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Introduction: It is important to study apathy in Alzheimer’s disease (AD) to better

o . rent study, we sought to examine the relationships between longitudinal apathy and
Funding information

National Institutes of Health, Grant/Award regional tau burden in cognitively impaired older adults from the Alzheimer’s Disease
Number: U01 AG024904; Department of
Defense award, Grant/Award Number:
W81XWH-12-2-0012; National Institute on Methods: Three hundred and nineteen ADNI participants with mild cognitive impair-
Aging; National Institute of Biomedical
Imaging and Bioengineering

Neuroimaging Initiative (ADNI) database.

ment (MCI) or AD dementia underwent flortaucipir (FTP) tau positron emission
tomography (PET) imaging and clinical assessment with the Neuropsychiatric Inven-
tory (NPI) annually. Longitudinal NPI Apathy (NPI-A) scores were examined in relation
to baseline tau PET signal in three a priori selected regions implicated in AD and
AD-related apathy (supramarginal gyrus, entorhinal cortex [EC] and rostral ante-
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rior cingulate cortex [rACC]). Secondary models were adjusted for global cognition
(Mini-Mental State Examination score) and cortical amyloid (florbetapir PET).

Results: Higher baseline supramarginal gyrus and EC tau burden were each signifi-
cantly associated with greater NPI-A over time, while rACC tau was associated with
higher NPI-A but did not predict its trajectory over time. These results were retained
for supramarginal and EC tau after adjusting models for global cognition and cortical
amyloid.

Discussion: Our findings suggest that baseline in vivo tau burden in parietal and tem-
poral brain regions affected in AD, and less so in a medial frontal region involved in
motivational control, is associated with increasing apathy over time in older adults with
MCI and AD dementia. Future work studying emergent apathy in relation to not only
core AD pathology but also circuit level dysfunction may provide additional insight into

the neurobiology of apathy in AD and opportunities for intervention.

KEYWORDS
Alzheimer’s disease, mild cognitive impairment, neuropsychiatric symptoms, apathy, neuroimag-
ing, tau, positron emission tomography

Highlights

* Tau (Flortaucipir PET) in regions implicated in AD was associated with increasing
apathy over time

* Cortical amyloid was also found to be a robust predictor of the trajectory of apathy

* Evidence of synergy between regional tau and amyloid in overall higher levels of

apathy

1 | INTRODUCTION

Neuropsychiatric symptoms (NPS) are distressing symptoms that com-
monly occur across the Alzheimer’s disease (AD) spectrum. Apathy
is among the most common NPS in individuals diagnosed with mild
cognitive impairment (MCI) and AD dementia. This symptom is charac-
terized by diminished interest in the activities and plans of others, and
decreased motivation in usual activities. NPS, including apathy, may
begin even before the manifestation of overt cognitive symptoms and
increase in occurrence as cognition declines.»? Apathy is a commonly
reported concern for individuals with AD and their care partners and
has a negative impact on quality of life, resulting in decreased cognitive
and functional ability and increased care partner burden.® Population-
based studies have shown that the occurrence of NPS is higher in
individuals with MCl and AD dementia compared to cognitively normal
(CN) older adults, and is associated with disease progression.* While
there has been progress in developing drug treatments for apathy in
AD including methylphenidate,” future progress will be enhanced by
better understanding of the neurobiological mechanisms involved in
the context of AD progression.

Previous investigations in this area have found significant cross-

sectional associations between apathy and several biomarkers of

AD pathology.®” Neuroimaging studies in AD across a spectrum of
structural, functional, and molecular imaging modalities highlighted
associations between apathy and medial frontal regions involved in
the neurobiology of motivation or reward, particularly the anterior
cingulate cortex (ACC).8-13 For example, individuals with AD and apa-
thy compared to those without apathy were found to have reduced
cortical thickness, or reduced cerebral blood flow or metabolism in
the orbitofrontal cortex and ACC,1%14-16 in addition to gray matter
reduction in the ACC.* In contrast, other studies have reported asso-
ciations between apathy and temporal and parietal regions implicated
in AD progression.1>17:18 Among these, separate studies conducted on
Alzheimer’s Disease Neuroimaging Initiative (ADNI) samples showed
associations between apathy and variables of interest (reduced cortical
thickness and regional hypometabolism) in the temporal and pari-
etal lobes.'317:1% |n particular, [18F]fluorodeoxyglucose (FDG) positron
emission tomography (PET) hypometabolism in a representative pari-
etal region, the supramarginal gyrus, was significantly associated with
apathy trajectory over time.1? To our knowledge, only one exploratory
study from the ADNI has examined apathy in relation to in vivo molec-
ular neuroimaging, looking at tau and apathy cross-sectionally in CN
participants, along with participants with MCl and AD dementia.2® This

cross-sectional study found that apathy was associated with elevated
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tau (flortaucipir [FTP] PET) in the precuneus and entorhinal cortex
(EC)—two regions associated with aging and AD—but not with regions
traditionally associated with affective symptoms and motivation (ACC,
orbitofrontal cortex).

These prior findings underscore the importance of understanding
the neurobiology of apathy in the context of AD progression. A key
step in advancing this understanding is investigating the relationship
between the regional distribution of tau (a biomarker closely linked
to cognitive symptoms of AD) and the evolution of apathy over time.
Thus far, to our knowledge, no studies have explored changes in apathy
over time in relation to regional tau measured through PET imaging in
cognitively impaired older adults.

To fill this critical gap, the objective of the current study was to
examine relationships between apathy over time and regional tau
burden in individuals with MCIl and AD dementia. Given previous find-
ings highlighting temporal and parietal regions versus medial frontal
regions in AD-associated apathy, we hypothesized that greater tau
burden in regions associated with AD (the supramarginal gyrus and
EC), and one involved in motivation and reward (the rostral [r]JACC),
would predict increasing apathy over time in older adults with MCI
or AD. To test this hypothesis, we focused on three representative
brain regions in the temporal, parietal, and medial frontal cortices
(supramarginal gyrus, EC, and ACC), previously implicated in AD and
AD-related apathy.

2 | METHODS

2.1 | Participants

The study sample consisted of cognitively impaired older adults with
MCI or AD dementia, enrolled in the ADNI-3 study (73.15% MCI,
26.85% AD dementia, age 55 to 95 years, 57.37% male; details of
consent, study procedures and inclusion/exclusion criteria of partic-
ipants can be found on adni.loni.usc.edu). CN participants were not
included because they had a low burden of NPS. Participants were non-
depressed at study entry (15-item Geriatric Depression Scale [GDS]
score of <6), and were excluded if they had a diagnosis of major depres-
sion or bipolar disorder in the past year, had a history of schizophrenia,
had agitation or behavioral issues in the past 3 months that may
affect their participation, or had current use of certain psychotropic
medications (antipsychotics and mood stabilizers). Participants who
underwent FTP PET neuroimaging within a year of completing the
Neuropsychiatric Inventory (NPI) were included in analyses. Diagnoses
were determined by the principal investigator or co-investigators at
each site utilizing cognitive and functional assessments. The study was
approved by the local Institutional Review Board of each participating
ADNI site; informed consent was obtained from participants and their

study partners before any study procedures were completed.

2.2 | Clinical assessments

The NPI2122 js 3 study partner-based measure developed to assess the
frequency and severity of 12 NPS domains: depression, apathy, anxiety,

Clinical Interventions

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the litera-
ture using traditional sources (eg, PubMed). An exam-
ination of the relationships between apathy and AD
pathology is needed to better understand neurobiolog-
ical mechanisms for therapeutic intervention that could
delay disease progression. Research has shown that tau
may correlate more closely with cognitive and behav-
ioral manifestations in AD than amyloid. These relevant
citations are appropriately cited.

2. Interpretation: Our findings suggest that tau burden in
brain regions associated with AD, and less so with mood
regulation, is associated with increasing apathy over time
in individuals with MCl and AD dementia.

3. Future directions: Further study of emergent apathy in
relation to core AD pathology and other neurobiolog-
ical mechanisms—such as cerebrovascular disease and
network connectivity—will provide additional insight into
neurobiology and opportunities for interventions that
could slow clinical progression and alleviate patient and
caregiver burden.

appetite, sleep, hallucinations, delusions, agitation, irritability, eupho-
ria, disinhibition, and aberrant motor behavior. Each item is measured
on a scale of 1 to 4 for the frequency of symptom occurrence, and O
to 3 for severity of the symptom exhibited. The total score for each
symptom domain is calculated from the product of the frequency and
severity scores, ranging from O to 12, with a higher score correspond-
ing to greater symptom severity. The NPI apathy item (NPI-A) asks the
study partner: “Do they seem less interested in his or her usual activi-
ties and in the plans of others?” The NPI was completed annually. The
total score for the NPI-A in the scale (severity x frequency, 0 to 12) was
used for analyses.

Global cognition was included as a covariate in secondary analyses,
measured by the Mini-Mental State Examination (MMSE),2° with lower

scores indicative of greater impairment.

2.3 | Tau and amyloid PET neuroimaging

Acquisition and processing of FTP and florbetapir (FBP) PET imaging
was previously described in detail.2#2> FBP scans were co-registered
to corresponding MRI scans, and segmented and parcellated with
FreeSurfer (version 5.3.0) to define the amyloid cortical gray mat-
ter, with the whole cerebellum as the reference region yielding an
SUVR (UC Berkeley—AV45 Analysis Methods, ADNI). FTP scans were
segmented and parcellated with FreeSurfer (version 5.3.0) and co-
registered to corresponding MRI scans, in order to calculate the mean
FTP uptake within each FreeSurfer-defined region with the cerebellar
cortex as the reference region yielding an SUVR (UC Berkeley—
AV1451 Analysis Methods, ADNI). Three bilateral subcortical and
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cortical regions of interest (ROIs) were chosen, based on prior stud-
ies, as regions implicated in AD: the EC, supramarginal gyrus, and
one region implicated in the neurobiology of reward and motiva-
tion, the rACC. We also considered investigating a fourth ROI, the
precuneus, given the recent cross-sectional findings showing an asso-
ciation between FTP uptake in this region and apathy.2° However,
FTP uptake in this region and in the supramarginal gyrus were highly
correlated (r = 0.9, p = 0.001). Thus, we elected to focus on the supra-
marginal gyrus as our representative parietal region in analyses based
on previous work showing an association between FDG metabolism
in this region and longitudinal apathy.!? Weighted volumes were cal-
culated for each region (described as follows) and used in analyses,
according to the following formula and as previously described (UC
Berkeley—AV45 Analysis Methods, ADNI): Weighted volume = [(LH
SUVR *LHVOLUME) + (RH SUVR * RH VOLUME)]/(LH VOLUME + RH
VOLUME). This can be described narratively as follows: (1) each SUVR
was multiplied by the corresponding volume; (2) these two values were

added together; and (3) the result was divided by the total volume.

2.4 | Statistical analysis

Analyses for this study were carried out using R (R Core Team, 2021),
MATLAB,2¢ and SAS (version 9.4). Linear mixed effects models with
backward elimination (p < 0.05 for significance) were utilized in pri-
mary analyses to examine the association between longitudinal NPI-A
scores (dependent variable) and baseline tau in a given brain region as
well as its interaction with time (regional tau PET x time). Time was
measured as months since baseline where baseline was considered
to be the visit in which the NPI was first administered. Each tau ROI
(EC, rACC, or supramarginal gyrus) was tested in its own independent
model with covariates of age at baseline, sex, and years of education,
their interactions with time, as well as a covariate accounting for time
at tau acquisition (FTP PET scan), relative to each apathy assessment.
All predictor terms were subject-level, time-constant variables, except
for the time indicator itself and its interactions. In secondary analy-
ses, the models mentioned above were repeated for NPI-A with the
addition of global cognition (MMSE; collected at baseline) x time or
cortical amyloid (FBP PET) x time as covariates. Finally, for the tau
region with the most significant association with apathy over time, a
separate model was carried out with an interaction of regional tau x
cortical amyloid x time. Unstandardized partial regression coefficients
(B) with 95% confidence intervals (Cls), t-values, and significance test

results (p-values) were calculated.

3 | RESULTS

Participant demographics at baseline are shown in Table 1. The sam-
ple was comprised of 319 participants from the ADNI, with a diagnosis
of either MCI (73.15% of the sample) or AD dementia (26.85%). The
sample was on average just above 75 years of age, highly educated, and
predominantly White. Participants had an average duration of obser-
vation of 4.79 visits, and were followed for an average of 48.3 months.

TABLE 1 Demographics at baseline of sample participants (73.0%
with MCl, 27.0% with dementia).

Average + SD Min-max
Age (years) 75.4 + 8.26 55.74-94.03
Years of education 16.08 + 2.66 8-20
Apathy (NPI-A) 0.61 + 1.62 0.00-8.00
MMSE 27.34 + 2.62 17.0-30.0
Entorhinal tau 1.28 + 0.29 0.78-2.59
rACC tau 1.09 + 0.19 0.70-2.93
Supramarginal gyrus tau 1.16 + 0.3 0.81-2.89
Sex (% male) 57.37
Race (% White) 93.59

Abbreviations: MCI, mild cognitive impairment; MMSE, Mini-Mental State
Examination; NPI-A, Neuropsychiatric Inventory apathy item; rACC, rostral
anterior cingulate cortex.

Detailed descriptions of the follow-up duration are provided in Tables
S1andS2.

3.1 | Primary analyses: Associations between
regional tau (FTP PET) and longitudinal apathy

Results from primary analyses are shown in Tables 2-4 and Figures 1
and 2. In the model with supramarginal tau, FTP retention was signifi-
cantly associated with greater apathy over time (supramarginal gyrus x
time: 8=0.0309,95% Cl =0.016,0.044,t=4.03,p < 0.0001), as shown
in Table 2 and Figure 1. Education was negatively associated with apa-
thy over the course of the study, such that those with higher education
had lower apathy over the course of the study (8 = —0.069, 95% Cl =
—0.127,-0.012,t = —-2.40,p =0.0167)).

In primary linear models examining the relationship between EC tau
(FTP retention) and longitudinal apathy, EC tau was associated with
greater apathy over time (EC x time: 8 = 0.03, 95% Cl = 0.014, 0.039,
t = 4.24, p < 0.0001) as shown in Table 3 and Figure 2. Again, we
observed a main effect of education, where higher education was asso-
ciated with lower apathy over the course of the study (8 = —0.067, 95%
Cl=-0.122,-0.01,t=-2.35,p=0.0192).

Finally, we examined the relationship between longitudinal apa-
thy and tau (FTP retention) in the rACC. We observed a marginal
main effect between rACC tau (FTP retention) and greater NPI apa-
thy (rACC: g = 0.7644, 95% Cl = 0.05785, 1.47, t = 2.12, p = 0.034),
as shown in Table 4 (ie, rACC was related to the overall level of NPI
apathy across the time span of the study as a whole). However, rACC
tau did not predict the trajectory of apathy change over time (ie, the

interaction rACC x time was nonsignificant).

3.2 | Secondary models adjusting for amyloid FBP
PET and global cognition

To determine whether tau (FTP retention) in the three ROls was asso-

ciated with longitudinal apathy when accounting for cortical amyloid,
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TABLE 2 Apathy scores over time as predicted by supramarginal gyrus tau. Model: NPI-A ~ Supramarginal tau + Supramarginal tau x time +
time of tau PET relative to apathy assessment + (age + sex + education) x time.

Predictor Partial 8 95% Cl t-value p

Time at PET —0.0007 —0.012,-0.003 -3.32 0.0009
Education —0.069 —-0.127,-0.012 —2.40 0.0167
Supramarginal tau 0.202 —-0.373,0.776 0.69 0.491
Time —0.069 —0.115,-0.022 -2.92 0.0038
Supramarginal tau x 0.0309 0.016,0.044 4.03 <0.0001

time

Note: Results from primary linear mixed effects model with backward elimination. Predictors surviving backward elimination (p < 0.05 for significance)
are shown. (By convention, nonsignificant terms that are also included within higher order terms that are significant, are not backward eliminated, eg, the

nonsignificant main effect for Supramarginal in the table above).

Abbreviations: NPI-A, Neuropsychiatric Inventory apathy item; PET, positron emission tomography.

TABLE 3 Apathy scores over time as predicted by EC tau. Model: NPI-A ~ EC tau + EC tau x time + time of tau PET relative to apathy

assessment+ (age + sex + education) x time.

Predictor Partial 8
Time at PET —-0.00741
Education —0.06674
Entorhinal tau 0.3215
Time —0.026
Entorhinal tau x time 0.03

95% ClI t-value p
—0.012,-0.00 -3.54 0.0004
—-0.122,-0.01 -2.35 0.0192
—-0.25,0.89 1.09 0.2741
—0.043,-0.010 -3.19 0.0016
0.014,0.039 4.24 <0.0001

Note: Results from primary linear mixed effects model with backward elimination. Predictors surviving backward elimination (p < 0.05 for significance)
are shown. (By convention, nonsignificant terms that are also included within higher order terms that are significant, are not backward eliminated, eg, the

nonsignificant main effect for Entorhinal tau in the table above).

Abbreviations: EC, entorhinal cortex; NPI-A, Neuropsychiatric Inventory apathy item; PET, positron emission tomography.

TABLE 4 Apathy scores over time as predicted by rACC tau. Model: NPI-A ~ rostral ACC tau + rostral ACC tau x time +time of tau PET

relative to apathy assessment+ (age + sex + education) x time.

Predictor Partial 8
rostral ACC tau 0.7644
Time at PET —0.007
Education —0.080
Time 0.007

95% CI t-value p
0.058,1.47 212 0.034
—-0.012,-0.003 -3.47 0.0006
—-0.138,-0.023 -2.75 0.0062

0.0032,0.012 345 0.0007

Note: Results from primary linear mixed effects model with backward elimination. Predictors surviving backward elimination (p < 0.05 for significance) are

shown.

Abbreviations: ACC, anterior cingulate cortex; NPI-A, Neuropsychiatric Inventory apathy item;PET, positron emission tomography.

we carried out a series of secondary models adjusting for amyloid FBP
PET (cortical aggregate).

In a secondary model with supramarginal gyrus tau (FTP PET) and
cortical amyloid (FBP PET), both supramarginal gyrus tau and corti-
cal amyloid were significantly associated with increased longitudinal
apathy over time (supramarginal tau x time: 8 = 0.0196, 95% Cl =
0.004,0.0358, t = 2.40, p = 0.017; amyloid x time of apathy: § = 0.026,
95% Cl=0.0098,0.042,t=3.15,p =0.0017; Table S3). In a model with
EC tau and cortical amyloid, both predictors of interest were signifi-
cantly associated with increased longitudinal apathy over time (EC tau
X time: B = 0.015, 95% Cl = 0.0004, 0.029, t = 2.02, p = 0.0434; amy-
loid x time of apathy: 8 =0.0267, 95% Cl = 0.00994,0.044,t = 3.12,p
=0.0019, Table S4). In contrast, in a model with rACC tau and cortical

amyloid, only cortical amyloid was associated with longitudinal apathy
(ie, rACC tau x time was nonsignificant, and for the main effect of rACC:
B=0.6314,95% Cl =-0.135,1.397,t = 1.62,p = 0.106; amyloid x time
of apathy: 8=0.03412,95% Cl = 0.01884,0.0494,t = 4.38,p < 0.0001;
Table S5).

To explore potential synergy between regional tau and cortical
amyloid in predicting longitudinal apathy, we carried out an analysis
introducing a cortical amyloid x tau PET x time interaction term as a
predictor of interest in a model with dependent variable longitudinal
apathy. We focused on tau in the supramarginal gyrus—the tau PET
ROI with the most robust observed association with longitudinal apa-
thy. We found a significant effect for the two-way interaction amyloid
x tau (8=3.3615,95% Cl = 1.421,5.30, t = 3.40, p = 0.0007; Table Sé),
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Values of NPIA Predicted by Fixed Effects (covariates set at grand means).
Supramarginal Tau Set at Approx. Mean and 1 SD above and below mean.
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FIGURE 1 Estimated NPI-A scores over
time as predicted by supramarginal gyrus tau
(FTP PET), showing values of NPI-A predicted
by fixed effects (covariates set at grand means).
Values of supramarginal tau (FTP PET) are
shown at approximate sample mean (blue
squares), and at one standard deviation above
(green triangles) and below (red circles) the
sample mean. NPI-A, Neuropsychiatric
Inventory apathy item; FTP, flortaucipir; PET,
positron emission tomography.

FIGURE 2 Estimated NPI-A scores over
time as predicted by entorhinal tau (FTP PET),
showing values of NPI-A predicted by fixed
effects (covariates set at grand means). Values
of entorhinal tau (FTP PET) are shown at
approximate sample mean (blue squares), and
at one standard deviation above (green
triangles) and below (red circles) the sample
mean. NPI-A, Neuropsychiatric Inventory (NPI)
apathy item; FTP, flortaucipir; PET, positron
emission tomography.

but the three-way interaction with time (amyloid x tau x time) was not
significant. This result supports a possible positive additive synergy
between regional tau and cortical amyloid and their association with
greater apathy across the study as a whole.

Additional sensitivity models were run adjusting for global cogni-
tion (MMSE) at baseline. We found that supramarginal tau (FTP PET)
was positively associated with the trajectory of increase of longitudinal
apathy (supramarginal gyrus x time: =0.015, 95% Cl = 0.0006, 0.029,
t=2.04,p =0.041), whereas MMSE was a negative predictor of apathy
trajectory—those with lower MMSE scores had more accelerated apa-
thy over time (MMSE x time: 3= —0.0009, 95% Cl = —-0.0017,—-0.0002,
t=-2.60,p = 0.009), as shown in Table S7. We observed a similar pat-
tern of results for EC tau (EC tau x time: 8 = 0.0146, 95% Cl = 0.0019,
0.0273,t=2.26, p = 0.024; MMSE X time of apathy: § = —0.0009, 95%

Cl =-0.0016, —0.0001 t = —2.25, p = 0.025; Table S8). In contrast, in
a secondary analysis with rACC tau (FTP PET), MMSE was a negative
predictor of rate of longitudinal change in apathy (8 = —0.00115, 95%
Cl = -0.00187, —0.0004 t = —3.11, p = 0.0019), whereas there was
no association between rACC tau (FTP PET) and apathy over time, or
across the study as awhole (8 =0.4054,95% Cl = -0.2778,1.0887,t =
1.17,p =0.244; Table S9).

4 | DISCUSSION
Apathy is one of the most common and distressing NPS in AD. Despite
its prevalence and clinical significance, the neural correlates of apathy

in MCI and AD dementia remain poorly understood. In the current
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study, we focused on one of these potential neural correlates—regional
tau pathology—and its relationship to the trajectory of apathy over
time in older adults on the MCl-dementia continuum from the ADNI
study. We examined associations between longitudinal apathy and
tau pathology in three representative brain regions in the temporal,
parietal, and medial frontal cortices affected in AD (supramarginal
gyrus and EC), and implicated in the neurobiology of motivation and
reward across clinical syndromes—the rACC. We found that tau in
regions implicated in AD were significantly associated with increasing
apathy over time. These associations persisted when taking into
account global cognition (measured through MMSE scores). Moreover,
in additional, secondary analyses, we found that cortical amyloid was
a robust predictor of apathy trajectory, and we found evidence of
synergy between regional tau and amyloid in overall higher levels of
apathy.

Our results support a role for tau in the temporal and parietal
regions in the pathophysiology of apathy over time across the AD con-
tinuum. Of note, in our analyses, we selected the supramarginal gyrus
and entorhinal cortex as representative proxies of the parietal and
temporal regions, respectively. We and others obtained similar results
when examining FDG metabolism in an earlier cohort of ADNI.1?
Frontal regions (such as the rACC) that regulate motivation and
reward are commonly affected in individuals with apathy,?” as is noted
more consistently in later stages of AD.28 Our findings and related
studies suggest that involvement of these regions may occur through
mechanisms other than solely the deposition of regional tau pathology
or neurodegeneration in earlier stages; that is, tau deposition in the
rACC is not a significant predictor of increasing apathy over time in
early AD. For example, a study examining another possible neurobio-
logical correlate of apathy, namely cortical thickness, reported a lack
of association between lower anterior cingulate cortical thickness and
increased apathy in older adults at earlier stages of AD.'® The authors
suggest this may be due to a compensatory inflammatory response in
the ACC in earlier stages of disease progression,’® and that different
mechanisms may underlie apathy at early versus late stages of AD.
A majority of our sample consisted of older adults with a diagno-
sis of MCI (73.15%) compared to AD dementia (26.85%), and this
skewing towards early disease stages may have thus influenced our
findings.

It is also important to note that while the association between tau
deposition in the rACC and apathy trajectory was not significant in
our study, the role of the rACC in AD-associated apathy may also
occur through other mechanisms. For example, another study con-
ducted on MCl and AD participants of the ADNI found that participants
with apathy had significantly reduced functional connections in the
dorsal ACC.2? It will be critical in future work to continue to probe
mechanisms such as structural and functional connectivity and cere-
brovascular injury in relation to apathy during different stages of
AD.

Previously reported cross-sectional findings from the ADNI demon-
strate a significant relationship between greater tau burden in the
entorhinal and precuneus regions and NPS (as measured by NPI total

scores); this association was driven by affective symptoms, in particular
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apathy, in individuals with MCI and AD dementia.?® Examining longi-
tudinal relationships from this study, we now show that tau burden in
temporal and parietal brain regions affected in AD is associated with
greater apathy over time in participants with MCl and AD dementia.
Furthermore, we also report a significant association between cor-
tical amyloid and increased apathy over time in these regions. This
emphasizes the robust relationship between this particular NPS and
biomarkers associated with the development of MCI and AD and sup-
ports apathy as a core symptom in AD clinical progression. Overall,
our findings show an association between both amyloid and tau—in
regions of early AD pathology (the temporal and parietal cortices)—
and highlight the significance of apathy as an early manifestation of AD.
The significance of the longitudinal associations between apathy and
AD pathology in participants with MCI and dementia, as seen in this
large sample, underscores the importance of examining NPS in these
populations.

Strengths of the study lending to the salience of these findings
include the ADNI’s large sample size, well-characterized participants,
and rigorous quality control of data collection in a multisite study.
Notwithstanding, this study does have certain limitations. Despite
the large sample size, ADNI-3 participants are recruited based on
select criteria. Additionally, this sample consists of participants who
are highly educated and mostly White, and therefore not representa-
tive of or generalizable to larger more diverse populations. Given the
observed associations, future studies should explore these symptoms
in more diverse populations to increase generalizability of findings
across different communities. Future studies should also examine apa-
thy symptom development over longer follow-up durations, as just
under 50% of participants had 2 or fewer study visits (Table S2).
Furthermore, study participants had relatively low apathy scores at
baseline; this raises the question of how best to model fluctuations in
apathy over time. These lower scores could be due to several reasons;
for example, participants with lower NPS in general may be more read-
ily able to participate in longitudinal, observational multimodal studies.
Alternatively, as apathy in particular is being investigated in this study,
it could be a question of motivation, such that participants with higher
levels of apathy at baseline were less likely to voluntarily enroll in such
an observational study. It is important to note, however, that several
studies have reported significant findings based on similar NPS ranges
at baseline. NPS scores have previously been found to be associated
with increased risk of incident dementia despite low symptom sever-
ity at baseline3® and also with more rapid decline in performance on
neuropsychological measures.3!

In conclusion, the results of this study demonstrate the association
between tau burden in regions implicated in AD and apathy over time.
Moreover, secondary models show that these results persist when
taking into account global cognition and cortical amyloid as predictors
of higher apathy in this sample. These models demonstrate the impor-
tance of apathy as a target for symptom management in developing
interventions for patients affected by AD, and their care partners.
To build upon these findings, in future studies it will be important
to consider additional sensitive measures to detect NPS and capture

fluctuations. Moreover, studies should examine individuals with a more
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severe range of apathy symptoms or emergent apathy in order to more
closely examine this association with AD pathology. Furthermore,
taking a more exploratory approach to see if this observed effect
applies across all regions associated with AD versus apathy could help
inform behavioral modification and treatment options. Finally, explor-
ing the trajectory of these relationships using longitudinal PET imaging
and in relation to other neurobiological mechanisms—including struc-
tural and functional integrity of neural networks and cerebrovascular
disease—captured through neuroimaging and plasma biomarkers, will
help researchers better understand the utility and approaches for

focusing on apathy as a potential treatment target in AD.

ACKNOWLEDGMENTS

Data collection and sharing for this project were funded by the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) (National Insti-
tutes of Health Grant U01 AG024904) and DOD ADNI (Department
of Defense award number W81XWH-12-2-0012). ADNI is funded by
the National Institute on Aging, the National Institute of Biomed-
ical Imaging and Bioengineering, and through generous contribu-
tions from the following: AbbVie, Alzheimer’s Association; Alzheimer’s
Drug Discovery Foundation; Araclon Biotech; BioClinica, Inc.; Biogen;
Bristol-Myers Squibb Company; CereSpir, Inc.; Cogstate; Eisai Inc.; Elan
Pharmaceuticals, Inc.; Eli Lilly and Company; Euroimmun; F. Hoffmann-
La Roche Ltd and its affiliated company Genentech, Inc.; Fujirebio; GE
Healthcare; IXICO Ltd.; Janssen Alzheimer Immunotherapy Research
& Development, LLC.; Johnson & Johnson Pharmaceutical Research
& Development LLC.; Lumosity; Lundbeck; Merck & Co., Inc.; Meso
Scale Diagnostics, LLC.; NeuroRx Research; Neurotrack Technologies;
Novartis Pharmaceuticals Corporation; Pfizer Inc.; Piramal Imaging;
Servier; Takeda Pharmaceutical Company; and Transition Therapeu-
tics. The Canadian Institutes of Health Research is providing funds
to support ADNI clinical sites in Canada. Private sector contributions
are facilitated by the Foundation for the National Institutes of Health
(www.fnih.org). The grantee organization is the Northern California
Institute for Research and Education, and the study is coordinated by
the Alzheimer’s Therapeutic Research Institute at the University of
Southern California. ADNI data are disseminated by the Laboratory of
Neuro Imaging at the University of Southern California. No funding was
received for the preparation of this manuscript, as the ADNI database

is open source and freely available for researchers.

CONFLICT OF INTEREST STATEMENT

PY.P, C.G, KJM., OU, MP, and JL. have nothing to disclose.
J.R.G. has received past research support from Merck. G.AM. has
received research salary support from Eisai Inc., Eli Lilly and Com-
pany, and Genentech. P.B.R. has received research support from Lilly
and Eisai, consulting fees from Acadia, Biogen, ExpertConnect, G.L.G.,
H.M.P. Global, Leerink, Lundbeck, Medalink, MEDACorp, Medscape,
Neurology Week, Novo Nordisk, Noble Insights, and Two Labs, and
serves on a DSMB for Synaptogenix.

Author disclosures are available in the supporting information.

CONSENT STATEMENT
Consent was not necessary for data analysis reported in this
manuscript, as all data provided by ADNI are deidentified and open

source.

ORCID

Pranitha Y. Premnath "= https://orcid.org/0009-0002-4794-778X

REFERENCES

1. Wise EA, Rosenberg PB, Lyketsos CG, Leoutsakos J. Time
course of neuropsychiatric symptoms and cognitive diagnosis in
National Alzheimer’s Coordinating Centers volunteers. DADM.
2019;11(1):333-339. doi:10.1016/j.dadm.2019.02.006

2. Miller DS, Robert P, Ereshefsky L, et al. Diagnostic criteria for apathy in
neurocognitive disorders. Alzheimer’s & Dementia. 2021;17(12):1892-
1904.doi:10.1002/alz.12358

3. Ng KP, Pascoal TA, Mathotaarachchi S, et al. Neuropsychiatric
symptoms predict hypometabolism in preclinical Alzheimer dis-
ease. Neurology. 2017;88(19):1814-1821. doi:10.1212/WNL.
0000000000003916

4. Peters ME, Schwartz S, Han D, et al. Neuropsychiatric symptoms as pre-
dictors of progression to severe Alzheimer’s dementia and death: the
cache county dementia progression study. AJP. 2015;172(5):460-465.
doi:10.1176/appi.ajp.2014.14040480

5. Mintzer J, Lanctot KL, Scherer RW, et al. Effect of methylphenidate
on apathy in patients with Alzheimer disease: The ADMET 2 ran-
domized clinical trial. JAMA Neurol. 2021;78(11):1324. doi:10.1001/
jamaneurol.2021.3356

6. Marshall GA, Donovan NJ, Lorius N, et al. Apathy Is Associated
With Increased Amyloid Burden in Mild Cognitive Impairment. JNP.
2013;25(4):302-307.doi:10.1176/appi.neuropsych.12060156

7. Skogseth R,MulugetaE, Ballard C, et al. Neuropsychiatric correlates of
cerebrospinal fluid biomarkers in Alzheimer’s disease. Dement Geriatr
Cogn Disord. 2008;25(6):559-563. d0i:10.1159/000137671

8. Apostolova LG, Akopyan GG, Partiali N, et al. Structural corre-
lates of apathy in Alzheimer’s disease. Dement Geriatr Cogn Disord.
2007;24(2):91-97.d0i:10.1159/000103914

9. Kim JW, Lee DY, Choo IH, et al. Microstructural Alteration of
the anterior cingulum is associated with apathy in Alzheimer dis-
ease. Am J Geriatr Psychiatry. 2011;19(7):644-653. doi:10.1097/JGP.
0b013e31820dcc73

10. Marshall GA, Fairbanks LA, Tekin S, Vinters HV, Cummings JL.
Early-onset Alzheimer’s disease is associated with greater pathologic
burden. J Geriatr Psychiatry Neurol. 2007;20(1):29-33. doi:10.1177/
0891988706297086

11. Munro CE, Donovan NJ, Guercio BJ, et al. Neuropsychiatric symp-
toms and functional connectivity in mild cognitive impairment. JAD.
2015;46(3):727-735. doi:10.3233/JAD-150017

12. Jenkins LM, Wang L, Rosen H, Weintraub S. A transdiagnostic review
of neuroimaging studies of apathy and disinhibition in dementia. Brain.
2022;145(6):1886-1905. doi:10.1093/brain/awac133

13. Delrieu J, Desmidt T, Camus V, et al. Apathy as a feature of prodromal
Alzheimer’s disease: an FDG-PET ADNI study. Int J Geriatr Psychiatry.
2015;30(5):470-477.doi:10.1002/gps.4161

14. Tunnard C, Whitehead D, Hurt C, et al. Apathy and cortical atrophy
in Alzheimer’s disease. Int J Geriatr Psychiatry. 2011;26(7):741-748.
doi:10.1002/gps.2603

15. Lanctét KL, Moosa S, Herrmann N, et al. A SPECT study of apathy
in Alzheimer’s disease. Dement Geriatr Cogn Disord. 2007;24(1):65-72.
doi:10.1159/000103633

16. Holthoff VA, Beuthien-Baumann B, Kalbe E, et al. Regional cere-
bral metabolism in early Alzheimer’s disease with clinically significant


http://www.fnih.org
https://orcid.org/0009-0002-4794-778X
https://orcid.org/0009-0002-4794-778X
https://doi.org/10.1016/j.dadm.2019.02.006
https://doi.org/10.1002/alz.12358
https://doi.org/10.1212/WNL.0000000000003916
https://doi.org/10.1212/WNL.0000000000003916
https://doi.org/10.1176/appi.ajp.2014.14040480
https://doi.org/10.1001/jamaneurol.2021.3356
https://doi.org/10.1001/jamaneurol.2021.3356
https://doi.org/10.1176/appi.neuropsych.12060156
https://doi.org/10.1159/000137671
https://doi.org/10.1159/000103914
https://doi.org/10.1097/JGP.0b013e31820dcc73
https://doi.org/10.1097/JGP.0b013e31820dcc73
https://doi.org/10.1177/0891988706297086
https://doi.org/10.1177/0891988706297086
https://doi.org/10.3233/JAD-150017
https://doi.org/10.1093/brain/awac133
https://doi.org/10.1002/gps.4161
https://doi.org/10.1002/gps.2603
https://doi.org/10.1159/000103633

PREMNATH ET AL.

Translational Research 90f9

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

apathy or depression. Biol Psychiatry. 2005;57(4):412-421. doi:10.
1016/j.biopsych.2004.11.035

Donovan NJ, Wadsworth LP, Lorius N, et al. Regional cortical thinning
predicts worsening apathy and hallucinations across the Alzheimer
disease spectrum. Am J Geriatr Psychiatry. 2014;22(11):1168-1179.
doi:10.1016/j.jagp.2013.03.006

Guercio BJ, Donovan NJ, Ward A, et al. Apathy is associated with
lower inferior temporal cortical thickness in mild cognitive impair-
ment and normal elderly individuals. J Neuropsychiatry Clin Neurosci.
2015;27(1):e22-€27.doi:10.1176/appi.neuropsych.13060141
Gatchel JR, Donovan NJ, Locascio JJ, et al. Regional 18F-
fluorodeoxyglucose hypometabolism is associated with higher apathy
scores over time in early Alzheimer disease. Am J Geriatr Psychiatry.
2017;25(7):683-693.d0i:10.1016/j.jagp.2016.12.017

Tommasi NS, Gonzalez C, Briggs D, et al. Affective symptoms and
regional cerebral tau burden in early-stage Alzheimer’s disease. Int J
Geriatr Psychiatry. 2021;36(7):1050-1058. doi:10.1002/gps.5530
Cummings JL. The Neuropsychiatric Inventory: assessing psy-
chopathology in dementia patients. Neurology. 1997;48(Issue 5,
Supplement 6):10S-16S. doi:10.1212/WNL.48.5_Suppl_6.10S
Cummings JL, Mega M, Gray K, Rosenberg-Thompson S, Carusi DA,
Gornbein J. The Neuropsychiatric Inventory: comprehensive assess-
ment of psychopathology in dementia. Neurology. 1994;44(12):2308-
2308.d0i:10.1212/WNL.44.12.2308

Folstein MF, Folstein SE, McHugh PR. Mini-mental state. J Psychiatr
Res. 1975;12(3):189-198. doi:10.1016/0022-3956(75)90026-6
Landau SM, Breault C, Joshi AD, et al. Amyloid- imaging with
pittsburgh compound b and florbetapir: comparing radiotracers and
quantification methods. J Nucl Med. 2013;54(1):70-77. doi:10.2967/
jnumed.112.109009

Tosun D, Landau S, Aisen PS, et al. Association between tau deposi-
tion and antecedent amyloid-j accumulation rates in normal and early
symptomatic individuals. Brain. 2017;140(5):1499-1512.d0i:10.1093/
brain/awx046

MATLAB and Statistics Toolbox 8.1. The MathWorks, Inc., Natick, MA,
United States. Retrieved fromhttps://www.mathworks.com
Cummings JL. Frontal-subcortical circuits and human behavior.
Arch  Neurol. 1993;50(8):873-880. doi:10.1001/archneur.1993.
00540080076020

Marshall GA, Fairbanks LA, Tekin S, Vinters HV, Cummings JL. Neu-
ropathologic correlates of apathy in Alzheimer’s disease. Dement
Geriatr Cogn Disord. 2006;21(3):144-147.doi:10.1159/000090674

Clinical Interventions

29. TumatiS, Marsman JC, De Deyn PP, Martens S, Aleman A, Alzheimer’s
Disease Neuroimaging Initative. Functional network topology associ-
ated with apathy in Alzheimer’s disease. J Affect Disord. 2020;266:47 3-
481.doi:10.1016/j.jad.2020.01.158

30. Rosenberg PB, Mielke MM, Appleby BS, Oh ES, Geda YE, Lyketsos
CG. The Association of Neuropsychiatric symptoms in MCI with
incident dementia and Alzheimer disease. Am J Geriatr Psychiatry.
2013;21(7):685-695. doi:10.1016/j.jagp.2013.01.006

31. Burhanullah MH, Tschanz JT, Peters ME, et al. Neuropsychiatric symp-
toms as risk factors for cognitive decline in clinically normal older
adults: the cache county study. Am J Geriatr Psychiatry. 2020;28(1):64-
71.doi:10.1016/j.jagp.2019.03.023

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Premnath PY, Locascio JJ, Mimmack
KJ, et al. Longitudinal associations of apathy and regional tau in
mild cognitive impairment and dementia: Findings from the
Alzheimer’s Disease Neuroimaging Initiative. Alzheimer’s
Dement. 2024;10:e12442. https://doi.org/10.1002/trc2.12442

APPENDIX A: COLLABORATORS

Data used in preparation of this article was obtained from the
(ADNI)
(adni.loni.usc.edu). As such, the investigators within the ADNI

Alzheimer’s Disease Neuroimaging Initiative database
contributed to the design and implementation of ADNI and/or
provided data but did not participate in analysis or writing of this
report. A complete listing of ADNI investigators can be found
at: http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/

ADNI_Acknowledgement_List.pdf.


https://doi.org/10.1016/j.biopsych.2004.11.035
https://doi.org/10.1016/j.biopsych.2004.11.035
https://doi.org/10.1016/j.jagp.2013.03.006
https://doi.org/10.1176/appi.neuropsych.13060141
https://doi.org/10.1016/j.jagp.2016.12.017
https://doi.org/10.1002/gps.5530
https://doi.org/10.1212/WNL.48.5_Suppl_6.10S
https://doi.org/10.1212/WNL.44.12.2308
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.2967/jnumed.112.109009
https://doi.org/10.2967/jnumed.112.109009
https://doi.org/10.1093/brain/awx046
https://doi.org/10.1093/brain/awx046
https://www.mathworks.com
https://doi.org/10.1001/archneur.1993.00540080076020
https://doi.org/10.1001/archneur.1993.00540080076020
https://doi.org/10.1159/000090674
https://doi.org/10.1016/j.jad.2020.01.158
https://doi.org/10.1016/j.jagp.2013.01.006
https://doi.org/10.1016/j.jagp.2019.03.023
https://doi.org/10.1002/trc2.12442
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf

	Longitudinal associations of apathy and regional tau in mild cognitive impairment and dementia: Findings from the Alzheimer’s Disease Neuroimaging Initiative
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Participants
	2.2 | Clinical assessments
	2.3 | Tau and amyloid PET neuroimaging
	2.4 | Statistical analysis

	3 | RESULTS
	3.1 | Primary analyses: Associations between regional tau (FTP PET) and longitudinal apathy
	3.2 | Secondary models adjusting for amyloid FBP PET and global cognition

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION
	APPENDIX A: COLLABORATORS


