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Abstract

Objective—Evaluate the influence of gender and butyrylcholinesterase (BuChE) genotype on
incidence of progression to AD, rate of cognitive and functional decline, and response to
rivastigmine treatment in mild cognitive impairment (MCI) subjects.

Methods—This retrospective exploratory analysis from a 3—4 year, randomized, placebo-
controlled study of rivastigmine in MCI subjects included participants who consented to
pharmacogenetic testing.

Results—Of 1018 total patients, 490 (253 [52%] female) were successfully genotyped for
BuChE. In subjects receiving placebo, the BuChE wt/wt genotype was associated with a
statistically significantly higher rate of progression to AD and functional decline in women,
compared with men with the BUChE wt/wt genotype. In subjects with a BUChE-K allele receiving
placebo, incidence of progression to AD and rate of functional decline were not significantly
different by gender, however cognitive decline was significantly faster in men. Statistically
significant benefits of rivastigmine treatment on progression to AD, functional decline, ventricular
volume expansion, whole brain atrophy and white matter loss were evident in female BuChE
wit/wi.

Conclusion—Gender appears to differentially influence the type of decline in MCI subjects
according to BUuChE genotype, with more rapid progression of cognitive decline in male BuChE-
K, and more rapid progression to AD and functional decline in female BuChE wt/wt. Cognitive
decline in male BuChE-K and functional decline and progression to AD in female BUChE wt/wt
were significantly attenuated by rivastigmine. Rivastigmine treatment also significantly reduced
ventricular expansion, whole brain atrophy rate and white matter loss in female BUChE wt/wt,
suggesting a possible disease-modifying effect.
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550 First Avenue, New York, NY 10016, USA, Tel: +1 212 263 5703, steven.ferris@med.nyu.edu.
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Introduction

Methods

The InDDEX (Investigation in Delay to Diagnosis of Alzheimer's disease with Exelon®)
Study was a randomized, double-blind, placebo-controlled, 3—-4 year clinical trial evaluating
the effect of rivastigmine 3-12 mg/day on the time to clinical diagnosis of dementia and rate
of decline on cognitive and functional measures in 1018 participants with amnestic mild
cognitive impairment (MCI) [1]. The study did not demonstrate any statistically significant
effects of rivastigmine on the co-primary outcomes of progression to Alzheimer's disease
(AD) or composite Z-score of a cognitive test battery [1]. However, ventricular volume
expansion and whole brain atrophy were significantly reduced in rivastigmine-treated
women [1].

A previous retrospective analysis designed to characterize the response to rivastigmine in
the overall study population and by gender used a Cox proportional hazards regression
model that adjusted for all baseline variables shown to influence progression to AD. In that
analysis, significantly less progression to AD was seen in rivastigmine-treated subjects in
the overall population (n = 1018, p = 0.045), and in women (n =532, p = 0.046) [2].
However, the authors noted that it was not possible to discern whether the apparently greater
response to rivastigmine treatment was merely due to more rapid progression to AD in
women.

Rivastigmine is a potent inhibitor of butyrylcholinesterase (BuChE), in addition to
acetylcholinesterase [3]. In the INDDEX study, there were statistically significantly fewer
progressions to AD in rivastigmine-treated women who lacked a BUuChE-K variant allele —
and were therefore assumed to almost invariably be homozygous for the wild-type
butyrylcholinesterase (BuChE wt/wt) genotype — compared with those who received placebo
[1]. Further, the reduction in ventricular volume expansion seen in rivastigmine-treated
women in this study remained apparent in women with the BuChE wt/wt genotype but not in
those with one or more BuChE-K variant alleles, which are associated with fewer circulating
BuChE molecules [1]. The objective of the current retrospective analysis was to further
evaluate the influence of gender on rate of progression to AD, cognitive and functional
decline in BUChE wt/wt and BuChE-K allele carriers with MCI receiving placebo, and the
effects of rivastigmine in these subgroups.

The INDDEX study was a 3-4 year double-blind, placebo-controlled trial of 1018
participants with MCI. The study was undertaken at 65 centers in 14 countries. A detailed
description of the study has been published [1]. Primary efficacy variables were the time to
clinical diagnosis of AD, and the rate of cognitive decline on the composite Z-score of a
detailed neuropsychological and cognitive test battery. The secondary outcomes of the
INDDEX study included the 11-item Alzheimer's Disease Assessment Scale cognitive
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subscale (ADAS-cog) [4], the 24-item Alzheimer's Disease Cooperative Study Activities of
Daily Living scale (ADCS-ADL) [5], the individual tests from the cognitive battery [1], and
magnetic resonance imaging (MRI) measures to evaluate volumetric changes of the
hippocampi, ventricles, and whole brain. All procedures were in accordance with ethical
standards of the responsible committees on human experimentation and with the Helsinki
Declaration.

Inclusion criteria

All participants from the INDDEX study who consented to pharmacogenetic testing and were
successfully genotyped for BUChE were included in the current study.

Pharmacogenetic testing

Pharmacogenetic testing was performed at all centers in consenting participants. Genomic
DNA was extracted from blood samples at a central laboratory using the Puregene DNA
Isolation kit (D-50K; Gentra, Minneapolis, MN, USA). Genotyping for APOE ¢4 and
BuChE-K was performed as described previously [6].

Assessment of CSF proteins and BuChE activity

Participants from one of the study centers had plasma and cerebrospinal fluid (CSF) samples
taken at baseline to assess both plasma and CSF BuChE activity. The blood and CSF
samples were centrifuged at 2,000 g for 10 minutes, and the plasma was separated from the
whole blood. All samples were stored at -70°C until analysis. Specific BUChE activity was
measured using the Ellman’s colorimetric method [7], as modified by Darreh-Shori et al [8].

Brain volumes

MRI scans were performed at selected centers only. MRI at each site included a volumetric
spoiled gradient echo (T1-weighted) sequence with slice partition thickness of 1.5 mm or
less with an in-plane resolution of approximately 1 mm (0.9375 in plane) in each plane
direction (e.g. 124-128 slices with 256 x 256 matrix with a field of view of the order of 24
cm x 24 cm) [1]. Hippocampal volumes were determined by region with histogram
constraints in the sagittal projection with manual editing accomplished in the sagittal and
coronal projections [9]. Ventricular volumes were measured using manual outlining [10].
Rates of global brain atrophy were measured from registered image analysis using the
boundary shift integral [11]. For assessment of white matter volume, the MRI segmentation
was performed using an atlas-based approach as previously described [9].

Statistical analyses

Study population—As for the primary analysis of the INDDEX study [1], the study
population used in this post-hoc analysis was the modified intent-to-treat last observation
carried forward (MITT-LOCF) population. Analysis of brain volumes was performed using
the classical intent-to-treat last observation carried forward (CITT-LOCF) population. Both
populations included all participants successfully genotyped for BUChE, regardless of
whether study drug was received or post-baseline assessments were made. The MITT
endpoint was determined as follows: if AD diagnosis was reached, the last assessment prior
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to AD diagnosis was used. For the CITT population, the last assessment in the double-blind
phase, regardless of whether assessment was performed prior, at the time of, or after
diagnosis of AD, was used. In both populations, for subjects who did not progress to AD
during the study, the end of study assessment (at Year 3 or 4) was used. For participants who
discontinued before the end of the double-blind study for reasons other than AD diagnosis,
the last retrieved drop-out assessment was used. If this was not available, the participant's
last available assessment was used. Results reported are CITT for brain volumes and MITT
for all other outcomes unless stated otherwise. Both populations will be referred to as ITT in
this article.

Supportive observed case (OC) analyses were also performed for all measures except brain
volumetric analyses and progression to AD. The OC analysis included participants who had
not discontinued from the study and were available at the time of assessment. When
diagnosed with AD, participants either entered open-label treatment or discontinued the
study, thus they were not included in the OC analysis after diagnosis. The OC, or
“completers” population, included all participants who were available for assessment at
study endpoint (Year 3, or Year 4 for protocol amendment participants).

Statistical comparisons of baseline demographics—Baseline differences were
compared in the following subgroups:

1. The subpopulation of subjects successfully genotyped for BUuChE
(pharmacogenetic population) was compared with the overall INDDEX study
population.

2. All BuChE-K carriers (both men and women) were compared with all BuChE
wt/wt subjects.

3. Women with at least one BuChE-K allele (K/*) were compared with BuChE-K/*
men.

4. BuChE wt/wt women were compared with BUChE wt/wt men.

All participants (whether randomized to rivastigmine or placebo) were included in baseline
comparisons. Comparisons of baseline characteristics were performed using ANOVA for
continuous variables (age and years of education) and Fisher's exact test for dichotomous
variables (gender and race). Baseline outcome scores were compared using ANCOVA, with
a two-tailed test adjusted for age, race and years of education. For the purpose of baseline
comparison across groups, the hippocampal volume and white matter volume of each
participant was normalized according to the total brain volumes of the sample group, using
the formula:

Volume (hormalized) = hippocampal or white matter volume (individual) x total brain
volume (mean) / total brain volume (individual)

Comparisons between gender groups were not undertaken for whole brain volume or
ventricle volume as these assessments were not normalized for gender.
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BuChE activity and biomarker analysis—Differences in plasma and CSF BuChE
activity at baseline were compared between men and women only. An ANCOVA model was
used, adjusting for age, years of education and BUChE and APOE genotype.

Statistical analysis of efficacy outcome measures (placebo-treated subjects)
—The Cox's proportional hazards regression model used to analyze the time to diagnosis of
AD has been described previously [1]. Kaplan-Meier estimates were performed as
supporting non-parametric analyses, with significance values calculated using the log-rank
test.

Differences between men and women in change from baseline to endpoint on the composite
Z-score of the cognitive test battery, ADAS-cog, ADCS-ADL and brain volumes were also
compared in each gender and BUChE genotype subgroup using an ANCOVA model. Age,
race, years of education and baseline values of the outcome measure being assessed were
included as covariates.

Statistical analysis of efficacy outcome measures (treatment effect of
rivastigmine versus placebo)—The interaction between gender and treatment on
progression to AD by BuChE genotype was assessed using Cox's proportional hazards
regression model. Age, race, and years of education were included in this model as
explanatory variables. Kaplan-Meier estimates with a log-rank test were also used to
compare differences in incidence of progression to AD between treatments for each of the
four gender and genotype subgroups.

To assess differences in change from baseline to endpoint on the composite Z-score of the
cognitive test battery, ADAS-cog, ADCS-ADL and brain volumes, rivastigmine-treated
subjects were compared with placebo-treated subjects in each of the four gender and
genotype subgroups using an ANCOVA model. A 2-way model analysis was also used to
assess the interaction of gender and treatment on these outcome measures in each BuChE
genotype group.

As the current retrospective study was intended to be exploratory and hypothesis-generating,
no statistical corrections for multiple comparisons were undertaken.

Of the 1018 participants of the INDDEXx study, 490 were successfully genotyped for BuChE
(and thus met the inclusion criteria of the current study). Of these, 153 men and 181 women
lacked a BUuChE-K allele, and 84 men and 72 women had one or more BuChE-K alleles. No
significant deviation from Hardy-Weinberg equilibrium was observed for genotype
frequencies of BUChE. BUChE activity was determined in a small number of plasma (36
women and 27 men) and CSF (18 women and 14 men) baseline samples (from a single
center).
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Figure 1 provides the flow of subjects through the study, and shows the numbers of subjects
from each subgroup randomized to rivastigmine and placebo, the number of subjects who
received MRI assessments, and the number of subjects who completed the study. The rate of
discontinuation from the study was similar in each subgroup.

Baseline comparisons

Baseline demographics are summarized in Table 1. No significant differences were observed
between this pharmacogenetic subpopulation (n = 490) and the overall study population (n =
1018). Similar to findings in the full INDDEX study population [1], women relative to men in
this pharmacogenetic subpopulation had more impaired cognitive function at baseline on the
MMSE (26.1 + 3.4 versus 27.2 + 2.4, p = 0.003), cognitive test battery (-2.0 + 7.5 versus 0.8
+ 6.2, p=0.025) and ADAS-cog (11.4 £ 5.5 versus 10.1 + 4.5, p = 0.081), and impaired
functional ability on the ADCS-ADL (58.6 + 7.9 versus 57.6 + 8.6, p = 0.008). They also
had fewer years of education compared with men (9.9 + 3.8 versus 12.4 + 4.6, p < 0.0001).

When all subjects with one or more BuChE-K alleles were compared with those without a
BuChE-K allele, no significant differences between genotype groups in terms of baseline
demographics or levels of cognitive or functional impairment were seen (data not shown).
However, the proportion of women in the BUChE wt/wt group was greater than in the
BuChE-K carrier group; a difference which showed a trend towards statistical significance
(54.2% versus 46.2%, p = 0.097).

There were no significant differences in demographic characteristics or in levels of cognitive
or functional impairment at baseline between the subgroups determined by BuChE genotype
and gender (Table 1).

At baseline, mean CSF BuUChE activity was numerically slightly higher in men compared
with women (8.4 versus 7.6 nmol/min/ml, p = 0.614). Mean plasma BuChE activity was
similar in both groups (3.4 nmol/min/ml in men versus 3.2 nmol/min/ml in women, p =
0.283). A 13% higher level of BUChE activity in BuChE-K non-carriers relative to carriers
(regardless of gender) in both plasma and in CSF has previously been reported for this study
population [12].

Mean daily doses of rivastigmine were 7.4 mg in men and 5.1 mg in women with the
BuChE-K/* genotype, and 6.6 mg in men and 5.2 mg in women with the BUChE wt/wt
genotype.

Outcome measures (placebo-treated participants)

Progression to AD—As in the overall study [1], women receiving placebo were more
likely to progress to dementia than men receiving placebo in this pharmacogenetic
subpopulation (30.0% versus 14.8%, p = 0.012). Significant differences in progression to
AD were not seen between the two BUChE genotype groups receiving placebo. However,
when gender was considered, women with the BuChE wt/wt genotype had the highest rates
of progression to AD across all placebo-treated gender and genotype subgroups, while
BuChE wt/wt men had the lowest rate (30.0% versus 13.9%, log-rank test p = 0.011; Table
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2). The proportions of BUChE-K allele carriers receiving placebo who progressed to AD
were 30.0% in women and 16.3% in men (log-rank test p = 0.192).

Coghnitive and functional measures—No significant differences between gender and
genotype subgroups were seen on the total Z-score of the cognitive battery in either the ITT
analysis (Table 3) or OC analysis (data not shown).

BuChE-K carrier men receiving placebo were associated with the most rapid cognitive
decline on the ADAS-cog across all gender and genotype subgroups, while BUChE-K carrier
women had significantly slower decline (change from baseline: -4.71 versus-2.48, p =
0.040; Table 3). Decline on the ADAS-cog in BUChE wt/wt subjects receiving placebo was
-4.14 in women and -1.15 in men (p = 0.299). In the OC analysis, BUChE-K carrier men
were again associated with more rapid decline compared with BUChE-K carrier women,
although the difference did not reach statistical significance (-3.04 versus -0.44, p = 0.165).
No significant differences were seen between men and women with the BuChE wt/wt
genotype in the OC analysis (0.23 versus-0.52, p = 0.899).

BuChE wt/wt women receiving placebo were associated with the highest rates of functional
decline on the ADCS-ADL across all gender and genotype subgroups, while BUChE wt/wt
men showed the least decline (change from baseline: -10.91 versus -3.38, p = 0.002; Table
3). Functional decline on the ADCS-ADL in BUChE-K carriers receiving placebo was -5.95
in women and -5.45 in men (p = 0.927). In the OC population, no significant differences at
study endpoint were seen between men and women with the BuChE wt/wt genotype (-2.21
in men versus-2.94 in women, p = 0.917) or the BUChE-K/* genotype (-2.20 in men versus
-0.06 in women, p = 0.313).

Brain volumes—BuChE-K carrier women receiving placebo showed numerically the
greatest decline in hippocampal volume, whole brain atrophy, white matter volume and
ventricular expansion (Table 3). In BUChE-K carriers the increase in ventricular expansion
was significantly greater in women than in men (7.50 versus 3.88 cm3/year, p = 0.015).

Effect of rivastigmine treatment

The rate of progression to AD in women with the BUChE wt/wt genotype was reduced by
rivastigmine treatment compared with placebo-treated subjects (12.9% versus 30.0%; hazard
ratio 0.369; chi-squared test p = 0.0745; Table 2; Figure 2). This effect was significant in the
Kaplan-Meier test (log-rank test p = 0.014). No significant effects of rivastigmine on
progression to AD were seen in men in either BUChE genotype group or in women with the
BuChE-K allele (Table 2).

No significant benefits of rivastigmine were seen on the Z-score of the cognitive test battery
in any of the gender and genotype groups in the ITT analysis (Table 3), or the OC analysis
(data not shown). Cognitive decline on the ADAS-cog was significantly reduced by
rivastigmine treatment in male BuChE-K carriers compared with those receiving placebo in
the ITT analysis (-2.23 versus-4.71, p = 0.037, Table 3) and the OC analysis (1.12 versus
-3.04, p = 0.027). No significant benefits of treatment were seen in BuChE wt/wt men or in
women with either BUChE genotype in the ITT analysis (Table 3) or the OC analysis (data
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not shown). No significant interaction of gender and treatment was seen in subjects of either
BuChE genotype.

Functional decline on the ADCS-ADL was significantly reduced by rivastigmine treatment
in BuChE wt/wt women compared with those receiving placebo in the ITT analysis (-6.08
versus-10.9, p = 0.046, Table 3, Figure 3), but not in the OC analysis (-2.07 versus-2.94, p
= 0.550). No significant effects of rivastigmine on functional decline were seen for men in
either BUChE genotype group or in women with the BUChE-K allele in the ITT analysis
(Table 3) or the OC analysis (data not shown). A significant interaction between gender and
treatment on the ADCS-ADL was seen in subjects with the BuChE wt/wt genotype (p =
0.014).

There were no significant effects of rivastigmine on hippocampal volume decline in any of
the subgroups (Table 3). However, both ventricular expansion and whole brain atrophy in
BuChE wt/wt women were significantly attenuated by rivastigmine treatment compared
with placebo (3.57 versus 5.70 cm3/year, p = 0.044, and -0.62 versus -5.37 cm3/year, p =
0.039, respectively, Figure 4). The interaction of gender and treatment on change from
baseline in whole brain atrophy was significant in subjects with the BuChE wt/wt genotype
(p =0.007), but no significant interaction of gender and treatment on ventricular volume
expansion was detected. Decline in white matter volume was reduced in rivastigmine-treated
women compared with placebo-treated women. The reduction was significant in female
BuChE-K non-carriers (3.0 versus 6.8%, p = 0.027), but did not reach statistical significance
in female BUChE-K carriers (4.4 versus 9.1%, p = 0.155). A trend for an interaction of
gender and treatment on white matter volume in BUChE-K carriers was seen but this did not
reach statistical significance (p = 0.098).

Discussion

The InDDEX study is the largest and longest term randomized controlled trial that has been
undertaken to date in subjects with amnestic MCI. It has created a unique set of longitudinal
placebo data that can be used in more detailed exploratory post-hoc analyses to investigate
the relationships between treatment, genetic risk factors, clinical outcomes and brain volume
changes.

In the current analysis, we investigated the effects of gender on rates of progression to AD,
cognitive and functional decline, and MRI volumetric changes in amnestic MCI subjects
with and without a BUuChE-K variant allele. The BuChE-K variant allele is the only common
polymorphism of the BUChE allele, and is found in up to one-third of Caucasians and
Orientals [12]. Our results suggest that, in participants not receiving active treatment, the
combination of female gender and the BUChE wt/wt genotype is associated with increased
rates of functional decline and a greater likelihood of progression to AD. Conversely, men
with one or more BUChE-K variant alleles had the highest rate of cognitive decline. The
incidence of progression to AD, functional decline, whole brain atrophy, lateral ventricular
volume expansion and loss of white matter were attenuated by rivastigmine treatment in
women with the BUChE wt/wt genotype. BUChE-K men derived significant benefits from
rivastigmine on cognition, and these benefits had no brain volume correlates.
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Previous analyses of the INDDEX study population have indicated that women with MCI
may have a faster rate of progression to AD than men [1, 2]. Indeed, female gender is
considered to be one of the most significant of several factors that may influence
progression to AD in MCI subjects [13]. Gender differences in the clinical manifestation of
AD pathology have been described, with a greater likelihood that AD pathology will
manifest as the clinical symptoms of AD in women than in men [14]. Research into the
higher susceptibility to AD in women has focused on the roles of estrogen [15, 16],
testosterone [17] and other sex hormones [18]. However, in the current analysis, the highest
incidence of AD diagnosis and the fastest rate of functional decline was seen in women with
the BUChE wild-type genotype, suggesting that this effect was not driven only by gender.
Gender-related differences in the expression of genetic risk factors have been reported [13,
19]. Similarly, the results of the current analysis indicate that the influence of BUuChE on
disease progression in the MCI population is different in women and men.

The role of BUChE in progression to AD in MCI subjects is complex. A previous
investigation into the synergistic effect of APOE and BuChE genotype in the placebo-
treated INDDEX study population showed that the fastest progression, in terms of incidence
of AD diagnosis, cognitive decline and reduction in hippocampal volume, occurred in the
subgroup of subjects with both APOE €4 and BUChE-K alleles [12]. It was suggested that
the increased soluble aggregates of beta-amyloid and neurofibrillary tangle formation
associated with APOE ¢4 may be attenuated by the C-terminal anti-amyloid aggregating
ability of BuChE, a non-enzymatic property of the protein that reduces fibril formation [20].
The BuChE-K variant allele is associated with fewer circulating BuChE molecules in serum
in healthy individuals and in early AD, and possibly with an altered C-terminal
conformation, and anti-Ap aggregation may be less pronounced in subjects with the BuChE-
K genotype [21]. The classic cortico-limbic Alzheimer pathology and cognitive decline
associated with APOE &4 — presumably due to aggregated Ap-mediated toxicity to
cholinergic synapses and neurons — is most prominent in subjects with both APOE ¢4 and
BuChE-K alleles [12]. The ability of rivastigmine to increase synaptic acetylcholine levels
and enhance neurotransmission in damaged ascending cholinergic pathways suggests that
those MCI subjects with both BUChE-K and APOE &4 alleles may have been driving the
cognitive improvement seen in BUChE-K carriers treated with rivastigmine in the current
analysis. The expression of BUChE is influenced by many factors including sex hormones
[22], age [23], glial activation [24], and genotype [25]. In patients with AD, preliminary
studies have suggested that in BUChE-K heterozygotes, instability of BuChE-K can lead to
compensatory over-expression of the wild-type allele, resulting in increased or similar levels
of BUChE activity compared with wild-type homozygotes (Darreh-Shori et al, unpublished
observations). A similar relationship has been observed in APOE €4 heterozygotes [25]. In
an autopsy study of patients with advanced dementia, BUChE-K alleles, with an apparent
gene-dose effect, were associated with higher BUChE activity in the temporal cortex. While
it is interesting to speculate on underlying mechanisms, further study of these complex
interrelationships that affect the expression of BUChE in brain, CSF and serum along the
spectrum of disease severity and by genotype is required.
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In the presence of a source of Ap, putative decreases in the non-enzymatic effects of BUChE
in BUChE-K carriers result in greater pathology in cortico-limbic areas, synaptic
acetylcholine deficits and more prominent cognitive decline. In contrast, decreased
extracellular acetylcholine due to increases in the enzymatic effects of BUChE are more
likely in those with the BUChE wt/wt genotype. Decreased extracellular acetylcholine may
increase glial activation and neuroinflammation, mediating white matter damage, loss of
integrity of the neural network, reduction of fronto-subcortical connectivity and more
prominent functional decline, as seen in BuChE wt/wt women in the current analysis.
BuChE activity is relatively high in the hippocampus, amygdala, and in thalamic nuclei that
project to frontal cortical structures involved in attention, executive function, and behavior
[26], but the largest pool of BUChE in the brain is found in the glia, particularly those in
deeper cortical and subcortical structures that closely map the distribution of white matter
[27], While BUChE may have a supportive role in the hydrolysis of synaptic acetylcholine
[28], its more important role is likely to be modulation of brain parenchymal acetylcholine
[29, 30], which acts as a local anti-inflammatory signaling molecule [31]. Interestingly, in
the experimental autoimmune encephalomyelitis animal model, rivastigmine markedly
ameliorated clinical symptoms and spatial memory deficits. It also reduced demyelination,
microglial activation, the production of pro-inflammatory cytokines and axonal damage.
These effects were abolished by a7 nicotinic acetylcholine receptor antagonists [32]. Excess
BuChE may induce a potentially neuroinflammatory decrease in extracellular acetylcholine
levels [31, 33]. Increased BUChE is not associated with benign plaques, but released by
activated glia in malignant plaques associated with neuritic tissue damage and clinical
dementia [27, 34-36]. Furthermore, activated glia may ‘neglect’ their crucial roles in the
maintenance of myelin, and the ensuing damage to white matter induces progressive
disconnection of widely-distributed neural networks that results in cognitive and functional
decline [37, 38]. Disruption of white matter may be an early event in the course of AD [39],
and greater age-related deterioration of white matter has been shown in females [40, 41].

Due to the neuroanatomical distribution of BUChE in the brain, the enzymatic effects of
excess BUChE may be more concentrated in the white matter of the subcortical and deep
cortical structures, producing a pattern of deficits reflecting loss of cortico-cortical and
cortico-subcortical, and particularly fronto-subcortical, connectivity. Myelin loss may be
most pronounced in more vulnerable later myelinating association regions such as frontal
lobes that contain higher proportions of smaller thinly myelinated axons [42]. The BuChE
wt/wt genotype has been associated with a faster rate of disease progression on assessments
of information processing speed and executive function in dementias and dementia sub-
types with more prominent subcortical pathology, including dementia with Lewy bodies
(DLB) [43] and Parkinson's disease dementia (PDD) [44]. Corticolimbic pathology due to
AP pathology may be ‘unmasked’ to produce symptoms at an earlier stage of disease due to
loss of neural network connectivity and cognitive processing speed [44]. This may explain
the greater likelihood that AD pathology will manifest as the clinical symptoms of AD in
women than in men [14]. In subjects with amnestic MCI other investigators have shown that
worsening on executive functions and on functional status but not the worsening on memory
functions are independently associated with progression to AD [45].
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Possibly as a consequence of the additional inhibition of BUChE, rivastigmine -compared
with selective AChE-inhibitor treatment - has been suggested to have a greater, longer-term
treatment benefit in dementia patients likely to possess more prominent subcortical
pathology, including AD patients younger than 75 years of age with the BUChE wt/wt
genotype [46] and AD patients with symptoms suggestive of concomitant Lewy body
disease, particularly with respect to functioning [47]. Thus the beneficial effect of
rivastigmine in women with the BUuChE wild-type genotype with MCI may also indicate
active disease pathology in white matter in these subjects. The greater susceptibility of
women to age-related decline in white matter may be of relevance [40, 41]. Lateral ventricle
size is highly correlated with diminished subcortical white matter integrity [48] and with
more rapid progression to AD [49]. Elsewhere, patients treated with rivastigmine, but not
those treated with selective AChE inhibitors, displayed attenuated loss of white matter
volume [50]. Here, interestingly, loss of white matter volume and ventricular expansion
were greatest in female BUChE-K carriers receiving placebo, but were only significantly
attenuated by rivastigmine treatment in female BuChE wt/wt subjects. However, there were
trends that did not reach statistical significance for rivastigmine to attenuate decline in these
volumes in female BUChE-K carriers. This, and the fact that white matter loss was not
attenuated by rivastigmine in males with either genotype, may indicate significant additional
processes inducing white matter deterioration beyond BuChE enzyme-mediated decreases in
extracellular acetylcholine that are not amenable to rivastigmine treatment.

Rivastigmine has also been shown to have greater benefits in dementia patients with a more
aggressive disease course [51] that could be hypothesized as due to either progressive
deficits in synaptic acetylcholine reducing neuromodulatory input to cortical neurons or to
lowered extracellular acetylcholine exacerbating sub-cortical neuroinflammatory processes.
Although in the current study, all subgroups appeared to be at a similar stage of MCI at
baseline, the more rapid progression of functional impairment during the study period, as a
consequence of lowered extracellular acetylcholine, may account for the significant effects
of rivastigmine seen in BUChE wt/wt women. Rivastigmine also attenuated cognitive
decline in men with the BuChE-K allele, who had the most rapid rate of cognitive decline,
due to increasing synaptic cholinergic neurotransmission. The different mechanisms
whereby rivastigmine induced these clinical effects explains why the different populations
of MCI subjects defined by gender and BuChE genotype were accompanied by dissimilar
neuroimaging evidence. The neuroimaging results are likely to reflect underlying
pathophysiological processes. Thus, in males with a BuChE-K allele, neuroimaging
suggested only a symptomatic benefit, while a disease-modifying benefit was suggested in
BuChE wt/wt women. Disease-modifying effects of rivastigmine have been suggested in
previous studies [32, 46, 50, 52-57].

The potential limitations and potential for bias within this analysis should be considered.
This was a retrospective investigation of a larger randomized clinical trial, with results
uncorrected for multiple comparisons. The primary analysis in this study used LOCF to
impute for missing data, introducing the possibility for bias due to differential attrition rates
between groups. To limit bias to LOCF imputation, the INDDEX study included a retrieved
drop-out phase and the retrieved drop-out assessment was used, if available. In the current
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study, supportive OC analyses at study endpoint were performed. In some cases these
analyses showed similar trends to the LOCF analyses, and also detected a significant effect
of rivastigmine on cognition in male BUChE-K carriers, strengthening confidence in the
results presented. However, the censoring of clinical data from study participants after they
crossed the threshold for a diagnosis of AD means that the OC analysis, which included
double-blind study completers and retrieved drop-outs who did not progress to AD, only
provides information on individuals who did not progress to AD during the study. In
addition, within the InDDEX study the heterogeneity of the MCI sample was apparent as the
rate of progression to AD of 5% per year was substantially lower than predicted [1].
Therefore, this analysis may lack sensitivity.

Further, our findings are drawn from an exclusive sample of participants who consented to
pharmacogenetic testing. There were no significant differences at baseline detected between
the participants in this analysis and those in the overall study population, suggesting that the
two populations were similar. The lack of disequilibrium of Hardy Weinberg and the
proportions of individuals within each of the genotype subgroups also offers some
reassurance that the sample is representative. However, the potential for bias in the sample
cannot be excluded. A three-way test of the interaction between gender, BUChE genotype
and treatment in the current analysis (data not shown) did not demonstrate any statistically
significant influences on progression to AD in the current study population. Were there to
have been more individuals entering the study who were more proximal to a diagnosis of
AD, the interactions of gender, BUChE genotype and treatment may have become more, or
less, apparent. In addition, the mean daily dose of rivastigmine in both female subgroups in
this study was lower than the therapeutically effective dose for AD [58], while men,
particularly those with a BUChE-K allele, achieved mean daily doses of more than 6 mg/day.
This was likely due to greater deficits in cholinergic neurotransmission in males with a
BuChE-K allele, and to a lower average body weight in women resulting in poorer
tolerability of higher doses. However, the different mean dose levels achieved may have
limited the detection of treatment differences between gender and genotype subgroups in
this analysis.

In summary, gender appeared to differentially influence the type of decline in MCI subjects
from the INDDEX study according to their BUChE genotype, with more rapid progression of
cognitive decline in men with the BuChE-K/* genotype (putatively due to progression of
classic Ap-induced cortico-limbic pathology), and more rapid progression to AD and
functional decline in women with the BuChE wt/wt genotype (putatively due to
neuroinflammation and loss of white matter and the integrity of the neural network).
Rivastigmine-induced cognitive improvements in BUuChE-K/* males appeared to be
symptomatic effects due to attenuation of synaptic cholinergic deficits. The observation that
rivastigmine delayed progression to AD and functional decline in women with the BuChE
wt/wt genotype, supported by significant benefits on MRI measurements of ventricular
volume expansion, brain atrophy and white matter loss, suggest that rivastigmine might have
disease-modifying effects in these subjects that may be due to attenuation of extracellular
cholinergic deficits. The role of gender and BuChE genotype in the normal, MCI and AD
brain warrants further investigation.
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Figure 1. Patient flow
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Figure 2. Kaplan-Meier estimates of progression to AD over 3-4 years by treatment group in
BuChE wt/wt women with MCI (ITT)
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Figure 3. Functional decline over 3-4 years by treatment group in BUChE wt/wt women with
MCI (ITT)
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Figure 4. Annualized loss of ventricular and whole brain volume over 3—4 years by treatment
group in BUChE wt/wt women with MCI (ITT)
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