 participants, 

and 86 non-serious adverse events were reported by 24 participants. Of the 15 SAEs, 7 

involved syncope and/or falls (2 early on, 5 delayed on), 2 involved altered mental status 

(one in each arm), 2 involved seizures or possible seizures (both in the same early on 
participant pt02002, aged 58), and 1 involved agitation in a delayed on participant. The final 

3 occurred in the same early on participant, and included a skin infection, suspected aortic 

valve endocarditis, and rigidity. None of these phase 2 SAEs were adjudicated by the CEC to 

be related to study participation. Regarding the non-serious phase 2 adverse events, the most 

common were neurological (including falls, headache, and muscle spasms), genitourinary 

(including urinary tract infections, urgency, and incontinence), and pulmonary (including 

upper respiratory infections and dyspnea). Rates of adverse events were similar in pattern 

and number comparing phase 1 and phase 2 and were also similar across treatment arms.

Cognitive and Neuropsychiatric Results

Model-based change scores from the longitudinal mixed effects linear spline models are in 

table 2. More detailed parameter estimates may be found in supplemental table S1. During 

phase 1 individuals in both treatment arms worsened over time on all outcomes, as 

demonstrated by significantly positive model-based change scores for ADAS-cog 13, 

CDRsb, and NPI and significantly negative change scores for CVLT. Change scores during 

phase 1 did not vary significantly by treatment arm. In comparing change scores between 

phase 1 and phase 2, there were no significant differences on any of the outcomes within the 

delayed on arm, nor within the early on arm. Figure 1 depicts observed and model-based 

trajectories on the ADAS-cog 13. The trajectories for both treatment arms are parallel during 

phase 1 and are essentially unchanged during phase 2.

Subgroup Analyses by Age

We conducted post hoc subgroup analyses to determine if treatment effects varied by age 

group using > 65 years as the cut-off as reported previously [16]. There were 12 participants 

under 65 (6 per study arm) and 30 participants over 65 (15 per study arm). No participant 

was exactly 65 at baseline. Table 3 displays model-based change scores from longitudinal 

mixed effects linear spline models with additional terms for age group. More detailed 

parameter estimates are in supplemental table S3.

In the younger participants <65 years old, there were no differences in phase 1 model-based 

change scores between treatment arms for ADAS-cog 13, CVLT, or NPI. In figure 2, this is 

reflected by the similarly upward slopes of both lines during phase 1 among younger 

participants. By contrast, younger participants in the early on group worsened more than 

those in the delayed on group on the CDRsb (change score difference: 2.62 (0.85), p 
<0.002). In figure 3, this is reflected by the steeper slope among early on participants as 

compared to delayed on participants during phase 1.
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There were no statistically significant differences in change scores between phase 1 and 

phase 2 among younger delayed on participants, suggesting no effect of DBS-f activation on 

cognitive trajectory. However, these participants did worsen more on CDRsb during phase 2 

(stimulation on) than during phase 1 (3.60 (1.40) vs. .45 (.43); p=0.054), though this 

difference was not statistically significant. This is reflected in figure 3 by the upward turn in 

trajectory of CDRsb for the delayed on arm. Younger early on participants worsened less 

during phase 2 than during phase 1 on ADAS-cog13 (−.26 (3.27) vs 17.13 (3.50); p<0.001). 

This is reflected in figure 2 by the downward turn in trajectory of ADAS-cog13 for the early 
on arm.

Among older (>65) participants, those in the delayed on group worsened significantly on all 

outcomes during phase 1. Older participants in the early on group also worsened in phase 1, 

but less so. This is reflected in figures 2 and 3 by the steeper initial trajectories of the 

delayed on group, relative to the early on group, for both ADAS-cog13 and CDRsb. These 

phase 1 treatment arm effects were not statistically significantly different from 0 among 

older participants on any outcome. There were no statistically significant differences in 

change scores between phase 1 and phase 2 among older participants in either treatment 

arm. This is reflected in figures 2 and 3 by the essentially unchanged trajectories in both 

treatment arms.

There were some differences in change scores as a function of age group. Among 

individuals in the early on arm during phase 1, younger participants worsened on the ADAS-

cog13 significantly more than older participants (3.99 (1.14) vs. 17.13 (3.50); p<0.001), but 

the between age group difference in phase 1 treatment arm differences was not statistically 

significant (−3.42 (2.35) vs. 6.61 (5.05), p=0.072). The pattern was also present on the 

CDRsb, and the between age group difference in phase 1 treatment arm differences was 

statistically significant (−1.32 (.90) vs. 2.62 (.85); p=0.001). This is reflected in figures 2 

and 3 where we see that among younger subjects, the early on arm fares worse than the 

delayed on arm, but among older subjects, the early on arm fares better.

Among younger early on participants, ADAS-cog 13 change scores decreased less between 

phase 1 and phase 2 (possibly indicating slowing of progression), but among older early on 
participants, ADAS-cog 13 changes scores increased (indicating cognitive worsening; 4.15 

(2.42) vs. −17.40 (3.83); p<0.001). Among younger delayed on participants, CDRsb change 

scores increased between phase 1 and phase 2, but among older delayed on participants, 

CDRsb change scores decreased (−1.26 (.99) vs. 3.15 (1.64); p=0.021).

Discussion

We present the safety and clinical outcome data from the second experimental phase (12–24 

months) of a clinical trial of DBS-f for treatment of mild AD dementia. All participating 

subjects received active DBS-f stimulation from months 12–24. During phase 2, severe 

adverse events were rare (0.33/person), did not differ as a function of treatment arm 

assignment (early-on versus delayed-on), and none were adjudicated to be related to study 

participation. Other adverse events did not differ by treatment arm assignment, and followed 

an expected pattern given the age and condition of the participants. The observed safety 
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profile in this study is consistent with long-term follow-up of individuals receiving DBS of 

other brain regions for the treatment of movement disorders [23,24].

The primary efficacy analyses showed no differences between treatment arms with regard to 

change on clinical outcomes in either phase of the study. This finding was consistent with 

the previous report of the phase 1 (first 12 months) results [16], and may have reflected 

placebo effects of the sham surgery. As noted, post hoc subgroup analyses by age group in 

phase 1 suggested a possible DBS-f treatment benefit in participants over age 65. 

Consequently, we undertook additional secondary analyses of the phase 2 data (12–24 

months) to examine age group effects. During phase 1, younger participants in the early on 
arm may have fared worse than those in the delayed on arm, though this pattern was not 

statistically significant and was not seen consistently across individual outcomes. By 

contrast, the early on arm showed less worsening compared to the delayed on arm in the 

older participants (>65 years old at the time of study entry) suggesting a possible sustained 

benefit of DBS-f. Again, these post-hoc results were neither statistically significant nor 

consistent across all four outcomes.

In comparing phase 1 and phase 2 among younger participants, the delayed on arm fared 

worse on the CDRsb in phase 2, suggesting a deleterious effect of DBS-f activation, though 

this between phase difference was not statistically significant. In looking at the CDRsb 

change scores across treatment arms and phases and age groups (table 3), we see that this 

between-phase difference in the younger delayed on participants may have resulted from a 

flat trajectory during phase 1, rather than a steep trajectory during phase 2. By contrast, 

younger early on participants fared better on the ADAS-cog13 during phase 2 as compared 

to phase 1, suggesting a delayed beneficial effect of DBS-f activation. Neither finding was 

consistent across outcomes.

In comparing phase 1 and phase 2 among older participants, there were no statistically 

significant differences in change scores on any of the outcomes in either the delayed on or 

early on treatment arms. We note nevertheless that the CDRsb scores in this older age group 

deteriorated less in patients receiving DBS for both Phase 1 and Phase 2 (Table 3). In 

addition the between-phase differences in change scores within the delayed on arm were in 

the same direction and of similar magnitude as between-treatment arm differences in 

changes scores during phase 1. Though this phase IIb trial was not powered for efficacy, it is 

possible that a future larger trial in AD patients over age 65 might detect statistically 

significant beneficial effects of DBS-f.

Given the favorable safety profile and possible treatment benefits among older participants, 

there is an argument to be made for continuing to explore DBS-f as a treatment for late onset 

AD. In view of the projected increases worldwide in AD incidence and prevalence, the costs 

(both monetary and human) that such increases will entail [25], and the current lack of any 

disease-modifying treatments, it is vital that potentially efficacious treatments be fully 

explored. One explanation for the possible age-related treatment effect differences noted in 

this study may be that the younger individuals had comparatively more severe pretreatment 

brain pathology, reflected by greater structural and functional neuroimaging deficits than the 

older individuals [26,27]. Some or all of the younger participants in our trial may have 
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already progressed, in a neuropathological sense, past the mild stage of AD that was the 

designated target population for this treatment modality. We noted that variability in illness 

trajectory was greatest among the younger study participants throughout the 2 year follow 

up period, and there were only 12 participants under the age of 65. Future DBS-f trials may 

elect to limit enrollment to a more homogeneous mild AD population, perhaps enrolling 

only older individuals where both the diagnosis and treatment progression are better 

documented prior to randomization.

There are a number of characteristics of DBS-f itself that might enhance its efficacy. 

Potentially modifiable parameters include frequency, pulse width, voltage, and pattern of 

stimulation. When DBS is used for the treatment of Parkinson’s disease, stimulation 

parameters are titrated based on the immediately observable effect on motor symptoms [28]. 

There is currently no analogous short-term signal of benefit in the context of AD. 

Identification of such a signal, for example, through EEG, could guide the choice of 

stimulation parameters to be tested [16]. Exploration of other sites of stimulation may also 

be fruitful. In a recent open-label trial of DBS of the nucleus basalis of Meynert, four of six 

participants were considered treatment responders [29], and DBS of the frontal lobes has 

also been explored [30].

Further investigation into the underlying mechanism of action, as well as identification of a 

metric to guide, in real time, the choice of stimulation parameters is needed to determine if 

DBS-f has potential as a treatment for AD. Additionally, DBS-f may be a model for 

understanding mechanisms by which brain stimulation can improve outcomes in AD, and 

we may be able to build on these results to use less invasive brain stimulation methods such 

as repetitive transcranial magnetic stimulation, transcranial direct current stimulation, or 

other noninvasive methods yet to be developed that can effectively target deep brain regions 

such as the fornix. Also, identification of a reliable imaging marker to track progression 

would be useful for future studies.

In conclusion, DBS-f appeared to be safe when given to patients with mild AD over a 2-year 

period. It must be noted that this study was not powered to assess efficacy, and therefore any 

interpretations of efficacy analyses must be made with caution. However, based on the post 
hoc subgroup analyses, if there is benefit, it is most likely to be found among individuals 

over 65.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Consulting Fees:

Dr. Okun serves as a consultant for the National Parkinson Foundation, and has received research grants from NIH, 
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Foundation, the Tourette Syndrome Association, and the UF Foundation. Dr. Okun’s DBS research is supported by: 
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Paul B. Rosenberg

Consulting Fees:
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Marwan N. Sabbagh
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Therapeutics, and Sunovion Pharmaceuticals. Equity: Bracket Global LLC, Prana, Methylation sciences, functional 
Neuromodulation Inc.
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Royalties-Tenspeed/Random House
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Agency: AstraZeneca

Agency: Avid Pharmaceuticals
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Agency: Genetech
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Agency: Merck & Co

Agency: Pfizer
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Figure 1. Observed and Model-based Trajectories of ADAS-cog 13 By Treatment Arm and Study 
Phase
Figure 1 shows observed trajectories (grey) and fitted trajectories (black) from a longitudinal 

mixed effects model with a random intercept and adjustment for site effects. Solid lines 

denote trajectories of participants randomized to the early on arm, and dashed lines denote 

trajectories for participants randomized to the delayed on arm. Vertical lines denote 95% 

confidence intervals.
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Figure 2. Observed and Model-based Trajectories of ADAS-cog 13 By Age Group, Treatment 
Arm, and Study Phase.
Figure 2. shows observed trajectories (grey) and fitted trajectories (black) based on a 

longitudinal mixed effects model with a random intercept and adjustment for site effects. 

Trajectories are shown separately for younger (N=12; 6 per arm) and older participants 

(N=30; 15 per group). Solid lines denote trajectories of participants randomized to the early 

on arm, and dashed lines denote trajectories for participants randomized to the delayed on 

arm. Vertical lines denote 95% confidence intervals

Leoutsakos et al. Page 17

J Alzheimers Dis. Author manuscript; available in PMC 2019 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Observed and Model-based Trajectories of CDR Sum of Boxes By Age Group, 
Treatment Arm, and Study Phase.
Figure 3 shows observed trajectories (grey) and fitted trajectories (black) based on a 

longitudinal mixed effects model with a random intercept and adjustment for site effects. 

Trajectories are shown separately for younger (N=12; 6 per arm) and older participants 

(N=30; 15 per group). Solid lines denote trajectories of participants randomized to the early 

on arm, and dashed lines denote trajectories for participants randomized to the delayed on 

arm. Vertical lines denote 95% confidence intervals.
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Table 1.

Summary of Adverse Events by Category and Treatment Group in Phase 2

All Adverse Events Serious Adverse Events

Delayed On Early On Delayed On Early On

Programming 6 (11%) 0 0 0

Psychiatric 9 (17%) 14 (27%) 1 (14%) 0

General Medical 38 (72%) 38 (73%) 6 (86%) 8 (100%)

Event Subcategory

Auditory/Ocular/Oral (HEENT) 0 1 0 0

Cardiovascular 6 5 4 2

Constitutional 1 1 0 0

Dermatological 5 4 0 1

Endocrine/Metabolic (Lab Abnormalties) 1 0 0 0

Gastrointestinal 2 1 0 0

Genitourinary 4 1 0 0

Hematology/Oncology 0 2 0 0

Infectious Disease 1 0 0 0

Neurological 13 15 2 5

Ortho/Musculoskeletal 2 4 0 0

Pulmonary/Upper Respiratory 3 5 0 0

Total 53 52 7 8
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Table 2.

Model-based change scores by treatment arm and phase for primary analysis

Delayed On Early On

Outcome Phase 1 Phase 2 Phase 1 Phase 2

ADAS-cog 13 8.33(1.82) 6.16(1.97) 7.83(1.86) 5.60(1.85)

CDRsb 2.59(.64) 2.59(.61) 2.41(.402) 1.98(.57)

CVLT* −4.37(1.38) −3.77(1.35) −4.28(1.02) −2.61(1.65)

NPI** 6.39(2.22) 1.40(1.64) 5.57(1.63) −.94(1.72)

Note: values are fitted change per year (SE)

*
CVLT: California Verbal Learning Test, Trials1 – 5

**
NPI: Neuropsychiatric Inventory
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Table 3.

Model-based change scores by treatment arm and phase, stratified by age

Under 65

Delayed On Early On

Outcome Phase 1 Phase 2 Phase 1 Phase 2

ADAS-cog 13 10.51(3.66) 7.57(5.51) 17.13(3.50) −.26(3.27)

CDRsb .45(.43) 3.61(1.40) 3.07(.73) 4.07(1.40)

CVLT −8.36(3.24) −3.96(2.34) −5.28(1.42) −6.03(2.59)

NPI 7.46(5.52) 2.59(3.71) 12.26(3.02) 2.16(4.06)

Over 65

ADAS-cog 13 7.41(2.05) 5.70(1.81) 3.99(1.14) 8.14(1.90)

CDRsb 3.45(.78) 2.20(.62) 2.13(.45) 1.38(.46)

CVLT −2.73(1.20) −3.76(1.66) −3.83(1.28) −1.83(1.81)

NPI 5.95(2.17) .97(1.77) 2.86(1.37) −1.32(1.36)

Note: values are fitted change per year (SE)
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