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Abstract
Background and Objectives
Although Alzheimer disease (AD) and dementia with Lewy bodies (DLBs) represent 2 dif-
ferent pathologies, they have clinical overlap, and there is a significant degree of co-occurrence
of their neuropathologic findings. Many studies have examined imaging characteristics in
clinically diagnosed patients; however, there is a relative lack of longitudinal studies that have
studied patients with pathologic confirmation. We examined whether there were differences in
longitudinal patterns of cortical atrophy between patients with both AD and DLB (AD/DLB)
vs those with AD alone.

Methods
We collected and analyzed clinical and neuroimaging data from the ADNeuroimaging Initiative
(ADNI) database for patients who underwent autopsy. The rates of change in various neu-
ropsychological assessments were not significantly different between patients with AD/DLB
and AD, and each group had neuropsychological outcomes consistent with disease progression.
For our neuroimaging analysis, we used a linear mixed-effects model to examine whether there
were longitudinal differences in cortical rates of atrophy between patients with AD/DLB and
AD.

Results
Autopsies and serial neuroimaging were available on 48 patients (24 AD and 24 AD/DLB).
Patients with AD alone had significantly higher atrophy rates in the left cuneus, lateral occipital,
and parahippocampal regions over time when compared with patients with concomitant DLB,
after covarying for interval from imaging to autopsy, sex, and total estimated intracranial
volume. Site ID was included as a random effect to account for site differences. For these
regions, the rate of decline over time in the AD/DLB group was less steep by a difference of
0.1887, 0.395, and 0.0989, respectively (p = 0.022, 0.006, and 0.006). The lattermost left cuneus
volume measurement and Braak Lewy score had a Pearson product-moment correlation of
0.37, p = 0.009, while the lattermost left parahippocampal volume measurement and Braak
neurofibrillary tangle score had a Pearson product‐moment correlation of -0.327, p = 0.02.

Discussion
Patients with AD had more significant atrophy in the left cuneus, lateral occipital, and para-
hippocampal regions when compared with patients with AD/DLB. These regions are known to
distinguish DLB and AD pathology cross-sectionally but here are shown to distinguish lon-
gitudinal disease progression.

*Data used in preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the investigators within the
ADNI contributed to the design and implementation of ADNI and/or provideddata but did not participate in analysis or writing of this report. A complete listing of ADNI investigators can
be found in Appendix 2 at links.lww.com/WNL/C357.
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Neurodegenerative diseases are major causes of disability
among the aging population, with Alzheimer disease (AD)
and dementia with Lewy bodies (DLBs) being the most fre-
quently diagnosed dementia conditions. Clinically, AD and
DLB may not only be similar but also have some differenti-
ating features. AD presents with episodic memory loss in
addition to broader deficits in cognitive functioning, including
the visuospatial, language, and executive function domains.1,2

By contrast, core symptoms of DLB include, in addition to
dementia, fluctuating cognition, visual hallucinations, and
spontaneous parkinsonism.2 Furthermore, each condition has
its own dominant neuropathology: Beta-amyloid plaques,
neurofibrillary tangles (NFTs), and medial temporal lobe
atrophy are characteristic of AD, whereas alpha-synuclein
deposits are characteristic of DLB.2,3 However, the 2 diseases
may co-occur neuropathologically. In fact, of the spectrum of
neurodegenerative disorders, AD and DLB overlap most
frequently.4 Studies show that up to 80%–89% of patients
diagnosed with DLB will have some degree of AD pathology
present at autopsy.5 It has been shown that AD with con-
comitant DLB results in poorer outcomes clinically than ei-
ther disease alone and is associated with a more rapid
cognitive decline.6

A reliable method to correctly identify a patient’s neuropa-
thology antemortem would be useful because AD and DLB
often have overlapping neuropsychiatric profiles. Patients
with ADmay experience hallucinations and delusions during
disease progression, even without the presence of Lewy body
(LB) pathology at autopsy.7 Furthermore, the diagnosis of
DLB based on the core clinical features alone is estimated to
be unreliable; for instance, one study examined postmortem
neuropathology in over 3,000 patients to show that the
sensitivity of antemortem clinical diagnoses was low, at
32.1% for DLB cases without AD-related pathology and only
12.1% for DLB and AD concomitant pathology, although
specificity was over 95% in each of these groups. In-
terestingly, the same study found that the clinical diagnosis
of AD alone had a higher sensitivity (85%) but lower spec-
ificity (51.5%).7 This indicates that patients with LB pa-
thology are underdiagnosed, and patients clinically
diagnosed with AD alone have elevated instances of alternate
or concomitant pathology. Another study found that spe-
cialist psychiatrists who examined clinical records & sum-
maries of patients with pathologic confirmation were only
able to correctly identify the comorbidity in 23% of mixed
AD/DLB cases.8 These studies suggest that current clinical
practice is unable to highly discriminate between these dis-
eases antemortem.

The desire to clarify the clinical diagnoses of AD and DLB has
prompted many investigations into the distinguishing features
and potential biomarkers for each group. A 2017 meta-
analysis found that patients with confirmed AD pathology
score worse in the memory domain of cognitive examinations
and patients with confirmed DLB pathology score worse in
the visuospatial domain; however, there were no significant
differences identified between the groups for a single cogni-
tive test.9 Performance on neuropsychological examinations
may be suggestive of a certain diagnosis but are not alone
traditionally definitive; as such, the quest for biomarkers of
neuropathology in DLB and AD is of high interest. Many
studies have examined the respective neuroimaging patterns
associated with each disease. Neuroimaging with MRI has
shown that medial temporal lobe atrophy is more character-
istic of AD than DLB in pathologically confirmed cases
(sensitivity 91% and specificity 94%).3 Relative preservation
of the medial temporal lobe is considered to be a supportive
biomarker for the clinical diagnosis of DLB.2 In one study,
DLB was more associated with subcortical brain atrophy; of
note, however, the participants in this study did not have
pathologically confirmed diagnoses, and it is therefore possi-
ble that comorbid pathology was not accounted for.10 Indeed,
few studies have examined the patterns of concurrent AD and
DLB, especially given the need of accurate neuropathologic
confirmation and the high rate of attrition of those who go on
to autopsy. One study used an automated boundary shift
integral algorithm and tensor-based morphometry method to
analyze whole brain atrophy and regional gray matter loss,
respectively, in patients with DLB, AD, and AD/DLB; this
study found no difference in the rates of whole brain or gray
matter atrophy between patients with DLB and older controls
or patients with AD and AD/DLB. The authors suggest that
neuronal loss because of alpha-synuclein pathology is there-
fore subcortical or biochemical rather than structural. How-
ever, this study used only 2 serial MRI scans for each patient,
on average 2 years apart.11 It is possible that end-stage disease
is indistinguishable between patients with AD/DLB and AD
as measured by MRI; however, the possibility remains that
differences may be identified over a longer period of disease
progression, with more frequent assessments and scans.

The aim of this study was to examine the patterns of longi-
tudinal cortical volume loss between patients with patholog-
ically confirmed AD and AD/DLB over a range of up to 8
years. Structural abnormalities in AD vs comorbid AD/DLB
may elucidate a neuroanatomic pattern for AD and provide
insight into the additional anatomic pathology that is present
due to DLB. This insight is critical for a potentially earlier and

Glossary
AB = amyloid beta; AD = Alzheimer disease; ADNI = AD Neuroimaging Initiative; ADNC = AD neuropathologic change;
DLB = dementia with Lewy body; eTIV = estimated intracranial volume; NFT = neurofibrillary tangle; LB = Lewy body;
LME = linear mixed effect; MMSE = Mini-Mental Status Examination.
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more accurate diagnosis of comorbid AD/DLB and for ex-
amining target engagement in clinical trials which aim to
address alpha-synuclein pathology. The null hypothesis tested
in this study is that there is no difference in the rates of
regional atrophy between patients with AD alone vs patients
with comorbid AD/DLB in any cortical brain region.

Methods
Data Collection
Data used in the preparation of this article were obtained from
the AD Neuroimaging Initiative (ADNI) database (adni.loni.
usc.edu). The ADNI was launched in 2003 as a public-private
partnership, led by Principal Investigator Michael W. Weiner,
MD. The primary goal of ADNI has been to test whether
serial MRI, PET, other biological markers, and clinical and
neuropsychological assessment can be combined to measure
the progression of mild cognitive impairment (MCI) and
early AD.We analyzed neuropathologic data fromADNI. The
control population for this study were patients with AD
neuropathologic change (ADNC) without LB pathology. The
case population for this study included patients with both
ADNC and LB pathology. We also collected Braak Lewy,
Braak NFT, and Thal amyloid beta (AB) scores, which de-
scribe the distribution of Lewy bodies, NFTs, and AB plaques
within the brain, respectively, with higher scores corre-
sponding to higher disease burden.12-14 Patients with Lewy
bodies localized only to the amygdala were excluded from this
study because DLBs and amygdala with Lewy bodies are
considered to be distinct alpha-synuclein pathologies.15 We
obtained all T1-weighted structural MRI scans (magnetiza-
tion prepared rapid gradient‐echo or inversion recovery‐
spoiled gradient echo) for every subject within the ADNI
database (n = 273). We also collected clinical data for these
subjects throughout all initial and follow-up visits, including
neuropsychological assessments, genetic testing, and CSF
analyses. Assessments included the Mini-Mental Status Ex-
amination (MMSE), Alzheimer Disease Assessment Scale-
Cognitive, Neuropsychiatric Inventory Questionnaire, Clini-
cal Dementia Rating scale (CDR), and Neuropsychological
Summary scores from the University of Washington. These
summary scores are a composite score based on the patient’s
answers to questions in multiple assessments; the questions
are grouped by the cognitive domain which it aims to evaluate
(including memory, executive function, language, and visuo-
spatial domains).

Clinical Data Analysis
For each of the neuropsychological assessments, we calcu-
lated the rate of change in scores by using a simple linear
regression model of the scores and time from baseline (years).
We then compared the average slopes from the linear re-
gression model between the AD/DLB cases and AD controls
for each of the assessments. For the NPIQ, we also examined
each element individually. Each subject was given a 0 for a
particular element if he/she never had a recorded instance

during follow-up or a 1 if he/she had. The distribution of 1’s
for each element was analyzed between groups using a Fisher
exact test. In addition to analyzing the rates of change for
these assessments, we also examined the scores between
groups at each patient’s final visit, similarly to Toledo et al., in
2013. We correlated individual neuropsychological assess-
ments with Braak Lewy, Braak NFT, and Thal AB staging,
using both the Pearson product-moment and Spearman rank
correlation tests.

Imaging Analysis
All structural images scans were obtained through the ADNI’s
MRI protocol. Of the 48 total subjects, 37 were included in
ADNI1 phase, which used 1.5T scanners to obtain T1-
weighted and T2-weighted images. The remaining 11 subjects
were only included in the ADNI2 phase. Of the 37 subjects
included in ADNI1, 16 were also included in the ADNI2
phase. ADNI2 imaging protocol used 3T scanners. We reg-
istered each subject’s follow-up scan to the initial baseline scan
using a robust and consistent algorithm and then created
subject-specific templates for longitudinal processing using
FreeSurfer software as outlined in previous studies.16-18 Spe-
cifically, the longitudinal pipeline in FreeSurfer 6.0 was used
for all subjects, and all images were manually inspected for
gross topological defects. The software parcellated the cortex
into 31 distinct regions for each hemisphere (62 total regions)
and produced an output of measurements for each of these
regions. We collected all cortical volume measurements from
each hemisphere using the DKTAtlas. All subjects included in
this study had at least 2 serial T1-weighted MRI scans.

Statistical Analysis
We analyzed demographic and clinical data with two-tailed
t tests, Fisher exact tests, Pearson product-moment correlation
tests, and Spearman rank correlation tests as appropriate for the
data type. For the imaging data, we used a linear mixed-effects
(LMEs) model. LME modeling has previously been shown to
be an effective method for capturing group differences in hip-
pocampal volume and entorhinal cortex atrophy as measured
by longitudinal structural MRI between healthy controls, pa-
tients with MCI, and patients with AD.19 There are several
benefits in using an LMEmodel for longitudinal data including
minimization of between-subject variability and impervious-
ness to irregular timing and subject drop-out.19 We chose fixed
effects to be group (either AD or AD/DLB), time since date of
death (DOD; days), group × time since DOD, sex (male or
female), and estimated intracranial volume (eTIV) (mm3). We
chose to use time since DOD instead of time since baseline as
patients entered this study at different points during disease
progression; time since DOD was a more precise variable for
indicating a temporal relationship with severe disease. Each
patient’s unique ID was used as a random effect because
multiple scans from the same patient are nonindependent
samples. In addition, RID was nested within a second random
effect of site ID, to account for differences between sites, such
as scanner strength. Our model was programed using R and
was formulated as follows for each region:
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Volume;Group + time_since_DOD+Group × time_since_DOD
+ sex + eTIV ;   random = ;1jSiteID=RID

Output from themodel included a coefficient for each term, in
addition to a p value (62 total), and the group × time_since_
DOD term; this coefficient indicates the difference in slope
between patient groups over time. We applied FDR multiple
comparison analysis on the 62 p values and established sig-
nificance as p < 0.05 after this analysis.

Data Availability
All data used were gathered through ADNI. Python and R
codes used for statistical analysis and display are available on
request.

Standard Protocol Approvals, Registrations,
and Patient Consents
All data used were gathered through ADNI, which approved
this manuscript, which provides deidentified patient records
to qualifying researchers. Each site that participated in this
study individually obtained informed consent and received
IRB approval from each respective site. Our secondary anal-
ysis of this was found to be exempt by Columbia’s IRB
(Protocol Number IRB-AAAS6975). No experiments were
performed on live vertebrates.

Results
Clinical Data
Of the 64 patients in the ADNI database with recorded
neuropathology, 24 patients were identified as having LB
pathology in addition to ADNC; these patients comprised the
AD/DLB group. There were 0 patients who had LB pathology
without ADNC. Another 24 patients had recorded ADNC
without LB pathology and served as the control population or
AD group. Therefore, a total of 48 subjects with confirmed
neuropathology were included in this study. Clinical di-
agnoses (normal, MCI, or dementia) at baseline visit are
presented in eTable 1 (links.lww.com/WNL/C356) and are
not significantly different between groups (p = 0.1534). The
demographic information for all subjects is presented in
Table 1. The mean age at baseline (77.4 and 78 years for AD/
DLB and AD groups) and the mean years of education (16.2
and 15.7 years for AD/DLB and AD groups) were not sig-
nificantly different between groups as measured by the t test
(p = 0.74 and 0.5, respectively). Although both groups were
predominantly male, there was a significantly higher pro-
portion of men in the AD/DLB group (96%) compared with
the AD group (67%) as measured by the Fisher exact test
(p = 0.0012). This is consistent with previous literature which
has shown that the incidence of DLB is higher in men than in
women.20 Proportions of race (100% and 87.5% White in
AD/DLB and AD groups) and ApoE4 status (79.2% and
91.2% with at least 1 copy of ApoE4 allele in AD/DLB and
AD groups) were not statistically different between groups as
measured by the Fisher exact test (p = 0.234 and 0.47, re-
spectively). The aforementioned regions remained significant

when including both APOE4 status (eAnalysis 1, links.lww.
com/WNL/C356) and final CDR Sum of Boxes (eAnalysis 2,
links.lww.com/WNL/C356) as fixed effects.

We used simple linear regression to examine the rate of
change in several neuropsychological assessments over time
and compared these rates between patients with AD/DLB
and AD (Table 2). As expected, overall, the average score for
each group declined over time for tests that measured cog-
nitive ability (MMSE and UW Neuropsychological Exami-
nation) and increased over time for tests that measured
symptom severity (CDR Sum of Boxes, NPIQ, ADAS).
Specifically, the average slope for MMSE was −3.43 for the
AD/DLB group and −2.59 for the AD group (p = 0.49). For
UW Memory, Executive Function, Language, and Visuospa-
tial scores, the average slopes for the AD/DLB group were
−0.246, −0.292, −0.467, and −0.234, while for the AD group,
the average slopes were −0.214, −0.301, −0.233, and −0.274,
respectively (p value = 0.64, 0.94, 0.12, and 0.81, respectively).
The average slope for NPIQ was 0.35 and 1.34 for the AD/
DLB and AD groups, respectively (p value = 0.25). For CDR
Sum of Boxes score, the average slopes were 1.91 for patients
with AD/DLB and 1.53 for patients with AD (p value = 0.49).
The slopes of CDR Global score could not be accurately
compared between groups using linear regression because the
change in score was so small over such a long follow-up period
that many subjects had slopes near 0. For ADAS scores, the
average slope for ADAS-11 and ADAS-modified was 3.93 and
5.63 for the AD/DLB group and 4.82 and 5.73 for the AD
group (p = 0.69 and 0.97, respectively). Notably, only 37 of
the 48 patients included had ADAS scores. There were no
significant differences in the rates of change in any of neu-
ropsychological examination scores between patients with
AD/DLB and AD as measured by the t test and as presented
in Table 2. Ranges for the final score on these neuro-
psychological assessments are presented in eFigure 1 (links.
lww.com/WNL/C356).

We investigated what symptoms patients experienced
throughout the course of illness, as measured by the NPIQ
(Figure 1). Compared with patients with AD, there were a
higher proportion of patients with AD/DLB who had ever
experienced delusions, hallucinations, agitation/aggression,
depression/dysphoria, anxiety, elation/euphoria, irritability/
lability, aberrant motor behavior, and sleep disturbances, as
measured by the NPIQ. Data are presented in eTable 2 (links.
lww.com/WNL/C356). The only statistically significant dif-
ference was in the NPIB element, which measured whether
the patient had experienced hallucinations. A significantly
higher proportion of patients with AD/DLB (37.5%) expe-
rienced hallucinations throughout the course of their
illness than patients with AD (8.3%, p value of Fisher exact
test = 0.036). This is unsurprising because the presence of
hallucinations is a core clinical feature of DLB. Compared
with patients with AD/DLB, there were a higher proportion
of patients with AD who had ever experienced apathy/
indifference and disinhibition. However, these results were
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not statistically significant. Sensitivities and specificities of
hallucinations and relevant rates of change are presented in
eTable 3 (links.lww.com/WNL/C356).

The results from Spearman rank correlation between neuro-
pathology score and the most proximal neuropsychological
examination score to the patient’s DOD are presented in
Table 3. The Braak Lewy score was negatively correlated
with the final UW executive function and visuospatial scores
(rho = −0.366 and −0.397, respectively), indicating that lower
scores in these examinations were associated with a higher
burden of Lewy bodies (p value = 0.011 and 0.005, re-
spectively). In addition, whether a patient had ever experi-
enced hallucinations as measured by the NPIB element was
positively correlated with the Braak Lewy score (rho = 0.382,
p = 0.007); however, the total NPIQ score was not
(rho = 0.079, p = 0.596). The Braak NFT score was negatively
correlated with the final MMSE (rho= -0.428, p = 0.002),
CDR (rho = 0.332, p = 0.021), ADAS (rho= 0.452, p = 0.005),
UW Memory (rho = −0.386, p = 0.007), and UW Language
scores (rho = −0.349, p = 0.015). Thal AB was also signifi-
cantly correlated with the final UW Memory score with
Pearson rank correlation (rho = −0.308, p = 0.033) and final
UW Language score (rho = −0.352, p = 0.014) and ADAS
(rho = 0.390, p = 0.017) and modified ADAS scores with
Spearman rank correlation (rho = 0.422, p = 0.009). Of note,
only 37 of 48 patients had ADAS scores available.

Imaging Data
There were 148 total structural T1-weighted MRI scans in the
AD/DLB group (median 5.5/patient) and 125 total structural
T1-weighted MRI scans in the AD group (median 6/patient).
The number of scans per patient was not significantly different
between groups as measured by a two-tailed t test of equal
variance (p value = 0.128). In addition, AD/DLB cases and AD
controls had similar times in between scans (Table 1), from
baseline scan to the final scan (2.7 and 3.1 years for AD and
AD/DLB, respectively), and from the final scan to the DOD
(1.9 and 2.4 years for AD and AD/DLB, respectively). This
indicates that the tracking of disease progression was compa-
rable between the 2 groups. As expected, only AD/DLB cases
had a Braak Lewy score above 0; therefore, there was a sig-
nificant difference in Braak Lewy scores between groups
(p = 1.62e−14). However, themean BraakNFT (4.5 for patients
with AD and 4 for patients with AD/DLB) and Thal AB (4.08
for patients with AD and 3.96 for patients with AD/DLB)
scores were similar between groups asmeasured by a two-tailed
t test (p value = 0.26 and 0.51, respectively), suggesting a
similar severity of AD neuropathology between AD/DLB cases
and AD controls. Our imaging data are graphically presented in
eFigure 2 (links.lww.com/WNL/C356).

The LME identified 7 regions as being significantly different
between groups: the left caudal anterior cingulate (p = 0.0315),
left cuneus (p = 0.0011), left lateral occipital (p = 0.0002),

Table 1 Demographic, Imaging, and Neuropathology Characteristics of Study Subjects

AD/DLB cases (n = 24) AD controls (n = 24) p value

Mean age at baseline (y) 77.4 ± 6.2 78.0 ± 6.5 0.74

Mean age at death (y) 82.4 ± 7.4 82.1 ± 6.2 0.87

Sex (M:F, M/total [%male]) 23:1, 23/24 (96%) 16:8, 16/24 (67%) 0.0012a

Race (White:Black [%White]) 24:0 (100%) 21:3 (87.5%) 0.234

Mean education (y) 16.2 ± 2.6 15.7 ± 2.5 0.50

ApoE4 status (n wild-type:heterozygous:homozygous) 10:9:5 10:12:2 0.47

Mean time between scans (d) 186 ± 147 186 ± 151 0.99

Mean time between baseline and final scan (y) 3.1 ± 2.1

(range 0.6–8.1) 2.7 ± 1.9

(range 0.5–7.1) 0.44

Mean time between final scan and death (y) 2.4 ± 2

(range 0.1–7.7) 1.9 ± 1.6

range (0.4–5.6) 0.40

Mean Braak Lewy score 4.96 ± 1.43 0 ± 0 1.62e−14,a

Mean Braak NFT score 4 ± 1.47 4.5 ± 1.56 0.26

Mean Thal AB score 3.96 ± 1.30 4.08 ± 0.93 0.71

Abbreviations: AB = amyloid beta; AD = Alzheimer disease; DLB = dementia with Lewy body; NFT = neurofibrillary tangle.
a Significance at p < 0.005.
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left lateral orbitofrontal (p = 0.0035), left lingual (p = 0.0103),
left parahippocampal (p = 0.0001), and right cuneus regions
(p = 0.0135). After adjusting for multiple comparisons using
false discovery rate correction, only the left cuneus, left lateral
occipital, and left parahippocampal regions remained signifi-
cant (p = 0.023, 0.006, and 0.006, respectively). In these

regions, the coefficients corresponding to the time variable,
which indicate the rate of change for the AD group, were
−0.211, −0.68, and −0.155; as expected, volumes in these
regions decrease over time. The coefficients of the interaction
term group*time were all positive in these regions (0.1884,
0.395, and 0.0989, respectively). This indicates that, on

Figure 1 Differences in the Recorded Presence of NPIQ Elements Between Groups

Histogram showing a total number of patients in AD/DLB and AD groups who had ever experienced the symptom targeted by each particular NPIQ element.
AD = Alzheimer disease; DLB = dementia with Lewy body.

Table 2 Rates of Changes in Neuropsychological Assessments

AD/DLB cases AD controls p value

MMSE (n = 48) −3.43 ± 4.94 −2.59 ± 3.45 0.49

NPIQ (n = 48) 0.35 ± 2.90 1.34 ± 2.83 0.25

CDR—Sum of Boxes (n = 48) 1.91 ± 1.64 1.53 ± 2.03 0.49

UW—Memory (n = 48) −0.246 ± 0.125 −0.214 ± 0.299 0.64

UW—Executive Function (n = 48) −0.292 ± 0.35 −0.301 ± 0.495 0.94

UW—Language (n = 48) −0.467 ± 0.44 −0.233 ± 0.580 0.12

UW—Visuospatial (n = 48) −0.324 ± 0.361 −0.274 ± 0.91 0.81

ADAS-11 (n = 37) 3.93 ± 4.92 4.82 ± 8.06 0.69

ADAS-Modified (n = 37) 5.63 ± 7.30 5.73 ± 8.91 0.97

Abbreviations: AD = Alzheimer disease; CDR = Clinical Dementia Rating; DLB = dementia with Lewy body; Mini- Mental Status Examination.
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average, patients with AD/DLB had a lower rate of change in
these regions over time. The rate of change for patients with
AD/DLB when covarying for sex and eTIV can be calculated
by summing the coefficient of the time variable and the co-
efficient of the interaction term (group × time). Therefore,
the rates of change in patients with AD/DLB in the left
cuneus, left lateral occipital, and left parahippocampal regions
when covarying for sex and eTIV were −0.0226, −0.285, and
−0.0561, respectively.

The results of Spearman rank correlation between the neu-
ropathology score and the most proximal cortical volume

measurement to the patient’s DOD are presented in Table 4.
Only the final left cuneus volume was correlated with the
Braak Lewy score, with a positive coefficient of 0.37, in-
dicating that higher final left cuneus volumes were associated
with a higher Braak Lewy score (p = 0.009). The final left
parahippocampal volume had a significant negative correla-
tion with a Braak NFT score as measured by Pearson corre-
lation (rho = −0.327, p value = 0.023) but not Spearman
(rho = −0.233, p value = 0.115). Both coefficients were neg-
ative, indicating that lower final left parahippocampal volumes
were associated with a higher Braak NFT score. None of the
final volumes were correlated with Thal AB score.

Table 4 Pearson Product-Moment Correlation and SpearmanRank Correlation of Final Scan Volumes (mm3) toDegree of
Neuropathology

Braak Lewy score (n = 48) Braak NFT score (n = 48) Thal AB score (n = 48)

Final left cuneus volume (mm3) 0.37 (p = 0.009)
0.37 (p = 0.009)

−0.119 (p = 0.422)
−0.154 (p = 0.296)

−0.021 (p = 0.886)
0.007 (p = 0.961)

Final left lateral occipital volume (mm3) 0.28 (p = 0.051)
0.22 (p = 0.133)

−0.008 (p = 0.955)
−0.028 (p = 0.852)

0.078 (p = 0.600)
0.056 (p = 0.704)

Final left parahippocampal volume (mm3) 0.18 (p = 0.226)
0.123 (p = 0.404)

20.327 (p = 0.023)
−0.233 (p = 0.115)

−0.106 (p = 0.471)
−0.003 (p = 0.984)

Top number = Pearson product-moment correlation; Bottom number = Spearman rank correlation. Bold indicates p < 0.05.
Abbreviations: AB = amyloid beta; NFT = neurofibrillary tangle.

Table 3 Pearson Product-Moment Correlation and SpearmanRank Correlation of Neuropsychological Tests to Degree of
Neuropathology

Braak Lewy score Braak NFT score Thal AB score

Final MMSE score (n = 48) −0.17 (p = 0.247)
−0.178 (p = 0.227)

20.367 (p = 0.010)
20.428 (p = 0.002)

−0.273 (p = 0.060)
−0.27 (p = 0.063)

Final CDR score (n = 48) 0.19 (p = 0.208)
0.249 (p = 0.087)

0.29 (p = 0.044)
0.332 (p = 0.021)

0.188 (p = 0.200)
0.196 (p = 0.190)

Final UW Memory score (n = 48) −0.274 (p = 0.059)
20.289 (p = 0.046)

20.419 (p = 0.003)
20.386 (p = 0.007)

20.308 (p = 0.033)
−0.256 (p = 0.079)

Final UW Executive Function score (n = 48) 20.359 (p = 0.012)
20.366 (p = 0.011)

−0.162 (p = 0.272)
−0.210 (p = 0.152)

−0.187 (p = 0.203)
−0.171 (p = 0.246)

Final UW Language score (n = 48) −0.252 (p = 0.085)
−0.246 (p = 0.092)

20.349 (p = 0.015)
20.349 (p = 0.015)

20.352 (p = 0.014)
−0.217 (p = 0.138)

Final UW Visuospatial score (n = 48) 20.424 (p = 0.0027)
20.397 (p = 0.005)

0.014 (p = 0.923)
−0.052 (p = 0.727)

−0.140 (p = 0.342)
−0.149 (p = 0.312)

Final NPIQ score (n = 48) 0.188 (p = 0.201)
0.079 (p = 0.596)

0.229 (p = 0.118)
0.189 (p = 0.198)

0.182 (p = 0.217)
0.165 (p = 0.263)

Final ADAS score (n = 37) 0.147 (p = 0.385)
0.160 (p = 0.343)

0.291 (p = 0.080)
0.411 (p = 0.012)

0.302 (p = 0.069)
0.390 (p = 0.017)

Final modified ADAS score (n = 37) 0.156 (p = 0.358)
0.168 (p = 0.321)

0.332 (p = 0.045)
0.452 (p = 0.005)

0.318 (p = 0.055)
0.422 (p = 0.009)

NPIB—History of hallucinations (n = 48) 0.348 (p = 0.015)
0.382 (p = 0.007)

0.107 (p = 0.469)
0.092 (p = 0.536)

0.079 (p = 0.593)
−0.02 (p = 917)

Top number = Pearson product-moment correlation; Bottom number = Spearman rank correlation.
Bold indicates p < 0.05.
Abbreviations: AB = amyloid beta; CDR = Clinical Dementia Rating; MMSE = Mini-Mental Status Examination; NFT = neurofibrillary tangle.
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Discussion
Our study provides insight into the neuropsychological and
imaging patterns in longitudinal data of patients with AD/
DLB compared with patients with AD alone. Final MMSE,
CDR, UW Memory, UW Language, and ADAS (modified)
scores all correlated with Braak NFT scores, which is con-
sistent with previous studies that have shown cognitive per-
formance to be reflective of AD pathology severity.21 In
addition, UW executive function, UW visuospatial scores, and
history of hallucinations were correlated with Braak Lewy
staging, which is also consistent with the current neuropsy-
chiatric profile of patients with DLB.2,22

For neuroimaging, our results suggest that, over the course of
disease progression, patients with mixed AD/DLB have rel-
ative structural preservation of the left cuneus, lateral occipi-
tal, and parahippocampal regions when compared with
patients with AD alone. The asymmetry of findings in the left
hemisphere may be reflective of previous studies which have
found that AD pathology is often more pronounced on this
side, although there is some evidence of trending results on
the right, although they fail to survive corrections for multiple
testing.23 Measurements of the left cuneus from the MRI scan
most proximal to death had a positive correlation with Braak
Lewy staging, suggesting that the distribution of Lewy bodies
in the cortex (highest Braak score) is correlated with more
significant preservation in this region. However, this was not
true for the other regions found to be significant from the
model. Only the left parahippocampal region from the MRI
scan most proximal to death had a negative correlation with
Braak NFT staging, indicating that a lower final volume in the
parahippocampal region correlated with higher Braak NFT
scores. This is consistent with previous findings that the
parahippocampal region is susceptible to atrophy in Alz-
heimer disease.3,11,24

There has been much research indicating that LB pathology
does not necessarily contribute to volumetric atrophy alone,
especially to a similar degree as that seen in Alzheimer dis-
ease pathology. Previous neuropathologically confirmed
studies have shown that cortical volumetric loss in patients
with LB pathology is less pronounced than in patients
with AD alone as measured by structural MRI.11,25 Cross-
sectional studies of a single MRI scan per patient have ex-
amined gray matter atrophy patterns in patients with clinical
diagnoses of probable DLB and AD.26-28 Patients with DLB
were noted to have less substantial gray matter atrophy than
in patients with AD, particularly in the orbitofrontal and
temporal regions.26,27 Other studies with clinically di-
agnosed patients with AD and DLB showed that patients
with AD had higher rates of global atrophy and temporal
thinning onMRI at 1 year of follow-up and that patients with
DLB had rates closer to controls.29,30 Our findings extend
these previous studies to suggest that increasing atrophy is
not necessarily characteristic of LB pathology in the pres-
ence of concurrent AD.

Several studies have examined occipital lobe atrophy and
hypometabolism associated with Lewy bodies, given the
prominence of visual symptoms in DLB. It has been shown
that occipital lobe atrophy as measured on structural MRI is
similar between patients with DLB and AD, with few studies
(i.e., Toledo et al.) using patients with pathologic
confirmation.22,28,31,32 In addition, one study found that
cortical thickness in occipital regions was actually more af-
fected in patients with AD than in patients with DLB, in
addition to the midanterior temporal, subgenual cingulate
cortex, and parahippocampal regions; this study used 97
clinically diagnosed patients, 7 of whom had pathologic
confirmation at death.24 Our results showed that the left lat-
eral occipital region and left cuneus had steeper rates of at-
rophy in the AD group compared with the AD/DLB group
when covarying for sex, time since death, and eTIV. This
finding supports the hypothesis that hallucinations associated
with DLB are not explained by structural atrophy within the
occipital lobe.28 However, functional change within the oc-
cipital lobe, specifically hypometabolism as measured by
SPECT/PET, is considered a supportive biomarker for the
clinical diagnosis of DLB.2,33

In particular, the phenomenon of more intense hypo-
metabolism in the precuneus and cuneus regions relative to
the posterior cingulate cortex, known as the cingulate island
sign, is also a supportive biomarker of DLB diagnosis.2

Hypometabolism within the precuneus and cuneus has been
shown to correlate with primary DLB symptoms, such as
parkinsonism and global cognitive function.34 Because our
results show that patients with AD alone have more pre-
cipitous atrophy in the occipital region, particularly in the left
cuneus, it may be plausible that concomitant LB pathology
and resulting dysfunction in metabolic activity are also in
some way related to the relatively diminished atrophy that
would have otherwise followed the pattern seen in traditional
AD pathology. Previous research investigating the neuro-
pathologic mechanisms of Lewy bodies has suggested that
synaptic dysfunction precedes neuronal volume loss, and it
may be the case that this dysfunction, not atrophy, drives DLB
symptomatology.32,35,36

There are a few limitations to this study. First, we were unable
to include subjects without any AD or AD/DLB pathology,
given that all autopsy patients included in the ADNI database
had some degree of neuropathology. Second, it is impossible
to determine when this pathology appeared during disease
progression, given that it is only discovered during autopsy.
We are therefore unable to establish a causal relationship
between the types of neuropathology and structural MRI
patterns. Future studies focused more on the location and
quantity of pathologies in these groups may help further
elucidate causal factors driving these processes. In addition, as
with any multisite study, there are differences in scanners
which maybe contribute to a source of variance. A further
limitation is that our study does not include information re-
garding the synaptic density in the dopaminergic system,
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which has been shown to be an important pathologic factor in
LB pathologies.2 Indeed, using neuroimaging of different types
would better characterize LB disease progression; future
studiesmay also examinemolecular PET scans because a recent
study indicated that lower Pittsburgh compound B uptake can
accurately distinguish cases of DLB from AD or mixed cases.37

In addition, future studies using our methods in a larger and
more diverse patient population may help increase the gener-
alizability of our results, and the results from such a data set
could potentially be used to develop a risk calculator to help
identify possible comorbid disease state antemortem. This
would be an exciting and clinically applicable tool.

When compared with patients with AD neuropathology alone,
patients with comorbid AD/DLB neuropathology at autopsy
have less significant rates of cortical atrophy in the left cuneus,
left lateral occipital, and left parahippocampal regions, when
controlling for time since death, sex, and eTIV. Of these re-
gions, the left cuneus was the most distinctive between groups
because final cuneus volume was positively correlated with the
Braak Lewy score, indicating that those with more extensive
distribution of LB pathology had larger final volumes. Our
findings corroborate existing literature that LB and alpha-
synuclein pathology are more likely to induce functional defi-
cits rather than structural atrophy and further suggests that
patients with AD alone are more likely to have steeper rates of
cortical atrophy than patients with comorbid AD/DLB.
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