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Abstract

Introduction: Analyses of off-label use of acetylcholinesterase inhibitors (AChEIs)
in mild cognitive impairment (MCI) has produced mixed results. Post hoc analyses
of observational cohorts, such as the Alzheimer’s Disease Neuroimaging Initiative
(ADNI), have reported deleterious effects in AChEI-treated subjects (AChEI+). Here,
we used neuroimaging biomarkers to determine whether AChEI+ subjects had a
greater rate of neurodegeneration than untreated (AChEI-) subjects while accounting
for baseline differences.

Methods: We selected 121 ADNI MCI AChEI+ subjects and 151 AChEI- subjects with
a magnetic resonance imaging (MRI) scan; 82 AChEI+ and 110 AChEI- also had a fluo-
rodeoxyglucose (FDG) scan. A subset (83 AChEI+ and 98 AChEI-) had cerebrospinal
fluid (CSF) or amyloid positron emission tomography (PET) assessment for amyloid
positivity. Linear regression models were used to compare the effect of treatment on
changes in Mini-Mental State Examination and Clinical Dementia Rating-Sum of Boxes
scores. We used standard regression in SPM (for baseline) and the SPM toolbox sand-
wich estimator, SWE (for longitudinal) for comparisons of AChEI+ and AChEI- FDG
PET and MRI data.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | INTRODUCTION

Results: At baseline, the AChEI+ group had significantly reduced cortical gray matter
density (GMD) and more hypometabolism than AChEI- subjects. The greater rate of
atrophy and hypometabolic changes over time in AChEI+ compared to AChEI- sub-
jects did not survive correction for baseline differences. AChEI+ participants were
more likely to be amyloid-positive and have lower GMD and FDG standardized uptake
value ratio than AChEI- at baseline. AChEI+ subjects showed greater atrophy over
time, which remained significant after controlling for amyloid status.

Discussion: Our data suggest that the observed differences in rates of cognitive
decline, atrophy, and hypometabolism are likely the result of significant baseline dif-
ferences between the groups. Furthermore, the data indicate no treatment effect of
AChEI (positive of negative), rather that physicians prescribe AChEI to subjects who
present with more severe clinical impairment. This alone may account for the negative
effect seen previously in the ADNI population of AChEI use among MCl subjects.

KEYWORDS
acetylcholinesterase inhibitor, Alzheimer’s Disease Neuroimaging Initiative, fluorodeoxyglucose,
longitudinal, magnetic resonance imaging, mild cognitive impairment

Alzheimer’s disease (AD) affects as many as 10% of all Americans over
the age of 65 and is the fifth-leading cause of death for that age group.!
Currently there are no cures or viable treatments that can reverse, halt,
or even slow cognitive decline for AD patients, making drug discovery
at the forefront of AD research.

Central to the research effort is understanding the exact cause of
AD, which has entertained a variety of hypotheses through the years,
the oldest of which is the “cholinergic hypothesis.”2 Cholinergic deficits
are commonly noted in AD along projections from the basal forebrain
to neocortex and associated limbic structures.2-¢ While this deficit is
now considered to be a consequence of AD rather than a cause, it was
the first target for drug intervention. Increasing acetylcholine concen-
tration at the synapses of cholinergic neurons is still the most com-
monly prescribed symptomatic treatment used by physicians through
a class of drugs known as anticholinergics or acetylcholinesterase
inhibitors (AChEls).

Currently there are three Food and Drug Administration (FDA)-
approved commonly prescribed reversible AChEls: donepezil, rivastig-
mine, and galantamine.”"? Although these inhibitors are only FDA
approved for use in mild to moderate AD, physicians frequently pre-
scribe AChEIls off-label to subjects in the pre-dementia stages, such
as those with mild cognitive impairment (MCI), in hopes that they
might relieve the cognitive symptoms or even slow progression.10-12
To date, six randomized clinical trials to test the efficacy of AChEI
use in MCI patients have been completed.’3-18 Two of these studies,
Petersen et al. and Winblad et al., used conversion to dementia as the
primary outcome measure and failed to find a significant treatment
effect.1>1¢ However, Petersen et al. found that donepezil slowed con-
version rate through the first year of treatment.'®> Secondary cogni-

tive outcome measures reflected this finding, with little to no decline
through the first 18 months, but rates comparable to placebo from 18
to 36 months.'®

The use of cognitive outcomes as primary and secondary effi-
cacy measures has been met with moderate success. Koontz et al.
found improvements on two of six Cambridge Automated Neuropsy-
chological Test Assessment Battery (CANTAB) measures, as well as
on two secondary outcomes—California Verbal Learning Test (CVLT)
and Functional Activities Questionnaire (FAQ)—in response to treat-
ment with galantamine.!* Salloway et al. failed to find a significant
treatment effect of donepezil on their primary outcomes-New York
University (NYU) Delayed Paragraph Recall Test and the Alzheimer’s
Disease Cooperative Study-Clinical Global Impression of Change for
MCI (ADCS CGIC-MCI) measure—but reported improvement on sec-
ondary measures of Alzheimer’s Disease Assessment Scale-Cognitive
Subscale (ADAS-Cog) and Patient Global Assessment (PGA).3 Doody
et al., using both ADAS-Cog and Clinical Dementia Rating sum of boxes
(CDR-SB) as primary efficacy measures found that only ADAS-Cog
had a significant treatment effect over 48 weeks, while finding lit-
tle to no change in their secondary measures of cognition, behavior
and function.!” In 2015, Dubois et al.® used a neuroimaging primary
outcome measure and found that the annual percent change (APC)
of hippocampal volume was significantly lower (i.e., less atrophy was
observed) in patients treated with donepezil after 1 year. Their sec-
ondary measures of APC in left/right hippocampal volume, global cere-
bral volume, and ventricular volume showed a similar effect.8

Post hoc and meta-analyses have been used to further test efficacy
and assess risk of adverse effects. From these, there was little to no

evidence of an AChEI slowing of disease progression,?-21

while only
ADAS-Cog showed the desired treatment effect on cognition.?! Imag-

ing, however, has shown more promising results. AChEl-treated MCI
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patients showed a reduction in cortical thinning rates,?? basal fore-
brain atrophy,2® whole brain APC,2* whole brain atrophy,2° and even
increased frontal cortex activation in functional magnetic resonance
imaging (fMRI).26 However, no treatment effect was seen by Jack et al.
on APC of any MRI measure in a post hoc examination of the donepezil
and vitamin E trial.2’

In contrast to the results from randomized controlled studies listed
above, analyses of observational studies such as the Alzheimer’s
Disease Neuroimaging Initiative (ADNI), have actually reported a wors-
ening of cognitive symptoms measured by Mini-Mental State Examina-
tion (MMSE), CDR, and ADAS-Cog.282? Notably, in both studies, the
treatment population was significantly more impaired at baseline in
CDR and ADAS-Cog measures, respectively.282? This baseline discrep-
ancy was not added as a covariate in either analysis, potentially con-
founding the interpretation of the results.

To clarify the impact of baseline factors on AChEI treatment in
MCI, we analyzed baseline and longitudinal changes in MMSE, CDR-
SB, and neurodegeneration—brain atrophy and hypometabolism—in
AChEl-treated and -untreated MCl subjects from the ADNI.

2 | METHODS

2.1 | Subjects

Data used in the preparation of this article were obtained from the
ADNI database (adni.loni.usc.edu). ADNI was launched in 2003 as a
public-private partnership, led by principal investigator Michael W.
Weiner, MD. The primary goal of ADNI has been to test whether serial
MRI, positron emission tomography (PET), other biological markers,
and clinical and neuropsychological assessments can be combined to
accurately measure and predict the progression of MCl and early AD.
ADNI has undergone three complete funding cycles to date: ADNI 1,
ADNI GO, and ADNI 2. ADNI 3 is ongoing. ADNI GO and ADNI 2
included 18F-Florbetapir amyloid PET imaging.

The clinical and biomarker characteristics of the ADNI cohort have
been previously published.3® ADNI has enrolled clinically diagnosed
cognitively normal (CN), amnestic MCl, and dementia (DEM) subjects
with an amnestic presentation thought to be due to AD (probable AD).
All diagnostic criteria can be found on ADNI’s website under the clinical
protocols documents (http://adni.loni.usc.edu/methods/documents/).
Briefly, DEM diagnosis is based on the National Institute of Neurologi-
cal and Communicative Disorders and Stroke and the Alzheimer’s Dis-
ease and Related Disorders Association (NINCDS-ADRDA) criteria.!
ADNI probable AD DEM subjects were 56 to 90 years old at enroll-
ment, and scored between 20 and 26 on the MMSE32 and 0.5 and
1 on the CDR global score.®3 Subjects diagnosed as amnestic MCI
ranged from 55 to 91 years old at enrollment, had no significant func-
tional impairment, scored between 24 and 30 on the MMSE, had a
global CDR of 0.5 (memory score > 0.5), and impairment on Wech-
sler Memory Scale—Logical Memory Il test.®* CN subjects had MMSE
between 24 and 30, a global CDR of 0, and did not meet criteria for
MCl or DEM. Subjects were excluded due to inability to undergo MRI; if

Clinical Interventions

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed relevant pub-
lished primary research and reviews using both Google
Scholar and PubMed. Randomized clinical trials, as well
as post hoc and meta-analyses of trials have been used
to measure efficacy of acetylcholinesterase inhibitor
(AChEI) treatment in mild cognitive impairment (MCI)
patients. The relevant citations for these publications
have been included.

2. Interpretation: Our findings suggest that previous
reports citing AChEI use in MCI patients as deleterious
or harmful may be reflective of the significant differences
in impairment between treatment groups at baseline.

3. Future directions: The results from this research do not
support previous claims of harmful effect by AChEI in
MCI.

they had other neurological disorders, active depression, or history of
other psychiatric diagnosis, alcohol, or substance dependence within
the past 2 years; <6 years of education; or were not fluent in English
or Spanish. The full list of inclusion/exclusion criteria may be accessed
in the ADNI procedures documents (http://adni.loni.usc.edu/methods/
documents/). Written informed consent was obtained from all partici-
pants.

Subjects were selected according to the schematic seen in Fig-
ure 1. Briefly, our sample included both subjects taking AChEI (AChEI+)
and not taking AChEI (AChEI-) who met criteria for MCI (ADNI 1)
or late MCI (ADNI 2/GO) at the initial timepoint and had longitu-
dinal MMSE and/or CDR-SB. Medications were found in the “Key
Background Medications” sheet in ADNI’s study data. AChEI+ sub-
jects were selected who were on any one of three AChEls: donepezil,
rivastigmine, or galantamine. All subjects had longitudinal MRI; 192
subjects (82 AChEI+ and 110 AChEI-) also had longitudinal fluo-
rodeoxyglucose (FDG) scans. One hundred eighty-one subjects from
the MRI and 137 subjects from the FDG cohort received either cere-
brospinal fluid (CSF) collection or amyloid PET scans (AD biomarker-
validated cohort), which allowed us to interpret our results in light of
biomarker evidence of amyloid pathology and to control for amyloid
status in our subanalysis in the AD biomarker-validated cohort. Amy-
loid positivity was defined as CSF amyloid beta (AB)1-42 < 192 pg/mL
using the multiplex xXMAP Luminex platform (Luminex Corp) with
Innogenetics (INNO-BIA AlzBio3) immunoassay kit-based reagents or
florbetapir PET whole brain standardized uptake value ratio (SUVR)
>1.17.3%36 |n cases in which both CSF and amyloid PET were available,
PET SUVR was preferred for determining amyloid positivity. In addi-
tion to florbetapir imaging, ADNI has a small subset of subjects with
[11C]-Pittsburgh compound B (PiB) imaging. To introduce the smallest
amount of noise possible, the decision was made to use a single tracer

for these analyses.3”
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4

AChEIl+ participants
n=817

N

!

AChEI- participants
n =946

At least 2 years on medication
n=785

!

On AChElI medication only
n=343

!

Have change in MMSE and CDR-SB
n=213and n =218

v

!

Have change in MMSE and CDR-SB
n=736 and n =722

LMCI with MMSE and CDR-SB
n=M8andn=121

!

!

LMCI with MMSE and CDR-SB
n=150 and n =151

Have longitudinal MRI and FDG
n=121and n =82

!

Have longitudinal MRl and FDG
n=151and n=110

N at each timepoint (up to 48 months) AChEI+/AChEI- MRI Analysis AChEI+/AChEI- FDG Analysis
BL 121/151 82/110

12 months 114/143 51/47

24 months 91/123 57/66

36 months 59/64 34/32

48 months 51/58 8/10

FIGURE 1 Schematic describing the selection of subjects for analysis, as well as number of subjects with data at each timepoint. AChEl,
acetylcholinesterase inhibitor; ADNI, Alzheimer’s Disease Neuroimaging Initiative; CDR-SB, Clinical Dementia Rating-Sum of Boxes; FDG,
fluorodeoxyglucose; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging
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2.2 | MRI and PET acquisition and analyses
ADNI MRI and PET acquisition and preprocessing protocols can
be found at www.adni-info.org. The MRI data acquisition and pre-
processing have been previously described elsewhere and can be
found in Table S1 in supporting information.®® Preprocessed MRIs
were downloaded from LONI IDA (https:/ida.loni.usc.edu) and ana-
lyzed using voxel-based morphometry (VBM) in SPM12 as described
previously.3740 Briefly, baseline scans were co-registered to Montreal
Neurological Institute (MNI) space, while follow-up or longitudinal
scans were co-registered to their corresponding baseline scan. MRIs
were then segmented into gray matter (GM), white matter (WM), and
CSF components, then bias corrected and spatially normalized.** After
this step, we used a nonlinear registration procedure, DARTEL, on
each subject’'s GM and WM tissue maps, which iteratively matches
to a subject-specific mean template.*2 GM and WM maps were then
normalized to MNI space as 1 x 1 x 1 mm voxels and smoothed
using 10 mm full-width half maximum (FWHM) Gaussian kernel. Addi-
tional processing using FreeSurfer version 5.1 was done to extract
intracranial volume (ICV or eTIV) and baseline bilateral hippocampal
volume.#344

As with MRI, PET acquisition and ADNI preprocessing normaliza-
tion standards are well documented.33 We downloaded preprocessed
(averaged, aligned to standard space, re-sampled to a standard image
and voxel size of 2 x 2 x 2 mm and smoothed to a uniform resolution)
amyloid and FDG PET data from LONI IDA (https://ida.loni.usc.edu).*®
PET images were co-registered to MRI scans and warped into MNI
space using transformation parameters obtained from the nonlinear
registration of MRIs in SPM12. FDG PET scans were intensity normal-
ized to mean pons uptake, while amyloid PET scans were intensity nor-
malized using the whole cerebellum as a reference region. Whole brain
SUVR was extracted as the region of interest for amyloid PET.*¢ Base-
line posterior cingulate cortex (PCC) SUVR was extracted as the region
of interest in FDG PET scans, where hypometabolism serves as a sen-
sitive marker for early AD and predicts the conversion from MCI to
AD.47:48

2.3 | Statistical analyses

2.3.1 | Demographic analyses

The statistical distribution of clinical and demographic
characteristics—age, education, baseline CDR-SB, baseline MMSE,
baseline everyday cognition patient and informant scores, florbetapir
PET mean cortical SUVR, and bilateral hippocampal volume were ana-
lyzed in SPSS version 24 using one-way analysis of variance. Sex and
apolipoprotein E (APOE) ¢4 carrier (percentage of subjects carrying O, 1
or 2 copies of the 4 allele) comparisons were done using a chi-square
test with two-sided P-values. The alpha for all comparisons was P < .05.

Longitudinal change in CDR-SB and MMSE was modeled using
autoregressive linear mixed effects models in SAS 9.4, controlling for
age, sex, and education. All visits up to 48 months were included (see

Figure 1 for number of subjects at each timepoint).

Clinical Interventions

2.3.2 | Baseline parametric mapping
We generated MRI and FDG PET voxel-wise regression maps on the
baseline scans that directly compared AChEI+ and AChEI- groups
using SPM12, with age, sex, and education as covariates, as well as field
strength (1.5T vs. 3T) and ICV for the MRI analysis. Results are dis-
played at family-wise error (FWE) cluster-level correction of P < .05
to correct for multiple comparisons. The primary or cluster-defining
threshold was selected at an uncorrected P <.01.

The analyses were repeated in the AD biomarker-validated cohort
while also controlling for baseline amyloid positivity. This allowed us to
determine whether differences in cognitive or neurodegenerative out-

comes are fully attributable to AD pathology.

2.3.3 | Longitudinal parametric mapping
To visualize the longitudinal neurodegenerative effects in 3D, we relied
on the Sandwich Estimator (SWE) SPM toolbox.*? SWE not only has the
flexibility to handle an unbalanced dataset, but the ability to estimate
a covariance matrix, overcoming traditional pitfalls seen by spatially
homogenous correlation assumptions.*? Scans up to 48 months were
selected to analyze the group effect (AChEI+ vs. AChEI-) while con-
trolling for age, sex, and education, as well as ICV and field strength for
MRI. To control for the likelihood that baseline cognitive and neurode-
generative differences (potentially suggestive of greater disease sever-
ity in one group vs. another) were contributing to longitudinal group
differences, we repeated this analysis, while controlling for baseline
PCC SUVR (FDG) and bilateral hippocampal volume (MRI). Additional
models were run with an APOE ¢4 covariate (Figures S1 and S2 in sup-
porting information), an APOE €4 x AChEI group covariate (Figures S3
and S4 in supporting information) and an APOE ¢4 x amyloid covariate
(Figure S5 in supporting information).

The analyses were repeated in our AD biomarker-validated cohort,
with and without additionally controlling for amyloid status. All longi-

tudinal results are displayed at a false discovery rate (FDR) of P < .05.

3 | RESULTS

3.1 | Cognitive outcomes

3.1.1 | Full cohort

Full cohort analysis of demographic, clinical, and imaging variables for
subjects with MRl and FDG PET scans can be seen in Table 1. We found
no significant differences in age, sex, or education between AChEI+
and AChEI- subjects. There were significantly more APOE ¢4 carriers
in the AChEI+ than AChEI- group for both MRI and FDG analysis
(P=.005 and .025, respectively). The AChEI+ group had a significantly
worse baseline CDR-SB (P = .009 and P = .041 for the MRI and FDG
cohorts, respectively) and MMSE score (P = .008 and P = .011 for
MRI and FDG cohorts, respectively) than AChEI- subjects. In the MRI
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TABLE 1 Demographic and clinical comparisons between AChEI groups—Full cohort. Bolded P-values are significant at P<.05
AChEI Group (N = 272)—MRI analysis AChEI+ (121) AChEI- (151) P-value
Baseline age, years mean (SD) 73.0(7.1) 73.5(8.2) 0.612
Sex, male % 66.9 57.0 0.093
Education, years mean (SD) 16.0(2.9) 16.1(2.8) 0.747
APOE ¢4 alleles, % 0/1/2 40/45/16 58/34/7 0.005
Baseline CDR-SB, mean (SD) 1.67(0.88) 1.39(0.88) 0.009
Change in CDR-SB [95% Cl] 2.66[2.05,3.27] -0.06[-0.61,0.49] <0.001
Baseline MMSE, mean (SD) 27.2(1.73) 27.8(1.72) 0.008
Change in MMSE [95% Cl] -3.33[-4.17,-2.48] -0.20[-0.97,0.56] <0.001
Baseline Everyday Cognition Total Patient 1.61(0.57) 1.44(0.39) 0.025
Score, mean (SD)
Baseline Everyday Cognition Total 2.42(0.83) 1.65 (0.70) <0.001
Informant Score, mean (SD)
Amyloid positive at baseline, positive % 75.9 48.0 <0.001
Baseline bilateral hippocampal volume, 6237.9(1163.7) 6915.0(1071.9) <0.001
mean mm? (SD)
AChEI group (N = 192)—FDG analysis AChEI+ (82) AChEI- (110) P-value
Age, years mean (SD) 73.1(7.0) 73.5(8.1) 0.700
Sex, male % 69.5 57.3 0.080
Education, years mean (SD) 16.1(2.7) 16.3(2.5) 0.600
APOE ¢4 alleles, % 0/1/2 37/48/16 56/36/8 0.025
Baseline CDR-SB, mean (SD) 1.69 (0.90) 1.43(0.83) 0.041
Change in CDR-SB[95% Cl] 1.97[1.31,2.63] 0.33[-0.31,0.97] <0.001
Baseline MMSE, mean (SD) 27.4(1.8) 28.0(1.6) 0.011
Change in MMSE [95% Cl] -2.78[-3.74,-1.81] -0.88[-1.80,0.04] 0.005
Baseline Everyday Cognition Total Patient 1.61(0.61) 1.49(0.42) 0.181
Score, mean (SD)
Baseline Everyday Cognition Total 2.28(0.79) 1.65(0.70) <0.001
Informant Score, mean (SD)
Amyloid positive, positive % 80.7 51.3 <0.001
Baseline PCC SUVR, mean (SD) 1.53(0.13) 1.58(0.15) 0.011

Abbreviations: AChEI, acetylcholinesterase inhibitor; APOE, apolipoprotein E; CDR-SB, Clinical Dementia Rating-Sum of Boxes; Cl, confidence interval; FDG,
fluorodeoxyglucose; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; PCC, posterior cingulate cortex; SD, standard deviation;

SUVR, standardized uptake value ratio.

analyses, AChEI+ voiced significantly greater subjective complaints
compared to AChEI- (Everyday Cognition questionnaire participant
score, P = .025). Informants relayed significantly greater concerns
regarding the cognition of AChEI+ versus AChEI- in both the FDG
and MRI samples (Everyday Cognition questionnaire informant score,
P < .001, both). Longitudinally, AChEI+ subjects exhibited a signif-
icantly greater rate of decline in both CDR-SB (P < .001 for both
cohorts) and MMSE (P < .001 and P = .005 for the MRI and FDG
cohorts, respectively).

3.1.2 | AD biomarker-validated cohort

The AD biomarker-validated cohort analysis of demographic, clinical,
and imaging variables for subjects with MRI (AChElI+ N = 83 and

AChEI- N = 98) and FDG PET scans (AChEl+ N = 57 and AChEI-
N = 80) can be seen in Table 2. Every subject included in this group had
either CSF AB1-42 or whole brain florbetapir PET SUVR data, allow-
ing us to determine their amyloid status and to additionally control for
that in our analyses. We thought this was critical to do as a greater
proportion of the AChEI+ subjects were amyloid-positive compared to
AChEI- (75.9 vs. 48.0% for MRI and 80.7 vs. 51.3% for FDG, P < .001
for both), which could imply that the rate of decline seen in one group
versus another could be attributed to the underlying pathology. There
were no significant differences between AChEI+ and AChEI- in age,
sex, and education in the MRI cohort, or age and education in the FDG
cohort. There were significantly more males in the FDG AChEI+ AD
biomarker-validated group (P = .023). There were significantly more
APOE ¢4 AChEI+ carriers in the AChEI MRI analysis (P =.036). AChEI+
subjects were significantly more impaired in baseline MMSE (P =.013
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TABLE 2 Demographic and clinical comparisons between AChEI groups-Biomarker validated cohort. Bolded P-values are significant at P<.05

AChEI Group (N = 181)—MRI analysis AChEI+ (83) AChEI- (98) P-value
Baseline age, years mean (SD) 72.6(7.1) 72.8(8.5) 0.859
Sex, male % 67.5 571 0.102
Education, years mean (SD) 16.0(2.9) 16.4(2.4) 0.272
APOE €4 alleles, % 0/1/2 41/45/15 58/36/6 0.036
Baseline CDR-SB, mean (SD) 1.63(0.85) 1.38(0.88) 0.062
Change in CDR-SB [95% Cl] 2.58[1.84,3.33] -0.39[-1.09,0.32] <0.001
Baseline MMSE, mean (SD) 27.2(1.8) 27.9(1.7) 0.013
Change in MMSE [95% Cl] -3.06[-3.25,-1.86] -0.70[-1.84,0.44] 0.005
Baseline Everyday Cognition Total Patient 1.62(0.59) 1.44 (0.40) 0.046
Score, mean (SD)
Baseline Everyday Cognition Total 2.28(0.78) 1.62(0.67) <0.001
Informant Score, mean (SD)
Amyloid positive at baseline, positive % 75.9 48.0 <0.001
Baseline Bilateral Hippocampal Volume, 6384.9(1132.0) 7013.9 (1063.1) <0.001
mean mm? (SD)
AChEI Group (N = 137)—FDG Analysis AChEI+ (57) AChEI- (80) P-value
Age, years mean (SD) 73.0 (6.8) 73.1(8.3) 0.967
Sex, male % 71.9 53.8 0.023
Education, years mean (SD) 16.1(2.6) 16.5(2.3) 0.369
APOE ¢4 alleles, % 0/1/2 39/47/14 55/38/8 0.133
Baseline CDR-SB, mean (SD) 1.67(0.91) 1.46(0.88) 0.176
Change in CDR-SB[95% Cl] 1.89[1.34,2.64] 0.71[-0.02,1.44] 0.028
Baseline MMSE, mean (SD) 27.4(1.8) 28.0(1.6) 0.034
Change in MMSE [95% Cl] -3.15[-4.51,-1.79] -1.91[-3.23,-0.58] 0.197
Baseline Everyday Cognition Total Patient 1.62 (0.64) 1.48(0.43) 0.191
Score, mean (SD)
Baseline Everyday Cognition Total 2.20(0.76) 1.63(0.67) <0.001
Informant Score, mean (SD)
Amyloid positive, positive % 80.7 51.3 <0.001
Baseline PCC SUVR, mean (SD) 1.54(0.13) 1.57(0.13) 0.109

Abbreviations: AChEI, acetylcholinesterase inhibitor; APOE, apolipoprotein E; CDR-SB, Clinical Dementia Rating-Sum of Boxes; Cl, confidence interval; FDG,
fluorodeoxyglucose; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; PCC, posterior cingulate cortex; SD, standard deviation;

SUVR, standardized uptake value ratio.

and P =.034, MRI and FDG cohorts, respectively) compared to AChEI-
subjects. As with the main, in both the MRI and FDG analyses AChEI+
subjects performed significantly worse on informant-answered base-
line Everyday Cognition (P <.001, both), while the AChEI+ performed
worse in the patient-answered Everyday Cognition in only the MRI
analysis (P =.046). Additionally, AChEI+ subjects declined more rapidly
in both CDR-SB (P <.001 P =.028 for the MRI and FDG cohort, respec-
tively) as well as MMSE (MRI cohort only, P =.005).

3.2 | Imaging outcomes

3.2.1 | Full cohort

AChEI+ subjects displayed significantly smaller baseline hippocampal
volume and lower FDG PCC SUVR than AChEI- (P <.001 and P=.011,

MRI and FDG PET cohorts, respectively). Baseline 3D comparisons of
AChEI+ to AChEI- within the MRI cohort while controlling for age,
sex, and education differences resulted in voxelwise maps seen in Fig-
ure 2 (top left panel). AChEI+ subjects had significantly less (cluster-
level ppywe < 0.05) gray matter density (GMD) in the temporal and left
parietal cortices. Longitudinally, additional atrophy was also observed
in the right parietal and bilateral prefrontal cortex (pgpgr < 0.05). When
baseline hippocampal volume was added as a covariate, no significant
voxels of atrophy remained (Figure 2, top middle and right panels,
respectively).

Baseline comparison of AChElI+ to AChEI- within the FDG PET
cohort yielded significant hypometabolism in left greater than right
temporal, parietal, and frontal cortices. In addition, there was a large
cluster of hypometabolism in posterior and anterior cingulate cortex
(Figure 2, bottom left panel). Longitudinal comparisons of metabolic
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MRI Full Cohort

AChEI+ vs AChEI- at BL

AChEI+ vs AChEI- over time

AChEI+ vs AChEI- over time
(controlling for BL Hippo. Vol.)

FDG PET Full Cohort

AChEI+ vs AChEI- over time

AChEI+ vs AChEI- over time
(controlling for BL PCC SUVR)

*Baseline held at clusterwise p.,,.<0.05, longitudinal at p_,.<0.05

FIGURE 2 Significance maps for full cohort. AChEI, acetylcholinesterase inhibitor; BL, baseline; FDG, fluorodeoxyglucose; MRI, magnetic
resonance imaging; PCC, posterior cingulate cortex; PET, positron emission tomography; SUVR, standardized uptake value ratio

changes between AChEI+ to AChEI- showed a similar pattern of
hypometabolism as the one seen at baseline—left greater than right
temporal and frontal and left parietal hypometabolism. When base-
line PCC SUVR was added as a covariate, only a small cluster of
hypometabolism survived localized to the PCC (Figure 2, bottom mid-

dle and right panels, respectively).

3.2.2 | AD biomarker-validated cohort
AChEI+ subjects had significantly smaller hippocampal volume
(P < .001) but did not differ in PCC metabolism. At baseline, direct 3D
comparison of AChEI+ to AChEI- subjects in our biomarker-validated
cohort revealed less GMD in bilateral temporal, parietal, and frontal
cortices. When controlling for amyloid positivity, the statistical maps
did not change, outside of a decrease in overall number of significant
voxels (k of 111,031 voxels vs. 75,612, Figure 3, top left panels).

Comparison of AChEI+ to AChEI- over 48 months revealed a pat-
tern of atrophy similar to what was seen at baseline with significant
voxels in bilateral temporal, parietal, and frontal cortices. After control-
ling for amyloid status the signal became largely restricted to bilateral
medial and lateral temporal lobes (Figure 3, top right panels).

Baseline FDG PET comparison in our AD biomarker-validated

cohort showed significantly greater hypometabolism of the right lat-

eral temporal, bilateral parietal, and occipital cortices in AChEI+.
Adding amyloid positivity as a covariate resulted in reduction of the
effect to significant hypometabolism restricted to left parietal cortex
(Figure 3, bottom left panels).

Comparison of longitudinal metabolic changes between AChEI+
and AChEI- subjects (with or without amyloid status in the model)
failed to show significant differences between the groups (Figure 3,
bottom right panels).

4 | DISCUSSION

The effectiveness of off-label AChEI use as a treatment of MCI has
produced mixed results. To date, studies in the ADNI population have
focused solely on cognitive outcomes that have suggested a nega-
tive or harmful effect of AChEIls on cognition, which authors have
speculated may be due to the criteria of MCI in ADNI at the time
and its overlap with early AD.2827 To further investigate the relative
worsening of AChEI users in ADNI, we studied the longitudinal effect
of AChEIs on imaging outcomes in addition to cognitive outcomes
while accounting for amyloid status and baseline neurodegeneration
differences.

We found that AChEI+ subjects were significantly more likely to be
amyloid positive than AChEI- subjects. This indicates that physicians
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MRI Biomarker Validated Cohort

AChEI+ vs AChEI- at BL AChEI+ vs AChEI- at BL

(controlling for amyloid)

AChEI+ vs AChEI- over time AChEI+ vs AChEI- over time

(controlling for amyloid)

FDG PET Biomarker Validated Cohort

AChEI+ vs AChEI- at BL

(controlling for amyloid)

D%
N

AChEI+ vs AChEI- over time AChEI+ vs AChEI- over time

(controlling for amyloid)

*Baseline held at clusterwise p,,,.<0.05, longitudinal at p.,,<0.05

FIGURE 3 Significance maps for biomarker validated cohort. AChEI, acetylcholinesterase inhibitor; BL, baseline; FDG, fluorodeoxyglucose;
MRI, magnetic resonance imaging; PCC, posterior cingulate cortex; PET, positron emission tomography; SUVR, standardized uptake value ratio

are more inclined to prescribe AChEIls to MCI patients due to AD
perhaps basing their decision on the greater neurodegeneration or the
greater patient and informant complaints observed in these subjects.
This then brings up the point that any differences in cognitive and
imaging outcomes might be due to baseline cognitive and neurodegen-
erative differences between the groups rather than medication effects.
To this end, when adding baseline hippocampal volume and PCC SUVR
as covariates in our regression models the vast majority of voxels
indicative of faster atrophy and hypometabolic changes in those on
AChEI did not survive. Hence, not accounting for baseline amyloid sta-
tus and degree of neurodegeneration might be why cognitively harmful
effects of AChEI in MCI were reported.?82? However, controlling for
amyloid status did not fully explain the greater neurodegeneration in
AChEI+ versus AChEI- subjects. Thus, we conclude that the faster
progression observed in the AChEI+ group cannot be fully explained
by the presence of amyloid but can be fully attributed to baseline
between-group differences.

The study presented here has several strengths and limitations. A
major strength of this study is the broad range of longitudinal clini-
cal and imaging measures available in ADNI. Additionally, ADNI uses
stringent standardization procedures for clinical and imaging data
collection across all sites. However, the rigorous inclusion/exclusion
criteria used in ADNI means that this cohort, while representative of
clinical trial participants, is not necessarily representative of patients
with MCI in the general population. A further limitation is that we are
comparing groups with some baseline differences in cognitive impair-
ment, which is reflected in the imaging analysis. In an ideal study of
longitudinal AChEI effects on MCI subjects, both the AChEI+ and

AChEI- groups would be relatively equally impaired at baseline, as it
may not be possible to fully control for baseline differences.

In conclusion, our study of the longitudinal effect of AChEIs on ADNI
MCI subjects revealed no treatment effect. There was, however, a
significant difference in the baseline cognitive deficit and neurode-
generation seen between AChEI+ and AChEI- subjects, suggesting
that physicians’ AChEI-prescribing behaviors favor subjects with more
severe cognitive impairment (resulting in greater neurodegenera-
tion), which may account for the results seen previously in the ADNI
population.
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