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L} Central effects of cholinesterase inhibitors
&l in Alzheimer’s disease: insights from
advanced neuroimaging

Cholinesterase inhibitors have been in use for almost two decades but with residual uncertainty about
treatment targeting and the nature of the longer-term effects, which achieve cognitive stabilization for
some patients. The contribution of more traditional neuroimaging techniques to this debate, including
task-related functional MRI and structural MRI, are examined. Recent findings with advanced imaging
techniques, including resting-state functional MRI, diffusion tensor imaging and PET amyloid imaging,
offer new imaging biomarkers for patient selection into clinical trials. The ability to detect changes in
brain networks will also clarify the processes involved in the response, or lack of response, to treatment
and produce imaging data that better correlate with changes in levels of cognitive performance and

everyday activity.
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An effective form of treatment for Alzheimer’s
disease (AD) remains elusive despite extensive
and persistent research efforts. Prior to the
expected disease-modifying agents, symptom-
atic pharmacotherapy is still the treatment of
choice to modify symptoms in responders and
to promote cognitive stabilization. Most of the
available compounds address the cholinergic def-
icits that are present early in the disease and that
result in impaired episodic memory and atten-
tion [1-3]. Cholinergic enhancement is achieved
via inhibition of the enzymes that degrade excess
neurotransmitter at the synaptic level. In this
way, the reduction in acetylcholine synthesis
caused by neurodegeneration of the subcortical
nuclei where the neurotransmitter is produced
can be, at least for a time, compensated.
Cholinesterase inhibitors (ChEIs) have been
in use for almost two decades in patients with a
range of disease severities. Clinical trials in estab-
lished AD have shown marginal but significant
effects on some parameters of cognitive func-
tion (increased alertness is often reported and
an increased overall level of function) and, for a
period, symptoms can remain well compensated
in patients responding to treatment [45]. In a logi-
cal extension of the original multicenter trials,
a series of clinical studies were undertaken in
which treatment was administered to patients in
the prodromal mild cognitive impairment (MCI)
stage of AD. These studies have been largely
unhelpful in terms of significant findings, and no
effects on conversion rates to AD were reported
(6-9]. Some authors have argued for increased
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ChEI effectiveness in the later rather than the
earlier stages of the disease, but a growing body
of evidence (especially from imaging studies as
reviewed below) is emerging in favor of early ini-
tiation of treatment having a more substantial
and longer-term impact on symptoms.

Pharmacological studies of AD at all stages will
inevitably be limited by heterogeneity of samples
and diagnostic uncertainty, and even the applica-
tion of recently published research criteria [10,11]
or the more recently revised clinical criteria [12],
although an improvement, will not reduce het-
erogeneity significantly. Biomarker parameters for
recruitment may be helpful, but biomarkers are
not used routinely in clinical practice and this
limits the contribution that these may make to
reducing diagnostic errors and contamination in
the recruited samples. These issues have played
a significant role in the industry-led large trials
of ChElIs in the prodromal MCI phase of AD
(6.9.13.14). The findings of these trials have been
substantially inconclusive and have not convinc-
ingly shown any significant advantage of treat-
ment at this stage, with only limited benefit in
subsequent subgroup analyses of selected patients
in which heterogeneity had been reduced.

To fully understand the potential of cur-
rently available treatment, scientists have gone
beyond the evidence from large-scale clinical
trials and their inherent heterogeneity, and have
studied smaller but more homogeneous groups
of patients and patients at an earlier stage of the
disease. In addition to targeting a better charac-
terized groups of established and prodromal AD
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patients, these studies have not used conventional
cognitive or clinical tools as measures of treat-
ment outcome and have not relied on changes in
cognitive tests or other clinical scales as primary
outcome measures. These independent studies
have chosen neuroimaging parameters as out-
come measures. Smaller but more homogeneous
groups of patients can be meaningfully studied,
taking advantage of the increased statistical
power provided by imaging measures [15].

The evidence from these studies goes beyond
a simple measure of change to provide at least
some insight into what is driving behavioral
changes, including the underlying physiological
impact of a specific drug treatment on neuro-
generation and brain function, the time course
of treatment effects and the effect of cholinergic
augmentation on synaptic function.

This review will focus on the evidence emerg-
ing from the most recent neuroimaging studies
of the effects of ChEI treatment in early AD and
in prodromal AD (currently defined as amnestic
MCI), and will summarize the most recent find-
ings emerging from the use of advanced imaging
techniques including functional MRI (fMRI),
diffusion tensor imaging (DTI) and amyloid
imaging using PET in order to highlight the
neurophysiological changes resulting from treat-
ment. Earlier SPECT and PET studies will not
be included in the present review and we will not
summarize evidence from the limited number of
MR spectroscopy studies. Interested readers can
find extensive coverage of the findings of these
studies in previous reviews [16,17].

Functional MRI

Two sets of treatment studies will be reviewed:
those that have examined task-related brain
activity to establish whether pharmacological
augmentation was beneficial; and those that have
looked at activity at rest in the absence of a task
and focused on the default activity of the brain
and its background functional connectivity.

m Task fMRI

Earlier pioneering studies with healthy volunteers
established the principle that it is possible to use
functional imaging techniques to visualize the
modulation of regional brain activity in response
to a task after the administration of a choliner-
gic enhancer [18-22]. These studies used infusion
of the shortlived cholinergic enhancer physo-
stigmine to modulate regional brain activity in
visual and attention areas in emotional and prim-
ing tasks, and showed that task-related activity
was enhanced by physostigmine administration
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when compared with saline infusion. It seems
clear, however, that the longer-term benefits of
cholinergic enhancement are only observed in the
context of a cholinergic deficit. A study of cho-
linergic augmentation with rivastigmine showed
no effect on task-related regional activity in the
brain of patients with schizophrenia (23], although
a positive effect of GABA modulation with flu-
mazenil on regional memory-related brain activ-
ity was subsequently observed in schizophrenia
(24]. Likewise, simultaneous recording of EEG
and fMRI parameters documented no beneficial
effects on memory after prolonged cholinesterase
inhibition with donepezil in the brain of healthy
older adults [25]. Therefore, if the cholinergic sys-
tem is functioning normally, cholinesterase inhi-
bition has no sustained effect. There is a plau-
sible view that, with progression of the disecase,
damage to the cholinergic system becomes more
extensive and therefore cholinesterase inhibition
becomes more beneficial. However, even mod-
est damage (there is neuropathological evidence
that the anatomical regions first affected in AD
are primarily cholinergic) should be addressed
so that synaptic transmission can be normalized
as far as possible and as early as possible to pro-
mote cognitive stabilization and healthy brain
functional connectivity. Absence of a cholinergic
deficit might therefore be conceptualized in a dif-
ferent way from the limited dysfunction that is
present in the early stage of AD. If the system is
compromised, even minimally as in the earliest
stages of AD, then cholinergic augmentation is
beneficial and can sustain an improved level of
synaptic function, which can be detected in stud-
ies of metabolism, blood flow and connectivity
as the studies reviewed below appear to suggest.
A series of studies have shown modulation of
task-related activity following treatment with a
ChEI; the findings have also contributed to a bet-
ter understanding of how compounds differ in
their short- and long-term mechanism of action,
and in any related central neurophysiological
effects if, despite treatment, there is no demon-
strable behavioral response. The earliest studies
included very small groups of patients; however,
the data were encouraging. The focus was on
tasks primarily involving memory, but the behav-
ioral data often showed floor effects. For example,
activation paradigms involving memory of faces
and working memory were used with two small
samples of AD patients to test the effect of a single
dose of rivastigmine [26]. Increases in activation
were seen in task-relevant regions (i.e., bilater-
ally in the fusiform gyrus for the face-encoding
task and in the prefrontal cortex for the working
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memory task). Drug enhanced prefrontal activity
in response to a working memory task was also
reported following an average treatment period
of 5.7 (¢ 1.7) weeks with the ChEI donepezil,
after stabilization at a 10-mg dose, in a group of
nine elderly adults with MCI [27]. The reported
increase in prefrontal activation was also in line
with increased behavioral performance and
correlated with baseline hippocampal volume.
fMRI tasks also testing face encoding and work-
ing memory were the paradigms chosen in two
studies in which cholinergic augmentation was
effected by administration of galantamine in both
MCI and AD patients [28,29]. The design included
acute (single dose) and prolonged (5 days of treat-
ment) exposure. In MCI patients, only prolonged
exposure to galantamine yielded significant find-
ings with increases in left prefrontal areas, the
anterior cingulate gyrus, left occipital areas and
the left posterior hippocampus for face encod-
ing, and in the right precuneus and right middle
frontal gyrus for working memory [28]. This study
also reported a significant increase in behavioral
performance. In a subsequent study by the same
team, MCI and AD patients were studied with
the same tasks and with the same design [29].
There were differences between the results of the
acute challenge and after more prolonged cholin-
ergic augmentation. In MCI patients, after acute
exposure significant increases in brain activation
were seen in the posterior cingulate, left inferior
parietal and anterior temporal lobe, while pro-
longed exposure showed decreases in posterior
cingulate areas and in prefrontal areas bilaterally,
with stronger effects for memory retrieval. A dif-
ferent pattern was seen in AD patients, with acute
exposure resulting in increases in activation in
both hippocampi and prolonged exposure show-
ing decreases in these same regions. Effects were
stronger in memory encoding. A further study
of cholinergic enhancement in an AD group
that was treated for 7 days also produced some
increases in brain activation detected with fMRI
using a navigation paradigm [30].

The evidence above, however, was limited to
shorter periods of treatment. It has helped to
clarify the pharmacodynamic and pharmaco-
kinetic modulatory effects of the compounds
used for the treatment of the cholinergic defi-
cits in AD and its prodromal phase of MCI
in different brain regions. The evidence from
individual-dose or short-term treatment studies
did not predict whether similar or more substan-
tial effects would be obtainable with treatment
extending over a period of several months. Evi-
dence from a number of small trials with periods
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of observation of several months is available, and
any detected effects would be more comparable
to the standard clinical trials.

In line with the findings from studies with
very short periods of treatment, increases in acti-
vation were detected in AD patients following
treatment with donepezil for 10 weeks [31]. A face-
encoding paradigm was used in this study and
increases in activation were observed in the right
fusiform gyrus, an area relevant for face process-
ing. A further study of the effects of donepezil
was carried out with very mild AD patients who
were treated with this ChEI for a longer period
of 5 months (32]. This fMRI study used seman-
tic association and an ‘n-back’ verbal working
memory tasks. After treatment, significant dif-
ferences from controls were more marked than
when the same comparison was carried out with
the baseline activation data. Activation appeared
to be reduced in areas normally used by healthy
controls to perform the required tasks, with some
spreading of activation to additional contralateral
homologous areas. There was also a spreading of
the pattern of deactivation in response to the task,
which appeared to extend into task-relevant areas.
No difference in behavioral performance was
detected in either of the tasks used. This pattern
of increased deactivation of task-relevant areas
and recruitment of extra areas to sustain perfor-
mance (as supported by a significant correlation
between behavioral scores and blood oxygen-level
dependent signal change in non-task-relevant
areas) was different from that observed over a
shorter period of treatment. A possible explana-
tion may be a distinctive pharmacodynamic effect
of donepezil, with pronounced acetylcholine
receptor upregulation. A marked increase in ace-
tylcholinesterase activity was evident in the cere-
bral spinal fluid of patients who had been treated
with donepezil over a longer time period [33]. A
further small, double-blind, placebo-controlled
fMRI study of donepezil in MCI patients, in con-
trast with the findings of the McGeown study [32],
reported a treatment group-by-time interaction
(34]. This study had evaluation intervals between
baseline and post-treatment scans of 12 and 24
weeks. The task used for fMRI was a delayed-
response visual memory for faces. A significant
increase in activity in the left inferior frontal cor-
tex was detected in the donepezil-treated group
but not in the placebo group. The findings may
have been biased by carrying forward the 12-week
scan data of patients who failed to complete the
study at the 24-week end point in the analysis.
No contemporary healthy control group to estab-
lish a benchmark pattern of activation elicited by
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the task chosen for fMRI was reported, although
the authors referenced earlier work by the same
group. A further activation fMRI study of done-
pezil was performed using a visuospatial process-
ing task (35]. A small sample of ten AD patients
and 11 controls were enrolled and scanned twice.
Patients were treated for an average of 23 weeks
with a standard deviation of 7 weeks. Significant
increases in some brain regions were observed in
the AD group: in the left precuneus, left cuneus,
left supramarginal gyrus, right parieto—temporal
cortex and right inferior parietal lobule. A signifi-
cant correlation between improved performance
on activities of daily living and raised activation
in the left precuneus was also reported, an obser-
vation that made the authors speculate that the
observed increase in function of an area support-
ing an attention network was driving enhanced
performance in activities of daily living. The
variable treatment interval between baseline and
follow-up scans is again a significant limitation
given the observed pharmacodynamic effects of
donepezil in other studies.

An observation period of 5 months was
adopted in an fMRI study of the effects of
galantamine [3¢]. In this study, which included
a small number of very mild AD patients, the
tasks used for activation were verbal semantic
association and target detection. The design of
this study included not only a within-subject
analysis (before and after treatment compari-
sons), but also a comparison with the patterns of
activation detected in normal, healthy matched
controls. The within-subject comparison showed
increases in activation in both tasks, but, more
interestingly, differences between the activation
patterns of patients and controls, which were
detectable at baseline, were no longer significant
after treatment. No significant changes in behav-
ioral scores were seen. A further study of galan-
tamine treatment over 12 weeks was also carried
out in a small group of mild AD patients [37].
The activation paradigm involved face match-
ing and location matching. Only location match-
ing yielded a significant change with decreases
in activation in the dorsal visual pathway; there
were no significant changes in the face-matching
task. Decreases were interpreted as reflecting less
reliance on compensatory mechanisms. The find-
ings of this study are of limited general signifi-
cance since only five patients were studied, there
was no control group, differences were evident
only in some voxels and there was inadequate
statistical power.

Similar evidence in support of a positive effect
after 5 months of treatment was reported by a
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study with very mild AD patients in whom cho-
linergic augmentation had been obtained fol-
lowing treatment with rivastigmine [38]. This
study adopted a semantic association task and
an n-back working memory task for fMRI para-
digms, and there was also a control group. No sig-
nificant changes in behavioral performance were
reported, but the activation patterns in both tasks
showed significant task-related increases and a
reorganization of activation, supported by statisti-
cal analysis, which was in line with the activation
patterns shown by healthy age-matched controls.

Successful treatment, measured by a clear
response to the drug with clinical and cognitive
benefit, is not always observed in AD. Despite
an identical phenotype, some patients with
established or prodromal AD have a clear and
marked response to treatment, while others do
not. No clear explanation beyond individual
differences and incorrect diagnosis has been
offered to explain the lack of response in some
patients. Neither has any plausible explanation
of whether lack of response reflects the limita-
tions of instruments used in clinical assessment
or an actual absence of physiological response.
This is true for both large-scale, industry-led
clinical trials, which in most cases have ignored
response as a factor when evaluating effect size
of drug treatment benefit, and the majority of
independent smaller clinical trials. A recent study
addressed this issue for the current treatment of
AD and examined the physiological changes that
accompanied response or no response to sus-
tained cholinergic enhancement 39). The study
focused on the differential pattern of activation
in response to an n-back working memory task
and in response to a semantic association task in
26 patients who had received ChEI treatment for
20 weeks. These patients were classified clinically
as having responded or not responded to treat-
ment. Responders showed a significant increase
in activation in those areas that were also acti-
vated in healthy young and elderly controls when
performing these tasks. By contrast, patients who
clinically showed no response to treatment had
decreases in activation in these regions. Spreading
of activation into other cortical regions and into
homologous regions in the opposite hemisphere
was also observed. A retrospective evaluation of
the neuropsychological profiles of responding
and non-responding patients showed no sub-
stantial differences, except for lower scores on
the semantic memory task. In addition, base-
line category fluency scores predicted increases
in post-treatment activation in an area of the
left frontal lobe, which was the main activation
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site observed in the activation profile of healthy
elderly patients when performing a semantic asso-
ciation task (FIGURE 1).

This observation suggests that the patients
who show a good response to ChEI enhance-
ment are those with the most typical phenotype
(40,41]; however, individual differences in geno-
type/drug interactions cannot be ruled out based
on the available evidence.

B Resting-state fMRI

In the last decade, fMRI activity detected in the
resting state in the absence of a task has become
of particular interest for AD studies [42-44]. This
mode of scanning opens a window on brain
functional connectivity, can yield more direct
information about large-scale synaptic function
and allow inferences about regional and network
brain damage. Within the overall pattern of
spontaneous activity, several functional networks
have been identified and the default mode net-
work (DMN) is the most interesting at this stage
of AD research. Several reports have demon-
strated that there is significant disruption to this
network in patients with clinical AD, but also
in patients in the prodromal MCI stage [44-50].
Recent evidence has specifically highlighted the
differential effects of age and AD in the anterior
and posterior parts of the DMN. The age effect
is to increase functional connectivity in the pos-
terior part of the network, and the AD effect is
to progressively decrease functional connectivity
in these posterior structures [s1]. Conversely, age
was related to decreases and AD to increases in
functional connectivity in the anterior frontal
regions of the DMN. Decreases in functional
connectivity in the posterior part of the DMN
have also been shown to differentiate patients
in the prodromal MCI stage of AD who will
progress to clinical AD from those who remain
stable [45].

Given the reproducible and systemic nature
of resting-state activity, scientists have begun to
use this technique in pharmacological studies
to clarify which physiological changes might be
supporting increases in cognitive performance
or in everyday function following treatment of
patients with established or prodromal AD.

Only a few preliminary findings are avail-
able but no doubt this approach to understand-
ing treatment effects will be increasingly used
in future studies. Resting-state activity changes
will, in principle, reflect the downstream impact
on brain networks of loss of synaptic function
leading to neuronal death, and are likely to be
sensitive to treatments that modulate synaptic
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Figure 1. Areas of significant negative
correlation between the baseline
pre-treatment scores on the semantic
fluency task and increases in activation in
the left frontal cortex, an area relevant for
performing accurately on the semantic
activation functional MRI task.

Reproduced with permission from [39].

function. Significant increases in functional
connectivity of the hippocampal regions were
found after 12 weeks of treatment with done-
pezil in a group of 14 patients with mild AD
(52]. An enhancement of hippocampal functional
connectivity with an extensive set of limbic and
frontal structures was observed, including the
parahippocampus, insula, lentiform nucleus,
thalamus, posterior cingulate and middle and
precentral frontal gyri. This study also showed
that changes in Mini Mental State Examination
scores were supported by changes in activity
in the left inferior frontal and precentral gyri,
insula, parahippocampus and dorsolateral pre-
frontal cortex; changes in Alzheimer Disease
Assessment Scale — Cognitive scores correlated
with changes in the left dorsolateral prefrontal
cortex and middle frontal gyrus.

In a preliminary study of resting-state default
mode activity in 12 patients treated with galan-
tamine for 12 months, a significant positive
effect of treatment on connectivity in the pos-
terior cingulate area in the treated group was
found in the absence of a clinically detectable
effect on cognitive measures [53].

Preliminary data have recently been pre-
sented of a similar study in which 15 patients
with MCI were treated with rivastigmine for
12 weeks. Increases in functional connectivity
between the hippocampus, posterior cingulate
and right frontal cortex (all of these regions are
part of a memory-retrieval network [54,55]) were
reported [s6], with a significant improvement in
non-verbal memory tasks.
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The evidence from resting-state fMRI remains
limited but suggests that early intervention may
improve synaptic activity and contribute to re-
engaging the natural neuroplastic potential of
the brain, even in the presence of early-stage
neurodegeneration [s7]. It needs to be clarified
whether these changes in functional connec-
tivity reflect underlying changes in structural
connections.

Perfusion MRI

Arterial spin labeling was used to test brain per-
fusion changes following ChEI treatment with
all available compounds, but primarily done-
pezil (s8]. A total of 15 mild AD patients had
repeated scanning over six months. Marginal
increases in perfusion were detected in the pre-
frontal cortex and posterior cingulate but were
not associated with increases in group cognitive
scores. The authors interpreted the stabilization
of cognitive scores as an index of positive drug
effects, in this case measured by increases in
brain perfusion.

Diffusion tensor imaging

The acquisition of diffusion-weighted brain
images, through a quantitative tensor deriva-
tive (DTI), can provide information about the
integrity of structural connections in the brain
and may provide an anatomical explanation for
the observed changes in functional connectiv-
ity following ChEI treatment. A study of 19
AD patients treated with a ChEI compared
their anatomical connectivity maps derived
from diffusion-weighted scans via probabilistic
tractography with those of 19 drug-naive AD
patients and a small group of healthy controls
(59]. Treated patients were taking either done-
pezil or rivastigmine and treatment interval
between scanning varied from 6 to 24 months.
An increase in anatomical connectivity map val-
ues in patients who received the highest dose
of ChEI treatment was found in the putamen
and in the non-motor pathway of the anterior
limb of the internal capsule (Fieure 2). There was
a direct association between anatomical con-
nectivity map values and dosage and duration
of treatment.

This finding was interpreted as the expression
of brain plasticity driven by the neurotrophic
properties of ChEI treatment. The results and
their interpretation may have been strengthened
by a more controlled design with uniformity of
treatment, especially treatment duration. Simi-
larly, a small group of five patients were treated
with donepezil for 12 weeks at a stable dose of
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5 mg and imaged with DTT (60]. After treatment,
there was an increase in fractional anisotropy in
the right parietal lobe with no regional decreases.
There were no changes in the Mini Mental State
Examination score. The authors concluded that
brain diffusivity measures could detect an early
therapeutic effect even before clinical measures
detect any change. They also concluded that this
form of treatment may induce structural changes
in the brain of patients with AD.

Negative findings were obtained in a DTI
study in which 25 mild AD patients, 14 active
and 11 with placebo, were treated with galan-
tamine for 6 months with a further open-label
extension of 6 months [61]. In this study, frac-
tional anisotropy values were significantly main-
tained in the posterior part of the corpus cal-
losum in the AD-treated subgroup at 6-months
follow-up, but there was no difference between
the treated and placebo groups at 12-months
follow-up. Treatment with galantamine in this
group, therefore, had very limited positive effects
on the decline of regional fractional anisotropy,
and the positive effect was not maintained at
the later follow-up. Again, a major limitation
of this study was the timing of baseline scan-
ning acquisition, which was not kept constant
for each patient.

This scanty evidence indicates that ChEI
treatment may well influence structural connec-
tivity and anticipates joint studies of structural
and functional connectivity to further clarify
their neuroplastic potential.

Structural MRI

Volumetric measures of specific brain structures,
such as the hippocampus, or more global mea-
sures of atrophy, such as whole-brain volume or
measures of ventricular enlargement, have been
the neuroimaging measures that have proven
popular in both industry-sponsored and inde-
pendent trials of ChEIs. These measures are used
to assess whether, with longitudinal scanning,
it was possible to clarify whether these forms of
treatment modify the disease course in AD by
altering the rate of progression of atrophy [62-66].
A diminution in hippocampal volume that was
less than in placebo-treated patients was found
in a randomized placebo-controlled trial of done-
pezil (total hippocampal volume loss of 0.4 vs
8.2% in donepezil and placebo, respectively)
(7). Similarly, a less marked rate of hippocampal
atrophy was found in another study of donepezil
in treated patients (average 3.82% after 1 year
vs 5.04% in untreated controls), with a com-
bined significant effect of treatment and APOE
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status [68]. As so often is the case, the variable
interval between MRI scans may have biased
the results. To remove this bias, a within-subject,
voxel-based morphometry study tested the effects
of the three different ChEIs in three different
groups of minimal-to-mild AD patients, treated
and scanned with a fixed interval of 20 weeks
(69]. Cortical gray matter loss in before- and after-
treatment comparisons was found in patients
treated with donepezil and galantamine, but not
in the rivastigmine-treated group, who had only
minor gray matter loss in the subcortical region
of the lentiform nucleus. Similar results were
also found in white matter comparisons, which
showed loss in donepezil- and galantamine-
treated groups, but preservation in rivastigmine-
treated patients [70]. The additional inhibition of
butyrylcholinesterase (BuChE) by rivastigmine
may have protected against the neuroinflamma-
tory actions of this enzyme [71,72].

Subset studies of industry-led trials of done-
pezil in MCI patients have been used to evaluate
possible structural effects of the compound. Data
from 130 MCI patients showed no effect on the
annual percentage change in hippocampal and
entorhinal cortex atrophy. There was a non-sig-
nificant trend towards slowing of hippocampal
atrophy in patients carrying the APOE g4 allele
(73]. In another subgroup of MCI patients, there
were no significant changes in annual percentage
change in hippocampal atrophy, but less volu-
metric change was seen in treated patients when
measures of whole-brain or periventricular vol-
umes were used (74]. Preservation of hippocampal
volume with decrements in untreated patients
was found in a study of 18 AD patients treated
with donepezil (75]. Similar subgroup studies of
MCI patients from larger rivastigmine trials have
shown that females and carriers of the BuChE
wild-type genotype had significantly less gray
and white matter brain volume loss than pla-
cebo MCI patients [76]. Recent evidence from
a genome wide association study highlights the
contribution of BuChE expression to the varia-
tion in B-amyloid (AP) loading. The effect size
was small, but this suggests a possible mechanism
for the role of BuChE variance in modulating the
effects of ChEI treatment [77].

A more general argument can be made for a
neuroprotective role of ChEI inhibitors, which
hinges on the potential non-synaptic effects on
the processes of myelin repair [78]. This is based
on the evidence that cholinergic stimulation
promotes myelin development and homeostasis,
together with some support from delayed treat-
ment effects in clinical trials [72]. Overall, most of
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Figure 2. Evidence of cholinesterase inhibitor treatment effects acquired
using diffusion tensor imaging. (A) Region of increased anatomical connectivity
map values (light blue area) in patients with AD treated with the maximum dose of
cholinesterase inhibitors compared with a healthy control. The area includes the
putamen and the non-motor portion of the anterior limb of the right internal
capsule. (B) Direct associations (red areas) between anatomical connectivity map
values and dosage by duration of therapy product in the group of patients treated
with cholinesterase inhibitors. The area is within the anterior limb of the internal
capsule. (C) Selective anatomical connectivity maps (area shown in red in [B])
obtained when using the area shown in (B) as way-point (i.e., retaining only
streamlines passing through it). The figure shows the average maps for healthy
controls and AD patients. The main tract coincides with the anatomical pathway of
the anterior thalamic radiation.

For color images please see online at www.futuremedicine.com/doi/pdf/10.2217/
iim.13.51.

L: Left; R: Right.

Reproduced with permission from [59].

the available evidence is indirect and, while plau-
sible, these proposed mechanisms need further
study in appropriately designed trials.

In large multicenter studies AD heterogeneity
and the inclusion of patients on multiple treat-
ment regimes will be important confounds. In
a more controlled setting, however, structural
MRI differences can be detected over a period
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of a few months [79]. Hippocampal volumetry,
however, does not seem adequate and measures
of ventricular volume or a ventricular volume/
whole-brain ratio seem more useful as possible
outcome measures [79]. More recent studies indi-
cate that a whole-brain approach, rather than
measures of difference between scans based on
regions of interest, would be more fruitful and
require relatively smaller trial numbers to achieve
the same objective. The most recent evidence,
however, seems to suggest that volumetric mea-
sures, especially hippocampal volumetry, do not
perform well as either biomarker measures [80] or
as outcome measures. Future trials should focus
more closely on measures that are good proxies of
neuronal dysfunction/death, as both biomarker
and outcome measures.

The findings from ChEI studies using task
fMRI and structural MRI in early and pro-
dromal AD, suggest that these methods have
made a significant contribution to understand-
ing the central effects of this form of treatment.
These techniques have now been superseded by
more sophisticated resting-state fMRI-based
measures that more directly quantify and locate
early neuronal damage. Neuroimaging of struc-
tural and functional brain connectivity offers
both suitable biomarkers for patient selection
into clinical trials, and the ability to detect
changes in brain network function and con-
nectivity, which will more readily illustrate the
effects of treatment, and better correlate with
cognitive performance and everyday activity.

PET

PET can detect the effect of ChEIs on brain
metabolism using the 18-fluorodeoxyglucose
tracer, as well as any changes in amyloid deposi-
tion with the 11-carbon Pittsburgh Compound B
tracer. Earlier work on the effects of ChEIs using
PET measures of metabolism has been reviewed
elsewhere [16]. Here we will consider PET amyloid
imaging studies where the effect of ChEI treat-
ment on AD amyloid burden has been assessed.
A study of the dual acetylcholinesterase inhibitor
and AP precursor protein inhibitor, phenserine,
detected a significant increase in regional cere-
bral metabolic rate for glucose in several cortical
areas after 3 months of treatment, and there was
a positive correlation between cognitive function
and levels of AP 40 in the cerebral spinal fluid
(81]. 11-carbon Pittsburgh Compound B reten-
tion showed a negative correlation with levels of
AP 40 in the cerebral spinal fluid and with the
ratio AP 40/y-secretase-cleaved amyloid precur-
sor protein (FIGURE 3).

Imaging Med. (2013) 5(5)

A recent study of brain perfusion and metabo-
lism during longer-term treatment with galan-
tamine has been reported [s2]. Essentially, 18 mild
AD patients were studied with serial perfusion
and metabolism PET imaging and, after treat-
ment, increases in regional cerebral blood flow
were correlated with brain acetylcholinesterase
activity, nicotinic receptors and cognitive func-
tion. Brain metabolism also increased in fron-
tal regions and remained stable in other brain
regions, with parallel stabilization of cognition.
Another recent PET ChEI binding study in
30 AD patients treated with donepezil over 6
months showed increased distribution volume
(i.e., density of drug-binding sites) in all patients
following treatment, but baseline and percentage
of change in distribution volumes were higher in
responders to treatment [83]. Drug response was
greater in those patients with better attention
skills at baseline.

Therefore it seems that PET-based measures
of change retain their value in providing useful
information about the physiological nature of
ChEI effects and the longer-term outcomes of
treatment in AD.

Conclusion & future perspective

This review has attempted to update the contri-
bution of advanced imaging techniques to our
understanding of the potential effects of ChEI
treatment in AD. It is unfortunate that imaging
outcome measures were only used at a late stage
in ChEI treatment studies, years after the drugs
were approved for use in AD. After 20 years of
clinical practice, we are left with many questions
about their mode of action, targeting and poten-
tial neuroplastic and disease-modifying effects
(72]. However, the lessons learnt from the early
ChEI treatment studies have contributed to the
use of different parameters and designs in new
treatment trials. Imaging outcome measures are
now incorporated at an early stage in the drug
pipeline. Therefore, drug development in AD
has moved away from a synapse-based model to a
more systems-based cellular model. One index of
this change is the evidence from trials of potential
new anti-amyloid treatments that is starting to
emerge. For example, preliminary studies of the
effects of immunotherapy showed no significant
differences in hippocampal volumetry, but there
was greater ventricular enlargement and larger
decreases in whole-brain volume in immunized
patients than in those receiving placebo [84]. Sig-
nificant reduction in cortical "C-PiB retention
was, however, reported in early immunotherapy
trials (e.g., for bapineuzumab (85]). In an example
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Figure 3. Effects of phenserine treatment on amyloid deposition in the brain of Alzheimer’s disease patients. Negative

correlations between changes in mean cortical PIB retention and changes in CSF AB 40 concentrations at (A) 3 and (B) 6 months.

Negative correlations between changes in mean cortical PIB retention and changes in the CSF total AR (AB 40—AB 42) and B-sAPP ratio
at (C) 3 and (D) 6 months. All values are changes from individual baseline values.

Squares: phenserine group; circles at 3 months: placebo group; circles at 6 months: donepezil group.
AB 40: B-amyloid 40; CSF: Cerebrospinalfluid; PIB: Pittsburgh Compound B.

Reproduced with permission from [81].

of a later phase of drug development, pooled data
from Phase I trials of solanezumab in mild AD
patients showed a significant reduction in cog-
nitive decline, an increase in plasma Af levels
and fewer amyloid-related imaging abnormalities
observed using MRI (8.

Evidence is accumulating of the potential of
these novel forms of treatment. Neurophysio-
logical data as well as clinical data are now
being acquired using neuroimaging while such
treatments are still in development. In turn,
data acquired with advanced neuroimaging
techniques are strongly influencing the choice

future science group

of new potential therapies and their progression
to later-stage human trials.
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Executive summary

Current therapeutic climate

In advance of the expected disease-modifying agents, symptomatic pharmacotherapy with cholinesterase inhibitors (ChEl) remains the
treatment of choice to modify symptoms in Alzheimer’s disease and to promote cognitive stabilization.

No clear explanation beyond incorrect diagnosis, limitations of instruments used in clinical assessment or some indeterminate variability
in physiology has been offered to explain the lack of response in some patients. Equally, there is limited guidance on treatment

targeting.

Multicenter studies of mild cognitive impairment have failed to support disease-modifying effects, but these trials had multiple flaws.

Task-driven & resting-state functional MRI studies

Imaging studies suggest earlier treatment has more substantial and prolonged symptomatic effects.

Small-scale task-driven studies have shown increased task-relevant activation and deactivation after clinically relevant periods of
treatment and that impairment on semantic memory tasks predicts response in well-characterized patients.

Resting-state studies suggest that early treatment enhances functional connectivity in a cortical limbic network and promotes

neuroplasticity.

Structural MRI & diffusion tensor imaging studies

= The most recent evidence suggests that a whole-brain approach is a better proxy of disease progression than hippocampal volumetry

= PET-based measures of change retain their value in providing useful information about the physiological nature of ChEl effects and the

= Amyloid PET will have an increasing role as a novel biomarker in the selection of patients for clinical trials and the evaluation of the

and requires relatively smaller trial numbers to yield significant data.
= There is limited evidence that ChEl treatment may influence structural connectivity.

PET studies

longer-term outcomes of treatment in Alzheimer's disease.

efficacy of novel treatments.

Future directions

= Neuroimaging of structural and functional brain connectivity now provides more suitable biomarkers for patient selection into clinical

= Joint studies of structural and functional connectivity will further clarify the neuroplastic potential of ChEl treatment.
= The ability to detect changes in brain network function and connectivity in treated patients will better correlate with cognitive

trials.

performance and everyday activity.
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