
Donepezil effects on hippocampal and prefrontal functional
connectivity in Alzheimer’s disease: Preliminary report

Liam Zaidel, Ph.D.b, Greg Allen, Ph.D.a,*, C. Munro Cullum, Ph.D.b,c, Richard W. Briggs,
Ph.D.d,e, Linda S. Hynan, Ph.D.f,b, Myron F. Weiner, M.D.b,c, Roderick McColl, Ph.D.d,
Kaundinya S. Gopinath, Ph.D.d,e, Elizabeth McDonald, R.N.e, and Craig D. Rubin, M.D.e
aDepartment of Educational Psychology, The University of Texas at Austin, 1 University Station,
D5800, Austin, TX 78712-0383
bDepartment of Psychiatry, University of Texas Southwestern Medical Center, 5323 Harry Hines
Blvd., Dallas, TX 75390
cDepartment of Neurology, University of Texas Southwestern Medical Center, 5323 Harry Hines
Blvd., Dallas, TX 75390
dDepartment of Radiology, University of Texas Southwestern Medical Center, 5323 Harry Hines
Blvd., Dallas, TX 75390
eDepartment of Internal Medicine, University of Texas Southwestern Medical Center, 5323 Harry
Hines Blvd., Dallas, TX 75390
fDepartment of Clinical Sciences (Biostatistics), University of Texas Southwestern Medical
Center, 5323 Harry Hines Blvd., Dallas, TX 75390

Abstract
We used functional connectivity magnetic resonance imaging (fcMRI) to investigate changes in
interhemispheric brain connectivity in 11 patients with mild Alzheimer’s disease (AD) following
eight weeks of treatment with the cholinesterase inhibitor donepezil. We examined functional
connectivity between four homologous temporal, frontal, and occipital regions. These regions
were selected to represent sites of AD neuropathology, sites of donepezil-related brain activation
change in prior studies, and sites that are minimally affected by the pathologic changes of AD.
Based on previous findings of selective, localized frontal responses to donepezil, we predicted that
frontal connectivity would be most strongly impacted by treatment. Of the areas we examined, we
found that treatment had a significant effect only on functional connectivity between right and left
dorsolateral prefrontal cortices. Implications for understanding the impact of donepezil treatment
on brain functioning and behavior in patients with AD are discussed. This preliminary report
suggests that fcMRI may provide a useful index of treatment outcome in diseases affecting brain
connectivity. Future research should investigate these treatment-related changes in larger samples
of patients and age-matched controls.
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Introduction
Neurofibrillary tangles (NFTs) and neuritic plaques (NPs) are the neuropathological
hallmarks of Alzheimer’s disease (AD). These pathologic changes compromise the integrity
of neural connections and disrupt communication among brain regions [1]. Diffusion tensor
imaging, electroencephalographic, and positron emission tomography findings of
interhemispheric connectivity abnormalities in AD [2] likely reflect the detrimental effects
of such pathology on brain connectivity.

Functional connectivity MRI (fcMRI) is another technique for examining in vivo human
brain connectivity. It is based on the observation that functionally related brain regions show
correlated low-frequency fluctuations in the blood oxygenation level-dependent (BOLD)
MRI signal [3]. When applied to patients, fcMRI appears to be sensitive to functional
disconnections. For instance, previous studies have found a breakdown in the synchronous
activity of neural circuits involving the hippocampus in subjects with mild AD [e.g., 4–6].

Functional connectivity methods may also be useful in evaluating the effectiveness of
treatment methods for improving brain function, and thus changing brain connectivity. A
number of previous studies have utilized task-based functional magnetic resonance imaging
(fMRI) to examine the impact of treatment with acetylcholinesterase (AchE) inhibitors on
brain functioning in patients with AD and mild cognitive impairment (MCI) [7]. In these
studies, increases in prefrontal activation appear to be a particularly consistent finding [e.g.,
8, 9]. More recently, AchE inhibitor treatment has been shown to increase functional
connectivity between the hippocampus and precentral gyrus, parahippocampus, insula,
lentiform nucleus, thalamus, middle frontal gyrus, pons, and posterior cingulate [10].

For the present investigation, we used fcMRI as an index of change in interhemispheric
connectivity following pharmacological treatment with the AChE inhibitor donepezil in
patients with mild AD. We investigated functional connectivity of four homologous region
of interest (ROI) pairs. ROIs were in a primary site of AD neuropathology (medial temporal
lobes) and a primary site of activation response to donepezil (frontal lobes). In addition, due
to the lack of control participants, a control brain region (occipital lobes) was studied as
well, the rationale being that we would not expect placebo effects to be brain region-
specific. We hypothesized that frontal connectivity would be most affected by donepezil
treatment.

Materials and Methods
Study participants

Participants were 11 patients with mild AD (4 males, 7 females; mean age=75.5±7.4,
range=62–84; mean education=14.3±2.5 years, range=12–18). Patients were recruited from
the Alzheimer’s Disease Center and the Mildred Wyatt and Ivor P. Wold Center for
Geriatric Care at the University of Texas Southwestern Medical Center at Dallas.
Alzheimer’s disease (AD) was diagnosed by a neurologist or geriatrician using NINCDS/
ADRDA criteria [11]. Inclusion criteria included a diagnosis of probable AD, a Mini-Mental
State Examination score greater than or equal to 15, and adequate sight, hearing, and
comprehension to participate. Subjects were excluded if they were already taking any
medication that might alter brain function, including donepezil or antipsychotic drugs. They
were also screened to rule out neurological diseases other than AD, any condition that could
chronically affect cognitive functioning, or major psychopathology such as severe
depression. The UT Southwestern Institutional Review Board approved the experimental
protocol. Before participation, written informed consent was obtained from each participant
and a family member or legal representative.
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Cholinesterase inhibition therapy
Donepezil (Aricept™) was initially administered at 5 mg daily for 28 days, and then 10 mg
daily for 28 days. Caregivers monitored daily usage, and compliance was verified by pill
count. MRI acquisitions were conducted before treatment and following eight weeks of
therapy. Pfizer U.S. Pharmaceuticals provided Aricept™ as a gift to the investigators, but
did not participate in or provide support for study conception, design, analysis or conduct.

MRI data acquisition
MR images were acquired on a General Electric Horizon LX NV/i 1.5 Tesla scanner (GE
Medical Systems, Milwaukee, WI) using the standard GE quadrature birdcage RF head coil.
To minimize head motion, each subject’s head was immobilized with tightly fitting foam
padding and a forehead strap. For the collection of fcMRI data, a time series of 100 echo-
planar image (EPI) volumes was acquired while subjects were at rest in a darkened MRI
scanner magnet bore. Sensory stimulation was limited to scanner noise, which was
dampened by earplugs and headphones. Whole-brain EPI data were acquired in the axial
plane with a single-shot gradient-recalled pulse sequence (sequential slice acquisition;
TR=2000 ms; TE=45 ms; flip angle=90°; matrix=64×64; FOV=24 cm; slice thickness=7
mm; gap=0.5 mm). High-resolution coronal images (SPGR sequence: TR=30 ms; TE=5 ms;
flip angle=45°; matrix=256×256; FOV=24 cm; slice thickness=2 mm) were acquired during
the same scan session for each subject.

MRI data analysis
AFNI software [12] was used for all analyses. Pre-processing steps included de-trending,
motion correction, and low-pass filtering to remove frequencies greater than 0.08 Hz. For
each subject, frontal, medial temporal, and occipital ROIs were identified on the high-
resolution anatomical images. ROIs were traced in both the right and left hemispheres with
the assistance of brain atlases [13–16], published tracing protocols and neuroanatomical
articles [17–23], and a Brodmann area (BA) probability map overlaid on lateral, medial and
dorsal surfaces of the brain (Aboitiz, unpublished data). Frontal ROIs were placed in the
dorsolateral prefrontal cortex (DLPFC; BA 46, 46/9, and 9) and the inferior frontal gyrus
(IFG; BA 44 and 45). The medial temporal ROI was placed in the hippocampus (HIPP), and
the occipital ROI was placed in primary visual cortex (PVC; BA17). These regions were
traced on the high-resolution structural images (Figure 1) and then resampled to the lower
resolution of the EPI data.

Left hemisphere ROIs were designated as "seeds" and the homologous right hemisphere
ROIs as "targets." For each seed-target pair, pre-processed time series MR signal data from
the seed were averaged, and the mean signal time series was used as a reference function for
cross-correlation with the time series data from all voxels in the target. From this
calculation, the least squares fit coefficient was used as the index of functional connectivity
at each voxel. For each ROI pair, the average fit coefficient within the target was the index
of interhemispheric functional connectivity.

Four separate planned comparisons examined the effect of donepezil on interhemispheric
connectivity within each of the seed-target ROI pairs. Tests for non-normality were all non-
significant, confirming the appropriateness of paired t-tests for our analyses. Analyses were
conducted using SPSS [24]. Given the small number of a priori comparisons, the criterion
for significance was set at a per comparison error rate (α) of .05.
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Results
Interhemispheric functional connectivity change following treatment in each of the four ROI
pairs is displayed in Figure 2. As shown in the figure, these different brain regions varied in
their response to treatment. The left-right DLPFC connection was the only one to show a
significant change, reflecting a large increase in functional connectivity [t(10)=−2.54, p=.
029]. In contrast, connectivity between the left and right IFG showed a non-significant
decrease [t(10)=1.81, p=.10], as did connectivity between the left and right HIPP [t(10)=.54,
p=.60]. Lastly, control connectivity between left and right PVC showed a small non-
significant increase [t(10)=−.90, p=.39].

Discussion
Donepezil treatment had a differential impact on the interhemispheric connectivity of
distinct brain regions. Our hypothesis that donepezil would exert its greatest effect on the
functional connectivity of frontal regions was supported; DLPFC was the only region to
show a significant change in connectivity. This is consistent with findings that the effects of
cholinesterase inhibitors on regional AChE activity are greater in frontal cortices, when
compared to temporal cortices [25]. Goveas and colleagues [10] suggested that AchE
inhibitors facilitate reorganization in the neural structures that support cognition, including
the DLPFC. Such reorganization might include increases in interhemispheric connectivity as
observed in the present study.

We found that in contrast to the significant increase in DLPFC connectivity,
interhemispheric connectivity of the hippocampus, one of the regions most severely affected
by the neuropathology of AD, did not change with treatment. This may be a reflection of the
fact that prefrontal cortex has a greater amount of intact functional tissue than medial
temporal regions during the early stages of AD [1].

The DLPFC is especially critical for cognitive control [26], and AChE inhibitors may in fact
improve cognition via their impact on attention and executive function [27]. This is
supported by the observation that the patients studied here showed improvements in
attention and executive control following donepezil treatment, while performance in other
domains (e.g., memory) was unaffected [28]. For example, while mean pre-treatment
performance on the Controlled Oral Word Association Test (COWAT), a measure of verbal
fluency, was in the impaired range, mean post-treatment performance was within normal
limits. To explore the association between increases in DLPFC connectivity and verbal
fluency, a median split was used to divide the sample into “low” versus “high” levels of
DLPFC connectivity change. Using this approach, the “low connectivity change” sub-group
showed a mean increase of less than 1 raw score point on the COWAT, while the “high
connectivity change” sub-group showed a mean increase of nearly 7 points. This supports a
relation between increased DLPFC connectivity and enhanced aspects of executive control.

Limitations and future directions
Although the sample in the present study was small, limiting statistical power, the findings
are promising. Future research should investigate treatment-related change in larger samples
and more extensive brain networks, and treatment should be contrasted with placebo. In
addition, to better understand the mechanisms underlying change in connectivity, future
studies might examine the link between connectivity change and change in other indices of
neural integrity, such as MRS measurement of oxidative stress and pH [29, 30]. The
neurophysiological indices that can be drawn from fcMRI data may provide biomarkers that
link neurochemical and neuroanatomical change to cognitive change in this population.
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Furthermore, and more broadly, our results highlight the potential use of fcMRI as a novel
index of treatment outcome in various diseases that involve changes in brain connectivity.
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Figure 1.
Seed/target ROIs (shown in white) from a representative subject overlaid on that subject’s
high-resolution anatomical images. (A) right dorsolateral prefrontal cortex, (B) right inferior
frontal gyrus, (C) left hippocampus, and (D) left primary visual cortex. For each ROI,
coronal (top of panel) and sagittal (bottom of panel) views are shown.
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Figure 2.
Functional connectivity values for each region of interest (ROI) before and after donepezil
treatment. Bars show the mean fit coefficient for each ROI. Error bars represent standard
error. Abbreviations: DLPFC = dorsolateral prefrontal cortex; IFG = inferior frontal gyrus;
HIPP = hippocampus; PVC = primary visual cortex. Significant change in DLPFC is
indicated with a star.
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