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Alzheimer's disease (AD) is commonly associated with non-
cognitive behavioral changes (NCBCs). The authors system-
atically reviewed whether neuroimaging has helped with
understanding the pathophysiology, diagnosis, or manage-
ment of NCBCs associated with AD, including depression,
aggression or agitation, anxiety, apathy, psychosis, and sleep
disorder. The authors identified dissociable neural substrates
with multimodal imaging: depression implicates the lateral and
superior prefrontal cortex; apathy and agitation implicate the
dorsal anterior cingulate; psychosis implicates right lateralized

Alzheimer’s disease (AD) is commonly associated with non-
cognitive behavioral changes (NCBCs) (also known as “be-
havioral and psychiatric symptoms of dementia” or “behavioral
and psychological symptoms of dementia”),! contributing to
the heterogeneity of the disorder. Multiple types of NCBCs
have been identified, including depression, aggression, agi-
tation, hyperactivity, apathy, anxiety, psychosis, wandering,
and sleep disorders.? These symptoms have important clin-
ical implications affecting quality of life, increasing caregiver
distress and cost of care, and precipitating institutionaliza-
tion, and they may be associated with accelerated mortality.
That the behaviors can predate the onset of AD suggests that
greater focus on the behaviors may facilitate the early di-
agnosis of neurodegenerative disease.” With growing
awareness of NCBCs, the concept of AD is evolving, with
some proposals that neuropsychiatric symptoms may be
intrinsic to the disorder.® The pathophysiological and psy-
chological mechanisms underlying NCBCs remain poorly
understood. Here we review whether neuroimaging has
helped with understanding the pathophysiology, diagnosis,
or management of NCBCs associated with AD. Our findings
highlight common findings of frontal white matter changes
underlying many NCBCs and more fine-grained dissociable
neural substrates associated with NCBCs with multimodal
imaging.
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frontal and medial temporal areas; and anxiety implicates
mesial temporal regions. Frontal white matter changes appear
to underlie many NCBCs, emphasizing the preventative
management of vascular risk factors. Further delineation of
underlying neurocircuitry and pathophysiology in larger data
sets might lead to biomarker identification for diagnosis and
optimizing treatment targets.

J Neuropsychiatry Clin Neurosci 2018; 30:14-21;
doi: 10.1176/appi.neuropsych.16080155

METHODS

The common NCBCs reported include depression, aggres-
sion, agitation, hyperactivity, apathy, anxiety, psychosis, eu-
phoria, wandering, and sleep disorders. Since there were
very few articles regarding euphoria and wandering, these
NCBCs were not included. Given the overlap between ag-
gression, agitation, and hyperactivity, we adopted this symp-
tom cluster, as per van Linde et al.*

We focused on MRI (including functional MRI [fMRI]),
magnetic resonance spectroscopy (MRS), and nuclear medi-
cine imaging. Since MR imaging only became widely avail-
able in 1984, we confined our search to the last two decades.
Search algorithms reported in the Appendix in Supplemen-
tary Materials were similar across NCBCs for MEDLINE and
PsycINFO. Each two-investigator team reviewed the ab-
stracts and, if judged equivocal, the full text was reviewed.
Papers were included if 1) the subjects met clinical diagnostic
criteria for possible or probable AD either by using 2011 cri-
teria by McKhann et al.® or by data regarding AD subjects that
could be segregated for analysis, 2) the primary imaging
technique was clearly identified, and 3) statistical analysis was
presented. Results of the search are shown in Table S1 in the
data supplement accompanying the online version of this
article.
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Depression

Depression is frequently encountered as a symptom ac-
companying dementia, and is thought to represent a risk
factor for the cognitive decline from normal aging through
mild cognitive impairment (MCI) to AD.® In a rare longi-
tudinal study following 639 independently living elderly
subjects for 3 years, Verdelho et al.” found that depression
symptoms predicted cognitive decline independently from
white matter hyperintensities (WMHSs) or other structural
changes. The picture is complicated, however, by a notori-
ously high prevalence of chronic late-life depression (LLD)
among the cognitively normal elderly. In this section we
explore two questions: What brain areas are implicated in
depression in AD, and how does this correspond to LLD
without dementia (e.g., vascular pathology in perventricular
areas)?® Table S2 in the online data supplement summarizes
the critical findings.

Clark et al.” found no relationship between major de-
pressive episodes in AD and WMHs. However, within his
patient sample, subsyndromal depressive symptoms were
more prevalent among those with anterior WMHs. Fur-
thermore, earlier-onset AD was associated with more
WMHs and greater premorbid depression compared with
later-onset AD, consistent both with a relationship between
WMH and depression and also with depression being a
risk factor for AD. These findings were confirmed and ex-
tended in a larger study'® of dementia patients and controls
reporting that frontal WMHs, but not those in periven-
tricular or basal ganglia areas, were associated with higher
depression scores. Importantly, these findings were irre-
spective of dementia etiology, being present in patients
with AD, vascular dementia (VaD), and dementia with
Lewy bodies. Similarly, Mueller et al.'* found depression to
be associated with frontal WMHSs in AD and VaD, which
was dissociable from cognitive deterioration associated
with gray matter atrophy. Other structural MRI studies
have been equivocal, with Starkstein et al.'? reporting ap-
athy rather than depression associated with frontal WMHs
while depression corresponded to right parietal WMH in
AD patients. Some researchers have found no relationship
between WMHs and depression symptoms in seemingly
adequate samples of AD, VaD, mixed AD-VaD, and MCI
patients.*'* Thus, many, but not all, structural MRI studies
show a relationship between frontal WMHs and depressive
symptoms in AD, but not with periventricular changes more
consistent with LLD.

Depression symptoms in AD patients also relate to cor-
tical and hippocampal atrophy. Compared with AD patients
without depression, those with depression symptoms show a
variable pattern of additional cortical atrophy in prefrontal
and temporal areas,” the left middle frontal cortex,' left
temporal and parietal areas'®, and the left inferior temporal
gyrus,"” as well as right hippocampal atrophy.'® Additional
thinning of parahippocampal regions may be contingent on
antidepressant use.'® However, less medial temporal atrophy
also has been reported.”
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Functional changes accompany depressive symptoms in
AD patients, in the form of hypoperfusion of the left pre-
frontal area,?° left middle (dorsolateral) prefrontal region,*!
left middle frontal gyrus,?? and the left callosomarginal area
of the left frontal cortex,?® and in dorsolateral and superior
prefrontal cortex generally.>* (In this last study region of
interest, analysis further indicated hypoperfusion of bilateral
superior and middle frontal gyri, and anterior cingulate gyri
before atrophy correction, but following correction these
changes became nonsignificant.) Although most studies re-
port anterior perfusion deficits to accompany depression
symptoms, a small study found no relationship between
depressive symptoms in AD patients and perfusion in any
frontal or cingulate area.®

Depression-related hypometabolism of the dorsolateral
prefrontal area®® has been reported, as has decreased fMRI
regional homogeneity of the right precentral gyrus, right
superior frontal gyrus, right middle frontal gyrus, and right
inferior frontal cortex.?” Depression scores correlate posi-
tively with the choline/creatine ratio in the left dorsolateral
prefrontal cortex and with the myo-inositol/creatine ratio in
the cingulate gyri bilaterally.>® In contrast, there appear to
be no depression-related differences in 5-HT2A receptor
binding®® or cortical amyloid-B.*°

The reported brain abnormalities accompanying de-
pressive symptoms in Alzheimer disease and those seen in
LLD alone are becoming increasingly similar as additional
information becomes available.

Two decades ago, it was reported that neither early-onset
nor late-onset depression patients differed from healthy con-
trols in terms of regional brain atrophy.>! Although a smaller
whole brain volume was reported,® this was attributed to
antidepressant use, as were later findings of relative hippo-
campal atrophy and a larger WMH volume.*? More con-
temporary reports have found that compared with healthy
controls, elderly nondemented patients suffering from de-
pression show hippocampal atrophy®*2* which is not as
severe as in nondepressed AD patients.>® Hippocampal at-
rophy may>® or may not®” predict subsequent dementia. In
addition to hippocampal atrophy, LLD patients showed at-
rophy of the superior frontal gyrus, ventromedial frontal
cortex, and precuneous.>® However, elderly depressed pa-
tients matched to AD patients for hippocampal atrophy
show additional atrophy of medial temporal lobe structures
and anterior cingulate cortex but not posterior cingulate
cortex or precuneous.>”

Temporal lobe perfusion deficits have been reported in
LLD patients compared with both healthy controls and
early-onset depression patients,® which are associated with
periventricular WM changes.*® As with AD patients, LLD
patients show no abnormalities of 5-HT2A receptor
binding®’

Hippocampal atrophy in cognitively intact LLD patients
is less severe than in AD patients®® and may represent a sub-
clinical stage of a dementing process. Temporal lobe perfu-
sion deficits®*%are consistent with this picture. However,
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atrophy of the superior frontal gyrus, ventromedial frontal
cortex, and anterior cingulate cortex*®*° in LLD may corre-
spond to the abnormalities accompanying depressive symp-
toms in AD patients.

The results of positron emission tomography (PET) and
single-photon emission computed tomography (SPECT)
studies have been remarkably consistent in identifying
metabolic and hemodynamic abnormalities in dorsolateral
and superior prefrontal cortical areas that may correspond
to the subcortical WMHs identified in most but not all
structural MRI studies. These structural and functional ce-
rebrovascular changes appear to be associated with, and may
underlie, depressive symptoms in AD patients. This finding
is highly relevant to both pathophysiology and prevention:
aging-related cerebrovascular changes are potentially pre-
ventable, a common theme emerging across the NCBCs.
Thus, it might be hypothesized that medical management of
vascular risk factors may significantly reduce both the bur-
den of dementia and comorbid depression.

Psychosis

Psychosis is defined as a loss of contact with reality and in-
cludes psychosis not otherwise specified (PNOS); delusions
not otherwise specified (DNOS); delusions of misidentification
(DMY); delusions with paranoid or persecutory content; other
delusions, such as phantom boarder; hallucinations not oth-
erwise specified; auditory hallucinations; or visual hallucina-
tions. The most common diagnosis was PNOS.

There were three common study designs: 1) contrasting
AD subjects with and without psychosis, 2) contrasting AD
subjects with psychosis with normal controls, and 3) cor-
relation studies of the severity of psychosis among AD sub-
jects using dimensional psychosis assessment scales (e.g.,
Dementia Psychosis Scale, Neuropsychiatric Inventory).
The most recurrent finding relied on psychosis’s association
with reduced cerebral blood flow (CBF) or metabolism in
frontal regions. The psychosis’s associations with regional or
overall atrophy or white matter changes were inconclusive,
but these structural changes tend to lateralize in the right
hemisphere.

Table S3A in the online data supplement summarizes
nine studies of brain structure. All three CT studies compar-
ing AD patients with and without delusions showed asym-
metric right>left atrophy. However, the MRI results were
inconsistent, reporting either no association with atrophy*! or
that DNOS were associated with right hippocampal atrophy.*?
Among the other four (nonvolumetric) MRI studies, findings
were mixed, including finding no association between delu-
sions and atrophy, but an association between hallucinations
and overall atrophy™®®; delusions associated with decreased
cortical thickness, but only among women**; and visual hal-
lucinations associated with occipital atrophy.*®

Table S3B in the online data supplement summarizes
seven studies of WMA. One study employed CT, and the pres-
ence of WMA was not associated with psychosis frequency.*®
Six studies employed MRI. Three studies compared AD patients
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with and without psychosis reporting either no association with
WMA,*? an association between DMI and WMA,*” or an as-
sociation between visual hallucinations and occipital periven-
tricular caps.*® The other two MR studies compared AD patient
with and without WMA. The larger study (N=163) reported
that WMA were associated with delusions*’; the smaller study
(N=38) reported that WMA were not associated with
delusions.>®

Table S3C in the online data supplement summarizes
15 studies of CBF and psychosis in AD. Fourteen of these
employed SPECT, and one used '°0 PET. Ten of these
fourteen compared AD subjects with and without psychosis.
Taken as a whole, the findings suggest that psychosis was
associated with diminished CBF on the right more often
than the left, particularly in the frontal and medial temporal
lobe.>757 Table $3D in the data supplement summarizes the
three studies using [18]fluorodeoxyglucose (FDG) PET,>8~°
showing that DMI or PNOS tended to be associated with
decreased metabolism in frontal or temporal regions.

Table S3E in the data supplement lists three studies with
unique designs. In one small CT study, delusions were as-
sociated with basal ganglia mineralization.®® In a proton mag-
netic resonance spectroscopy (1IH-MRS) study, delusions were
associated with decreased N-acetyl-aspartate-to-creatine ratio
(NAA/Cr) in the AC.%? In one PET study, delusions were as-
sociated with increased availability of striatal dopamine D2/D3
receptors,®> which may reflect aberrant learning processes
reported in schizophrenia.

In summary, neuroimaging studies of psychosis in AD are
diverse. Few studies, except one,®? tested a plausible causal
hypothesis. Convergent studies suggest right-sided impaired
perfusion and metabolism, particularly in frontal and medial
temporal lobes, which dovetails with a report of psychosis
associated with right-sided cerebral infarction, arguing for
a laterality effect that transcends the mechanism of brain
injury.®* The relationship between psychosis and WMA in most
but not all studies similarly suggests that control of vascular risk
factors might reduce the likelihood of AD-associated psychosis.

Apathy

Apathy is defined as a reduction in motivation and initiation of
activities, subdivided into cognitive, behavioral, and emotional
components.®® It is the most common noncognitive neuro-
psychiatric symptom of AD, present in up to 72% of patients.®®
Symptoms of loss of motivation and initiative are thought to be
related to dysfunction within a network of medial prefrontal
structures and fronto-subcortical networks.%” There were two
common study designs: 1) contrasting AD subjects with and
without apathy and 2) correlation studies of the severity
of apathy among AD subjects using dimensional apathy as-
sessment scales (e.g., the Apathy Evaluation Scale®®%® or the
Neuropsychiatric Inventory’®7%).

A few recurrent findings emerged. First, a majority of the
structural neuroimaging studies reported an association
between apathy and volume loss in the ACC. Those find-
ings extended to other medial prefrontal areas and the
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striatum—structures connected through cortico-striato-thalamo-
cortical frontal loops.”?”7° Second, apathy severity has been
relatively consistently associated with decreased perfusion
and metabolism in these areas.’®””~8! Third, although fewer
data support a link between apathy and white matter bun-
dles associated with these cortical structures, reduced frac-
tional anisotropy (FA) of the cingulum bundle has been
replicated.®?~8% Multiple studies have also shown an associ-
ation between apathy severity and the white matter lesion
burden, particularly within the frontal lobe.'* Reported ab-
normalities in temporal®® and parietal areas®* were not rep-
licated across studies and modalities.

Several small studies are also of interest. One study reported
that amyloid burden in MCI/AD measured with Pittsburgh B
compound PET scans is higher in the frontal areas of patients
with apathy, independently of atrophy measured with VBM.%”
One fMRI study reported decreased amygdalar reactivity to
sad faces bilaterally in AD patients with apathy,®® suggesting
altered limbic processing of emotional stimuli. Finally, a
few studies suggested that the different subcomponents of
apathy (behavioral, cognitive, and emotional aspects) might
have specific neuroanatomical correlates.”®%° For example,
one SPECT study reported that 1) lack of interest was as-
sociated with reduced ACC perfusion, 2) reduced interest
was associated with reduced right middle OFC perfusion,
and 3) emotional blunting was associated with reduced left
DLPFC perfusion.®®

Structural and functional imaging converge to support
the relationship between apathy and altered function in the
ACC, other medial frontal structures, and subcortical con-
nections involving the striatum. The link between white
matter lesion burden and apathy suggests that aging-related
cerebrovascular change may be an important causal factor,
conceivably amenable to prevention. Future studies might
produce more replicable results with more precise defini-
tions of the emotional, behavioral, and cognitive aspects of
apathy to identify biologically discreet constructs.

Aggression or Agitation

The studies reported with the search terms for aggression,
agitation, and hyperactivity were fewer relative to the other
NCBCs.

With respect to structural studies, agitation reported in
35% of an AD sample (AD, N=31) was negatively correlated
with gray-matter density in the left insula and bilateral
ACC.”? Similarly, irritability was negatively correlated with
low ACC FA and disinhibition with low ACC and fornix FA
(MCI, N=21; mild AD, N=23).%% These anatomical findings
converge with the neuropathological observation of an as-
sociation between agitation and ACC NFT density.””

With respect to functional imaging studies at rest, lower
CBF in the right medial temporal cortex (including hip-
pocampus, parahippocampus, and amygdala, Brodmann areas
28, 35, and 36) was shown in the aggressive AD (N=30) relative
to nonaggressive AD group (N=19) using Tc99mSPECT.”!
Within the aggressive subgroup, aggression severity correlated
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with decreased CBF in the right orbitofrontal gyrus. However,
these findings were dissimilar to a smaller Tc99mSPECT
study®? (AD with aggression, N=10; AD without aggression,
N=10), in which aggression was associated with lower perfu-
sion in the left anterior temporal cortex, bilateral dorso-frontal
cortex, and right parietal cortex. An [18]FDG PET study®®
(AD, N=21) showed that agitation/disinhibition was corre-
lated with lower global metabolism and broadly in frontal,
temporal, and parietal regions.

In a task-based fMRI study to investigate affective faces in
mild AD in which agitation/aggression was reported in 30%
of subjects, both familiar neutral and fearful faces elicited a
greater right amygdala response for AD subjects compared
with elderly controls.”® This group effect was most marked
during the initial exposures to faces, possibly suggesting an
effect of novelty. Irritability correlated with bilateral amyg-
dala response to familiar neutral faces. Agitation also cor-
related with greater left amygdala response.

Although these findings are limited by lack of replication of
studies, several intriguing preliminary consistent findings were
demonstrated. Agitation was associated with lower volume
and FA in the ACC consistent with neuropathological findings
of greater NFT density. Baseline metabolism and CBF findings
are less consistent: although agitation correlated with lower
perfusion or metabolism broadly in frontal and temporal re-
gions, the precise regions implicated were not consistent be-
tween studies.

Anxiety

Relative to the other NCBCs, studies of anxiety in AD were
much more limited. Table S4 in the online data supplement
provides a summary of the findings.

Across three structural studies, no association was ob-
served between anxiety in AD and gray matter changes.*>7%%°
Berlow et al.”® showed that overall WMH volume was as-
sociated with anxiety (among other neuropsychiatric symp-
toms), but his methods did not allow WMH localization.

A systematic functional study by Hashimoto et al.”” con-
trolling for cognitive decline showed that higher anxiety cor-
related with lower resting metabolism in bilateral entorhinal
cortex, bilateral anterior parahippocampal gyrus, and the left
anterior superior temporal gyrus and left insula. After con-
trolling for depression, delusions, hallucination, agitation, ap-
athy, and disinhibition, the results were still significant in the
right entorhinal cortex and the parahippocampal gyrus. In
contrast, Sultzer et al.°® investigated the relationship between
a mixed anxiety/depression measure and rCBF showing pari-
etal hypometabolism, a finding that contrasts with Hashimoto
et al’s”” report of normal parietal blood flow related to both
anxiety and depression.

The literature on anxiety imaging in AD patients is very
limited, with no replicated studies. Anxiety may be associ-
ated with vascular white matter changes of unclear locali-
zation and possible hypometabolism in mesial temporal lobe
structures.
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Sleep Disorders

Regulation of arousal and sleep are mediated by a complex
network that includes the brainstem, hypothalamus, thala-
mus, and cortex.”® Disturbances of arousal, sleep, or circadian
rhythm occur in up to 44% of patients with AD occur-
ring early in the disorder—even predating other signs of
neurodegeneration.”® AD-related sleep disturbances include
increased sleep-onset latency, decreased total sleep time, in-
creased nighttime motor activity, decreased REM sleep, de-
creased slow-wave sleep, disrupted stage-2 sleep, and early
morning awakening—all associated with fragmentation of
sleep, often resulting in daytime drowsiness. AD is also as-
sociated with disturbances of circadian rhythm: phase delay,
“sundowning,” or reversed sleep/wake pattern. Disturbances
of circadian rhythm or sleep in AD are associated with di-
minished quality of life for both the patient and the caregiver
and predict institutionalization.'®®1%% Moreover, evidence
suggests that such disturbances may account for other non-
cognitive behavioral problems, including wandering, rest-
lessness, agitation, and aggression.'®

Sleep-disturbed AD patients (N=37) exhibited relatively
higher CBF in the right middle frontal gyrus relative to
nonsleep-disturbed AD patients (N=17) with no significant
differences in perfusion from healthy controls (N=37).!0*
Authors report that the middle frontal gyrus is implicated in
REM sleep architecture regulation. Since REM onset is reg-
ulated by cholinergic inputs from brainstem nuclei, and since
Eggers et al.'%° had reported that sleep disturbance in a case
report in AD is associated with reduced acetylcholinesterase
activity as measure using a cholinergic PET tracer, the authors
speculated that the relative preservation of the middle frontal
gyrus could be due to impaired inhibition from the thalamo-
cortical ascending executive cholinergic pathways.

Together, these studies offer weak evidence for a choliner-
gic basis for sleep disturbance in AD. Such findings are directly
relevant to understanding the biological basis of this disorder
and have implications for treatment but require replication.
These findings may have clinical implications suggesting that
anticholinergic medications, such as diphenhydramine, may
be counterproductive. Consistent with the neuroimaging
findings, some evidence suggests that donepezil may im-
prove both cognition and sleep in AD.!?¢

CONCLUSIONS

We identified dissociable neural substrates with multimodal
imaging: depression implicates the lateral and superior pre-
frontal cortex; apathy and agitation implicate the dorsal ante-
rior cingulate; psychosis implicates right lateralized frontal and
medial temporal lobes; and anxiety implicates medial temporal
regions. Frontal white matter changes appear to underlie many
NCBCs, emphasizing the preventative management of vascular
risk factors.

Our principal finding was that NCBCs in AD are fre-
quently associated with vascular disease. This was reported
in studies of depression, psychosis, apathy, and anxiety, but
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not in agitation/aggression or sleep disturbance. The liter-
ature on agitation/aggression points to areas with higher NFT
burden, while the few studies on sleep disturbance implicate
the cholinergic system. The link between vascular disease and
AD-related NCBC ties in to questions about the validity of AD
as a unitary entity’®”'% and whether the degree to which
clinical dementia in those who meet criteria for probable AD
should be attributed to AR and tau aggregates versus vascular
disease.’%”11% While the goal of this article is not to focus on
nosology, we note that NCBCs seem to be associated with
cerebrovascular change in many but not all studies. This ties
in with a recent data-driven article demonstrating that vas-
cular damage could be at the onset of the AD cascade.™* We
note also that the “signal” of the vascular effect might obscure
relevant aspects of AD pathology that might influence the
occurrence of these important behavioral disorders.

Our review also highlighted specific neural regions shown to
be consistently implicated in NCBCs across several modali-
ties. Many early studies used low resolution techniques for
measuring rCBF pointing toward “frontal lobe” involvement,
but more recent studies show more consistent engagement of
specific well-defined regions or circuits. Highly consistent
replicated findings were shown particularly for depression,
apathy, and psychosis. Depression was associated with de-
creased perfusion and metabolism of lateral and superior
prefrontal regions converging with greater frontal WMH load.
Psychosis was associated with right lateralized impairments
in metabolism and perfusion in frontal and mesial temporal
regions with greater WMH load that was less well-localized.
Different symptom presentations, such as auditory or visual
hallucinations, might implicate different neural substrates
associated with the relevant sensory modality. Apathy was
associated with decreased volume, perfusion, metabolism,
and FA in the ACC similarly converging with greater frontal
WMH load. These findings extended into medial prefrontal
and striatal regions, implicating fronto-striatal network im-
pairments. Fewer studies were reported on agitation and
anxiety with no replicable findings. However, agitation
showed converging data across modalities, with lower volume
and FA in ACC consistent with neuropathological findings
of greater NFT burden in the ACC. Anxiety studies weakly
suggest a possible association with impaired mesial tem-
poral metabolism and higher WMH load.

That these findings have dissociable neural substrates has
implications from a mechanistic and clinical perspective. In
some cases, the metabolism or perfusion deficits appear to
converge across studies with frontal WMH abnormalities
suggesting underlying vascular factors. Thus, our findings
suggest that vascular risk factors or imaging markers appear
to be important correlates of, and are perhaps causally related
to, these NCBCs, suggesting that managing underlying vas-
cular risk factors might play a role in preventing NCBCs. The
role of other aberrant neuropathological abnormalities (e.g.,
with NFTs in the ACC in agitation) also suggests that ab-
normal deposition in critical neural substrates may also be
relevant to underlying impairments.
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Combined with other multimodal approaches, these find-
ings may act potentially as biomarkers for the diagnosis of
specific NCBC symptoms and to track clinical outcomes. How
the implicated neurocircuitry might overlap dimensionally
with other behavioral symptoms in other neuropsychiatric
disorders is also of great interest. Further work in larger data
sets is required to assess the utility of these findings as po-
tential biomarkers for diagnosis and optimizing therapeutic
outcomes. Understanding the implicated neurocircuitry and
underlying neuropathology will also allow for precision treat-
ment targeting—for example, with noninvasive neuromodulation
or pharmacological techniques—to either enhance affected
circuits or optimize functioning of the remaining intact
neurocircuitry.

AUTHOR AND ARTICLE INFORMATION

From the Department of Psychiatry, University of Southern California, Rancho
Palos Verdes, Calif. (JV); the Departments of Nursing, Psychiatry, Neurosci-
ence, and Brain and Cognitive Science, University of Rochester, Rochester,
N.Y. (FVL); the Department of Psychiatry, Mercer University School of Medi-
cine, Macon, Ga. (KLC, SDS); the University of Cambridge, Department of
Psychiatry, Cambridge, United Kingdom, and Cambridgeshire and Peter-
borough NHS Foundation Trust (VV); and the Departments of Psychiatry,
Neurology and Neurosurgery, Montreal Neurological Institute and McGill
University Health Centre, McGill University, Montreal, Quebec, Canada (SD).

Send correspondence to Dr. Ducharme; e-mail: simon.ducharme@
mcgill.ca

On behalf of the American Neuropsychiatric Association Committee for
Research.

Dr. Voon receives Medical Research Council Senior Clinical Fellow
MR/P008747/1. Dr. Ducharme receives salary support from the Fonds
de Recherche du Québec-Santé.

The authors thank Yonas Geda for his assistance with this study.
The authors report no financial relationships with commercial interests.

Received Aug. 24, 2016; revisions received March 4, and May 5, 2017;
accepted June 29, 2017; published online Sep. 6, 2017.

REFERENCES

1. Fernandez M, Gobartt AL, Balafia M; Behavioural symptoms in
patients with Alzheimer’s disease and their association with
cognitive impairment. BMC Neurol 2010; 10:87

2. Lyketsos CG, Carrillo MC, Ryan JM, et al: Neuropsychiatric symp-
toms in Alzheimer’s disease. Alzheimers Dement 2011; 7:532-539

3. Verhey F: Recommendations concerning neuropsychiatric symptoms
assessment. J Nutr Health Aging 2006; 10:134-136

4. van der Linde RM, Dening T, Matthews FE, et al: Grouping of
behavioural and psychological symptoms of dementia. Int J
Geriatr Psychiatry 2014; 29:562-568

5. McKhann GM, Knopman DS, Chertkow H, et al: The diagnosis of
dementia due to Alzheimer’s disease: recommendations from the
National Institute on Aging-Alzheimer’s Association workgroups
on diagnostic guidelines for Alzheimer’s disease. Alzheimers De-
ment 2011; 7:263-269

6. Ownby RL, Crocco E, Acevedo A, et al: Depression and risk for
Alzheimer disease: systematic review, meta-analysis, and meta-
regression analysis. Arch Gen Psychiatry 2006; 63:530-538

7. Verdelho A, Madureira S, Moleiro C, et al: Depressive symptoms
predict cognitive decline and dementia in older people indepen-
dently of cerebral white matter changes: the LADIS study. J Neurol
Neurosurg Psychiatry 2013; 84:1250-1254

J Neuropsychiatry Clin Neurosci 30:1, Winter 2018

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

VICTOROFF ET AL.

. Ebmeier KP, Glabus MF, Prentice N, et al: A voxel-based analysis of

cerebral perfusion in dementia and depression of old age. Neuroimage
1998; 7:199-208

. Clark LM, McDonald WM, Welsh-Bohmer KA, et al: Magnetic

resonance imaging correlates of depression in early- and late-
onset Alzheimer’s disease. Biol Psychiatry 1998; 44:592-599
O’Brien J, Perry R, Barber R, et al: The association between white
matter lesions on magnetic resonance imaging and noncognitive
symptoms. Ann N Y Acad Sci 2000; 903:482-489

Mueller SG, Mack WJ, Mungas D, et al: Influences of lobar gray
matter and white matter lesion load on cognition and mood.
Psychiatry Res 2010; 181:90-96

Starkstein SE, Mizrahi R, Capizzano AA, et al: Neuroimaging
correlates of apathy and depression in Alzheimer’s disease. J Neu-
ropsychiatry Clin Neurosci 2009; 21:259-265

Lind K, Jonsson M, Karlsson I, et al: Depressive symptoms and
white matter changes in patients with dementia. Int J Geriatr Psy-
chiatry 2006; 21:119-125

Sturm VE, Yokoyama JS, Seeley WW, et al: Heightened emotional
contagion in mild cognitive impairment and Alzheimer’s disease
is associated with temporal lobe degeneration. Proc Natl Acad Sci
USA 2013; 110:9944-9949

Lebedeva A, Westman E, Lebedev AV, et al: Structural brain
changes associated with depressive symptoms in the elderly
with Alzheimer’s disease. J Neurol Neurosurg Psychiatry 2014;
85:930-935

Hu X, Meiberth D, Newport B, et al: Anatomical correlates of the
neuropsychiatric symptoms in Alzheimer’s disease. Curr Alzheimer
Res 2015; 12:266-277

Son JH, Han DH, Min KJ, et al: Correlation between gray matter
volume in the temporal lobe and depressive symptoms in patients
with Alzheimer’s disease. Neurosci Lett 2013; 548:15-20

Morra JH, Tu Z, Apostolova LG, et al: Automated 3D mapping of
hippocampal atrophy and its clinical correlates in 400 subjects
with Alzheimer’s disease, mild cognitive impairment, and elderly
controls. Hum Brain Mapp 2009; 30:2766-2788

Enache D, Cavallin L, Lindberg O, et al: Medial temporal lobe
atrophy and depressive symptoms in elderly patients with and with-
out Alzheimer disease. J Geriatr Psychiatry Neurol 2015; 28:40-48
Akiyama H, Hashimoto H, Kawabe J, et al: The relationship be-
tween depressive symptoms and prefrontal hypoperfusion demon-
strated by eZIS in patients with DAT. Neurosci Lett 2008; 441:328-331
Oshima E, Terada S, Sato S, et al: Left frontal lobe hypoperfusion
and depressive symptoms in Alzheimer’s disease patients taking
cholinesterase inhibitors. Psychiatry Res 2014; 224:319-323
Terada S, Oshima E, Sato S, et al: Depressive symptoms and re-
gional cerebral blood flow in Alzheimer’s disease. Psychiatry Res
2014; 221:86-91

Kataoka K, Hashimoto H, Kawabe J, et al: Frontal hypoperfusion
in depressed patients with dementia of Alzheimer type demon-
strated on 3DSRT. Psychiatry Clin Neurosci 2010; 64:293-298
Levy-Cooperman N, Burhan AM, Rafi-Tari S, et al: Frontal lobe
hypoperfusion and depressive symptoms in Alzheimer disease. J
Psychiatry Neurosci 2008; 33:218-226

Galynker 11, Dutta E, Vilkas N, et al: Hypofrontality and negative
symptoms in patients with dementia of Alzheimer type. Neuro-
psychiatry Neuropsychol Behav Neurol 2000; 13:53-59

Holthoff VA, Beuthien-Baumann B, Kalbe E, et al: Regional ce-
rebral metabolism in early Alzheimer’s disease with clinically sig-
nificant apathy or depression. Biol Psychiatry 2005; 57:412-421
Guo Z, Liu X, Jia X, et al: Regional coherence changes in Alz-
heimer’s disease patients with depressive symptoms: A resting-state
functional MRI study. J Alzheimers Dis 2015; 48:603-611

Tsai CF, Hung CW, Lirng JF, et al: Differences in brain metab-
olism associated with agitation and depression in Alzheimer’s
disease. East Asian Arch Psychiatry2013; 23:86-90.

neuro.psychiatryonline.org 19


mailto:simon.ducharme@mcgill.ca
mailto:simon.ducharme@mcgill.ca
http://neuro.psychiatryonline.org

NONCOGNITIVE BEHAVIORAL CHANGES AND ALZHEIMER'S

29.

30.

32.

33.

34.

35.

36.

37.

38

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

20

Meltzer CC, Price JC, Mathis CA, et al: PET imaging of serotonin
type 2A receptors in late-life neuropsychiatric disorders. Am J
Psychiatry 1999; 156:1871-1878

Chung JK, Plitman E, Nakajima S, et al: Cortical amyloid  de-
position and current depressive symptoms in Alzheimer disease
and mild cognitive impairment. J Geriatr Psychiatry Neurol 2016;
29:149-159

. Pantel J, Schroder J, Essig M, et al: Quantitative magnetic reso-

nance imaging in geriatric depression and primary degenerative
dementia. J Affect Disord 1997; 42:69-83

Geerlings MI, Brickman AM, Schupf N, et al: Depressive symp-
toms, antidepressant use, and brain volumes on MRI in a population-
based cohort of old persons without dementia. J Alzheimers Dis 2012;
30:75-82

Elcombe EL, Lagopoulos J, Duffy SL, et al: Hippocampal volume
in older adults at risk of cognitive decline: the role of sleep, vascular
risk, and depression. J Alzheimers Dis 2015; 44:1279-1290

Taylor WD, McQuoid DR, Payne ME, et al: Hippocampus atrophy
and the longitudinal course of late-life depression. Am J Geriatr
Psychiatry 2014; 22:1504-1512

Joko T, Washizuka S, Sasayama D, et al. Patterns of hippocampal
atrophy differ among Alzheimer’s disease, amnestic mild cognitive
impairment, and late-life depression. Psychogeriatrics 2016; 16:355-361.
Steffens DC, Payne ME, Greenberg DL, et al: Hippocampal vol-
ume and incident dementia in geriatric depression. Am J Geriatr
Psychiatry 2002; 10:62-71

Swann A, O’Brien J, Ames D, et al: Does hippocampal atrophy on
MRI predict cognitive decline? A prospective follow-up study. Int
J Geriatr Psychiatry 1997; 12:1182-1188

. Boccia M, Acierno M, Piccardi L: Neuroanatomy of Alzheimer’s

disease and late-life depression: A coordinate-based meta-analysis
of MRI studies. J Alzheimers Dis 2015; 46:963-970

Shimoda K, Kimura M, Yokota M, et al: Comparison of regional
gray matter volume abnormalities in Alzheimer’s disease and late
life depression with hippocampal atrophy using VSRAD analysis:
a voxel-based morphometry study. Psychiatry Res 2015; 232:71-75
Ebmeier KP, Prentice N, Ryman A, et al: Temporal lobe abnor-
malities in dementia and depression: a study using high resolution
single photon emission tomography and magnetic resonance im-
aging. J Neurol Neurosurg Psychiatry 1997; 63:597-604

Barber R, McKeith IG, Ballard C, et al: A comparison of medial
and lateral temporal lobe atrophy in dementia with Lewy bodies
and Alzheimer’s disease: magnetic resonance imaging volumetric
study. Dement Geriatr Cogn Disord 2001; 12:198-205

Serra L, Perri R, Cercignani M, et al: Are the behavioral symptoms
of Alzheimer’s disease directly associated with neurodegeneration?
J Alzheimers Dis 2010; 21:627-639

Howanitz E, Bajulaiye R, Losonczy M: Magnetic resonance im-
aging correlates of psychosis in Alzheimer’s disease. J Nerv Ment
Dis 1995; 183:548-549

Whitehead D, Tunnard C, Hurt C, et al: Frontotemporal atrophy
associated with paranoid delusions in women with Alzheimer’s
disease. Int Psychogeriatr 2012; 24:99-107

Holroyd S: Hallucinations and delusions in dementia. Int Psy-
chogeriatr 2000; 12(SupplementS1):113-117

Lopez OL, Smith G, Becker JT, et al: The psychotic phenomenon
in probable Alzheimer’s disease: a positron emission tomography
study. J Neuropsychiatry Clin Neurosci 2001; 13:50-55

Lee DY, Choo IH, Jhoo JH, et al: Frontal dysfunction underlies
depressive syndrome in Alzheimer disease: a FDG-PET study. Am
J Geriatr Psychiatry 2006; 14:625-628

Lin SH, Yu CY, Pai MC: The occipital white matter lesions in
Alzheimer’s disease patients with visual hallucinations. Clin Im-
aging 2006; 30:388-393

Ogawa Y, Hashimoto M, Yatabe Y, et al: Association of cerebral
small vessel disease with delusions in patients with Alzheimer’s
disease. Int J Geriatr Psychiatry 2013; 28:18-25

neuro.psychiatryonline.org

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Starkstein SE, Sabe L, Vazquez S, et al: Neuropsychological,
psychiatric, and cerebral perfusion correlates of leukoaraiosis in
Alzheimer’s disease. J Neurol Neurosurg Psychiatry 1997; 63:66-73
Fukuhara R, Tkeda M, Nebu A, et al: Alteration of rCBF in Alz-
heimer’s disease patients with delusions of theft. Neuroreport
2001; 12:2473-2476

Matsuoka T, Narumoto J, Shibata K, et al: Insular hypoperfusion
correlates with the severity of delusions in individuals with Alz-
heimer’s disease. Dement Geriatr Cogn Disord 2010; 29:287-293
Staff RT, Shanks MF, Macintosh L, et al: Delusions in Alzheimer’s
disease: SPET evidence of right hemispheric dysfunction. Cortex
1999; 35:549-560

Staff RT, Venneri A, Gemmell HG, et al: HMPAO SPECT imaging
of Alzheimer’s disease patients with similar content-specific au-
tobiographic delusion: comparison using statistical parametric
mapping. J Nucl Med 2000; 41:1451-1455

Moran EK, Becker JA, Satlin A, et al: Psychosis of Alzheimer’s
disease: gender differences in regional perfusion. Neurobiol Aging
2008; 29:1218-1225

Nakano S, Yamashita F, Matsuda H, et al: Relationship between
delusions and regional cerebral blood flow in Alzheimer’s disease.
Dement Geriatr Cogn Disord 2006; 21:16-21

Nakatsuka M, Meguro K, Tsuboi H, et al: Content of delusional
thoughts in Alzheimer’s disease and assessment of content-
specific brain dysfunctions with BEHAVE-AD-FW and SPECT.
Int Psychogeriatr 2013; 25:939-948

Hirono N, Mori E, Ishii K, et al: Alteration of regional cerebral
glucose utilization with delusions in Alzheimer’s disease. J Neu-
ropsychiatry Clin Neurosci 1998; 10:433-439

Mentis MJ, Weinstein EA, Horwitz B, et al: Abnormal brain
glucose metabolism in the delusional misidentification syndromes:
a positron emission tomography study in Alzheimer disease. Biol
Psychiatry 1995; 38:438-449

Sultzer DL, Mahler ME, Mandelkern MA, et al: The relationship be-
tween psychiatric symptoms and regional cortical metabolism in
Alzheimer’s disease. J Neuropsychiatry Clin Neurosci 1995; 7:476-484
Forstl H, Burns A, Cairns N, et al: Basal ganglia mineralization in
Alzheimer’s disease: a comparative study of clinical, neuroradio-
logical and neuropathological findings. Behav Neurol 1992; 5:53-57
Shinno H, Inagaki T, Miyaoka T, et al: A decrease in N-
acetylaspartate and an increase in myoinositol in the anterior
cingulate gyrus are associated with behavioral and psychological
symptoms in Alzheimer’s disease. J Neurol Sci 2007; 260:132-138
Reeves S, Brown R, Howard R, et al: Increased striatal dopamine
(D2/D3) receptor availability and delusions in Alzheimer disease.
Neurology 2009; 72:528-534

Devine MJ, Bentley P, Jones B, et al: The role of the right inferior
frontal gyrus in the pathogenesis of post-stroke psychosis. J
Neurol 2014; 261:600-603

Robert P, Onyike CU, Leentjens AF, et al. Proposed diagnostic
criteria for apathy in Alzheimer’s disease and other neuropsy-
chiatric disorders. Eur Psychiatry 2009; 24:98-104.

Lyketsos CG, Lopez O, Jones B, et al: Prevalence of neuropsy-
chiatric symptoms in dementia and mild cognitive impairment: results
from the Cardiovascular Health Study. JAMA 2002; 288:1475-1483
Theleritis C, Politis A, Siarkos K, et al: A review of neuroimaging
findings of apathy in Alzheimer’s disease. Int Psychogeriatr 2014;
26:195-207

Marin RS, Biedrzycki RC, Firinciogullari S: Reliability and val-
idity of the Apathy Evaluation Scale. Psychiatry Res 1991; 38:
143-162

Clarke DE, Reekum RV, Simard M, et al: Apathy in dementia: an
examination of the psychometric properties of the Apathy Eval-
uation Scale. J Neuropsychiatry Clin Neurosci 2007; 19:57-64
Cummings JL, Mega M, Gray K, et al: The Neuropsychiatric In-
ventory: comprehensive assessment of psychopathology in de-
mentia. Neurology 1994; 44:2308-2314

J Neuropsychiatry Clin Neurosci 30:1, Winter 2018


http://neuro.psychiatryonline.org

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Cummings JL: The Neuropsychiatric Inventory: assessing psy-
chopathology in dementia patients. Neurology 1997; 48(Suppl 6):
S10-S16

Bruen PD, McGeown WJ, Shanks MF, et al: Neuroanatomical
correlates of neuropsychiatric symptoms in Alzheimer’s disease.
Brain 2008; 131:2455-2463

Tunnard C, Whitehead D, Hurt C, et al: Apathy and cortical atro-
phy in Alzheimer’s disease. Int J Geriatr Psychiatry 2011; 26:741-748
Rosen HJ, Allison SC, Schauer GF, et al: Neuroanatomical cor-
relates of behavioural disorders in dementia. Brain 2005; 128:
2612-2625

Apostolova LG, Akopyan GG, Partiali N, et al: Structural corre-
lates of apathy in Alzheimer’s disease. Dement Geriatr Cogn
Disord 2007; 24:91-97

Stanton BR, Leigh PN, Howard RJ, et al: Behavioural and emo-
tional symptoms of apathy are associated with distinct patterns of
brain atrophy in neurodegenerative disorders. J Neurol 2013; 260:
2481-2490

Marshall GA, Monserratt L, Harwood D, et al: Positron emission
tomography metabolic correlates of apathy in Alzheimer disease.
Arch Neurol 2007; 64:1015-1020

Schroeter ML, Vogt B, Frisch S, et al: Dissociating behavioral
disorders in early dementia: an FDG-PET study. Psychiatry Res
2011; 194:235-244

Benoit M, Koulibaly PM, Migneco O, et al: Brain perfusion in
Alzheimer’s disease with and without apathy: a SPECT study
with statistical parametric mapping analysis. Psychiatry Res 2002;
114:103-111

Migneco O, Benoit M, Koulibaly PM, et al: Perfusion brain SPECT
and statistical parametric mapping analysis indicate that apathy is
a cingulate syndrome: a study in Alzheimer’s disease and non-
demented patients. Neuroimage 2001; 13:896-902

Lanctot KL, Moosa S, Herrmann N, et al: A SPECT study of apathy
in Alzheimer’s disease. Dement Geriatr Cogn Disord 2007; 24:65-72
Hahn C, Lim HK, Won WY, et al: Apathy and white matter in-
tegrity in Alzheimer’s disease: a whole brain analysis with tract-
based spatial statistics. PLoS One 2013; 8:53493

Tighe SK, Oishi K, Mori S, et al: Diffusion tensor imaging of neu-
ropsychiatric symptoms in mild cognitive impairment and Alzheimer’s
dementia. J Neuropsychiatry Clin Neurosci 2012; 24:484-488

Ota M, Sato N, Nakata Y, et al: Relationship between apathy and
diffusion tensor imaging metrics of the brain in Alzheimer’s dis-
ease. Int J Geriatr Psychiatry 2012; 27:722-726

Kim JW, Lee DY, Choo IH, et al: Microstructural alteration of the
anterior cingulum is associated with apathy in Alzheimer disease.
Am J Geriatr Psychiatry 2011; 19:644-653

Kang JY, Lee JS, Kang H, et al: Regional cerebral blood flow
abnormalities associated with apathy and depression in Alz-
heimer disease. Alzheimer Dis Assoc Disord 2012; 26:217-224
Mori T, Shimada H, Shinotoh H, et al: Apathy correlates with
prefrontal amyloid B deposition in Alzheimer’s disease. J Neurol
Neurosurg Psychiatry 2014; 85:449-455

Zhao H, Tang W, Xu X, et al: Functional magnetic resonance
imaging study of apathy in Alzheimer’s disease. J Neuropsychi-
atry Clin Neurosci 2014; 26:134-141

Benoit M, Clairet S, Koulibaly PM, et al: Brain perfusion corre-
lates of the apathy inventory dimensions of Alzheimer’s disease.
Int J Geriatr Psychiatry 2004; 19:864-869

Tekin S, Mega MS, Masterman DM, et al: Orbitofrontal and an-
terior cingulate cortex neurofibrillary tangle burden is associated
with agitation in Alzheimer disease. Ann Neurol 2001; 49:355-361

J Neuropsychiatry Clin Neurosci 30:1, Winter 2018

9L

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

VICTOROFF ET AL.

Lanctdt KL, Herrmann N, Nadkarni NK, et al: Medial temporal
hypoperfusion and aggression in Alzheimer disease. Arch Neurol
2004; 61:1731-1737

Hirono N, Mega MS, Dinov ID, et al: Left frontotemporal hypo-
perfusion is associated with aggression in patients with dementia.
Arch Neurol 2000; 57:861-866

Wright CI, Dickerson BC, Feczko E, et al: A functional magnetic
resonance imaging study of amygdala responses to human faces
in aging and mild Alzheimer’s disease. Biol Psychiatry 2007; 62:
1388-1395

Horinek D, Petrovicky P, Hort J, et al: Amygdalar volume and
psychiatric symptoms in Alzheimer’s disease: an MRI analysis.
Acta Neurol Scand 2006; 113:40-45

Poulin SP, Dautoff R, Morris JC, et al: Amygdala atrophy is
prominent in early Alzheimer’s disease and relates to symptom
severity. Psychiatry Res 2011; 194:7-13

Berlow YA, Wells WM, Ellison JM, et al: Neuropsychiatric cor-
relates of white matter hyperintensities in Alzheimer’s disease.
Int J Geriatr Psychiatry 2010; 25:780-788

Hashimoto H, Monserratt L, Nguyen P, et al: Anxiety and regional
cortical glucose metabolism in patients with Alzheimer’s disease.
J Neuropsychiatry Clin Neurosci 2006; 18:521-528

Fuller PM, Gooley JJ, Saper CB: Neurobiology of the sleep-wake
cycle: sleep architecture, circadian regulation, and regulatory
feedback. J Biol Rhythms 2006; 21:482-493

Rothman SM, Mattson MP: Sleep disturbances in Alzheimer’s and
Parkinson’s diseases. Neuromolecular Med 2012; 14:194-204
Mortimer JA, Ebbitt B, Jun SP, et al: Predictors of cognitive and
functional progression in patients with probable Alzheimer’s
disease. Neurology 1992; 42:1689-1696

Donaldson C, Tarrier N, Burns A: Determinants of carer stress in
Alzheimer’s disease. Int J Geriatr Psychiatry 1998; 13:248-256
Hope T, Keene J, Gedling K, et al: Predictors of institutionali-
zation for people with dementia living at home with a carer. Int
J Geriatr Psychiatry 1998; 13:682-690

Moran M, Lynch CA, Walsh C, et al: Sleep disturbance in mild to
moderate Alzheimer’s disease. Sleep Med 2005; 6:347-352
Ismail Z, Herrmann N, Francis PL, et al: A SPECT study of sleep
disturbance and Alzheimer’s disease. Dement Geriatr Cogn Dis-
ord 2009; 27:254-259

Eggers C, Szelies B, Bauer B, et al: Imaging of acetylcholine es-
terase activity in brainstem nuclei involved in regulation of sleep
and wakefulness. Eur J Neurol 2007; 14:690-693

Moraes W, Poyares D, Sukys-Claudino L, et al: Donepezil im-
proves obstructive sleep apnea in Alzheimer disease: a double-
blind, placebo-controlled study. Chest 2008; 133:677-683

Chen M, Maleski JJ, Sawmiller DR: Scientific truth or false hope?
Understanding Alzheimer’s disease from an aging perspective. J
Alzheimers Dis 2011; 24:3-10

Whitehouse PJ, George DR, D’Alton S: Describing the dying days
of “Alzheimer’s disease.” J Alzheimers Dis 2011; 24:11-13
Toledo JB, Arnold SE, Raible K, et al: Contribution of cerebro-
vascular disease in autopsy confirmed neurodegenerative disease
cases in the National Alzheimer’s Coordinating Centre. Brain
2013; 136:2697-2706

Bangen KJ, Nation DA, Delano-Wood L, et al. Aggregate effects
of vascular risk factors on cerebrovascular changes in autopsy-
confirmed Alzheimer’s disease. Alzheimers Dement 2015; 11:394-403
Iturria-Medina Y, Sotero RC, Toussaint PJ, et al: Early role of
vascular dysregulation on late-onset Alzheimer’s disease based on
multifactorial data-driven analysis. Nat Commun 2016; 7:11934

neuro.psychiatryonline.org 21


http://neuro.psychiatryonline.org

