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Cognitive deficits in older adults attributable to Alzheimer’s disease
(AD) pathology are featured early on by hippocampal impairment.
Among these individuals, deterioration in spatial navigation, man-
ifested by poor hippocampus-dependent allocentric navigation,
may occur well before the clinical onset of dementia. Our aim was
to determine whether allocentric spatial navigation impairment
would be proportional to right hippocampal volume loss irrespec-
tive of general brain atrophy. We also contrasted the respective
spatial navigation scores of the real-space human Morris water
maze with its corresponding 2D computer version. We included 42
cognitively impaired patients with either amnestic mild cognitive
impairment (n = 23) or mild and moderate AD (n = 19), and 14 cog-
nitively intact older controls. All participants underwent 1.5T MRI
brain scanning with subsequent automatic measurement of the to-
tal brain and hippocampal (right and left) volumes. Allocentric spa-
tial navigation was tested in the real-space version of the human
Morris water maze and in its corresponding computer version. Par-
ticipants used two navigational cues to locate an invisible goal in-
dependent of the start position. We found that smaller right
hippocampal volumewas associatedwith poorer navigation perfor-
mance in both the real-space (β = −0.62, P < 0.001) and virtual (β =
−0.43, P = 0.026) versions, controlling for demographic variables,
total brain and left hippocampal volumes. In subsequent analyses,
the resultswere significant in cognitively impaired (P≤ 0.05) but not
in cognitively healthy (P > 0.59) subjects. The respective real-space
and virtual scores strongly correlated with each other. Our findings
indicate that the right hippocampus plays a critical role in allocentric
navigation, particularly when cognitive impairment is present.

Persons with Alzheimer’s disease (AD) (1, 2) and with
amnestic mild cognitive impairment (MCI) (3), who are

known to be at higher risk for developing AD, experience diffi-
culties with spatial navigation. Based on animal research, two
basic navigation types were distinguished (4). Egocentric navi-
gation is route or body centered and is dependent mainly on
parietal cortices and caudate nucleus (4–8). The more flexible
and complex allocentric type is world centered and it is de-
pendent mainly on the hippocampus (5, 9). In humans, medial
temporal lobe function is highly lateralized with the right hip-
pocampus predominantly associated with spatial navigation and
topographical memory (10). Recent research has underscored the
importance of the hippocampus for spatial navigation in cogni-
tively impaired subjects (11, 12). For example, a case study of
a patient with early AD (13) reported a distinct navigation deficit
indicative of hippocampal atrophy. However, structural back-
ground of the allocentric navigation impairment has not yet been
entirely elucidated, particularly in the real-space environment.
The navigation disability in AD and MCI patients has been

found to involve selective impairment of spatial cognition asso-
ciated with atrophy of the right-lateralized navigational network
(11). However, this study did not differentiate between allocentric
and egocentric types of navigation. A recent study using virtual
reality environment reported impaired egocentric and allocentric

spatial navigation and reduced right/left hippocampal volumes in
amnesticMCI (aMCI) patients compared with cognitively healthy
controls (12). However, a significant association was not found
between the allocentric navigation performance and hippocampal
volume, and navigation in real space was not assessed.
In our previous study, we found allocentric spatial navigation

impairment in subjects with aMCI and AD in both the real-space
and computerized versions of the test (3). However, these results
were not supported with structural data. In the present study, we
extend these previousfindings by evaluating whether impairment in
allocentric spatial navigation may be proportional to atrophy in the
right hippocampus, an area crucial for performance of such tasks.
Accordingly, we hypothesized that allocentric navigation perfor-
mance would be dependent on the right hippocampal volume.
Specifically, we hypothesized that

i) Allocentric navigation performance would be associated with
right hippocampal volume independent of total brain vol-
ume, suggesting that the result is not a function of total brain
atrophy but is specific to the right hippocampus.

ii) The association between the right hippocampal volume and
allocentric navigation would be more pronounced in cogni-
tively impaired older adults.

iii) The 2D computerized test results would be consistent with
results from a real-space setting.

Virtual reality environments do not fully reflect navigation in
the real space, whereas a real-space setting has a better ability to
mimic real-life situations. In our study, allocentric navigation was
investigated in a real-space human analog of the Morris water
maze (hMWM) (3, 14) and its corresponding 2D computerized
version (3, 14). The subject had to find a hidden goal inside a cir-
cular arena using orientation cues on the arena circumference.
The results of both versions of the hMWM test were regressed on
volumes of both the right and left hippocampi, controlling for total
brain volume and differences in age, sex, and education, to eval-
uate proportion of brain atrophy in relation to navigational errors.

Results
In correlational analyses with the entire sample (Table 1), age
correlated negatively with hippocampal volume but not with
total brain volume, and positively with the magnitude of errors in
the real-space version of the hMWM but not in the virtual ver-
sion. Women had lower total brain volume, but not lower hip-
pocampal volume (potentially due to the lower likelihood to
detect significant differences in such a relatively small structure)
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than men. Years of education correlated positively with hippo-
campal volume and negatively with the extent of errors on the
spatial navigation tests. Positive correlations between brain and
hippocampal volumes were strong as expected, as were negative
correlations between brain/hippocampal volumes and the mag-
nitude of errors on the spatial navigation tests. Finally, there was
a strong correlation between navigation performance in the real-
space and in the 2D computerized version, which is illustrated in
Fig. 1. Figs. 2 and 3 illustrate the observed correlations between
right hippocampal volume and performance on the real-space and
2D computerized versions of the navigation test, respectively.
In multivariate regression analyses (Table 2) adjusted for age,

sex, and years of education, the initial model (model 1), which
included the covariates plus total brain volume score, yielded
a significant association between smaller total brain volume and
poorer performance (i.e., greater average distance error) on both
the real-space and computerized version of the spatial navigation
test. When the measure of the right hippocampal volume was
added to variables from model 1 (model 2), there was a signifi-
cant association between smaller right hippocampal volume and

poorer performance on both versions of the spatial navigation
test, whereas the association between total brain volume and
spatial navigation was reduced to nonsignificant. The addition of
right hippocampal volume into the regression model also led to
a significant improvement in model fit, as indicated by the sig-
nificant change in the R2 value. Finally, the addition of left
hippocampal volume to the variables from model 2 in the final
model (model 3), presumed to reflect verbal ability (and the
potential bias by the level of understanding instructions), did not
affect the results and did not contribute to model fit. Next, we
assessed potential mediation of the link between total brain
volume and spatial navigation by the right hippocampal volume
using the Sobel test (15). The test was significant for the real-
space (z = −3.62, P < 0.001) and 2D computerized (z = −3.35,
P < 0.001) spatial navigation test.
We also estimated regressionmodels for those with and without

cognitive impairment separately (Table 3). Because model 2 was
superior with respect to model fit in analyses with the entire sam-
ple, only results from this model were reported. The pattern of
results was retained for those with but not those without cognitive
impairment. The Sobel test assessingmediation of the associations
between total brain volume and spatial navigation in cognitively
impaired participants by right hippocampal volume was significant

Fig. 1. Correlation between allocentric spatial navigation accuracy obtained
from the real-space and 2D computerized versions of the hMWM in the
entire sample (r = 0.83, P < 0.001).

Fig. 2. Correlationbetween righthippocampal volume inmm3andallocentric
spatial navigation accuracy evaluated as an average of distance error in centi-
meters between theparticipant’s choice and the correct result across eight trials
of each participant in the real-space version of the hMWM in the entire sample.

Table 1. Correlational matrix (n = 56)

Variable 1 2 3 4 5 6 7 8

1) Age –

2) Female sex −0.09 –

3) Years of
education

−0.08 −0.27* –

4) Total brain
volume

−0.02 −0.50*** 0.26 –

5) Right hippocampal
volume

−0.31* −0.23 0.34* 0.54*** –

6) Left hippocampal
volume

−0.31* −0.01 0.34* 0.46*** 0.81*** –

7) hMWM real
version

0.41** −0.03 −0.42** −0.46*** −0.71*** −0.63*** –

8) hMWM virtual
version

0.26 0.05 −0.48*** −0.40** −0.64*** −0.61*** 0.83*** –

Mean 72.0 – 13.7 1,483,036 3,182 3,251 82.4 82.1
SD 8.2 – 3.5 125,957 659 693 46.3 37.7
Range 53–87 – 9–22 1,257,139–1,815,347 1,814–4,622 1,759–4,742 15.3–154.6 15.5–168.6

*P < 0.05, **P < 0.01, ***P < 0.001.
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in the real space (z = −2.42, P = 0.015), but only approached
significance in the virtual space (z = −1.75, P = 0.080).

Discussion
We found that allocentric navigation impairment in a real-space
setting and in its corresponding 2D computerized versions was
proportional to the right hippocampal volume. These results
appeared to reflect a link between the extent of right hippocampal
atrophy and spatial navigation performance, particularly in those
with cognitive impairment represented by aMCI or AD. We con-
cluded that smaller right hippocampal volume irrespective of
a total brain atrophy, as well as age, sex, education, and left hip-
pocampal atrophy, is responsible for decline in allocentric navi-
gation performance. Our results are consistent with previous
studies indicating that the hippocampus is a key structure for
allocentric navigation in animals (9, 16, 17) and humans (9, 18, 19).
DeIpolyi et al. (11) reported an association between overall

navigation impairment (without distinguishing between egocen-
tric and allocentric types of navigation) and atrophy of the right
hippocampus in cognitively impaired subjects (aMCI and AD).
We build on these findings by presenting allocentric navigation in
relation to hippocampal volume in older cognitively impaired
and cognitively healthy subjects examined within one study, and
using both real-space and 2D computerized settings. One ad-
vantage of our study is that our test is a direct analogy of MWM,
which is widely used to study animal spatial navigation (16, 17).

A recent study (12) reported impairment of allocentric naviga-
tion in the virtual reality park and smaller right and left hippo-
campal volumes in aMCI patients than in controls. However,
hippocampal volumes did not correlate with allocentric navigation
accuracy neither in the main analysis (with all subjects together)
nor in the subanalyses (with aMCI and control subjects separately).
Conversely, we found an association between right hippocampal
volume and allocentric navigation that was demonstrated in the
real-space and its corresponding 2D computerized version.
We found the associations between right hippocampal atrophy

and spatial navigation performance to be independent of total
brain atrophy. In fact, we found that right hippocampal atrophy
served as a mediator of the initially observed association between
total brain atrophy and navigation performance, providing fur-
ther evidence for the importance of right hippocampal volume
for navigation performance. Our hMWM test was shown to re-
flect hippocampal impairment. Given that the hippocampus is
impaired early on during the course of AD and aMCI, our test
might be used as an early marker of aMCI and AD, despite the
relatively large heterogeneity within aMCI patients with respect
to clinical progression (20). Future research that includes follow-
up data should explore the utility of the test to predict the
conversion from aMCI to AD and the onset of aMCI.
We also tested whether left hippocampal volume may partially

explain the association between right hippocampal volume and
navigation performance. We found essentially no effect of left
hippocampus, indicating that the results were not confounded by
abilities associated with this brain structure.
We found a parallel pattern of results in the real-space and

computerized versions, confirming our previous findings (3). Al-
though the two versionsmay not be fully interchangeable, including
some reliance of computer skills of the subject, this finding still
points to the utility of the relatively simple-to-administer com-
puter-based test to assess potential spatial navigation deficits to
identify early signs of incipient AD, as was suggested previously (3).
We should mention that we were unable to evaluate the asso-

ciation between allocentric navigation and brain structures other
than the hippocampus. Neuroimaging studies using patients with
MCI (21) indicate significant differences in volumes of multiple
brain regions, including, for example, entorhinal cortical thickness
and volume and parahippocampal gyrus volume. There are hu-
man functional MRI studies suggesting that allocentric navigation
may be dependent on parahippocampal activity during explora-
tion of a virtual-reality maze (22).Thus, we might expect that
hippocampus-adjacent structures such as parahippocampal gyrus
(predominantly on the right) may also relate to allocentric

Table 2. Associations between spatial navigation performance and right hippocampal volume

Model 1 Model 2 Model 3

β P value β P value β P value

Navigation in real space
Total brain volume −0.54 <0.001 −0.30 0.008 −0.33 0.004
Right hippocampal volume −0.48 <0.001 −0.62 <0.001
Left hippocampal volume 0.19 0.225
Adjusted R2 0.51*** 0.65*** 0.65

Navigation in virtual space
Total brain volume −0.40 <0.001 −0.16 0.225 −0.15 0.280
Right hippocampal volume −0.48 <0.001 −0.43 0.026
Left hippocampal volume −0.07 0.715
Adjusted R2 0.35*** 0.48*** 0.48

β, standardized regression coefficient; age, sex, and years of education are controlled. Model 1: covariates
plus total brain volume; model 2: variables in model 1 plus right hippocampal volume; model 3: variables in
model 2 plus left hippocampal volume. ***P < 0.001. P values reported with adjusted R2 indicate whether the
addition of each variable led to a significant improvement in model fit compared with the previous model,
adjusting for the change in the number of variables in the model.

Fig. 3. Correlationbetween righthippocampal volume inmm3andallocentric
spatial navigation accuracy evaluated as an average of distance error in pixels
betweentheparticipant’s choiceand thecorrect result across eight trials ofeach
participant in the 2D computerized version of the hMWM in the entire sample.
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navigation. However, structural correlates of allocentric navigation
in MCI and AD subjects are still underexplored. Future studies
should focus on more complex structural correlates of allocentric
navigation, especially in cognitively impaired individuals.
In conclusion, our results indicate that the right hippocampus

plays a critical role in allocentric navigation in older adults in the
real space and virtual space, especially in those with cognitive
impairment. Together, the results can serve as a basis for future
research to ascertain the ability of spatial navigation testing to
identify patients in the preclinical stage ofAD,where hippocampal
deficits are among the primary symptoms. In addition, the findings
indicate that our computer version of the human analog of the
Morris water maze can reasonably imitate navigation in the real
world and serve as a useful, inexpensive, and reliable screening
tool for early detection of hippocampal dysfunction in older adults.

Methods
Subjects. We recruited all participants at the Memory Clinic, Department of
Neurology, Motol University Hospital and 2nd Faculty of Medicine, Charles
University in Prague. Cognitively intact controls were caregivers and/or
family members of the patients or volunteers from among students of the
University of the Third Age, associated with 2nd Faculty of Medicine, Charles
University in Prague. All participants signed an informed consent on the
study approved by the university hospital ethical committee. Only right-
handed persons were included. Participants underwent standard neurolog-
ical and laboratory evaluation, followed by a semistructured interview and
extended neuropsychological testing. The test battery included Clinical De-
mentia Rating, Activities of Daily Living, Hachinski Ischemic Scale, Geriatric
Depression Scale (GDS), Mini Mental State Examination (MMSE). The neu-
ropsychological test battery was comprised of the Clock Drawing Test, Au-
ditory Verbal Learning Test (AVLT), Free and Cued Selective Reminding Test
with Immediate Recall (FCSRT-IR), digit span forward and reversed, Initial
Letter Fluency, Trail-Making Tests (TMT) A and B, and Rey–Osterrieth com-
plex figure. Participants with depression (GDS > 7) were excluded.

Participants were classified using established clinical criteria and the results
of neuropsychological tests (Table 4). The group with cognitive impairment
(n = 42) included 16 patients with mild probable AD and three with mod-
erate probable AD, and 23 patients with aMCI (see Table 5 for demographic
information for study participants). Subjects with AD met the Diagnostic
and Statistical Manual of Mental Disorders IV-TR criteria for dementia (23)
and the National Institute of Neurological and Communicative Disorders and
Stroke and Alzheimer Disease and Related Disorders Association criteria for
probable AD (24). Patients with aMCI met the clinical criteria for MCI
established by Petersen and colleagues (20, 25). The threshold for memory
impairment was derived from the same literature as scoring >1.5 SD below
the mean of age- and education-adjusted norms on any memory test. We

also included 14 older controls who did not meet the criteria for cognitive
impairment.

Spatial Navigation Testing: The Hidden Goal Task. The Hidden Goal Task (HGT)
is a human analog of the MWM (14), where the allocentric vs. egocentric
types of navigation are tested separately. Allocentric navigation is in-
dependent of individual’s position on the start; it is the prominent distal
cues in the subject’s environment that are used to navigate toward the goal.
However, egocentric navigation is dependent on individual’s body position
on the start. The start-goal distance and the start-goal direction are used to
find the goal. Following our hypothesis, in this study we evaluated allo-
centric subtask. The main task of the participant was to find the hidden goal,
using allocentric strategy. We used two versions of the HGT. In brief, it was
the real-space version, represented by circular velvet arena, 2.9 m in di-
ameter, and virtual 2D computerized test. First, the 2D computerized version
was administered. A map-like view of the arena was projected on a 17-inch
computer touch-screen. The arena was depicted as a large white circle with
the start position and two distinct, red and green, orientation cues on its
circumference. The red circle inside the arena represented the goal. In the
beginning of the 2D computerized test, the correct goal position and mutual
relationship with the orientation cues was presented to the participant. This
feedback was provided before the first trial of the task and after each trial
of eight (to facilitate learning), but not during the real-space version testing.
The participant was requested to move a touch-screen pen from the start to
the supposed goal and draw the entire route. Similarly, in the real-space
version, the goal position on the floor was pointed out with a handheld
pointer stick. The entire procedure is described in detail elsewhere (3).

The mutual relationship of the hidden goal and the orientation cues was
stable across all trials. The navigation performance was measured as the
average distance error between goal position determined by participant and
the correct goal position that was programmed for each trial of eight. There
was no time limit.

Table 3. Associations between spatial navigation performance
and right hippocampal volume estimated separately by cognitive
impairment

With CI, n = 42 Without CI, n = 14

β P value β P value

Navigation in
real space
Total brain volume −0.28 0.063 0.27 0.430
Right hippocampal

volume
−0.45 0.004 0.03 0.933

R2 0.39*** 0.08
Navigation in
virtual space
Total brain volume −0.23 0.168 −0.11 0.760
Right hippocampal

volume
−0.33 0.054 −0.22 0.521

R2 0.21** 0.08

β, standardized regression coefficient. ***P < 0.001, **P < 0.01. P values
indicate whether the variance in spatial navigation explained by the inde-
pendent variables is significant.

Table 4. Neuropsychological results

Cognitively intact,
mean (SD)

Cognitively impaired,
mean (SD)*

AVLT1-6 62.0 (11.0) 32.5 (13.1)
AVLT1-5 52.7 (10.9) 28.8 (10.5)
AVLT after 30 min 11.6 (3.02) 2.4 (3.1)
TMT A 17.6 (4.2) 30.7 (17.3)
TMT B 69.3 (26.9) 253.1 (158.9)
FAS total 43.2 (6.2) 31.1 (12.4)
Digit span forward

numbers
6.7 (1.3) 5.3 (1.1)

Digit span reversed
numbers

5.1 (1.0) 3.9 (1.1)

FCSRT-IR total score
(free + cued)

15.9 (0.3) 12.3 (4.1)

FCSRT-IR free recall
score

10.9 (2.1) 4.6 (3.3)

Benton A errors 3.2 (2.1) 13.1 (4.6)
Benton C errors 0.6 (1.4) 2.5 (1.9)

*In independent t tests, the groups differed significantly in all neuropsycho-
logical test scores (P < 0.001).

Table 5. Demographic information for the participants in
this study

Cognitively intact,
mean (SD)

Cognitively impaired,
mean (SD) P value

N 14 42 –

Age (y) 68.1 (7.1) 73.3 (8.2) 0.038
Years of education 15.4 (3.9) 13.1 (3.5) 0.033
% female 85.2 59.5 0.078
MMSE 29.4 (0.7) 24.8 (3.6) <0.001

P values are based on independent t tests for differences in means and
a χ2 test for a difference in frequencies.
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MRI Acquisition. All participants were examined in a 1.5 T MRI scanner
(Gyroscan; PhilipsMedical Systems).A3DT1-weighted fastfieldecho sequence
was obtained with the following scanning variables: coronal acquisition, 1.0-
mm slice thickness; total scanning time, 14min; TR= 25ms; TE = 5ms;flip angle
= 30°; field of view, 256 mm; and matrix 256 × 256. Initial visual assessment
was performed by an experienced neuroradiologist to discard any other
relevant brain pathology and to ensure appropriate study quality.

MRI Volumetry.Automaticcorticalparcellationandlabelingoftotalbrain, right
and left hippocampal volumes was performed by free experimental software
FreeSurfer package (26) (v4.4.0; http://surfer.nmr.mgh.harvard.edu), imple-
mented into aMacOS X (Apple) workstation. The original rawDigital Imaging
and Communications in Medicine data were converted to FreeSurfer’s ap-
propriate .mgz format. FreeSurfer provides a fully automatic cortical parcel-
lation and segmentation of subcortical structures. The program calculates
brain subvolumes by assigning a neuroanatomical label to each voxel based on
probabilistic information estimated automatically from a manually labeled
training set. In brief, FreeSurfer’s processing includes motion correction; re-
moval of nonbrain tissue using a hybrid watershed/surface deformation pro-
cedure;multiple intensity and spatial normalization; Talairach transformation;
and segmentation of the subcortical white matter and deep gray matter
structures (27, 28). The overall process and analysis pipeline has been described
elsewhere (http://surfer.nmr.mgh.harvard.edu). FreeSurfer was evaluated as
a reasonable substitute for manual tracing (29) and is commonly used in the
studies (21). The analysis outputs were checked by knowledgeable operator.
Finally, the total brain, right and left hippocampal volumes were calculated in
cubic centimeters and millimeters, respectively.

Data Analysis. For analysis, the average distance error across eight trials
between the participant’s choice and the correct goal position was evalu-
ated. The average distance error was measured in centimeters in the real-
space and in pixels in the 2D computerized versions. Initially, we calculated
Pearson correlation coefficients to explore bivariate relationships within the
data. We also inspected score distribution for all continuous variables, and
found both skewness and kurtosis within acceptable range (±0.5). In the

main analyses, we used multivariate linear regression models to estimate
associations between spatial navigation performance and the right hippo-
campal volume. Participants with and without cognitive impairment dif-
fered significantly with respect to age [t(54) = 2.12, P < 0.05] and education
[t(54) = 2.19, P < 0.05], and the result for sex differences approached sig-
nificance [χ2(1) = 3.21, P = 0.073]. These variables have also been found to
relate to spatial navigation ability in previous studies (30–33) and therefore
were controlled in the analyses. Total brain (model 1), right (model 2), and
left (model 3) hippocampal volume measures were added sequentially. We
report standardized regression coefficients, which allow a direct comparison
of the magnitude of the associations by standardizing the variance of each
variable to the same metric. Model fit was assessed by the R2 value adjusted
for the number of variables in the model. In subsequent analyses, we also
estimated the same associations separately in cognitively impaired and
cognitively intact participants.

We performed the Sobel test (15) to assess whether the apparent media-
tion of the association between total brain volume and spatial navigation
performance by right hippocampal volume would reach statistical signifi-
cance. The Sobel test was estimated in a mediation analysis proposed by
Preacher and Hayes (34), which extends the work of Baron and Kenny (35);
the advantages include estimation of all three hypothesized pathways (pre-
dictor to outcome; predictor to mediator, and mediator to outcome) simul-
taneously and incorporating a bootstrapping technique, which reduces
sample size demands (36). The result is expressed as a Z test, where the ab-
solute value >1.96 corresponds to statistical significance at P < 0.05. SAS
software version 9 was used in all analyses, with statistical significance set at
a two-tailed 0.05 level.
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Spatial navigation (SN) impairment is present early in Alzheimer’s disease (AD). We tested whether SN
performance, self-centered (egocentric) and world-centered (allocentric), was distinguishable from
performance on established cognitive functionsdverbal and nonverbal memory, executive and visuo-
spatial function, attention/working memory, and language function. 108 older adults (53 cognitively
normal [CN] and 55 with amnestic mild cognitive impairment [aMCI]) underwent neuropsychological
examination and real-space navigation testing. Subset (n ¼ 63) had automated hippocampal volumetry.
In a factor analysis, allocentric and egocentric navigation tasks loaded highly onto the same factor with
low loadings on other factors comprising other cognitive functions. In linear regression, performance on
other cognitive functions was not, or was only marginally, associated with spatial navigation perfor-
mance in CN or aMCI groups. After adjustment for age, gender, and education, right hippocampal volume
explained 26% of the variance in allocentric navigation in aMCI group. In conclusion, spatial navigation, a
known cognitive marker of early AD, may be distinguished from other cognitive functions. Therefore, its
assessment along with other major cognitive functions may be highly beneficial in terms of obtaining a
comprehensive neuropsychological profile.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is one of the most common and
devastating diseases of older age. Among cognitive deficits related
to underlying AD pathology, episodic memory dysfunction is
considered to be the main early marker of the disease (Mistridis
et al., 2015). Recently, an increased attention has been paid to
spatial navigation (SN) (Lithfous et al., 2013) as another promising
cognitive marker of early AD (Benke et al., 2014). Despite research
on the utility of SN in identifying early AD (for review see Vlcek and
Laczo, 2014), only little attention has been paid to how SN fits
among the established cognitive functions (deIpolyi et al., 2007).
The question remains as to whether SN is a component of the
gy, 2nd Faculty of Medicine,
valu 84, Praha 5 - Motol, 150
x: þ420 224 436 875.

ll rights reserved.
established cognitive domains or a distinct function? Two types of
SN are recognizeddself-centered (egocentric), dependent on an
individual’s position, and world-centered (allocentric), which is
independent of an individual’s position and relies on distal cues for
navigation (Maguire et al., 1998). Allocentric navigation, in partic-
ular, appears to be impaired in amnestic mild cognitive impairment
(aMCI) (Weniger et al., 2011) and preclinical AD (Allison et al., 2016).

Our primary aim was to examine the association between
egocentric and allocentric types of SN in relation to established
cognitive functions, and to assess the relative contribution of hip-
pocampal volume to the performance on SN andmemory functions.
We used a sample of 55 cognitively normal (CN) participants and 53
with aMCI to specifically examine whether (1) scores from
egocentric and allocentric SN tasks and scores from neuropsycho-
logical tests on 6 established cognitive functions (verbal and
nonverbal memory, executive and visuospatial function, attention/
working memory, and language function) would load on separate
factors in a factor analysis, indicating that separate underlying
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processes may govern SN performance versus other cognitive
functions; (2) 6 established cognitive functions would be associated
with egocentric and allocentric navigation; and (3) volume of the
right hippocampus, a key structure for allocentric navigation
(Maguire et al., 1998), which tends to be impaired early in AD (Braak
and Braak, 1991), would be associated with allocentric navigation
more strongly than with memory performance.

2. Materials and methods

2.1. Participants

A total of 108 older adults aged 60 years or more were recruited
from the Czech Brain Aging Study, a longitudinal study on risk
factors for AD. The detailed recruitment strategies were described
previously (Laczo et al., 2015). Participants underwent neuropsy-
chological and SN testing within 2 months of brain MRI. Partici-
pants with depression (>5 points on the 15-item Geriatric
Depression Scale), history of other major neurological or psychiatric
disorders, Hachinski Ischemic Scale score >4, and those meeting
the criteria for dementia were not included. The participants with
aMCI (n ¼ 55) met revised Petersen’s criteria for aMCI (Petersen,
2004) including memory complaints reported by the patient or
caregiver, evidence of memory dysfunction on neuropsychological
testing, generally intact activities of daily living and absence of
dementia. Memory impairment was established when they scored
more than 1.5 standard deviations below the mean of age- and
education-adjusted norms on any memory test (Laczo et al., 2015).
The group included patients with isolated memory impairment
(single-domain aMCI) and patients with memory impairment and
additional deficits in at least one other cognitive domain (multiple
domain aMCI). The CN participants (n ¼ 53) reported no cognitive
problems and scored less than 1.5 standard deviations below the
mean of age- and education-adjusted norms on any cognitive test.
Above and beyond the exclusion criteria, they had normal brainMRI
and did not take any psychiatric medication. All participants signed
written informed consent approved by the institutional ethics
committee.

2.2. Neuropsychological battery

The following tests were included in the neuropsychological
battery: (1) the Auditory Verbal Learning Test (AVLT)dtrials 1e6
and 30-minute Delayed Recall trial and a 16-item picture version of
the Enhanced Cued Recall Test (ECR)dtotal recall score as the
measures of verbal memory; (2) the Rey-Osterrieth Complex
Figure Test (ROCF)dthe Delayed Recall condition (ROCF-D) as the
measure of nonverbal memory; (3) the ROCFethe Copy condition
as the measure of visuospatial function; (4) the Trail Making Test
(TMT) B, and Controlled Oral Word Association Test as the mea-
sures of executive function; (5) the Backward Digit Span and TMTA
as the measures of attention and working memory; and (6) the
Boston Naming Test (30-item version) as the measure of language
function. The Mini-Mental State Examination was used to measure
global cognitive function. Neuropsychological characteristics are
described in Supplementary Table 1.

2.3. Spatial navigation testing

We used the real-space version of a Hidden Goal Task. The
Hidden Goal Task is designed as a human analog of the Morris
Water Maze (hMWM) test that allows for to separately evaluate
allocentric versus egocentric types of navigation (Hort et al., 2007).
The Hidden Goal Task was performed in a real-space settingdthe
Blue Velvet Arena (Supplementary Fig. 1A) (Kalova et al., 2005).
The task for individual participants was to locate the invisible
goal on the arena floor using the start position (egocentric) or 2
distal orientation cues on the wall (allocentric), respectively
(Supplementary Fig. 1B). This was preceded by the initial phase that
involved locating the goal using both the start position and the 2
distal orientation cues on the arena wall to initially provide
maximum available information on the goal position. The egocen-
tric task involved using only the start position to locate the goal
with no distal orientation cues displayed. The allocentric task
involved using only 2 distal orientation cues at the arena wall for
navigation to the goal from the start position unrelated to the goal
position. Both egocentric and allocentric tasks had 8 trials and
the correct position of the goal was shown after each trial to provide
the feedback. The relative positions (distances and directions) of the
goal to the start or orientation cues in the egocentric and allocentric
tasks remained constant across all trials. After each trial, the goal
position along with the start position and the positions of the cues
in the egocentric and allocentric tasks were rotated in a pseudo-
random sequence and the participant was instructed to go to the
new start position at each consecutive trial. The goal positions and
the number of trials were identical across all participants. SN per-
formance derived as distance error in centimeters from the correct
hidden goal position was automatically recorded by in-house
developed software. The tasks had no time limit.

2.4. MRI acquisition and analysis

Brains were scanned at 1.5T MR scanner (Gyroscan, Philips
Medical Systems, Best, The Netherlands). A T1 weighted,
3-dimensional pulse sequence Fast Field Echo with 170 contiguous
coronal partitions and following parameters was used: TE/TR ¼
5/25 ms, flip angle 30�, FOV ¼ 256 mm, matrix 256 � 256, 1.0 mm
slice thickness, no gap, voxel size 1�1�1.25 mm and in-plane res-
olution 1mm. In the CN (n¼ 27) and aMCI (n¼ 36) groups, we used
fully automated FreeSurfer algorithm, v 4.4.0 (http://surfer.nmr.
mgh.harvard.edu) (Fischl et al., 2004) to compute left and right
hippocampal volumes. Volumes were adjusted for the differences
in head size (Jack et al., 1989).

2.5. Data and statistical analyses

To assess SN performance, we calculated the average distance
error across all 8 attempts for allocentric and egocentric navigation
tasks, respectively. The score for each individual cognitive function
was expressed as a unit-weighted composite z-score from the
relevant neuropsychological tests. The values from TMT A and B
expressed in seconds to completion of these tests were reversed
before the z-scores were generated. All data were found to be
adequate for parametric analysis. Initially, we examined descrip-
tive statistics and correlations (Pearson) among study variables. To
delineate SN and other specific cognitive functions, we performed
an exploratory factor analysis separately for CN and aMCI groups.
Principal components factor extraction with Varimax rotation was
used to derive common underlying factors. Rotated factors with
eigenvalues >1 were extracted. Association between particular
cognitive function and allocentric or egocentric navigation was
evaluated for CN and for aMCI groups using multivariate linear
regression controlling for age, gender, and education. Change in
model fit, reported as change in r-squared (DR2), was assessed by
adding individual cognitive function score to a covariate-adjusted
model. Identical approach was used to explore the association
between hippocampal volumes and memory tests (AVLT, ECR, and
ROCF-D), allocentric or egocentric navigation. Significance was set
at two-tailed 0.05. All analyses were conducted with IBM SPSS
20.0 software.



Table 1
Factor analyses of spatial navigation tasks and neuropsychological tests

Variables Cognitively normal older adultsa Amnestic mild cognitive impairmentb

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

Egocentric task �0.19 �0.27 0.44 0.65 0.28 �0.18 0.01 0.93 �0.05 0.11
Allocentric task 0.03 �0.01 0.03 0.90 �0.06 0.37 0.02 0.78 0.31 0.04
AVLT sum of trials 1e6 �0.01 0.97 0.14 �0.04 0.01 0.90 0.21 �0.20 �0.12 �0.14
AVLT 30 0.10 0.81 0.29 �0.06 0.08 0.77 �0.12 �0.15 0.07 0.44
ECR Total recall score �0.12 0.07 �0.04 0.04 0.89 0.59 �0.28 �0.36 0.43 0.26
ROCF-D 0.19 0.18 0.71 0.16 �0.14 0.86 �0.21 0.03 0.37 �0.01
ROCF copy condition �0.05 0.20 0.72 0.13 0.10 0.02 �0.06 �0.13 0.14 �0.90
Trail making test B 0.72 0.07 0.14 �0.13 0.05 0.21 0.13 0.05 0.88 �0.04
COWAT 0.62 0.01 0.15 �0.21 �0.13 0.23 0.74 0.10 0.33 �0.21
Backward digit span 0.92 0.05 �0.11 0.11 �0.06 �0.01 0.95 0.03 �0.8 0.09
Trail making Test A 0.57 0.02 0.32 0.04 0.43 �0.13 �0.09 �0.48 0.65 �0.01
Boston naming test �0.54 �0.44 �0.09 0.44 0.15 0.07 0.03 0.49 �0.72 0.36
Eigenvalue 3.30 2.86 2.18 1.58 1.15 3.63 3.06 2.44 2.31 1.42

Key: AVLT, Auditory Verbal Learning Test; AVLT 30, AVLT 30-min Delayed Recall; COWAT, Controlled Oral Word Association Test; ECR, Enhanced Cued Recall Test; ROCF,
Rey-Osterrieth complex figure test; ROCF-D, ROCF Delayed Recall condition.

a Note. N ¼ 53. These 5 factors explained 73.7% of total variance in the model. Factor 1 ¼ working memory, attention, executive, and language; Factor 2 ¼ verbal memory
without cueing; Factor 3 ¼ visuospatial and nonverbal memory; Factor 4 ¼ spatial navigation; Factor 5 ¼ verbal memory with cueing. The tests within the same factor are
highlighted in bold.

b Note. N ¼ 55. These 5 factors explained 85.7% of total variance in the model. Factor 1 ¼ memory; Factor 2 ¼ attention and executive; Factor 3 ¼ spatial navigation; Factor
4 ¼ executive, working memory and language; Factor 5 ¼ visuospatial. The tests within the same factor are highlighted in bold.
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3. Results

3.1. Descriptive analysis

Descriptive statistics and the results of correlation analyses of
demographic variables, neuropsychological, SN scores, and vol-
umes of right and left hippocampi are displayed in Supplementary
Tables 1e3.

3.2. Factor analysis

Results of the factor analysis in the CN and aMCI groups showing
the highest loading for each item are summarized in Table 1. Both
analyses yielded 5 factors with eigenvalues >1. Allocentric and
egocentric navigation loaded highly onto the same single factor
(“SN”) and showed low loadings on other factors in both CN and
aMCI groups. Conversely, each of the neuropsychological tests
showed low loading on (or low relation with) the SN factor in both
CN and aMCI groups. Although other factors were represented by
different variables across the CN and aMCI groups, the SN factor
remained the same.

3.3. Association between individual cognitive functions and SN

In the CN group (Supplementary Table 4), the established
cognitive functions were not associated with allocentric or
egocentric navigation. In the aMCI group (Supplementary Table 5),
executive function was associated with allocentric navigation and
explained 11% of its variance above and beyond the covariates.
Therewas a trend for association between visuospatial function and
allocentric navigation. Verbal memory was associated with
egocentric navigation and explained 9% of its variance.

3.4. Association between hippocampal volumes, SN, and memory
tests

In the CN group (Supplementary Table 6), hippocampal volumes
were not associated with either performance on SN or memory
tests. In the aMCI group (Supplementary Table 7), both right and left
hippocampal volumes were associated with allocentric navigation
and explained 26% and 12%, respectively, of its variance after
adjustment for the covariates. Left hippocampal volume was
associated with performance on AVLT and ECR and explained
9%e14% of their variance. In addition, right hippocampal volume
was associated with performance on ECR and explained 13% of its
variance. The associations between hippocampal volumes,
egocentric navigation, and ROCF-R were not significant.

4. Discussion

We examined the notion that SN may be distinguished from
other cognitive functions by using a data reduction technique
(factor analysis) to identify discrete factors and by linear regression
to test associations (1) between established cognitive functions and
SN and (2) between SN, memory performance, and hippocampal
volume, the known biomarker of AD. Using a real-space hMWM to
assess SN, we found that allocentric and egocentric navigation
scores loaded on its own factor that was separate from6 established
cognitive functions (verbal and nonverbal memory, executive, and
visuospatial function, attention/working memory, and language
function) in an exploratory factor analysis. Therefore, it appears that
SN shares only limited variance with other cognitive abilities.
Further, SN performance was not associated with performance on
any established cognitive function among the CN older adults. Only
executive function was associated with allocentric navigation and
verbal memory was associated with egocentric navigation among
those with aMCI. Still, these associations accounted only for a small
proportion of the variance in SN (11% and 9%, respectively). Finally,
left and right hippocampal volumeswere not found to be associated
with SN or any other cognitive function among CN older adults.
However, among participants with aMCI, both left and right hip-
pocampal volumes were associated with allocentric navigation, and
explained 12% and 26%, respectively, of the variance in allocentric
navigation after adjustment for age, gender, and education.

Although hippocampal volumes were also related to memory
tests, especially the tests of episodic memory, volumes did not
explain more than 14% of the variance in memory performance,
which is in line with previous findings (Sarazin et al., 2010).
Therefore, hippocampal volumes explained substantially smaller
proportion of the variance in memory than in allocentric naviga-
tion. Together, these findings support the notion that SN may be
distinguished from other cognitive functions and that its testing
provides additional relevant information about the cognitive profile
beyond the established neuropsychological tests. Our findings build
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on previous research suggesting that SN is impaired early in the
course of AD (Benke et al., 2014) and that right hippocampal atro-
phy indicates the severity of SN impairment (Nedelska et al., 2012).
Given the central role of the hippocampus in AD pathology (Braak
and Braak, 1991), these results further underscore the utility and
additional value of SN testing in the assessment of people at risk for
AD. Among participants with aMCI, our findings for the associations
between right and left hippocampal volumes and allocentric, but
not for egocentric, navigation performance also fit into the current
knowledge about spatial navigationwhich indicates that allocentric
navigation relies more on the hippocampus (Nedelska et al., 2012),
whereas egocentric navigation relies more on the medial parietal
regions (Weniger et al., 2011).

This study is not without limitations. First, our results are based
on SN testing in real-space hMWM, which may be somewhat
difficult to implement broadly. However, it is likely that the pre-
sented results would be replicated with an easier-to-use comput-
erized hMWM that provided almost identical results in the
previous studies (Laczo et al., 2014) and strongly correlated with
the real-space setting (Laczo et al., 2012). Second, brain MRI volu-
metry was not performed in all subjects and was restricted to the
hippocampus. This may limit power to detect significant associa-
tions between cognitive performance and brain morphometric
characteristics and reduces generalizability of our findings. Third,
spatial navigation and spatial memory, which was unavailable in
this study, may form the same construct. While we focused on a
standard battery of well-established neuropsychological tests that
measures established cognitive functions, the overlap with spatial
memory should be studied in future research. However, the finding
that spatial navigation and memory together form a distinct
construct may only underscore the need for a more widespread
assessment of these abilities. Finally, it would be of interest to
elucidate the underlying cognitive factors assessed by different
neuropsychological tests in CN and impaired older adults. This
should also be the focus of future studies.

In conclusion, our results suggest that SN may be distinguished
from other cognitive functions and its assessment is beneficial
when characterizing cognitive performance in older adults,
particularly in those at risk for AD. These results can serve as a basis
for future research to further improve our understanding of SN, its
relation to other cognitive functions, and its utility in detecting
early signs and monitoring the course of AD.
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Emotional prosody recognition is impaired 
in Alzheimer’s disease
Jana Amlerova1*, Jan Laczó2,3, Zuzana Nedelska2,3, Martina Laczó2,3, Martin Vyhnálek2,3, Bing Zhang4, 
Kateřina Sheardova3, Francesco Angelucci2,3 , Ross Andel2,5 and Jakub Hort2,3 

Abstract 

Background: The ability to understand emotions is often disturbed in patients with cognitive impairments. Right 
temporal lobe structures play a crucial role in emotional processing, especially the amygdala, temporal pole (TP), 
superior temporal sulcus (STS), and anterior cingulate (AC). Those regions are affected in early stages of Alzheimer´s 
disease (AD). The aim of our study was to evaluate emotional prosody recognition (EPR) in participants with amnestic 
mild cognitive impairment (aMCI) due to AD, AD dementia patients, and cognitively healthy controls and to measure 
volumes or thickness of the brain structures involved in this process. In addition, we correlated EPR score to cognitive 
impairment as measured by MMSE. The receiver operating characteristic (ROC) analysis was used to assess the ability 
of EPR tests to differentiate the control group from the aMCI and dementia groups.

Methods: Eighty-nine participants from the Czech Brain Aging Study: 43 aMCI due to AD, 36 AD dementia, and 
23 controls, underwent Prosody Emotional Recognition Test. This experimental test included the playback of 25 
sentences with neutral meaning each recorded with different emotional prosody (happiness, sadness, fear, disgust, 
anger). Volume of the amygdala and thickness of the TP, STS, and rostral and caudal parts of AC (RAC and CAC) were 
measured using FreeSurfer algorithm software. ANCOVA was used to evaluate EPR score differences. ROC analysis was 
used to assess the ability of EPR test to differentiate the control group from the aMCI and dementia groups. The Pear-
son’s correlation coefficients were calculated to explore relationships between EPR scores, structural brain measures, 
and MMSE.

Results: EPR was lower in the dementia and aMCI groups compared with controls. EPR total score had high sensitiv-
ity in distinguishing between not only controls and patients, but also controls and aMCI, controls and dementia, and 
aMCI and dementia. EPR decreased with disease severity as it correlated with MMSE. There was a significant positive 
correlation of EPR and thickness of the right TP, STS, and bilateral RAC.

Conclusions: EPR is impaired in AD dementia and aMCI due to AD. These data suggest that the broad range of AD 
symptoms may include specific deficits in the emotional sphere which further complicate the patient’s quality of life.

Keywords: Emotion recognition, Prosody, Alzheimer´s disease, Mild cognitive impairment, Temporal pole, Superior 
temporal sulcus
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Introduction
Emotion recognition (ER) plays a crucial role in inter-
personal communication [1]. Emotional signals can be 
conveyed through different modalities including facial 
expressions, gestures, and voice or prosody (meaning 
melody, rhythm, rate, tone and loudness of speech) [1]. 
A deficit of ER can cause a series of problems ranging 
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from disturbed interpersonal relationships to decreased 
quality of life [2].

ER includes a complex of behavior related to per-
ception, motor mimicry, interoception, expression, 
and social judgment [3]. ER can be affected in a broad 
spectrum of neurological and psychiatric disorders [4], 
particularly in disorders where the brain structures 
responsible for those functions are typically impaired 
[5]. ER impairments have been demonstrated in fron-
totemporal dementia [6], Alzheimer’s disease (AD) 
and its prodromal phase of mild cognitive impairment 
(MCI) [7], Huntington’s disease [8], Parkinson’s disease 
[9], epilepsy [10], and traumatic brain injury [11].

According to the literature there is evidence that 
ER is connected with right temporal lobe structures 
[temporal pole (TP), superior temporal sulcus (STS), 
amygdala and anterior cingulate (AC)] [12–17]. Those 
structures are affected early during the course of AD 
[18, 19]; therefore, those patients may be at risk of ER 
deficit.

Assessments of ER have most often focused on facial 
ER using photographs of faces with different emotional 
expressions requiring participants to choose the proper 
emotion from a list. These studies usually test recog-
nition of a core set of “basic emotions” [20], typically 
consisting of a group of negative emotions (e.g., anger, 
disgust, fear, sadness) and a single positive emotion 
(happiness).

In AD dementia and MCI, a deficit in facial recogni-
tion of emotions has been demonstrated but the data are 
often conflicting, with evidence of both impaired [21, 22] 
and preserved [23, 24] recognition. When considering 
specific emotions, the findings have been also inconsist-
ent. While some studies report deficits in recognizing 
disgust, anger, sadness, fear, and happiness [25, 26], oth-
ers report intact recognition for select emotions, such as 
disgust [27], anger [25, 28], and happiness [23, 24, 28].

Emotional prosody recognition (EPR) is a novel modal-
ity for experimental ER examination. EPR is frequently 
underutilized compared to other conventual ER tests, 
most likely due to its difficult testing protocol. Studies on 
EPR in AD have focused on sound properties of language, 
which can be demonstrated for example in the recogni-
tion of interrogative, notification, relative, and imperative 
sentences [29, 30].

In our study, we evaluated EPR using voice recordings 
in participants with amnestic MCI (aMCI) and demen-
tia due to AD and compared these recordings with EPR 
in cognitively normal controls. Furthermore, we inves-
tigated the association between the EPR performance 
and either volume or thickness of selected brain regions, 
which are tightly connected with ER [13, 31].

We hypothesized that EPR

1) Is lower in aMCI and AD group and could be used as 
a clinical marker for early stages of dementia due to 
AD

2) Correlates with the volume/thickness of the right TP, 
amygdala, and STS and AC

To our knowledge, this is the first study evaluating EPR 
using real voice recordings in a large cohort of patients 
with aMCI and AD.

Methods
Participants
One hundred and two participants from the database of 
the Czech Brain Aging Study, a longitudinal, memory 
clinic-based study on aging and cognitive impairment 
[32], were investigated [33]. Of these, 43 participants 
were aMCI with high (30%) and intermediate (70%) bio-
marker probability of underlying AD pathology, 36 were 
diagnosed with dementia due to AD with high (25%) and 
intermediate (75%) biomarker probability of AD etiology, 
and 23 were cognitively normal participants. Biomarkers 
used included cerebrospinal fluid levels of amyloid beta, 
total tau, and phosphorylated tau proteins. In partici-
pants with aMCI, memory impairment was established 
when the participant scored more than 1.5 standard 
deviations below the mean of age and education-adjusted 
norms on any memory test, and activities of daily living 
were preserved to meet the Petersen et  al. 2004 criteria 
[32, 34]. The aMCI group included both aMCI single-
domain and aMCI multiple-domain phenotypes. All par-
ticipants involved in this study signed written informed 
consent approved by the Motol University Hospital eth-
ics committee.

Exclusion criteria
Participants were excluded from the study if they 
reported a history of major neurological or psychiatric 
disorders, hearing difficulties, depression (≥ 6 points on 
the 15-item Geriatric Depression Scale) [35], or had sig-
nificant vascular impairment on brain MRI (Fazekas scale 
more than 2) [36].

Emotional Prosody Recognition Test
The Emotional Prosody Recognition Test was designed 
according to the methodology of Ariatti et al. published 
in 2008 [37]. The experimental battery was prepared in 
collaboration with four professional actors who produced 
200 recordings in total using two Czech sentences with 
neutral meaning (“The table has four legs” or “Dogs that 
bark do not bite”). These sentences were spoken by two 
male and two female performers, native speakers, who 
were instructed to produce a specific emotional tone of 
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voice (3-s duration) representing five emotions: sadness, 
fear, happiness, disgust, and anger.

From this large dataset the most appropriate emotions 
were chosen by 88 healthy volunteers recruited from 
the clinical staff of Motol University Hospital (mean age 
31.6, M to F 1:1) to build the experimental battery. Vol-
unteers invited to validate this test were relatively young 
because originally this test was prepared for examination 
of patients with epilepsy who are younger than patients 
with AD.

The final experimental test included 25 short record-
ings (spoken by one male and one female performer) each 
with a 3-s duration. Although the sentences held neutral 
semantic meaning, these recordings were presented with 
emotionally charged voices representing happiness, sad-
ness, fear, disgust, and anger; thus, each emotion was 
represented 5 times. Recordings were presented to sub-
jects on a computer using headphones. The 25 recordings 
were presented in the same order to each participant. 
Participants had to select the appropriate emotion from 
the list of emotions after each of the 25 recordings. There 
was no time limit to reduce stress during testing. When 
the participants hesitated, the examiner repeated the 
instruction to choose one answer from the list and waited 
until the participant made a choice. The test was scored 
as correct or incorrect after each recording and the maxi-
mum score was 25 points.

MRI acquisition and analysis
Participants’ brain MR scans were performed on a 1.5T 
system (Siemens, Erlangen, Germany). A T1 weighted, 
3-dimensional high resolution magnetization-prepared 
rapid acquisition with gradient echo (MPRAGE) was 
acquired with TR/TE/TI = 2000/3.08/1100 ms, flip angle 
15, 192 continuous partitions, slice thickness 1.0 mm, 
and in-plane resolution 1 mm [38]. Participants’ scans 
were visually inspected to determine sufficient technical 
quality and to exclude participants with radiologic find-
ings that could interfere with cognitive functioning (i.e., 
cortical infarctions, tumors, subdural hematomas, hydro-
cephalus or more extensive white matter hyperintensities 
equal to Fazekas scale above 2). To measure right- and 
left-sided amygdala volume and thickness of the tempo-
ral pole, superior temporal sulcus, and rostral and caudal 
parts of the AC (RAC and CAC), we used an automated 
algorithm from FreeSurfer, version 5.3. (http:// surfer. nmr. 
mgh. harva rd. edu), described in detail elsewhere [39, 40].

Amygdala volumes were normalized for the differences 
in head size by regressing the estimated total intracra-
nial volume (eTIV) among participants, as previously 
described [41, 42]. Temporal pole, superior tempo-
ral sulcus, and RAC and CAC thickness were not eTIV 
adjusted.

Statistical analysis
A one-way analysis of variance (ANOVA) with post hoc 
Sidak’s test was used to evaluate differences between 
the groups in continuous demographic variables. The χ2 
test was used to evaluate differences in gender propor-
tions. An analysis of covariance (ANCOVA) with post 
hoc Sidak’s test was used to evaluate differences between 
the groups in emotional prosody scores. The analysis was 
controlled for age (mean-centered) and years of educa-
tion (mean-centered). The receiver operating charac-
teristic (ROC) analysis was used to assess the ability of 
the Emotional Prosody Recognition Test to differentiate 
the control group from the aMCI and dementia groups. 
Sizes of the areas under the ROC curves (AUCs) and 
optimal sensitivity and specificity based on the Youden’s 
index were calculated. The Pearson’s correlation coeffi-
cients were calculated to explore the bivariate relation-
ships between emotional prosody scores, structural brain 
measures, and Mini-Mental State Examination (MMSE) 
scores (a measure of disease severity). Holm-Bonferroni 
correction for multiple comparisons was used. Next, sig-
nificant associations were tested using the hierarchical 
linear regression models adjusted for demographic char-
acteristics, age (mean-centered), and years of education 
(mean-centered). A two-tailed p value < 0.05 was con-
sidered statistically significant. Analyses were performed 
using R statistical language environment [43] and IBM 
SPSS 25.0 software.

Results
Demographic characteristics
Group demographic and clinical characteristics are 
reported in Table 1. There was no difference in sex dis-
tribution among the groups. There was a significant 
group effect for age indicating that the control group 
was younger than the aMCI and dementia groups (both 
p < 0.001). There were no differences between the aMCI 
and dementia groups (p = 1.000).

The dementia group had significantly fewer years of 
education compared to the control group (p < 0.001) and 
the aMCI group (p = 0.012). The difference in education 
between the control group and the aMCI group was not 
significant (p = 0.362). MMSE score was significantly 
lower in the aMCI and dementia groups compared to the 
control group (both p < 0.001). The dementia group had 
lower MMSE scores than the aMCI group (p < 0.001).

Evaluation of emotional prosody recognition
The total score for EPR is shown in Fig. 1. There was a 
significant group effect in total EPR score (p = 0.002). 
The post hoc analysis controlling for age and education 
confirmed that EPR scores were lower in the dementia 



Page 4 of 8Amlerova et al. Alzheimer’s Research & Therapy           (2022) 14:50 

group compared to the control group (p = 0.002). The 
dementia group also had lower total EPR score com-
pared to the aMCI group (p = 0.033) (Fig. 1).

In the ROC analyses, the total score for EPR differ-
entiated the control group from the patients’ groups 
(pooled aMCI and dementia groups) with AUC values 
of 0.85 (p < 0.001), sensitivity of 87.0% and specificity 
of 72.2%, the control group from the aMCI group with 
AUC values of 0.80 (p < 0.001), sensitivity of 73.9% and 
specificity of 74.4%, the control group from the demen-
tia group with AUC values of 0.91 (p < 0.001), sensitivity 
of 87.0% and specificity of 83.3%, and the aMCI group 
from the dementia group with AUC values of 0.67 
(p = 0.009), sensitivity of 62.8% and specificity of 61.1%.

Associations of emotional prosody recognition with MMSE 
and structural brain measures
EPR total score significantly correlated with disease 
severity according to MMSE score in the entire sample 
(r = 0.471, p < 0.001). The association remained signifi-
cant in the regression analysis adjusted for age and edu-
cation, where lower EPR total scores were associated 
with lower MMSE scores (ß = 0.35, p < .001, 95% CI [0.07, 
0.27]).

EPR total score significantly correlated with left and 
right TP thickness (both r ≥ 0.35, p < .001), left and right 
STS thickness (both r ≥ 0.52, p < .001), and left and right 
RAC thickness (both r ≥ 0.35, p < .001). The correlation 
between ERP total score and left and right amygdala 

Table 1 Demographic and clinical features of aMCI and AD patients and healthy controls. Data are expressed as mean ± standard 
deviation

MMSE Mini Mental State Examination, M male, F female

*Statistically significant

Demographic and clinical 
features

MCI patients (n = 43) AD patients (n = 36) Normal participants 
(n = 23)

p-value 
(group 
difference)

Age 74.47 ± 6.09 74.47 ± 6.54 67.04 ± 6.67 0.00 *

Gender 26F/17M 25F/11M 17F/6M 0.836

Years of education 15.49 ± 2.83 13.47 ± 3.56 16.65 ± 2.37 0.00*

MMSE 26.60 ± 2.57 22.75 ± 2.55 29.52 ± 0.73 0.00 *

Fig. 1 Prosody emotion recognition total score in aMCI and AD patients and healthy controls. Data are the mean ± SEM. Asterisk (*) indicates 
significant difference between the groups. **p < 0.001; ***p < 0.0001
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volumes (both r ≥ 0.23, p ≤ .026) did not survive the cor-
rection for multiple comparisons.

The associations with right-sided structural brain 
measures of TP and STS and bilateral structural brain 
measures of RAC remained significant in the regres-
sion analysis adjusted for age and education, where 
lower EPR total scores were associated with smaller 
right TP (ß = 0.33, p = .002, 95% CI [0.41, 1.71]), right 
STS (ß = 0.37, p < .001, 95% CI [1.32, 4.29]) and right 
(ß = 0.31, p < .001, 95% CI [1.85, 5.70]) and left (ß = 0.29, 
p = .001, 95% CI [1.39, 5.09]) RAC thickness. The associa-
tions between EPR total scores and left-sided structural 
brain measures of TP and STS were not significant in the 
regression analysis (all ß ≤ 0.14, p ≥ .199, 95% CI [− 0.39, 
0.94] and [− 0.58, 2.76]).

Discussion
This study investigated whether EPR is impaired in par-
ticipants with aMCI due to AD and AD dementia as 
compared to cognitively normal participants. Secondly, 
we evaluated the correlations of EPR scores with vol-
ume of the amygdala and thickness of TP, STS, RAC, 
and CAC and cognitive deficit as measured by MMSE 
score. The ROC analysis was used to assess the ability of 
the EPR test to differentiate the control group from the 
aMCI and dementia groups. The results showed that 
EPR total scores were reduced in a group of aMCI and 
dementia as compared to cognitively normal controls. 
Also, EPR score was lower for the dementia group com-
pared to aMCI. These results remain significant when age 
and education differences were controlled. ROC analysis 
showed that there was a high sensitivity to distinguish 
not only between controls and patients (dementia plus 
aMCI) but also between the controls and aMCI, controls 
and dementia, and aMCI and dementia groups.

In addition, the association between EPR and global 
cognitive functioning as measured by MMSE was also 
significant, with lower MMSE scores associated with a 
lower ability to recognize emotions from prosody (con-
trolled for age and education differences). Several studies 
suggest that the disease severity may account for differ-
ences in ER between AD individuals and controls [44]. 
Therefore, it is important to consider the disease stage 
when analyzing ER in AD individuals.

Our findings indicate that EPR is impaired within the 
AD continuum ranging from dementia to prodromal 
stages of aMCI in a similar way to facial ER [45], and this 
aligns well with previous studies suggesting general ER 
impairment in AD [21, 22, 25].

In another study, it was shown that only facial ER is 
impaired in subjects affected by dementia of AD type, 
while EPR is unaffected [25]. This discrepancy with 
our data could be due to the low number of subjects 

included (n = 7). In addition, all subjects were diagnosed 
as MCI, thus excluding AD patients from their analysis. 
In another study [46] performed in a larger group of AD 
individuals with lower MMSE scores (19.9 ± 2.7), these 
participants showed a worse performance than controls 
in all ER tasks and particularly when identifying emo-
tional prosody.

Thus, one possibility is that different results for emo-
tional prosody in AD studies are due to recruitment of 
participants in different stage of the disease. This hypoth-
esis is supported by our findings showing the positive 
correlation between MMSE and EPR total score. Current 
literature suggests that facial ER is impaired earlier than 
EPR during the course of the disease. Another explana-
tion could be the possible heterogeneity of the sample 
used in those studies due to different methodology and 
AD diagnostic criteria used. Our study used biomarkers 
and extensive neuropsychology to define the AD and its 
prodromal stages, while a lot of studies depend only on 
MMSE staging.

The correlation with disease severity also suggests that 
assessment of EPR can be used as an additional tool to 
characterize the disease stage. There are studies using 
additional aspects of prosody or even complex music 
stimuli, and it has been recently proposed that speech 
sound analysis can be used to screen older adults for MCI 
or AD [47]. In another study, it was shown that subjects 
with dementia and aMCI also experience difficulty in rec-
ognizing the emotions conveyed by music [48]. The use 
of prosody score could be an important additional tool to 
stage AD combined with other classic methods like MRI, 
which is insufficient as a stand-alone tool [49].

In our study, correlation analyses showed positive cor-
relations of EPR total score with thickness of TP, STS, 
and RAC. Controlled for between group differences, only 
right TP, STS thickness, and right and left RAC remain 
significant.

These brain structures, especially in right sided hemi-
sphere, are involved in emotional processing in general. 
There are many studies supporting the role of the right 
hemisphere in emotional regulation [50]. For example, 
it has been shown that children with temporal lobe epi-
lepsy, particularly those affected in the right lobe, have 
reduced EPR scores [51]. Similar data have also been 
found in adults [52]. It has long been thought that the 
superior temporal sulcus is connected with facial recog-
nition; however, recent studies now show its importance 
also in perception of emotional prosody [53, 54]. By using 
real-time functional magnetic resonance imaging (rt-
fMRI) techniques, it has been confirmed that the ACC is 
a central hub for cognitive and emotional networks [55] 
and its modulation has been suggested to elicit mood 
changes [56]. Moreover, analysis of the cerebral activity 
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maps obtained by fMRI during EPR tests showed that 
these brain areas share a neural substrate for mentaliz-
ing and processing verbal and prosodic emotional cues 
[57]. These results are in line with current understanding 
of the right hemisphere to be involved in emotional pro-
cessing in general [50, 52].

The correlations with volumetric data of distinct brain 
regions provide additional support for the use of EPR 
scores as a diagnostic tool. Specifically, we observed a 
positive correlation with right TP and STS thickness 
and bilateral RAC thickness, which are regions primarily 
involved in ER [58–60] and also affected early during the 
course of AD [16, 18, 19].

After the correction for multiple comparisons, the 
amygdala volume was not correlated to EPR score. 
Reduction in hippocampal and amygdala volume on 
structural MRI is considered to be an early marker of AD 
[61]. Although the amygdala is associated with emotional 
processing and generating emotional responses to pre-
sented faces [62], studies are not consistently in agree-
ment on whether amygdala atrophy is present in AD 
versus controls [63, 64]. Furthermore, amygdala func-
tion in regulating and sustaining emotional processing is 
probably independent from the actual amygdala volume.

Limitations
One possible limitation of our study is the significant 
difference in age and education between controls and 
individuals with aMCI and dementia. By adjusting our 
analyses for age and education we tried to address this 
issue. Additionally, we focused only on specific brain 
regions in volumetry analysis. A notable strength of our 
data set is the homogeneity of the study groups, pro-
vided by strict CBAS criteria including AD biomarkers. 
In order to quantify the predictive power of EPR for the 
identification of individuals at risk of AD, larger group 
studies would need to be performed and machine learn-
ing approaches utilized. Other limitations could include 
the sample size and lack of controls for other covariates, 
which may have impacted the EPR and volume associa-
tions (e.g., depression).

Conclusions
In conclusion, this study demonstrates that aMCI due to 
AD and AD dementia individuals have lower EPR scores 
as compared to cognitively healthy participants. Given 
that EPR scores correlate with MMSE scores and regional 
temporal brain atrophy, these data suggest that EPR may 
be an additional tool to stage AD and/or improve early 
diagnosis of AD and to guide clinical and social manage-
ment of individuals with cognitive impairment.
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1H-MRS metabolites and rate of
b-amyloid accumulation on serial PET in
clinically normal adults

ABSTRACT

Objective: To assess whether noninvasive proton magnetic resonance spectroscopy (1H-MRS)
tissue metabolite measurements at baseline can predict an increase in the rate of b-amyloid
(Ab) accumulation on serial PET in clinically normal (CN) older adults.

Methods: Consecutive participants aged 60 years and older (n5 594) from theMayo Clinic Study
of Aging who were CN at baseline and who underwent 1H-MRS from the posterior cingulate voxel
and longitudinal 11C-Pittsburgh compound B (PiB)–PET were included. The rate of Ab accumula-
tion by serial cortical PiB standardized uptake value ratios was estimated as a function of baseline
1H-MRS metabolite ratios and time using mixed-effect models adjusted for age, sex, and APOE
e4. Effect of APOE e4 on the relationship between baseline MRS and an increased rate of Ab
accumulation was also assessed.

Results: Among all participants, a higher myo-inositol (mI)/creatine (p 5 0.011) and a lower N-
acetylaspartate/mI (p 5 0.006) at baseline were associated with an increased Ab accumulation
over time after adjusting for age, sex, and APOE e4. APOE e4 did not modify the association of
baseline 1H-MRS metabolite ratios and rate of Ab accumulation. However, APOE e4 carriers
accumulated Ab faster than noncarriers regardless of the baseline Ab load (p 5 0.001).

Conclusion: Among CN older adults, early metabolic alterations on 1H-MRS and APOE e4 status
are independently associated with an increased rate of Ab accumulation. Our findings could have
important implications for early diagnosis and identification of individuals for secondary preven-
tion trials, because an increased rate of Ab accumulation in CN older adults may confer a higher
risk for cognitive decline and mild cognitive impairment. Neurology® 2017;89:1391–1399

GLOSSARY
Ab 5 b-amyloid; AD 5 Alzheimer disease; Cho 5 choline; CN 5 clinically normal; Cr 5 creatine; MCI 5 mild cognitive
impairment; mI 5 myo-inositol; MPRAGE 5 magnetization-prepared rapid acquisition gradient echo; MRS 5 magnetic res-
onance spectroscopy; NAA 5 N-acetylaspartate; PC 5 posterior cingulate; PiB 5 Pittsburgh compound B; SUVR 5 stan-
dardized uptake value ratio; WM 5 white matter.

Twenty to forty percent of clinically normal (CN) older adults have significant b-amyloid (Ab)
load on cross-sectional PET.1–3 An increased rate of Ab accumulation may put them at a higher
risk for cognitive decline4 and mild cognitive impairment (MCI).5 Cost-effective and noninva-
sive biomarkers that can predict a further increase in Ab accumulation over time are necessary
for better identification of at-risk individuals who may benefit from preventive and disease-
modifying strategies.

In CN older adults, elevated myo-inositol (mI), a marker of glial activation, has been associ-
ated with a higher Ab load on PET,6,7 lower CSF Ab1-42,7 and a higher Ab density in an
autopsy-confirmed cohort.8 Moreover, an elevated mI has been found in APOE e4 carriers with
no evidence of Ab deposition on PET.7 Although the mechanistic relationship between APOE
e4 and elevated mI is unclear, it has been suggested that APOE e4 enhances glial activation and
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modulates the relationship between Ab and
glial activation.9–11 However, the APOE e4
effect on magnetic resonance spectroscopy
(MRS) metabolite levels among CN elderly
has been equivocal.7,9,12 Further, all of the
studies examining MRS, Ab-related pathol-
ogy, and APOE e4 were cross-sectional.

Our objective was to investigate the associ-
ation of MRS metabolite ratios from a poste-
rior cingulate (PC) gyrus voxel at baseline
with the change in Ab accumulation over time
on serial amyloid PET in CN older adults
drawn from a population-based sample. A sec-
ondary objective was to assess whether APOE
e4 modifies the relationship between MRS
metabolites and the rate of Ab accumulation.

METHODS Participants. Consecutive participants aged$60

years were drawn from the ongoing population-based, longitu-

dinal Mayo Clinic Study of Aging,13,14 between January 2006 and

May 2016. To be included in this imaging study, participants

were required to be CN at baseline when MRS and amyloid PET

were performed and have at least one follow-up amyloid PET.

The diagnostic process and criteria for being clinically normal are

described in appendix e-1 at Neurology.org. A total of 594 par-

ticipants meeting inclusion criteria and passing image quality

control were included in the analyses. The final cohort flowchart

is provided as figure e-1.

Blood was collected to determine the APOE e4 noncarrier or

carrier status.

Change in Ab accumulation over time was assessed using all

available follow-up amyloid PET examinations on an individual.

Consecutive participants had 1 (n 5 416; 70%), 2 (n 5 144;

24.6%), 3 (n 5 29; 4.8%), or 4 (n 5 5; 0.6%) follow-up PET

scans performed approximately every 15 months.

Standard protocol approvals, registrations, and partici-
pant consents. The Mayo Clinic and Olmsted Medical Center

institutional review boards approved the study. Every participant

provided written informed consent.

1H-MRS and MRI studies. Baseline MRS and MRI were per-

formed at 3T using an 8-channel phase array coil (GE Healthcare,

Waukesha, WI). A 3D high-resolution T1-weighted magnetization-

prepared rapid acquisition gradient echo (MPRAGE) scan was

acquired for anatomic segmentation and region labeling of PET and

localization of 1H-MRS voxel.

A point-resolved spectroscopic sequence was acquired with rep-

etition time/echo time 2,000/30 ms with a single voxel of 23 23

2 cm3 placed in the midsagittal MPRAGE image including right

and left PC gyri and inferior precunei. Although the transverse

relaxation time of N-acetylaspartate (NAA) and choline (Cho) is

longer than mI, a single short echo time of 30 ms allowed measure-

ments of all 3 metabolites in participants within the Alzheimer

disease (AD) continuum.15 Metabolites were quantified using the

automated proton brain examination/single-voxel package, and

their intensities were scaled by creatine (Cr), a standard reference.

Individual voxel placement and magnetic resonance spectra were

visually evaluated by a trained image analyst for quality control. A

trained image analyst reviewed the location of the MRS voxel and

evaluated water suppression, baseline distortions, or lipid

contamination. Voxels that did not include the PC location accord-

ing to the predetermined anatomic landmarks and spectra with

poor water suppression, lipid contamination, or baseline distortions

failed quality control and were excluded. Although the spectral fit

was not measured quantitatively, the quantification of metabolite

ratios failed if the spectral fit was poor.

PET studies. 11C-Pittsburgh compound B (PiB)–PET/CT im-

ages were acquired using a GE scanner (GE Healthcare). Partic-

ipants were injected with the PiB tracer (average activity 625

MBq; range 385–723) and a low-dose CT scan was acquired

for attenuation correction. Forty to sixty minutes postinjection,

a 20-minute dynamic PET scan consisting of four 5-minute

frames was acquired. These 4 frames were averaged to create

a single statistical image.

Cortical Ab retention for each PiB image was calculated as

a global cortical standardized uptake value ratio (SUVR).16 For

measuring change over time in PiB uptake, we used a previously

published SUVR measurement technique, which was demon-

strated to improve reliability and plausibility for serial measure-

ments compared to traditional cross-sectional approaches.17 This

technique uses a reference region of eroded supratentorial white

matter (WM) segmented using MRI, combined with the whole

cerebellum and pons. In brief, each PiB scan is rigidly registered

to its corresponding T1-weighted MRI. Each MRI is segmented

using SPM1218 with an in-house population-specific template

and several population-specific measure alterations previously

described.19 These segmentations are used for locating supraten-

torial WM for the reference region.

The target region and the cerebellar/pons regions included as

part of the reference region were each localized using a corre-

sponding in-house atlas19 that was nonlinearly registered to each

corresponding MRI using the advanced normalization tools sym-

metric normalization algorithm,20 resampled using nearest-

neighbor interpolation, and refined using the tissue segmenta-

tions described above. Automated registration and segmentation

steps were each visually confirmed for acceptable quality. SUVRs

were then calculated from PiB scans as the mean of all voxels in

the target region normalized by the mean of all voxels in the

reference region.

Statistical analysis. We used mixed-effects models to model

repeated PiB SUVR values as a function of baseline MRS

metabolite ratios for all participants. We incorporated random

slopes and intercepts for each participant (estimating the corre-

lation between the slopes and intercepts). The primary predictor

of interest involved an interaction of baseline MRS ratio with

time, because we were interested in longitudinal change in Ab

accumulation. Models included the nested time and MRS ratio at

baseline as is proper for an evaluation of interaction with time. A

significant interaction of MRS ratio at baseline with time would

indicate that the increase in the rate of Ab accumulation on serial

PET depends upon the value of the MRS ratio at baseline. A

significant association between baseline MRS ratio and Ab

accumulation in the model would indicate that the MRS ratio was

associated with consistently higher Ab accumulation across all

serial PET measurements in a given participant but not with an

increased rate of accumulation. The models also accounted for

effects of baseline age, sex, and APOE e4 status. We computed

the 3-way interactions of baseline MRS ratios and APOE e4 status
with time to assess whether APOE e4 modifies the relationship

between baseline metabolite MRS ratios and change over time in

Ab accumulation on serial PET.

Analyses were performed using SAS version 9.4 (SAS Insti-

tute, Cary, NC) and R statistical software version 3.1.1 (R-
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project.org) with 2-sided significance set at a 0.05 type I error

rate. Because we were interested in the association of individual

metabolite ratios with serial PiB measurements, and at this stage

did not want to inflate type II error by declaring true associations

null, we did not adjust for multiple comparisons.21,22

RESULTS Participants’ characteristics at baseline are
listed in table 1. Although a higher mI/Cr at baseline
was only borderline associated with a higher Ab load
across all serial PET of a given participant (p5 0.06),
it is more important that it was significantly associ-
ated with a greater increase in rate of Ab accumula-
tion (p 5 0.011), adjusting for baseline age, sex,
APOE e4, and the interaction between APOE e4
and age (table 2). Similarly, a lower baseline NAA/mI
was associated with consistently higher Ab load
across all serial PETs of a given participant (p 5

0.007), but moreover, it was associated with an
increased rate of Ab accumulation (p 5 0.006), ad-
justing for the same covariates (table 2). Figure 1
illustrates the estimated increase in rate of Ab accu-
mulation by baseline MRS ratios and by APOE e4
with specific estimated values shift according to age,
sex, and APOE e4. Figure 2 shows the 3 individuals
from the current cohort, their magnetic resonance
spectra at baseline, and associated Ab load at base-
line and at follow-up.

Mixed-effect models for the remaining metabolite
ratios showed that a lower baseline NAA/Cr was asso-
ciated with consistently higher Ab load across all

serial PET examinations in a given participant (p 5

0.02; table e-1). However, NAA/Cr was not associ-
ated with an increased rate of Ab accumulation (p 5
0.18; figure e-2). Cho/Cr was associated neither with
Ab load across serial PET (p5 0.28) nor with rate of
Ab accumulation (p 5 0.47; table e-1).

APOE e4 was associated with consistently higher
Ab load across all serial PiB SUVR measurements
(p , 0.001). Furthermore, the interaction of APOE
e4 with time (p , 0.001) was associated with an
increased rate of Ab accumulation, taking into
account baseline age, sex, and time with baseline
age interaction (table 3, model 1; figure 1). However,
an accelerated rate of Ab accumulation in APOE e4
carriers compared to noncarriers may be because
APOE e4 carriers have higher baseline Ab load.16

Nevertheless, when we compared rates of Ab accu-
mulation between a subset of our APOE e4 carriers
(n 5 149) and noncarriers matched on age, sex, and
baseline Ab load to a subset of our noncarriers (n 5

149), the interaction between APOE e4 and time
remained significant (p 5 0.001; table 3, model 2)
using mixed-effect model with a random block design
to account for matching. Therefore, APOE e4 carriers
accumulated Ab at an accelerated rate compared to
APOE e4 noncarriers even when they had a similar
baseline Ab load (figure 1).

Finally, we assessed whether APOE e4 status mod-
ified the relationship between the baseline metabolites
and increased rate of Ab accumulation using a 3-way
interaction of baseline metabolites, APOE e4, and time
among all. None of these interactions was significant,
including for mI/Cr 3 APOE e4 3 time (p 5 0.35)
and for NAA/mI 3 APOE e4 3 time (p 5 0.90).
Therefore, longitudinally, APOE e4 status did not
modify the relationship between MRS metabolites
and rate of Ab accumulation on serial PET.

DISCUSSION In this large cohort of CN older
adults, mean age of 74, drawn from a population-
based sample, we demonstrated that noninvasive
and inexpensive baseline MRS metabolite levels are
associated with an increased rate of Ab accumulation
on serial PET. Lower NAA/mI and higher mI/Cr at
baseline were associated with an increased rate of Ab
accumulation taking into account age at baseline, sex,
and APOE e4 status. APOE e4 carriers accumulated
Ab faster than noncarriers. APOE e4 status did not
alter the relationship between baseline metabolite
levels and rate of Ab accumulation and both MRS
metabolites and APOE e4 likely are independently
associated with an increased Ab accumulation over
time.

An elevated mI/Cr has been consistently associ-
ated with biomarkers of elevated Ab in CN adults
cross-sectionally.7,8,23,6 Moreover, in the transgenic

Table 1 Participants’ (n 5 594) characteristics
at baseline

Characteristics Values

Age, y 74.4 (7.3)

Male 343 (58)

APOE e4 carrier 169 (29)

Education, y 14.73 (2.70)

Short test of mental status 35.06 (2.24)a

NAA/Cr 1.68 (0.11)

Cho/Cr 0.63 (0.06)

mI/Cr 0.51 (0.06)

NAA/mI 3.35 (0.57)

PiB SUVR, mean (SD) 1.50 (0.33)

PiB SUVR, median (range) 1.37 (1.18–1.93)

Follow-up time, y, mean (SD) 3.26 (1.50)

Follow-up time, y, median (range) 2.67 (1–9.17)

Abbreviations: Cho 5 choline; Cr 5 creatine; mI 5 myo-ino-
sitol; NAA 5 N-acetylaspartate; PiB 5 11C-Pittsburgh com-
pound B; SUVR 5 cortical standardized uptake value ratio.
APOE e4 status was missing in 1 and short test of mental
status in 8 participants. Mean (SD) is listed for continuous
variables unless otherwise noted and counts and propor-
tions (%) are listed for categorical variables.
aMaximum score is 38 points.40
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murine AD model, a passive immunization with anti-
Ab antibodies lessened the mI/Cr in the treatment
arm compared to placebo.24 In the current longitudi-
nal cohort, we demonstrated findings that suggest an
elevated mI/Cr as a predictor of an accelerated Ab
accumulation over time on serial PET.

NAA/Cr ratio, a marker of neuronal viability and
synaptic integrity, is reduced in participants with
MCI25 and AD,15,26,27 but not in CN older adults,
suggesting that a decline in NAA/Cr is preceded by an
increased mI/Cr during the course of AD. In line with
this, an autopsy-confirmed study8 demonstrated an
association between a lower NAA/Cr and a higher
burden of tau-related pathology and loss of synaptic
integrity that is believed to follow the changes in Ab
biomarkers during the course of AD.28 Accordingly,
we observed that a lower NAA/Cr was associated with
consistently higher Ab load across all serial PET ex-
aminations of a given participant but not with an
increased rate of Ab accumulation. In addition to
mI/Cr, significant association was observed between
a lower baseline NAA/mI and an increased rate of Ab

accumulation. Lower NAA/mI has predicted progres-
sion from CN to MCI in a population-based cohort29

and only a lower NAA/mI among routinely examined
MRS ratios correlated with both greater tau and Ab
burden at autopsy.8 The current study supports the
composite NAA/mI ratio as a marker of increased
longitudinal Ab accumulation in CN older adults.

Although Cho/Cr has been associated with a high-
er Ab load on PET7,29 and a worse cognitive perfor-
mance in CN older adults,6,9 we did not observe an
association of Cho/Cr and rate of Ab accumulation.
No association was found between Cho/Cr and AD-
related pathology in an autopsy-confirmed cohort,8

and the significance of Cho/Cr during the progression
of AD remains unclear.

APOE e4 status did not modify the relationship
between baseline MRS metabolites and rate of Ab
accumulation on serial PET. Instead, APOE e4 was
independently associated with an accelerated Ab
accumulation. Whereas the relationship between
a higher Ab load in APOE e4 carriers has been
well-established cross-sectionally,3,30,31 the effect of
APOE e4 status on longitudinal Ab accumulation
in CN older adults has not been clarified, likely due
to small sample sizes, various PiB uptake measure-
ment approaches, and different interpretation of con-
tributing effects of baseline Ab load, age, sex, and
number of available follow-up PET scans.5,32–34

Moreover, APOE e4 effect on longitudinal Ab accu-
mulation may be mediated by baseline Ab load,16

which is higher in APOE e4 carriers than noncarriers.
Higher baseline Ab load is a risk factor for increased
Ab accumulation over time.16 However, our finding
of longitudinally accelerated Ab accumulation in
APOE e4 carriers with similar baseline Ab load to
APOE e4 noncarriers indicates that APOE e4 carriers
accumulate Ab faster than noncarriers, regardless of
baseline Ab levels.

A cross-sectional study by Voevodskaya et al.7

demonstrated that already cognitively normal APOE
e4 carriers with still normal Ab biomarker levels had
elevated mI/Cr. It was suggested that mI/Cr may be
an early biomarker of Ab accumulation.35 Our find-
ings support this hypothesis by showing that an ele-
vated mI/Cr ratio in older adults is associated with an
increased rate of Ab accumulation. In addition, we
showed that the relationship between MRS metabo-
lite alterations and rates of Ab accumulation is inde-
pendent of APOE e4 status. Taken together, these
findings suggest that cross-sectional MRS metabolite
alterations may occur in APOE e4 carriers because of
their risk of increased Ab accumulation over time.

Higher baseline Ab load increases the risk of cog-
nitive decline over time in CN older adults.34,36 How-
ever, a recent cut point for Ab positivity on PET
in CN older adults37 was based on repeated

Table 2 Estimated rate of b-amyloid (Ab) accumulation by baseline myo-inositol
(mI)/creatine (Cr) and N-acetylaspartate (NAA)/mI ratios

Estimate (SE) p Value

mI/Cr with time interaction as primary predictor

Intercept 20.863 (0.098) ,0.001

Time, y 20.052 (0.009) ,0.001

Baseline age 0.008 (0.001) ,0.001

Male 0.033 (0.014) 0.017

APOE e4 0.119 (0.016) ,0.001

Baseline mI/Cr ratio 0.223 (0.016) 0.06

APOE e4 with time interaction 0.011 (0.002) ,0.001

Baseline age with time interaction 0.001 (0.000) ,0.001

Baseline mI/Cr ratio with time interaction 0.029 (0.011) 0.011

NAA/mI with time interaction as primary predictor

Intercept 20.628 (0.087) ,0.001

Time, y 20.024 (0.009) 0.003

Baseline age 0.008 (0.001) ,0.001

Male 0.034 (0.014) 0.013

APOE e4 0.118 (0.016) ,0.001

Baseline NAA/mI ratio 20.035 (0.013) 0.007

APOE e4 with time interaction 0.011 (0.002) ,0.001

Baseline age with time interaction 0.001 (0.000) ,0.001

Baseline NAA/mI ratio with time interaction 20.003 (0.001) 0.006

Coefficient estimates with their SE and p values are reported for the rate of Ab accumu-
lation as the response. The predictor of primary interest is an interaction of baseline mI/Cr
ratio with time and then baseline NAA/mI ratio with time, which are 2 metabolite ratios
significantly associated with the change (increase and decrease) in rate of Ab accumulation.
The interaction with time is illustrated in figure 1. The individual effects of other variables
that contribute to the model fit are also shown.
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measurements of Ab accumulation. Using repeated
measurements, the reliable worsening in Ab accumu-
lation was identified and served as cut point. More-
over, a few studies demonstrated that an increased
rate of Ab accumulation on PET is associated with
cognitive decline over time in CN4 and progression to
MCI.5 Therefore identifying those who accumulate
Ab faster over time provides additional and valuable
information on at-risk individuals beyond cross-
sectional measurements, which do not provide any
information on disease progression. However, so
far, the biomarkers that would identify such individ-
uals have been scarce. Identifying those who accumu-
late Ab faster can have important implications for
early diagnosis and selecting at-risk individuals for
secondary preventive interventions targeted to reduce

Ab accumulation rate. It is possible that interventions
might be more effective in those who are still clini-
cally normal but on the way to higher rates of Ab
accumulation. Our current findings suggest that both
MRS metabolite alterations and APOE e4 status inde-
pendently are associated with accelerated rates of Ab
accumulation.

We did not dichotomize the participants as
amyloid-positive or -negative by a cut point,
although this popular approach may have practical
advantages. Instead, we treated serial PiB SUVR as
continuous measures that allowed us to include
the CN participants with the full range of PiB SUVR
values. Cut point may create a gray zone where sub-
threshold but important relationships might be
obscured. For example, the biological difference

Figure 1 Estimated rate of b-amyloid (Ab) accumulation on serial PET by baseline magnetic resonance
spectroscopy (MRS) metabolite ratios and APOE e4 status

The estimates for the rate of Ab accumulation for a 75-year-old clinically normal man from the Mayo Clinic Study of Aging
are shown. His rate of Ab accumulation is estimated using an interaction between his baseline MRS metabolite ratios and
time as primary predictor. The 1st and 3rd quartiles of MRS ratios are based on the models in table 2. (A) With a higher
baseline myo-inositol (mI)/creatine (Cr) ratio, rate of Ab accumulation increases more than it does with lower baseline mI/Cr
ratio. Interaction of baseline MRS metabolites with time is visualized by gradually diverging slopes between quartiles. (B) A
lower baseline N-acetylaspartate (NAA)/mI ratio is associated with an increase in rate of Ab accumulation, a negative
association represented by inverse order of quartiles. (C) The rate of Ab accumulation is compared between a 75-year-
old male APOE e4 noncarrier and an APOE e4 carrier of the same age and sex (table 3). The carrier slope is increasing and
diverging from the noncarrier slope with time. However, note an obvious difference in baseline Ab load between theAPOE e4
carrier and noncarrier, and because of this Ab accumulation might be faster in the APOE e4 carrier. (D) The difference in rate
of Ab accumulation is shown between the APOE e4 carrier matched on age, sex, and baseline Ab load to the noncarrier. The
APOE e4 carrier accumulates Ab faster, regardless of baseline Ab load. Note that the baseline Pittsburgh compound B (PiB)
standardized uptake value ratio (SUVR) is derived using the serial PiB SUVR measurement approach.
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between those participants who are close to the cut
point, but arbitrarily fall into opposite groups, or
a minor longitudinal change that moves a participant
from one group to another by a given cut point
might be negligible. On the contrary, a large differ-
ence in PiB SUVR among 2 participants who are in
the same PiB group and a large change in PiB SUVR
in a participant over time without a change in PiB
group designation by cut point may be very mean-
ingful. Finally, the cut point for amyloid positivity
for longitudinal amyloid measurements remains to
be established.

Strengths of this study are the large sample of in-
dividuals drawn from a single population with serial
amyloid PET including a large subset of APOE e4
carriers matched to noncarriers on demographics and
baseline Ab load. In this cohort, Ab accumulation
over time was measured using a modified reference
region that has demonstrated an improved reliability

and plausibility for serial measurements compared to
traditional cross-sectional approaches.17

The limitations of our study are similar to those of
other studies using participants drawn from a popula-
tion-based sample, such as the presence of various
subthreshold pathologies in CN older adults, which
may increase the variability of MRS metabolite meas-
urements and weaken some of the studied relation-
ships. However, the levels of MRS ratios in the
current cohort of CN older adults were consistent
with previous studies by others and by our
group,9,29,38 including an autopsy-confirmed study
on MRS correlates of Ab accumulation.8 Our pro-
portion of CN APOE e4 carriers (29%) was similar to
previous reports.5,32,34 However, we cannot exclude
the potential for participation or survival bias because
more educated and generally healthier participants
may be more willing to participate longitudinally in
imaging studies,29 and our findings may not be

Figure 2 Magnetic resonance spectra and amyloid PET at baseline and follow-up

These are 3 individuals from the Mayo Clinic Study of Aging. (A) A 76-year-old woman with high N-acetylaspartate (NAA)/
myo-inositol (mI) ratio 3.25 and low mI/creatine (Cr) ratio 0.35 and minimal Ab load (Pittsburgh compound B [PiB] standard-
ized uptake value ratio [SUVR] 1.29) at baseline and minimal progression on follow-up 32 months later (PiB SUVR 1.30). (B)
A 78-year-old man with a high mI/Cr ratio 0.63 and higher amyloid load at baseline (PiB SUVR 1.40) further shows
a considerable progression on follow-up PET (PiB SUVR 1.82) 45 months later. (C) A 76-year-old woman with low NAA/
mI ratio 2.74 with baseline PiB SUVR 1.35 shows progression on PET (PiB SUVR 1.58) 30 months later.
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entirely generalizable to other populations of CN
adults. Finally, an inclusion of those $60 years old
does not allow studying the relationship between rate
of Ab accumulation and MRS metabolites at an even
earlier stage of AD pathophysiology. However, youn-
ger adults do not show sufficient increase in rate of
Ab accumulation to model longitudinal process.
Increase in the rate of Ab accumulation on serial
PET in those younger than 60 is minimal33,39 and
limited in capturing potential associations with base-
line MRS metabolites.

MRS is a noninvasive and inexpensive technique
that can be part of a standard clinical magnetic reso-
nance examination, including in clinical trials. How-
ever, for these purposes, the standardization and
optimization of multicenter MRS studies are neces-
sary. Moreover, a longitudinal investigation of serial
MRS metabolites to estimate progression of Ab in
participants within the AD continuum would provide
additional information on the temporal ordering
between the alterations in MRS metabolites and Ab
pathophysiology.
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Dementia with Lewy bodies (DLB) is characterized by preserved whole brain and medial temporal lobe
volumes compared with Alzheimer’s disease dementia (AD) on magnetic resonance imaging. However,
frequently coexistent AD-type pathology may influence the pattern of regional brain atrophy rates in DLB
patients. We investigated the pattern and magnitude of the atrophy rates from 2 serial MRIs in autopsy-
confirmed DLB patients (n ¼ 20) and mixed DLB/AD patients (n ¼ 22), compared with AD (n ¼ 30) and
elderlynondemented control subjects (n¼15), followed antemortem.DLBpatientswithout significant AD-
type pathologywere characterized by lower global and regional rates of atrophy, similar to control subjects.
The mixed DLB/AD patients displayed greater atrophy rates in the whole brain, temporoparietal cortices,
hippocampus and amygdala, and ventricle expansion, similar to AD patients. In the DLB and DLB/AD pa-
tients, the atrophy rates correlated with Braak neurofibrillary tangle stage, cognitive decline, and pro-
gression of motor symptoms. Global and regional atrophy rates are associated with AD-type pathology in
DLB, and these rates can be used as biomarkers of AD progression in patients with LB pathology.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Pathologically, dementia with Lewy bodies (DLB) is character-
ized by unremarkable global brain atrophy on gross inspection, and
microscopically by a-synuclein aggregates (Spillantini et al., 1997)
in Lewy bodies (LBs) (Kosaka, 1978; Lewy, 1912) and Lewy neurites.
However, a frequent concomitant finding is varying the degree of
Alzheimer’s disease (AD) type pathology, that is, b-amyloid in
, Mayo Clinic, 200 First Street
; fax: þ1 507 284 9778.
rci).

ll rights reserved.
neuritic plaques and hyperphosphorylated tau in neurofibrillary
tangles (NFT) (NIA-Reagan, 1997). This overlap between the 2 most
common, yet distinct neurodegenerative dementias in terms of un-
derlying pathology and clinical characteristics, often makes ante-
mortem diagnosis challenging. This applies particularly to DLB
patients with a high Braak NFT stage (Merdes et al., 2003) who are
often misdiagnosed as having AD in the clinical settings (Schneider
et al., 2007). Mixed DLB/AD dementia patients are of considerable
interest because of the high frequency of the mixed pathology
(Hamilton, 2000; Hansen et al., 1990; Schneider et al., 2007, 2009),
their hypersensitivity to neuroleptics, and most important of all, their
excellent response to acetyl-cholinesterase inhibitors (Graff-Radford
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et al., 2012; McKeith et al., 2004). Accessible, preferably noninvasive
biomarkers, such as those derived from magnetic resonance imaging
(MRI), would have an important role in differential diagnosis, tracking
of disease progression, evaluation of treatment response, and
designing clinical trials with disease-specific therapeutic agents or re-
designing those with the currently available treatments in patients
with DLB. Moreover, usage of longitudinal MRI measurements may
reduce interindividual variability and provide a better insight into the
biology of the disease than a single measurement.

Patients with AD are characterized by greater rates of whole
brain and hippocampus atrophy, accompanied by greater ventricle
expansion over time compared with control subjects in both clin-
ically diagnosed and autopsy-confirmed cohorts (Fox et al., 2000;
Jack et al., 2000, 2004; Whitwell et al., 2007a, 2007b). Atrophy
rates onMRI have been used to assess treatment response in clinical
trials on patients with AD and mild cognitive impairment (MCI)
(Fox et al., 2000; Jack et al., 2003, 2008). Greater rates of atrophy on
antemortem MRI have been positively associated with high Braak
NFT stage and NFT density at autopsy (Josephs et al., 2008a; Silbert
et al., 2003).

Relatively preserved medial temporal lobe volumes characterize
patients with DLB compared with patients with AD; however,
whether DLB patients have sufficient gray matter loss to be
distinguished from normal control subjects, remained unclear in
clinically diagnosed cohorts that likely included cases with mixed
DLB/AD pathology (Barber et al., 2000; Burton et al., 2002, 2004;
Harvey et al., 1999; Hashimoto et al., 1998). The involvement of
frontal (Ballmaier et al., 2004; Barber et al., 2000, 2002; Whitwell
et al., 2007a, 2007b), temporoparietal (Ballmaier et al., 2004;
Harvey et al., 1999; Whitwell et al., 2007a, 2007b), and occipital
cortices (Middelkoop et al., 2001; O’Donovan et al., 2013) has been
observed in patients with DLB, although the findings have been
inconsistent.

In autopsy-confirmed cohorts, medial temporal lobe atrophy on
cross-sectional MRI has been associated with mixed AD-type pa-
thology in patients with DLB (Burton et al., 2009). Specifically,
greater atrophy in the hippocampus and amygdala has been asso-
ciated with a high Braak NFT stage (Kantarci et al., 2012) and tau-
NFT density (Murray et al., 2013) in patients with LB pathology.

In longitudinal MRI studies, clinically diagnosed patients with
DLB were reported to have greater whole brain atrophy rates than
age-matched controls, similar to patients with AD and vascular de-
mentia (O’Brien et al., 2001). However, greater whole brain atrophy
and ventricle expansion rates were limited to patients with mixed
DLB/AD pathology compared with control subjects in an autopsy-
confirmed cohort (Whitwell et al., 2007a, 2007b). The differences
across the studies can be attributed to different sampling schemes
(clinical vs. autopsy-confirmed sample), and differentmethods used
to measure the atrophy. Nevertheless, the regional pattern and
magnitude of atrophy rates that characterize patients with autopsy
confirmed DLB and mixed DLB/AD are unknown.

Our primary objective was to identify the regional pattern of
gray matter atrophy rates on antemortem serial MRI in autopsy-
confirmed DLB and DLB/AD compared with those with AD and
elderly control subjects. We hypothesized that autopsy-confirmed
patients with DLB would have similar rates of brain atrophy,
comparedwith elderly control subjects, whereas thosewithmixed
LB and AD-type pathology would be affected more in terms of
topographic extent and magnitude of gray matter loss over the
time.Our secondaryobjectivewas to correlate rates of atrophywith
measures of cognitive decline and clinical progression in patients
with DLB and DLB/AD; and finally, to report sample size estimates
for a hypothetical clinical trial including patientswith DLB only and
for DLB/AD, using rates of atrophy as surrogate measures of
outcome.
2. Methods

2.1. Participants

To be included in this study, participants had to have at least 2
serial 1.5 T brain MRIs approximately 2 years apart of sufficient
technical quality and had to come to autopsy. We have chosen the
participants exclusively based on the autopsy diagnosis and not the
clinical syndrome. We included cases with LB pathology diagnosed
as either high likelihood DLB (DLB group) or intermediate and low
likelihood DLB (DLB/AD group) according to the Third Report of the
DLB Consortium Criteria for DLB (McKeith et al., 2005). We also
included cases with high likelihood AD with no LB pathology (AD
group) and low likelihood AD with no LB pathology (control group)
for comparison. Patients with amygdala-only Lewy bodies (n ¼ 2)
were included in the DLB/AD group as they had both LB and AD
pathology. Patients were excluded if they had concomitant neuro-
logic illness at the time of either one of the MRIs or conditions
known to interfere with cognition such as cortical infarcts, normal
pressure hydrocephalus, subdural hematoma, or tumor. Those with
lacunar infarcts or white matter hyperintensities were included.

Participants were recruited consecutively and followed pro-
spectively until their death between 1999 and 2009 at the Mayo
Clinic Alzheimer’s Disease Research Center (dementia clinic-based
cohort) and Alzheimer’s Disease Patient Registry (community-
based cohort) (Petersen et al., 1990) in Rochester, MN, USA. During
life, participants underwent approximately annual clinical evalua-
tions including standard measures of cognitive and functional
performance such as Mini Mental State Examination (MMSE)
(Folstein et al., 1975) that has been widely used in the field, the
Dementia Rating Scale (DRS) (Mattis, 1988), which has greater dy-
namic range than MMSE. The severity of parkinsonism was quan-
tified with the motor subtest of Unified Parkinson Disease Rating
Scale (UPDRS) (Fahn et al., 1987). Progression of the disease was
measured by subtraction of baseline from follow-up score and then
annualized for consistency with imaging measures. Clinical diag-
nosis was established by the consensus of neurologists, neuropsy-
chologists, and nurses. The diagnosis of probable AD was made
according to NINCDS-ADRDA criteria for AD (McKhann et al., 1984).
The diagnosis of probable DLB was made using the third report of
the DLB Consortium criteria for DLB (McKeith et al., 2005), and
diagnosis of MCI was based on Petersen criteria (Petersen, 2004).
Informed signed consent was obtained from all individuals or their
proxies antemortem, and study was approved by the Mayo Clinic
Institutional Review Board.

2.2. Neuropathologic examination and diagnosis

Brains were processed, sectioned, and sampled using standard-
izedmethods (McKeith et al., 2005;Mirra et al.,1991). In all 87 cases,
the examination and diagnosis were conducted by one of 2 experts
(Dennis W. Dickson or Joseph E. Parisi) using standard staining and
standard criteria (Braak and Braak, 1996), and also immunohisto-
chemistry to determine the distribution and to semi quantitatively
measure NFT density with corresponding Braak NFT stage. For Lewy
body disease, cases were classified as brainstem-, limbic-, or
neocortical-predominant according to thedistribution and counts of
LBs immunostained with monoclonal antibodies to a-synuclein.
Based on the findings, we defined the study groups as follows: (1)
cases with AD (n ¼ 30) had high-probability AD according to the
National Institute of Aging-Reagan criteria (NIA-Reagan,1997). That
is, the presence of frequent neuritic plaques corresponding to
probable or definite AD according to Consortium to Establish Reg-
istry for Alzheimer’s Disease criteria for AD (Mirra et al.,1991), Braak
NFT stage of V or VI and no LBs; (2) cases with DLB (n ¼ 20) were
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diagnosed according to the third report of the DLB Consortium
criteria (McKeith et al., 2005) as high likelihood DLB. They had
numerous transitional (limbic) or diffuse (neocortical) LBs, Braak
NFTstage�IV, and low to intermediate likelihood AD; (3) caseswith
mixed DLB/AD (n ¼ 22) had both pathologies; however, not severe
enough to meet criteria for high likelihood DLB. Mixed DLB/AD had
intermediate or low likelihood DLB with limbic or neocortical LBs,
Braak NFT stage �V, and frequent neuritic plaques consistent with
high likelihood AD. We did not have any cases with brainstem pre-
dominant LBs in our cohort. Two cases had LBs confined to the
amygdala only and were included in the mixed DLB/AD group
because of high likelihood AD pathology. Cases with atypical forms
ofADwerenot observed in caseswith LBpathology; (4) controls (n¼
15)whohadnoLBs, theyhad lowlikelihoodADwithBraak stage�III,
and were non-demented at the time of MRIs. We have also assessed
the presence of argyrophilic grain disease (AGD), a pathology
frequently found in brains of cognitively healthy (Knopman et al.,
2003) and nondemented elderly individuals (Barkhof et al., 2007).
This pathology has been known to be associated with aging (Ferrer
et al., 2008; Saito et al., 2004) and has not been associated with a
greater medial temporal gray matter loss in nondemented elderly
individuals (Josephs et al., 2008b). Five controls, 5 DLB cases, and 1
mixed DLB/AD case had AGD. The relatively high number of AGD
cases in our seriesmaybebecause of our interest in andawareness of
this entity, therefore we did not exclude cases with AGD.

2.3. Imaging studies

Brain MRIs were acquired at 1.5 T using 3-dimensional T1-
weighted spoiled gradient echo recalled sequence (General Elec-
tric, Milwaukee, WI, USA) with following parameters: repetition
time ¼ 7 ms, echo time ¼ 3 ms, inversion time ¼ 900 ms, flip angle
8�, in-plane resolution of 1.0 mm, and slice thickness of 1.2 mm. The
rates of whole brain atrophy and ventricle expansion were
measured using the automated boundary shift integral algorithm
(BSI) (Fox et al., 1996), modified in-house and described elsewhere
(Gunter et al., 2003), and were reported as annualized percentage
change from baseline volume (APC %). Regional gray matter loss
across the entire brain was determined with automated, in-house
developed Tensor Based Morphometry-Symmetric Diffeomorphic
Image Normalization method (TBM-SyN) (Gunter et al., 2012),
which uses symmetrical registration of serial MRIs (Ashburner and
Ridgway, 2013), and computes 3-dimensional SyN deformations
between each subject’s serial MRIs using preprocessed T1-
weighted images. These deformations were averaged within the
pathologic group and reported as annualized log Jacobian. Further,
we visualized the TBM-SyN-derived differences in the regional gray
matter atrophy rates in DLB and DLB/AD groups comparing them
with the control and AD groups using Statistic Parametric Mapping
package (SPM; version 5) (http://www.fil.ion.ucl.ac.uk/spm/), with
2-sided t-test at significance level p < 0.05, cluster extent threshold
of 50 voxels, and correction for multiple comparisons with false
discovery rate. To quantify the magnitude of atrophy rates in the
hippocampus and amygdala, regions of interest (ROI) from an
Automated Anatomical Labeling atlas (Tzourio-Mazoyer et al.,
2002), modified in-house to fit our template (Kantarci et al., 2010;
Vemuri et al., 2008), were applied. Mean regional annualized log
Jacobian measurements for these 2 ROIs were derived. Because LB
or AD-related pathologies are not considered to affect preferentially
one hemisphere over another, the ROI-based rates of atrophy were
calculated as averages of right and left hemispheric ROIs. The hip-
pocampus and amygdala were chosen for ROI analysis because
these structures have received reasonable attention in the literature
as proxies of AD and DLB onMRI (Burton et al., 2009, 2012; Kantarci
et al., 2012; Murray et al., 2013; Vemuri et al., 2011; Whitwell et al.,
2007a, 2007b) and can be consistently quantified with various
softwares because of their distinct borders (Fischl et al., 2002;
Patenaude et al., 2011).

2.4. Statistical analyses

Statistical analyses were performed with R statistical software
package, version 2.14.0. (http://www.R-project.org) and SAS
version 9.3, with 2-sided statistical significance set at type I error
rate alpha <0.05. For continuous variables, the means with stan-
dard deviations were reported along with the p-values from anal-
ysis of variance. For binary or categorical variables, the counts and
proportions (%) were reported along with p-values from c2 tests.
There were 2 specific normalizing transformations done to the data.
The annualized DRS total had left skewness, so a constant number
of 59 was first added to create a positive number where it was then
cubed. The interval from MRI to death was transformed with a
square root because of right skewness. To evaluate groupwise dif-
ferences in the magnitude of atrophy rates derived from BSI and
TBM-SyNmethods, we used analysis of covariance, with pathologic
diagnosis treated as the main effect, whereas the age at the time of
second MRI and the interval from the second MRI to death were
treated as adjustment covariates and used in the remaining ana-
lyses. We report adjusted Pearson correlations to assess the effect of
NFT Braak stage on the atrophy rates within 2 global and 2 atlas-
based regions, and to examine the association between atrophy
rates and measures of the clinical or cognitive decline and pro-
gression of motor findings. Correlation analyses were performed
exclusively within DLB and DLB/AD groups combined to see the
dynamic range of values within patients having LB pathology, in
keeping with our hypothesis and study objectives. Finally, we
estimated the sample sizes needed per treatment group to power a
hypothetical clinical trial using the annualized atrophy rates as the
surrogate measures of outcome to detect standard effects of 25%
and 50% in terms of hypothetical reduction or cessation of the gray
matter loss that would be attributed to positive treatment response
and would be clinically relevant, using a 2-sided 2-sample t-test
with equal variances, type I error rate <0.05, and power 80%.

3. Results

3.1. Subjects’ characteristics

Demographic and clinical characteristics of study participants at
the time of the second MRI by group is provided in Table 1. The
proportion of females (p ¼ 0.19), years of education (p ¼ 0.84), and
inter scan interval (p ¼ 0.20) were similar across the groups. Con-
trols were older at the second MRI (p ¼ 0.01) compared with
pathologic groups of otherwise similar age, and the interval from
the second MRI to death was also longer in controls than in the rest
of sample (p ¼ 0.01). Therefore, both age at second MRI and time
from second MRI to death were used as covariates in statistical
analyses. The duration of dementia was not different across the
patient groups (p ¼ 0.47). The decline in MMSE and DRS scores
differed markedly across the groups (p < 0.001); patients with
autopsy-confirmed DLB/AD and AD performed equally poorly on
MMSE, and scored worse on DRS than other groups. As expected,
patients with autopsy-confirmed DLB and mixed DLB/AD were
characterized by a high frequency of clinical features associated
with DLB such as visual hallucinations, fluctuations, REM sleep
behavior disorder, and parkinsonism. Of these, only frequency of
REM sleep behavior disorder distinguished DLB from the DLB/AD
group (p ¼ 0.03). The clinical diagnosis of DLB was present in 14 of
20 (70%) cases with autopsy-confirmed DLB and in 7 of 22 (32%)
cases with DLB/AD. The breakdown of relevant medication type and



Table 1
Subjects’ characteristics at time of the second MRI (closer to death)

Controls DLB DLB/AD AD p-valuea

n ¼ 15 n ¼ 20 n ¼ 22 n ¼ 30

Number of females (%) 10 (67) 6 (30) 10 (45) 15 (50) 0.19
MRI age (y) 85.9 (6.8) 77.5 (7.1) 78.0 (9.4) 76.7 (10.7) 0.01
Education (y) 14.7 (3.6) 14.5 (2.5) 13.9 (3.7) 13.9 (2.9) 0.84
Age at death (y) 89.9 (7.0) 79.7 (7.6) 80.7 (9.3) 79.4 (10.9) 0.003
Time scan to death (y) 4.0 (2.3) 2.2 (1.4) 2.7 (1.2) 2.7 (1.5) 0.01b

Scan interval (y) 2.3 (1.4) 1.7 (0.4) 1.8 (0.7) 1.9 (0.6) 0.20b

Dementia duration (y) d 5.3 (2.5) 6.2 (3.6) 6.5 (3.2) 0.47a

MMSE 28.3 (2.2) 21.7 (5.6)c 15.0 (7.0)c 15.0 (5.8) <0.001
DRS 135.1 (5.0) 114.3 (19.1)c 99.9 (21.3)c 87.7 (26.4) <0.001
Visual hallucinationsd (%) d 9 (45) 9 (41) d 0.79
Fluctuationsd (%) d 7 (64) 2 (50) d 0.63
RBDd (%) d 14 (88) 6 (50) d 0.03
UPDRS motor subscale d 14.1 (7.7)c 12.4 (8.1)c d 0.55
Clinical diagnosis (%)
Cognitively normal 11 (73) 0 (0) 0 (0) 0 (0) d

MCI 3 (20) 2 (10) 1 (5) 0 (0) d

Probable DLB 0 (0) 14 (70) 7 (32) 0 (0) d

Probable AD 0 (0) 4 (20) 14 (64) 28 (93) d

Othere 1 (7) 0 (0) 0 (0) 2 (7) d

Medicationf (%)
ACHEI only d 7 (35) 11 (50) 23 (76) d

Dopaminergic agent only d 3 (15) 1 (5) 0 d

No treatment d 4 (20) 5 (22.5) 6 (20) d

ACHEI þ dopaminergic agent d 6 (30) 4 (17.5) 0 d

Memantine þ ACHEI d 0 1 (5) 1 (4) d

Means (SD) are reported for continuous variables.
Key: AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; DRS, Dementia Rating Scale; MCI, mild cognitive impairment; MRI, magnetic resonance imaging; RBS, REM
sleep behavior disorder; SD, standard deviation; UPDRS, Unified Parkinson’s Disease Rating Scale.

a From analysis of variance for the continuous variables and from a c2 test for differences in proportions.
b Based on a square root transformation to normalize the distribution.
c Missing data: MMSE was available in 18 DLB and 21 DLB/AD patients; DRS was available in 15 DLB and 13 DLB/AD patients; UPDRS was available in 15 DLB and 13 DLB/AD

patients.
d A majority of control and AD subjects have not had clinical features associated with DLB assessed. The proportions (%) of these features are based on the available data

which were incomplete due to the retrospective design and the disease severity limiting completion of certain tasks.
e One control subject was clinically diagnosed as uncertain (cognitively normal or MCI), one patient with AD was clinically diagnosed as having probable corticobasal

syndrome, and one patient with AD as having probable fronto-temporal dementia.
f Medication: the agents were administered in standard doses, that is, acetyl-cholinesterase inhibitors (ACHEI) 10 mg once a day; memantine 10 mg up to twice a day and

dopaminergic agents titrated as needed.
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dosage is also reported in Table 1. Main autopsy findings by group
are listed in Table 2.

3.2. Rates of whole brain and ventricle volume change

Global measures from BSI (Table 3) were available in 87 of the
autopsied participants; however, 1 case from the mixed DLB/AD
group was excluded from this analysis because of BSI failure. In
patients with DLB, the whole brain atrophy rate was not different
from that in controls (p ¼ 0.92) but was lower than the rate in
patients with mixed DLB/AD (p ¼ 0.01) and AD (p < 0.001). In the
Table 2
Main autopsy findings

Controls DLB DLB/AD AD p-valuea

n ¼ 15 n ¼ 20 n ¼ 22 n ¼ 30

Braak staging (% of cases)
I 3 (20) 4 (20) d d <0.001
II 4 (27) 6 (30) d d

III 8 (53) 6 (30) d d

IV d 4 (20) d d

V d d 5 (23) 2 (7)
VI d d 17 (77) 28 (93)

AD likelihoodb (% of cases)
Low likelihood 15 (100) 16 (80) d d <0.001
Intermediate likelihood d 4 (20) d d

High likelihood d d 22 (100) 30 (100)

a From a c2 test for differences in proportions.
b According to the NIA-Reagan criteria, 1997.
mixed DLB/AD group, the whole brain atrophy rate was greater
compared with controls (p ¼ 0.04) and was similar to that seen in
AD (p ¼ 0.36). Similarly, the ventricle expansion rate in DLB group
was consistent with the rate in control group but was lower
compared with DLB/AD and AD groups (p < 0.001). Patients with
DLB/AD were characterized by greater ventricle expansion rate
compared with controls (p ¼ 0.003), indistinguishable from those
with AD (p ¼ 0.55) (Fig. 1).

3.3. Regional pattern of the differences in cortical atrophy rates

Three participants (2 controls and 1 AD case) were excluded
because of the failure of TBM-SyN analysis. Between-group differ-
ences in graymatter atrophy rates are displayed in Fig. 2.We did not
Table 3
Global rates of change with the mean (SD) for the annualized percentage change

Controls DLB DLB/AD AD ANCOVA

n ¼ 15 n ¼ 20 n ¼ 22a n ¼ 30 p-value*

Whole brain �0.3 (0.5) �0.4 (0.5) �1.1 (1.2) �1.4 (0.9) 0.001
Ventricle 3.6 (1.4) 4.8 (3.3) 8.7 (3.5) 9.4 (4.4) <0.001

Key: AD, Alzheimer’s disease; ANCOVA, analysis of covariance; DLB, dementia with
Lewy bodies; MRI, magnetic resonance imaging; SD, standard deviation.

* p-values are from ANCOVA adjusting for age at the time of the second MRI and
the time from the second MRI to death.

a One patient with DLB/AD was excluded from this analysis because of the
boundary shift integral algorithm failure. Results for the whole brain atrophy were
therefore available for 21 DLB/AD patients.



Fig. 1. Rates of the whole brain and ventricle volume change. Boxplots are depicting atrophy rate in the whole brain and expansion in the ventricle. Boxes indicate the lower quartile,
the median, and the upper quartile of the distributions with whiskers extending to the furthermost data point within the distance of 1.5 times the interquartile range.
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find any differences in terms of increased gray matter loss between
control and DLB or between the mixed DLB/AD and AD groups.
These negative findings were consistent with the BSI-based whole
brain atrophy and ventricle expansion rates as described above.
Patients with DLB/AD had significantly greater atrophy rates in the
temporoparietal neocortex (i.e., parahippocampal, middle and
inferior temporal, inferior parietal, fusiform, and lingual gyrus), the
hippocampus and amygdala as compared with control and DLB
groups. Patients with DLB were characterized by generally pre-
served gray matter compared with DLB/AD and AD groups. The
differences in atrophy rates within the hippocampus and amygdala
ROIs by pathologic group are depicted in Fig. 3. In patients with DLB,
the atrophy rate in the hippocampus was similar to control subjects
(p ¼ 0.83), and was markedly lower compared with both DLB/AD (p
< 0.001) and AD (p < 0.001) groups. In the mixed DLB/AD group,
the atrophy rate was greater compared with controls (p < 0.001)
and was not different from that in AD group (p ¼ 0.71). Similarly,
thosewith DLB did not differ from controls in the amygdala atrophy
rate (p ¼ 0.23) and were characterized by preserved amygdala
compared with AD (p ¼ 0.01). Greater atrophy rate in the amygdala
distinguished DLB/AD group fromboth DLB (p< 0.001) and controls
(p< 0.001), whereas DLB/AD and AD groups were affected similarly
(p ¼ 0.09).
Fig. 2. Regional pattern of the differences in cortical atrophy rates. Voxel-level maps are sh
0.05, cluster extent threshold k ¼ 50 and corrected for multiple comparisons with false dis
atrophy rates in temporoparietal regions characterizes AD compared with DLB group (left
compared with DLB group (middle). More subtle differences between DLB/AD and controls
part of this analysis. No significant differences were found between DLB and control or DLB
bodies; R, right.
3.4. Atrophy rates and NFT Braak stage in patients with LB
pathology

Greater atrophy rates in the whole brain, hippocampus, and
amygdala, and expansion in the ventricle on antemortemMRI were
associated with a higher Braak NFT stage at autopsy in patients with
LB pathology (DLB and DLB/AD). The Pearson adjusted correlations
between atrophy or expansion rates and Braak NFT stage are listed
in Table 4.

3.5. Atrophy rates and measures of disease progression in patients
with LB pathology

Adjusted Pearson correlations between atrophy rates and
MMSE, DRS, and UPDRS as measures of cognitive decline and pro-
gression of motor impairment in patients with a range of LB pa-
thology (DLB and DLB/AD combined) are displayed in Fig. 4. Greater
whole brain atrophy rates were associated with a greater decline in
cognitive function as measured by MMSE, r ¼ 0.54 (95% CI ¼ 0.25,
0.73; p < 0.001) and with a greater progression of the motor
impairment on UPDRS, r ¼ �0.49 (95% CI¼ �0.73, �0.13; p ¼
0.0091). There was borderline association with DRS, r ¼ 0.38, (95%
CI ¼ �0.03, 0.67; p ¼ 0.063). Similarly, a greater atrophy rate in the
owing the pattern of between-group differences in the annualized atrophy rates at p <

covery rate. Side T-score bars indicate magnitude of the differences. Pattern of greater
). Similar pattern with smaller magnitude of differences characterizes mixed DLB/AD
(right) are potentially because of smaller control group sample size (n ¼ 13) who were
/AD and AD groups. Abbreviations: AD, Alzheimer’s disease; DLB, dementia with Lewy



Fig. 3. Atrophy rates in the hippocampus and the amygdala. Boxplots are depicting atrophy rates in the hippocampus and amygdala. Boxes indicate the lower quartile, the median,
and the upper quartile of the distributions with whiskers extending to the furthermost data point within the distance of 1.5 times the interquartile range.
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hippocampus was associated with a greater cognitive decline on
MMSE, r ¼ 0.61 (95% CI ¼ 0.35, 0.77; p < 0.001) and DRS, r ¼ 0.55
(95% CI ¼ 0.20, 0.77; p ¼ 0.0036); and also with progression of
motor impairment, r ¼ �0.69 (95% CI ¼ �0.84, �0.41; p < 0.001).
Finally, the findings in the amygdala were consistent with the
findings in the whole brain and the hippocampus; the amygdala
atrophy rate correlated with decline in MMSE, r ¼ 0.40 (95% CI ¼
0.09, 0.64; p¼ 0.012), DRS, r¼ 0.57 (95% CI¼ 0.23, 0.78; p¼ 0.0022)
and the progression of motor impairment, r ¼ �0.55 (95%
CI ¼ �0.77, �0.21; p ¼ 0.0027). Neither measures of cognitive
decline nor progression of motor impairment correlated with the
ventricle expansion rate.

3.6. Sample size estimates for an hypothetical clinical trial

Global (the whole brain and ventricle), and regional (the hip-
pocampus and amygdala) atrophy rates from autopsied patients
were used to calculate sample size estimates per treatment group
for a hypothetical clinical trial to detect an effect of 25% and 50% in
terms of the reduction in rates of atrophy. The sample size estimates
by fixed effect size and brain region are listed in Table 5. In DLB/AD
group, the ventricle expansion rate followed by hippocampal at-
rophy rate required the smallest sample sizes to measure the
desirable effect. For comparison, to detect a fixed effect size in the
autopsy-confirmed AD group, rates of change in the hippocampus,
followed by ventricle and the amygdala required smaller sample
sizes than thewhole brain atrophy rate. Because rates of atrophy (or
ventricular expansion) were not different in DLB patients compared
with normal control subjects, we did not report on sample size
estimates for the DLB group.
Table 4
Correlations (95% CI) between rates of volume change and Braak NFT stage in sub-
jects with a range of LB-pathology

Pearson correlationa p-value

Whole brain �0.33 (�0.58, �0.01) 0.041
Ventricle 0.43 (0.13, 0.65) 0.006
Hippocampus �0.63 (�0.79, �0.40) <0.001
Amygdala �0.49 (�0.69, �0.20) 0.001

Key: CI, confidence interval; LB, Lewy body; MRI, magnetic resonance imaging; NFT,
neurofibrillary tangles.

a The correlations are adjusted for the age at the second MRI and the time from
the second MRI to death.
4. Discussion

In this study, we demonstrated the pattern and themagnitude of
atrophy rates across the entire brain gray matter in a cohort of
prospectively studied patients with autopsy-confirmed DLB and
mixed DLB/AD as compared with those with AD patients and con-
trol subjects. Our findings showed that patients with DLB had rates
of the whole brain atrophy and ventricle expansion similar to
controls and did not display any region-specific increases in atrophy
rates to be distinguishable from elderly controls. On the contrary,
those with mixed DLB/AD had markedly greater rates of brain at-
rophy, and the topography of changes consistent with that seen in
AD, affecting predominantly temporoparietal cortices, hippocam-
pus, and amygdala. Greater atrophy rates not only correlated with
high Braak NFT stage, but also with measures of disease progression
in patients with LB pathology.

Our findings of minimal global atrophy rates in patients with
DLB compared with normal control subjects are in agreement with
previous longitudinal MRI study in a smaller sample of autopsy-
confirmed DLB subjects from our group (Whitwell et al., 2007a,
2007b). In addition, we found no specific pattern of regional at-
rophy rates in patients with autopsy-confirmed DLB compared
with normal controls, unlike the cross-sectional studies from
clinically diagnosed patients with DLB (Ballmaier et al., 2004;
Burton et al., 2002, 2004). In these cross-sectional studies, the
hippocampus and the amygdala were atrophic in DLB patients
compared with normal controls, although the atrophy in DLB was
less prominent than in AD patients (Burton et al., 2002, 2004).
Similarly, a greater atrophywasmeasured in temporal and parietal
cortices in DLB compared with normal control subjects (Ballmaier
et al., 2004). In this study, AD patients exhibited more atrophy in
temporal and also orbitofrontal cortices than DLB patients which
agreed with our results. Our findings also differ from reports on
clinically diagnosed patients with DLB (O’Brien et al., 2001) who
were found to have similar rates of whole brain atrophy compared
to AD and other dementias groups. We attribute the differences
largely to the fact these studies likely included cases with mixed
DLB/AD pathology.

Both, global and regional atrophy rates in patients with mixed
DLB/AD pathology were similar to patients with AD demonstrating
that the presence of AD pathology probably drives the atrophy rates
regardless of LB pathology. In keeping with this, we found greater
atrophy rates in the mixed DLB/AD pathology group compared with



Fig. 4. Correlations between atrophy rates and measures of disease progression in patients with a range of LB pathology. Scatter plots show adjusted Pearson correlations between
annualized atrophy rates in the whole brain (top row), hippocampus (middle row), amygdala (bottom row), and annualized measures of cognitive decline on MMSE and DRS, and
progression of motor findings on UPDRS. Correlation coefficient (r) and corresponding p-value is included within each scatterplot. Red diamonds represent patients with DLB; blue
squares represent patients with mixed DLB/AD. Abbreviations: AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; DRS, Dementia Rating Scale; MMSE, Mini Mental State
Examination; UPDRS, Unified Parkinson’s Disease Rating Scale.
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DLB. The mixed DLB/AD patients had higher rates of atrophy in
temporoparietal regions, hippocampus, and amygdala compared
with normal control subjects, a pattern consistent with the rates of
atrophy in AD (Jack et al., 2004; Ridha et al., 2006; Scahill et al.,
2002; Thompson et al., 2003), corresponding to the progression
Table 5
Sample size estimates (95% CI) per treatment group for a clinical trial

Effect size DLB/AD AD

25% 50% 25% 50%

Whole brain 274 (104, 1407) 70 (27, 354) 111 (62, 216) 29 (16, 54)
Ventricle 43 (27, 70) 12 (8, 18) 57 (34, 117) 15 (9, 28)
Hippocampus 69 (39, 145) 18 (10, 34) 47 (30, 99) 13 (8, 25)
Amygdala 81 (31, 283) 21 (8, 67) 53 (29, 135) 15 (9, 36)

Sample sizes are estimated to detect a fixed effect of 25% or 50% in reduction of
atrophy or expansion rates based on a 2-sided 2-sample t-test with equal variances,
p < 0.05 and 80% power.
Key: AD, Alzheimer’s disease; DLB, dementia with Lewy bodies.
of neurofibrillary tangles (Braak and Braak, 1996). We found a
positive correlation between greater global atrophy rates and a high
Braak NFT stage in patients with a range of LB pathology (DLB and
mixed DLB/AD), consistent with previous longitudinal MRI studies
with pathologic confirmation (Josephs et al., 2008a; Silbert et al.,
2003). These studies demonstrated that high NFT Braak stage and
density have been associated with greater atrophy rates in patients
with AD pathology. Similarly, in our study, greater atrophy rates in
the hippocampus and amygdala positively correlated with higher
Braak NFT stage in patients with a range of LB pathology (DLB and
DLB/AD). Our results agreewith previous cross-sectional findings in
autopsy-confirmed DLB (Burton et al., 2009; Kantarci et al., 2012;
Murray et al., 2013), indicating that greater medial temporal atro-
phy rates are associated with NFT pathology.

In patients with DLB who do not have sufficient and significant
NFT pathology (low or intermediate likelihood AD and Braak stage
up to IV in our cases), rate of cortical gray matter loss is minimal
over the time, and appears not to be associated with a-synuclein
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accumulation, which likely has other deleterious effects on
neuronal integrity. On the other hand, there may be a synergistic
influence of tau-NFT and a-synucleinopathy, and perhaps also
b-amyloid, particularly on clinical disease severity in patients with
mixed DLB/AD (Jellinger et al., 2007; Horvath et al., 2013; Lashley
et al., 2008). Given that the dementia duration was not different
across the patient groups, differences in clinical measures between
DLB and DLB/AD patients could be attributed to the synergistic
effects the 2 underlying pathologies. However, we found a positive
correlation between a greater cognitive decline measured byMMSE
and DRS and greater atrophy rates in the hippocampus, the amyg-
dala, and also thewhole brain in the DLB and DLB/AD groups, which
agrees with a previous study from our group in patients with MCI
and AD (Jack et al., 2004), demonstrating the correlations between
brain atrophy rates and cognitive decline.

Age-related ventricular expansion is observed in cognitively
normal elderly individuals (Sowell et al., 2003), thus ventricular
expansion may also be age-related in patients with LB pathology,
explaining lack of a correlation between ventricular expansion rate
and the disease progression in patients with LB pathology. How-
ever, an unexpected finding was the association of LB-relatedmotor
progression on UPDRS and rates of the whole brain, hippocampal,
and amygdala atrophy in patients with DLB and DLB/AD. Potentially,
the AD and LB-related pathologies can either independently prog-
ress, perhaps at similar rates, or can interact with each other
influencing the disease progression. Our data suggest that the
relationship between the atrophy rates, driven by AD-type pa-
thology, and progression of motor impairment is an indirect
association.

So far, structural MRI is not accepted as the primary outcome
measure for monitoring effect size in clinical trials. However, in
patients with AD, imaging measures may provide adequate power
to considerable smaller sample sizes than are required when
cognitive or functional measures are used (Fox et al., 2000; Hua
et al., 2009; Jack et al., 2004). In the present study, we demon-
strate that the pathologic underpinnings of atrophy rates on
structural MRI are proxies of AD-type pathology, in particular tau-
NFT pathology in patients with mixed DLB/AD pathology. The
global and regional measures we suggested for powering the clin-
ical trial are relatively well defined regions with distinct borders,
measurable by various automated softwares (Fischl et al., 2002;
Gunter et al., 2003; Patenaude et al., 2011) and different field
strengths (Ho et al., 2010), therefore, these measures can be used as
outcomes for AD-related treatment effects and should be suffi-
ciently comparable across the trials. The sample sizes we calculated
for patients with mixed DLB/AD were comparable with estimates
for patients with AD both with regional and global measures,
further supporting our findings that patients with mixed DLB/AD
pathologies could be monitored by rates of atrophy in the clinical
trials targeting AD-type pathology, which they may benefit from.

A major strength of the present study was the availability of
serial MRIs in cases with pathologic diagnosis, clarifying the in-
consistencies in the literature on whether or not patients with DLB
are affected by marked brain atrophy rates. Usage of longitudinal
measurement from serial scans with similar inter-scan interval, not
requiring additional statistical adjustment was a strength as the
inter-individual variability was lessened. The limitation to our
study, as with most imaging-autopsy studies, was the interval be-
tween MRI and autopsy, which was approximately 2.5 years in
patients and 4 years in control subjects. We assumed a linear
relationship between atrophy rates and accumulation of brain pa-
thology during this interval and controlled for this effect in statis-
tical analysis. This was not a significant concern for control subjects
who by definition had limited pathology; however, the assumption
of linear progression of disease pathology may not be true in
patients with dementia. Furthermore, we did not measure longi-
tudinal change in dorsal midbrain or basal forebrain gray matter,
the regions that are known to atrophy in patients with clinically
(Brenneis et al., 2004; Hanyu et al., 2005; Vemuri, et al., 2011;
Whitwell et al., 2007a, 2007b) or pathologically confirmed DLB
(Kantarci et al., 2012). At this time, we were not able to conduct
longitudinal measurement of these relatively small and deeply
localized structures because of a high test-retest variability, and
these analyses should be considered in future studies.

Overall, our findings havemultiple clinical implications for using
serial MRI as a tool in differential diagnosis of dementia, disease
progression tracking, and designing clinical trials targeting specific
pathologies that would use atrophy rates as the surrogate measures
of outcome. The minimal change in volumes on structural MRI in
autopsy-confirmed high-likelihood DLB reflects the fact that the
pathologic progression of Lewy body pathology is not indexed by
cortical gray matter volume loss, unlike AD and underscores the
ongoing need for other biomarkers of disease progression for future
trials in DLB. This implies that either the changes induced by
a-synucleinopathy could be predominantly subcortical or cortical
but predominantly biochemical and not structural. On the contrary,
structural MRI is useful in tracking progression of AD-related pa-
thology and would be an appropriate biomarker in clinical trials
targeting the co-existing AD-related pathology in patients with
DLB.
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Many patients with dementia with Lewy bodies (DLB) have overlapping Alzheimer’s disease (AD)erelated
pathology, which may contribute to white matter (WM) diffusivity alterations on diffusion tensor imaging
(DTI). Consecutive patients with DLB (n ¼ 30), age- and sex-matched AD patients (n ¼ 30), and cognitively
normal controls (n ¼ 60) were recruited. All subjects underwent DTI, 18F 2-fluoro-deoxy-D-glucose, and
11C Pittsburgh compound B positron emission tomography scans. DLB patients had reduced
fractional anisotropy (FA) in the parietooccipital WM but not elsewhere compared with cognitively normal
controls, and elevated FA in parahippocampal WM compared with AD patients, which persisted after
controlling for b-amyloid load in DLB. The pattern of WM FA alterations on DTI was consistent with the
more diffuse posterior parietal and occipital glucose hypometabolism of 2-fluoro-deoxy-D-glucose positron
emission tomography in the cortex. DLB is characterized by a loss of parietooccipital WM integrity,
independent of concomitant AD-related b-amyloid load. Cortical glucose hypometabolism accompanies
WM FA alterations with a concordant pattern of gray and WM involvement in the parietooccipital lobes in
DLB.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Diffusion tensor imaging (DTI) provides information on white
matter (WM) microstructure, using the anisotropic nature of water
diffusion, which is impeded perpendicularly to WM fibers. Frac-
tional anisotropy (FA) is a robust DTI-derived measure (Pierpaoli
and Basser, 1996) of the directionality of water diffusion, which
decreases with the degeneration of WM. Hence, FA is often used as
a proxy of WM integrity (Carmichael and Lockhart, 2012; Douaud
et al., 2011).
t Street SW, Rochester, MN
778.
rci).

ll rights reserved.
DTI studies in dementia with Lewy bodies (DLB) have reported
varying extents of WM involvement, ranging from widespread
reduced FA in the corpus callosum, frontal, parietal, occipital, and
temporal WM (Bozzali et al., 2005; Lee et al., 2010) to involvement
confined to temporoparietal limbic and occipital pathways (Firbank
et al., 2007, 2011; Kiuchi et al., 2011; Watson et al., 2012). Reduced
FA in the occipital WM, specifically in the inferior longitudinal
fasciculus, a pathway important for visuospatial processing, was a
common finding in DLB patients (Bozzali et al., 2005; Kantarci et al.,
2010; Kiuchi et al., 2011; Lee et al., 2010; Ota et al., 2008; Watson
et al., 2012). Many DLB patients who fulfill the clinical criteria for
probable DLB have overlapping Alzheimer’s disease (AD)erelated
pathology, which may have contributed to the variation in WM
diffusivity alterations in DLB.
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11C Pittsburgh compound B (PiB) on positron emission tomog-
raphy (PET) imaging traces b-amyloid (Ab) plaques which are pre-
sent in both AD and DLB patients (Foster et al., 2010; Rowe et al.,
2007). Although PiB binds to Ab in both the neuritic and diffuse
plaques (Klunk et al., 2001; Mathis et al., 2002), it has a higher af-
finity to neuritic plaques. Further, PiB does not bind to a-synuclein
in Lewy bodies (Burack et al., 2010; Fodero-Tavoletti et al., 2007;
Kantarci et al., 2012c). Therefore, PiB uptake on PET can serve as a
marker of AD-related Ab pathology in DLB.

[18F]2-fluoro-deoxy-D-glucose (18F-FDG) PET findings in DLB
are characterized by hypometabolism in the occipital and posterior
temporoparietal cortex (Imamura et al., 1997; Minoshima et al.,
2001). However, cortical atrophy has not been observed in these
posterior brain regions, neither in cross-sectional magnetic reso-
nance imaging (MRI) studies in clinically diagnosed DLB patients
(Middelkoop et al., 2001; Whitwell et al., 2007), nor in a longitu-
dinal MRI study that investigated the pattern of cortical atrophy
rates on antemortem MRI in an autopsy-confirmed cohort
(Nedelska et al., 2014). Since DLB patients show a specific pattern of
reduced cortical metabolism, FDG-PET is particularly useful to
examine the neurodegenerative changes in the cortical gray matter,
and to assess whether hypometabolism in the cortex relates to a
loss of WM integrity in DLB.

It remains unknown whether AD-related Ab pathology is
responsible for the alterations in WM microstructure in patients
with DLB. Further, it is unclear whether the WM alterations on DTI
topographically coincide with cortical hypometabolism observed
on FDG-PET in DLB. First, we determined the pattern of WM
diffusivity alterations in DLB compared with cognitively normal
controls (CN) and AD patients using voxel-based analysis (VBA)
across the WM of the entire brain. Second, we examined the
contribution of Ab load to the disruption ofWM integrity in patients
with DLB, and finally, we compared the pattern of WM alterations
on DTI and cortical glucose hypometabolism on FDG-PET in DLB.
2. Methods

2.1. Subjects and clinical evaluations

We identified 30 consecutive patients with probable DLB
(McKeith et al., 2005) from a prospective, longitudinally followed
Table 1
Subjects’ characteristics

CN n ¼ 60 DL

Females (%) 10 (17) 5 (
Age (y) 68.5 (63, 76) 69
Education (y) 15.5 (12.5, 18) 15
APOE ε4 carriers (%) 11 (18) 13
CDR sum of boxes 0.0 (0.0, 0.0) 5.7
MMSE 29 (28, 29) 20
DRS d 12
PiB SUVR 1.31 (1.27, 1.37) 1.4
VH present (%) d 23
Fluctuations present (%) d 27
Motor UPDRS d 12
RBD present (%) d 28
Dementia duration (y) d 5.0
VH duration (y) d 1.9
Fluctuations duration (y) d 2.2
Parkinsonism duration (y) d 3.5
RBD duration (y) d 9.2

Medians (interquartile ranges) are listed for the continuous and the proportions (%) are
Key: AD, Alzheimer’s disease; APOE, apolipoprotein; CDR, Clinical Dementia Rating; CN,
Scale; MMSE, Mini-Mental State Examination; PiB, 11C Pittsburgh compound B; RBD, rap
UPDRS, Unified Parkinson’s Disease Rating Scale; VH, visual hallucinations (probable and

a p-Values are from the Wilcoxon rank sum for the continuous variables, and a c2 test
cohort at the Mayo Clinic Alzheimer’s Disease Research Center
(ADRC; a dementia clinic-based cohort) in Rochester, MN during a
3-year period 2010e2013. For comparison, we included 30 patients
with probable AD (McKhann et al., 1984) and 60 CN either from the
ADRC or from the Mayo Clinic Study on Aging (a community-based
cohort) who were (1:1 or 2:1, respectively) age- and sex-matched
with DLB patients. Eligibility was defined as the absence of any
major abnormality on structural MRI that could confound the re-
sults such as tumors or large hemispheric infarcts, the absence of
primary neurological illness affecting cognition other than DLB or
AD, and sufficient scan quality to conduct analysis. The study was
approved by the Mayo Clinic Institutional Review Board. All sub-
jects or their proxies provided the informed consent on study
participation.

Global measures of Clinical Dementia Rating Sum of Boxes (CDR-
SOB; Hughes et al., 1982), Mini-Mental State Examination (MMSE;
Folstein et al., 1975), and Dementia Rating Scale (DRS; Morris, 1993)
were used to assess clinical disease severity at the time of the study.
The presence, duration, and severity of DLB clinical features, and the
duration of dementia were ascertained. Visual hallucinations (VH)
had to be fully formed, recurring, and unlikely to be the consequence
of causes other than DLB. VH severity was coded as mild, moderate,
or severe. Fluctuations were considered present if patients scored 3
or 4 points on the Mayo Clinic Fluctuations questionnaire (Ferman
et al., 2004). Motor impairment was scored using motor subscale
of the Unified Parkinson’s Disease Rating Scale (Fahn, 1987). Prob-
able rapid eye movement sleep behavior disorder (pRBD) was
diagnosed using the International Classification of Sleep Disorders-II
diagnostic criteria B for pRBD (AASM, 2005).
2.2. MRI acquisition

MRIs were performed at 3T using an 8-channel phased array coil
(GE, Milwaukee,WI, USA) and parallel imaging with an acceleration
factor of 2. A 3D T1-weighted high-resolution magnetization pre-
pared rapid gradient echo acquisition with repetition time ¼ 7 ms,
echo time ¼ 3 ms, inversion time ¼ 900 ms, flip angle ¼ 8�, a slice
thickness of 1.2 mm, and in plane resolution of 1.0 mm was ob-
tained for anatomic segmentation and labeling. DTI was acquired
using a single-shot echo-planar T2-weighted sequence in the axial
plane with the following acquisition parameters: TR ¼ 10,200 ms;
B n ¼ 30 AD n ¼ 30 p-Valuea

17) 5 (17) 1.0
(63, 76) 72.5 (64, 79) 0.48
(12, 18) 16 (12, 18) 0.69
(43) 23 (77) <0.001
5 (4.0, 7.0) 4.75 (2.5, 7.0) <0.001
.5 (15, 24) 21 (14, 23) <0.001
5.5 (114, 131) 111 (85, 127) 0.03
3 (1.30, 1.88) 2.35 (2.17, 2.52) <0.001
(77) 2 (8) <0.001
(90) 2 (8) <0.001
(7, 14) 0 (0, 2) <0.001
(93) 4 (15) <0.001
4 (3.75, 7.17) 5.21 (3.50, 7.00) 0.88
1 (0.75, 3.59) d d

5 (1.49, 3.67) d d

0 (1.17, 5.75) d d

1 (4.16, 14.08) d d

for the categorical variables.
cognitively normal control; DLB, dementia with Lewy bodies; DRS, Dementia Rating
id eye movement sleep behavior disorder; SUVR, standardized uptake value ratio;
definite combined together).
for differences in proportions.



Fig. 1. Patterns of differences in FA between clinical groups on VBA. Voxel-level maps show topographic pattern of between-group differences in FA. FA maps overlaid on glass brain
from SPM (top row) or anatomical sections (bottom row) show magnitude of the differences in FA using side T-statistic bars, p < 0.001 (uncorrected). AD patients have widespread
FA decreases in temporoparietal, occipital, and frontal WM compared with CN (left column). DLB patients have reduced FA confined to parietooccipital WM compared with CN
(middle column). In AD, reduced FA in parahippocampal WM is observed compared with DLB patients (right column). Abbreviations: AD, Alzheimer’s disease; CN, cognitively
normal control; DLB, dementia with Lewy bodies; FA, fractional anisotropy; SPM, Statistical Parametric Mapping; VBA, voxel-based analysis; WM, white matter.
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in-plane matrix 128/128; field of view 35 cm; phase field of view
0.66. DTI volumes included 41 diffusion-encoding directions, and 4
non-diffusionweighted T2 images with 2.7-mm slice thickness and
2.7-mm isotropic resolution.

2.3. 11C-PiB and 18F-FDG-PET studies

11C-PiB and 18F-FDG-PET scanswere performedwithin amedian
time of 7 days before or after DTI. Imageswere acquired using a PET/
CT scanner (DRX, GE, Milwaukee, WI) in 3D on the same day with
1 hour interval between each other. Each subject was injected with
11C-PiB and laterwith 18F-FDG. Following a 40minutes of PiB uptake
period, a 20-minute PiB scan consisting of 4 dynamic frames each of
5 minute was obtained. Following a 30-minute 18F-FDG uptake in-
terval, an 8-minute FDG scan was acquired. PiB and FDG individual
scans were affine co-registered to corresponding T1-weighted MRI
scan. PiB and FDG images were parcellated into regions of interest
(Tzourio-Mazoyer et al., 2002) using an in-house modified auto-
matic anatomical labeling atlas (Vemuri et al., 2008), and partial
volume correction was applied using a brain versus cerebrospinal
fluid (CSF) model (Meltzer et al., 1999). The global cortical PiB
standardized uptake value ratio (SUVR) was calculated as the me-
dian uptake in the bilateral parietal, temporal, prefrontal, orbito-
frontal, cingulate precuneus, and anterior cingulate cortical uptake
dividedbyuptake in the cerebellar graymatter (Jacket al., 2008). The
cortical FDG uptake in each voxel was divided by the median pons
FDGuptake. Differences in glucosemetabolismbetweenCNandDLB
patients were displayed using Statistical Parametric Mapping 5
(http://www.fil.ion.ucl.ac.uk/spm), at p < 0.001 and corrected for
multiple comparisons using family-wise error. We used pons
normalized FDG uptake values from those VBA-derived cortical re-
gions,where FDGuptakewas significantly reduced inDLB compared
with CN, to determine the correlations among the focal abnormal-
ities in FDG uptake and DTI findings in DLB.

2.3.1. DTI analysis
Each of the 41 diffusion-weighted images was affine co-

registered to the non-diffusion weighted b0 images to minimize
head motion and eddy current-related distortions. Images were
brain-extracted using FSL Brain Extraction Tool (http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/BET). Tensors were fit using a least squares model,
and FA maps were generated (Behrens et al., 2003). A VBA across
the whole brain was conducted using the FA images according to
previously published technique (Schwarz et al., 2014). Briefly, FA
images of all subjects were nonlinearly co-registered via an itera-
tive, group-wise registration algorithm Advanced Normalization
Tools (Avants et al., 2010) and normalized to a 1-mm isotropic MNI
152 standard space via the FMRIB58_FA template (Jenkinson et al.,
2012). The images were smoothed using an 8-mm full-width-half-
maximum Gaussian kernel. Non-WM regions were removed by
masking out voxels where the mean FA across co-registered sub-
jects’ images was <0.2.



Fig. 2. Parietooccipital FA in PiB positive and PiB negative DLB. FA values from VBA-
derived WM regions, where FA was significantly reduced in DLB compared with CN
are displayed in PiB positive (SUVR < 1.5) and PiB negative (SUVR � 1.5) DLB subjects
compared with AD and CN subjects. Abbreviations: AD, Alzheimer’s disease; CN,
cognitively normal control; DLB, dementia with Lewy bodies; FA, fractional anisotropy;
PIB, 11C Pittsburgh compound B; VBA, voxel-based analysis; WM, white matter.
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We first examined the topographic pattern of FA differences
between each of the 2 clinical groups on VBA using Statistical
Parametric Mapping 5 at p < 0.001 corrected and uncorrected for
multiple comparisons to capture the whole range of differences
across the DLB spectrum with varying degrees of PiB retention
compared with AD and CN groups. Second, we included the indi-
vidual PiB SUVR as a continuous covariate in regression model to
examine the contribution of Ab load toWMdiffusivity alterations in
DLB compared with CN. Third, we used FA values from those VBA-
derived WM regions, where FA was significantly reduced in DLB
compared with CN, to determine the associations of focal abnor-
malities in FAwith clinical features and focal abnormalities in FDG-
PET in patients with DLB.

2.4. Statistics

Analyses on subjects’ characteristics and correlations were per-
formed using SAS version 9.3 and R statistical software package,
version 2.14.0 (http://www.R-project.org) with 2-sided significance
set at type-I error rate a < 0.05. For continuous variables, the me-
dians with interquartile ranges were reported along with the
p-values from either the Kruskal-Wallis orWilcoxon 2-sample rank-
sumtest. Forbinaryorcategorical variables, theproportions (%)were
reported along with the p-values from c2 test. The associations be-
tween FA values and the duration or severity of clinical features in
DLB patients were examined using the Spearman rank correlations.
Correlations between duration of VH, severity of VH, and FA values
were determined by likelihood ratio test.

3. Results

3.1. Subjects’ characteristics

Subjects’ characteristics are listed in Table 1. Groups were well
matched on sex and age. We treated apolipoprotein (APOE) ε4/2
carriers as APOE ε4/ε4 or APOE ε3/ε4 carriers. The proportion of
APOE ε4 carriers was highest in AD group (p < 0.001). Patients
with DLB did not differ fromAD in the estimated dementia duration
(p ¼ 0.88), or in measures of CDR-SOB (p ¼ 0.15) or MMSE (p ¼
0.99). AD patients had a greater Ab burden than DLB patients (p <

0.001) on 11C-PiB PET. As expected, the frequencies of VH, pRBD,
fluctuations and parkinsonism were higher in DLB compared with
AD group (p < 0.001). Of the 30 DLB patients 16 (53%) were PiB
negative (SUVR < 1.5) and 14 (47%) were PiB positive (SUVR � 1.5).

3.2. Patterns of WM FA alteration on VBA

Topographical patterns of between-group differences in FA are
displayed in Fig. 1. We found no differences across the clinical
groups after correction for multiple comparisons; therefore, we
present uncorrected data (p < 0.001). Patients with AD had mark-
edly reduced FA in temporal and parietal WM and less so in oc-
cipital and frontalWM comparedwith CN. Patients with DLB had FA
decreases confined solely to posterior parietal and occipital WM
compared with CN. Patients with DLB had a higher FA in the par-
ahippocampal WM compared with AD patients. Median FA values
derived from the voxels that have lower FA compared with CN are
plotted in Fig. 2 demonstrating that PiB positivity may have influ-
enced the findings, justifying the Ab load-adjusted analysis.

3.3. Effect of Ab load on WM integrity in DLB

Adjustment for Ab load did not have a substantial effect on the
FA alterations in DLB in the parietooccipital WM. The topographical
pattern and magnitude of reduced FA in DLB remained similar be-
tween unadjusted and Ab load-adjusted VBA; the only difference
was that the extent of WM involvement shrunk from diffuse pari-
etooccipital to a well-circumscribed area lying on parietal and oc-
cipital WM border (Fig. 3).

3.4. Association of WM FA alterations with clinical measures in DLB

From DLB-related features, we observed a marginally significant
negative associationwith severity of VH (Spearman’s r¼�0.36; p¼
0.07) and the parietooccipital WM FA abnormality on VBA. None of
global clinical measures of CDR-SOB, MMSE, or DRS correlated with
reduced FA in parietooccipital WM.

3.5. Cortical glucose hypometabolism and WM FA alterations in DLB

Fig. 4 overlays the VBA of glucose hypometabolism and FA de-
creases in patients with DLB compared with the CN group. Patterns
of WM alteration and cortical glucose hypometabolism involved
similar brain regions in DLB. Although changes on 18F-FDG-PET
were more diffuse, affecting inferior temporal, posterior parietal,
and occipital cortices, an overlap with WM FA decreases was
obvious in the parietooccipital lobes. However, we did not find an
association between parietooccipital WM FA reduction and cortical
glucose metabolism derived from regions that differed from CN
subjects on VBA (p ¼ 0.14).

4. Discussion

This study demonstrates how patients with DLB differ on the
pattern of WM integrity disruption from age- and sex-matched CN
and AD patients using a voxel-based algorithm examining the WM
of the entire brain. DLB patients are characterized by reduced FA
confined to the posterior parietal and occipital WM. Controlling for
Ab load, estimated by a global PiB retention, does not alter this
finding and a similar, but more circumscribed pattern of reduced



Fig. 3. Pattern of reduced FA in DLB patients compared with CN, adjusted for Ab load. Voxel-level maps show pattern of reduced FA in DLB patients compared with CN. FA maps
overlaid on glass brain from SPM (top row) or anatomical sections (middle row) show magnitude of the FA differences between these 2 groups using side T-bars, p < 0.001
(uncorrected) on voxel-based analysis. Bottom row shows FA differences overlaid on a 3D glass-brain render from MRIcroGL (http://www.mccauslandcenter.sc.edu/mricrogl/), with
FA decreases confined to a well circumscribed region in parietooccipital WM. Abbreviations: CN, cognitively normal control; DLB, dementia with Lewy bodies; FA, fractional
anisotropy; SPM, statistical parametric mapping.
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FA is observed in the parietal and occipital WM border in DLB. This
suggests WM integrity disruption in this region is only in-part
dependent on Ab load, and is a typical feature of DLB. Comparing
the pattern of cortical glucose hypometabolism on 18F-FDG-PET
and WM FA alterations on DTI, cortical hypometabolic changes
weremorewidespread thanWM disruption in DLB. However, these
abnormalities overlapped in the parietooccipital lobes.

In DLB patients, loss of posterior WM integrity has been a
consistent finding across a number of DTI studies (Bozzali et al.,
2005; Kantarci et al., 2010; Kiuchi et al., 2011; Lee et al., 2010; Ota
et al., 2008; Watson et al., 2012) when compared with CN.
Whereas we observed reduced FA in the posterior parietal and
occipital WM compared with CN, we did not find differences else-
where, unlike previous studies demonstrating more widespread
WM involvement of temporal areas (Bozzali et al., 2005; Lee et al.,
2010), varying severity of frontal (Bozzali et al., 2005; Lee et al.,
2010; Watson et al., 2012), or pontine WM involvement
(Watson et al., 2012). Adjustment for Ab load led to a shrinkage of
the regions where posterior parietooccipital WM FA was signifi-
cantly reduced, but these were topographically consistent with
unadjusted analysis. Patients with DLB commonly have mixed AD
pathology, which may be responsible for hippocampal atrophy
(Kantarci et al., 2012a; Murray et al., 2013) and greater medial
temporal lobe atrophy rates (Nedelska et al., 2014) in these patients.
While we do not have autopsy confirmation on a majority of our
subjects, adjustment for Ab load reduced the impact of AD-related
pathology on DTI findings. In fact, the occipital FA values derived
from the VBA analysis were slightly lower in PiB positive DLB than
the PiB negative DLB subjects, although both had reduced FA in this
region compared with CN. It is likely that the widespread WM
involvement in DLB, particularly in the temporal lobes, is associated
with mixed AD pathology, which may not be apparent clinically.

Occipital and posterior parietalWMs comprise fibers connecting
primary and association visual cortices to other brain regions, as



Fig. 4. Overlapping patterns of WM and cortical gray matter alterations in DLB pa-
tients on VBA. Cortical glucose hypometabolism on 18F-FDG-PET is overlapping with
reduced FA in WM on DTI in DLB patients compared with CN. The overlap is displayed
on a surface render using SPM5. The WM alteration (green color) is confined to
parietooccipital region, p < 0.001 (uncorrected). The alteration in cortical glucose
metabolism (red color) is more diffuse in posterior temporal, parietal, and in occipital
cortices, p < 0.001 (family-wise error corrected). Abbreviations: CN, cognitively
normal control; DLB, dementia with Lewy bodies; DTI, diffusion tensor imaging; FDG-
PET, 2-fluoro-deoxy-D-glucose positron emission tomography; FA, fractional anisot-
ropy; SPM5, Statistical Parametric Mapping 5; VBA, voxel-based analysis; WM, white
matter.
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well as ‘what’ and ‘where’ distinction pathways (Mesulam,1998). In
keeping with the functional anatomy, and considering that most of
our DLB patients had VH, an association between VH and FA was
expected. However, we found only a marginally significant associ-
ation between FA and the severity of VH (coded as mild, moderate,
or severe). We previously reported an association between pres-
ence of VH (present vs. absent) and reduced FA in the inferior
longitudinal fasciculus that connects occipital visual cortex to
temporal lobe (Kantarci et al., 2010). It is possible that the rela-
tionship between reduced FA and VH is confined to the inferior
longitudinal fasciculus and not the entire occipital WM FA abnor-
mality we analyzed in this study. Occipital WM has been investi-
gated in autopsy-confirmed cohort DLB patients (Higuchi et al.,
2000), where microvacuolation and gliosis were more frequent
and severe in the occipital WM in DLB compared with AD patients.
Such changes in control brains were minimal. Antemortem occip-
ital hypometabolism on FDG-PET characterized those DLB patients
with the most severe microvacuolation. Furthermore, micro-
vacuolation was thought to be a substrate for mean diffusivity
elevation in the amygdala in DLB (Fujino and Dickson, 2008;
Higuchi et al., 2000; Jellinger, 2004; Kantarci et al., 2010). Simi-
larly, WM microvacuolation may be the substrate underlying
reduced FA we observed in the parietooccipital WM of patients
with DLB.

We observed that the cortical hypometabolism was largely
overlying the disruption in WM integrity in the parietooccipital
lobes. This posterior pattern of glucose hypometabolism, primarily
involving the occipital cortex, is a characteristic feature of DLB
(Minoshima et al., 2001) and is independent of AD-related Ab load
(Graff-Radford et al., 2014; Kantarci et al., 2012b). It is thought that
the glucose hypometabolism in DLB is related to synaptic
dysfunction because of presynaptic a-synuclein deposition with
loss of postsynaptic dendritic spines (Kramer and Schulz-Schaeffer,
2007; Zaja-Milatovic et al., 2006), which may contribute to
degeneration in the connecting tracts in the WM. Based on this
topographic concordance, which was not statistically significant on
quantitative analysis, the relationship between reducedWM FA and
cortical hypometabolism in the occipital lobe should be further
investigated by identifying the cortical connections of WM tracts
involved in this region.

When we compared AD patients with CN, we observed reduced
FA particularly in the temporoparietal WM, in agreement with
previous DTI studies (Bozzali et al., 2002; Damoiseaux and Greicius,
2009; Huang et al., 2007; Kantarci et al., 2010; Medina et al., 2006;
Mielke et al., 2009; Salat et al., 2010). DLB patients had elevated FA
in a small but clearly bilateral and symmetric parahippocampal
WM compared with AD patients. We found no other differences
between these 2 groups, in agreement with a previous study
reporting more asymmetrically reduced FA in the parahippocampal
WM in AD patients (Watson et al., 2012). A relative preservation of
parahippocampal WM integrity in DLB compared with AD patients
is consistent with the preservation of hippocampal volumes onMRI
in DLB compared with AD in autopsy-confirmed studies (Burton
et al., 2009; Kantarci et al., 2012a; Murray et al., 2013). Dementia
duration measured by clinical testing did not differ between our
DLB and AD patients, and severity of dementia measured by DRS
differed only slightly between these 2 groups. Our finding suggests
that a hippocampal connectivity, which is in part carried by the
cingulum tract that runs in the parahippocampal WM, is disrupted
in AD but relatively preserved in DLB patients.

A limitation of our study is a lack of autopsy confirmation that
could elucidate the role of WM microvacuolation on FA reduction
and cortical glucose hypometabolism in DLB. We did not analyze
the data on mean diffusivity, which is significantly affected by
partial volume averaging of CSF. Although the influence of partial
volume averaging of CSF is less on FA, up to 16% of the difference
among subjects with mild cognitive impairment and CN has been
attributed to macrostructural changes and associated partial vol-
ume averaging of CSF (Berlot et al., 2014). Development of robust
methods for correction of partial volume averaging of CSF may
improve the specificity of DTI findings in both GM andWM. Finally,
we did not correct for multiple comparisons when reporting the
VBA findings, which is common in AD DTI literature perhaps
because of the effect sizes observed in DTI studies (Keihaninejad
et al., 2012). In fact, correcting for multiple comparisons with
family-wise error correction completely diminished the group
differences.

In conclusion, current data indicate that loss of parietooccipital
WM integrity is a characteristic feature of DLB, independent of AD-
related Ab deposition. This pattern of WM degeneration is consis-
tent with the overlying reduction in glucose metabolism in the
parietooccipital cortex. Althoughwe cannot draw inferences on any
causal or temporal relationship between loss of WM and GM
integrity, our findings demonstrate that microstructural changes in
the WM coincide with the GM hypometabolism in the
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parietooccipital lobes in DLB patients. Longitudinal imaging studies
may reveal the temporal course of GM and WM alterations in DLB.
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A B S T R A C T

Visually preserved metabolism in posterior cingulate cortex relative to hypometabolism in precuneus and cu-
neus, the cingulate island sign, is a feature of dementia with Lewy bodies (DLB) on FDG-PET. Lower cingulate island
sign ratio (posterior cingulate cortex/cuneus+precuneus; FDG-CISr) values have been associated with a higher
Braak neurofibrillary tangle stage in autopsied DLB. Using voxel-wise analysis, we assessed the patterns of re-
gional cortical perfusion and metabolism, and using an atlas-based approach, we measured perfusion cingulate
island sign ratio on arterial spin labeling MRI (ASL-CISr), and its associations with FDG-CISr, uptake on tau-PET
and clinical severity in DLB. Our study sample (n=114) included clinically probable DLB patients (n=19), age-
matched patients with probable Alzheimer's disease dementia (AD; n=19) and matched controls (n=76) who
underwent MRI with 3-dimensional pseudo-continuous arterial spin labeling, 18F-FDG-PET and 18F-AV-1451
tau PET. Patterns of cortical perfusion and metabolism were derived from quantitative maps using Statistical
Parametric Mapping. DLB patients showed hypoperfusion on ASL-MRI in precuneus, cuneus and posterior
parieto-occipital cortices, compared to controls, and relatively spared posterior cingulate gyrus, similar to
pattern of hypometabolism on FDG-PET. DLB patients had higher ASL-CISr and FDG-CISr than AD patients
(p <0.001). ASL-CISr correlated with FDG-CISr in DLB patients (r=0.67; p=0.002). Accuracy of distin-
guishing DLB from AD patients was 0.80 for ASL-CISr and 0.91 for FDG-CISr. Lower ASL-CISr was moderately
associated with a higher composite medial temporal AV-1451 uptake (r=−0.50; p=0.03) in DLB. Lower
perfusion in precuneus and cuneus was associated with worse global clinical scores. In summary, the pattern of
cortical hypoperfusion on ASL-MRI is similar to hypometabolism on FDG-PET, and respective cingulate island
sign ratios correlate with each other in DLB. Non-invasive and radiotracer-free ASL-MRI may be further de-
veloped as a tool for the screening and diagnostic evaluation of DLB patients in a variety of clinical settings
where FDG-PET is not accessible.

1. Introduction

Although dementia with Lewy bodies (DLB) is the second most
common neurodegenerative dementia in older adults, the diagnostic
accuracy has been suboptimal (Nelson et al., 2010) and DLB remains

underdiagnosed (Mok et al., 2004) in the clinical setting. In addition,
pathology underlying clinically diagnosed patients with DLB is often
mixed with AD pathology (Irwin et al., 2017; Merdes et al., 2003;
Mckeith et al., 2017; Halliday et al., 2011) and these can be mis-
diagnosed as having AD. Diagnostic accuracy needs to improve because
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the spectrum of DLB clinical symptoms is variable and wide, and DLB
patients are sensitive to atypical neuroleptics that are commonly pre-
scribed to the elderly.

DLB patients are characterized by parieto-occipital hypometabolism
on 18F-fluorodeoxyglucose PET (FDG-PET) (Minoshima et al., 2001;
Kantarci et al., 2012; Imamura et al., 1997), and visually preserved
metabolism in the posterior cingulate cortex relative to hypometabo-
lism in cuneus and precuneus, known as cingulate island sign (CIS)
(Imamura et al., 1997; Lim et al., 2009). The quantitative measure of
metabolism in posterior cingulate gyrus divided by metabolism in
precuneus and cuneus is CIS ratio (Lim et al., 2009) (henceforth FDG-
CISr). A lower FDG-CISr has been associated with a higher Braak neu-
rofibrillary tangle stage at autopsy (Graff-Radford et al., 2014) and a
greater medial temporal atrophy on MRI (Iizuka and Kameyama, 2016),
but was not influenced by β-amyloid load on PET (Graff-Radford et al.,
2014). FDG-CISr has been considered highly specific for the diagnosis of
probable DLB (Lim et al., 2009), and has been recently included as a
supportive biomarker in the fourth consensus report of the DLB Con-
sortium (Mckeith et al., 2017). However, unlike MRI, FDG-PET is less
available in many clinical facilities.

Arterial spin labeling (ASL) (Williams et al., 1992; Detre et al.,
2009) is an MRI technique for quantitative measurement of the regional
cerebral blood flow at the tissue level using the water molecules in the
blood as endogenous magnetically labeled tracers. ASL can be included
in a routine MRI examination and does not require injection of a
radiotracer or contrast agent. Various ASL-MRI techniques have been
used to evaluate patients within the AD spectrum (Musiek et al., 2012;
Wolk and Detre, 2012; Chen et al., 2011). The pseudo-continuous ASL
(Dai et al., 2008) has demonstrated a very good reliability and precision
compared to a gold standard perfusion 15O-water PET in elderly and
patients with AD dementia (Xu et al., 2010) where a short acquisition
time is important (Dai et al., 2008; Xu et al., 2010).

It remains unclear whether regional changes in cortical perfusion on
ASL-MRI, particularly in CIS regions (Imabayashi et al., 2017;
Imabayashi et al., 2016) are similar to hypometabolic changes on FDG-
PET in DLB patients, and whether measuring the cortical perfusion on
ASL MRI, particularly in regions that make up CIS, can be potentially
useful for differentiating DLB patients from those with AD dementia.

Our objectives were first to assess the pattern of regional cortical
perfusion using ASL-MRI in DLB patients and compare this pattern of
regional cortical perfusion to regional metabolism on FDG-PET using
voxel-wise approach. Second, to measure the perfusion and metabolism
in the regions making up the CISr (henceforth ASL-CISr and FDG-CISr)
using an atlas-based approach. Third, to determine the associations of
ASL-CISr with composite medial temporal 18F-AV-1451 uptake on tau-
PET which was chosen as proxy of an additional AD-related neurofi-
brillary tangle pathology in DLB patients, and associations of ASL-CISr
with severity of the clinical impairment in DLB patients.

2. Materials and methods

2.1. Participants

This prospective study was approved by the Mayo Clinic
Institutional Review Board in compliance with Health Insurance
Portability and Accountability Act. All participants or their proxies
provided a written informed consent prior to their participation. We
included consecutive patients with clinically probable DLB (n=19)
(Mckeith et al., 2005) who were evaluated at the Mayo Clinic Alzhei-
mer's Disease Research Center between June 2015 and March 2017. For
comparison, we included concurrent patients with clinically probable
AD dementia (n=19) (Mckhann et al., 2011), matched 1:1 on age to
DLB patients. As another comparison group, we selected clinically un-
impaired older adults (CN; n=76), matched 4:1 to DLB patients on age
and sex from the Mayo Clinic Study of Aging, a population-based study
of aging (Roberts et al., 2008). Patients with DLB and AD dementia

were treated with acetylcholinesterase inhibitors in a standard dosing
regimen and with additional medications if needed.

All patients underwent comprehensive evaluations including neu-
rological examination, interview with patient and his/her caregiver and
neuropsychological tests covering four cognitive domains (memory,
language, executive, visuospatial). Global measures of Clinical
Dementia Rating Sum of Boxes (CDR-SOB); Dementia Rating Scale
(DRS) and short test of mental status (Kokmen et al., 1991) were used to
assess the global cognition and clinical disease severity of patients with
dementia.

2.2. Ascertainment of DLB features

The presence, duration and severity of DLB clinical features, and the
duration of dementia were evaluated. Visual hallucinations were con-
sidered present if they were well-formed and recurrent images of
people, animals or objects. Fluctuations were considered as present if
patients scored 3 or 4 points on the Mayo Clinic Fluctuations ques-
tionnaire (Ferman et al., 2004). Parkinsonism was rated using the
Unified Parkinson's Disease Rating Scale part III (UPDRS-III). Probable
REM sleep behavior disorder (RBD) was diagnosed using the Interna-
tional Classification of Sleep Disorders-II diagnostic criteria B for
probable RBD (AASM, 2005).

2.3. Ascertainment of clinically unimpaired controls

Criteria for being clinically unimpaired were independent func-
tioning and normal performance on tests covering four cognitive do-
mains (memory, language, executive, visuospatial). The raw score from
each test was transformed into age-adjusted score using previously es-
tablished normative data from the Mayo Clinic's Older Americans
Normative Studies (Ivnik et al., 1992) on the participants from the same
population. Participants scoring 1.0 SD or more than the age-specific
mean in the general population were considered for possible cognitive
impairment (Petersen et al., 2010). The final decision on normal cog-
nition was established during a panel consensus after taking into ac-
count education, prior occupation, visual or hearing deficits, and re-
viewing all other participant's information.

To be included in the current study, all participants needed to un-
dergo MRI with pseudo-continuous ASL. All participants underwent
FDG-PET except for one DLB patient. All DLB patients were requested to
undergo AV-1451 tau PET. Only participants with scans of sufficient
technical quality and without comorbidities that could interfere with
cognitive functioning (brain tumor, large cortical infarct, normal
pressure hydrocephalus, traumatic brain injury, alcoholism) were in-
cluded. We excluded two DLB, two AD patients and four controls due to
excessive head motion prior to image analysis.

2.4. Imaging studies

To investigate the patterns of cortical hypoperfusion, cortical me-
tabolism and similarities between the two patterns in DLB patients as
compared to controls, we used voxel-wise analysis. We further used an
atlas-based approach to measure the perfusion and metabolism in re-
gions that make up the ASL-CISr and FDG-CISr. CIS ratio denotes that
the atlas-based measurement of perfusion or metabolism from the
posterior cingulate cortex is divided by the perfusion or metabolism in
cuneus+precuneus combined. An atlas-based approach was used to
compare the magnitude of FDG-CISr and ASL-CISr to each other, and
measure the associations between ASL-CISr and composite medial
temporal AV-1451 uptake on tau PET and measures of clinical severity
in DLB patients.

The relationship between the magnitude of ASL-CISr and severity of
AD tau-related pathology in DLB patients was assessed using the AV-
1451 uptake in a composite medial temporal region of the entorhinal
cortex, parahippocampal gyrus and hippocampus. A study on
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differences in tau deposition by AV-1451 between DLB and AD patients
(Kantarci et al., 2017) showed that a composite meta-ROI consisting of
these regions distinguished patients with DLB from those with AD using
AV-1451 tau PET. Thus, medial temporal AV-1451 uptake can be
considered to reflect AD-related tau pathology in patients with DLB.

2.5. ASL-MRI acquisition

For anatomical segmentation and labeling, a T1-weighted 3-di-
mensional high resolution magnetization prepared rapid acquisition
gradient echo sequence was performed on a 3 Tesla MRI scanner (GE
Healthcare; Waukesha, Wisconsin) with an eight channel phased array
head coil. During the acquisition, participants were wearing ear plugs
and were asked to relax but were not asked to close their eyes.

Cerebral blood flow of the entire cerebral cortex was acquired using
a product 3-dimensional fast spin echo (FSE) pseudo-continuous ASL
sequence with an interleaved stack-of-spiral readout and background
suppression (Dai et al., 2008). The imaging parameters used were a
labeling duration of 1450ms, post labeling delay of 2025ms, repetition
time/echo time of 4800/10 milliseconds, refocusing flip angle 111.1
degrees, FOV 240mm, acquisition matrix 512/8 samples re-gridded to
a 128× 128 matrix with an in-plane reconstructed resolution of
1.875× 1.875 cm2; 40 slices with slice thickness 4mm, no gap. Using
the same readout scheme, 3 excitation averages of label and control
volume pairs were acquired, a proton density (PD) weighted volume,
and 4 discarded acquisitions to reach steady state were acquired, re-
sulting in an overall scan duration of 4min 48 s. The mean ASL dif-
ference image and the PD-weighted image were combined to calculate
quantitative cerebral blood flow maps. Scans were visually inspected to
ensure the whole brain coverage, and checked for image artefacts and
only scans with sufficient quality were used for analysis.

2.6. Analysis of cortical perfusion on ASL-MRI

Individual pseudo-continuous ASL acquisitions were converted from
DICOM to nifti-1 format, resulting in a single 4-dimensional nifti-1
volume where the first 3-dimensional volume was the PD and the
second 3-dimensional volume was the PW - a difference between tag
and control volumes. This was split into one 3-dimensional PD nifti-1
volume and one 3-dimensional PW nifti-1 volume. Each was co-regis-
tered to the participant's own T1-weighted volume using Statistical
Parametric Mapping registration module, with the PD as the source and
the T1-weighted volume as the target, and this transformation was also
applied to move the PW volume into the T1 space. The quantitative
cerebral blood flow maps were generated by fitting a derivative of the
general kinetic model based on PW and PD volumes, using the formula
provided in the recommendations for implementation of ASL (Alsop
et al., 2015).

We used 2-class partial volume correction in ASL analysis (Meltzer
et al., 1999).

Atlas-based parcellation of quantitative cerebral blood flow maps
into regions of interest was performed by propagating an in-house
modified version of the automated anatomic labeling atlas (Tzourio-
Mazoyer et al., 2002) from template space into participant's T1 space,
using the inverse spatial normalization parameters obtained from Sta-
tistical Parametric Mapping unified segmentation.

To reduce the subject-to-subject variability of ASL cerebral blood
flow, the mean blood flow of the whole cerebellum gray matter was
chosen as an internal reference in both voxel- and atlas-based analyses.
The mean blood flow in the numerator (posterior cingulate cortex) and
denominator (precuneus+cuneus) components of the CISr were di-
vided by the mean flow in the whole cerebellum gray matter. Since CISr
was measured as perfusion in posterior cingulate region divided by
perfusion in precuneus+cuneus, the internal reference was not needed
in this measurement.

2.7. Acquisition and analysis of 18F-FDG-PET and 18F-AV1451 tau PET

Scans were acquired using PET/CT scanner (DRX; GE Healthcare;
Milwaukee, Wisconsin) operating in 3-dimensional mode. Briefly, FDG-
PET was performed after 30min of uptake, with four 2-minute dynamic
frames. A 20-minute AV-1451 PET scan was performed after 80min of
uptake. During the acquisition, participants were wearing ear plugs and
were asked to relax but were not asked to close their eyes. Individual
FDG-PET and AV-1451 PET scans were co-registered to the participant's
own T1-weighted MRI with a subsequent atlas-based parcellation.

For AV-1451 PET used in the current study solely as a proxy of an
additional AD-related pathology in DLB, the median standardized up-
take value in left + right cerebellar crus was used as a reference
(Kantarci et al., 2017).

For FDG-PET and for a consistency with ASL-MRI analysis, the mean
standardized uptake in the cerebellar gray matter has been chosen as a
reference.

2-class partial volume correction was used in tau-PET and FDG-PET
analysis (Meltzer et al., 1999).

The patterns of hypoperfusion on ASL-MRI and hypometabolism on
FDG-PET in DLB patients were derived from an exploratory voxel-based
analysis of the cortical gray matter using multiple regressions in
Statistic Parametric Mapping. Smoothing was not applied. DLB patients
were compared to controls using t-test and cluster size k of minimum
100 voxels. Comparisons were displayed as uncorrected for multiple
comparisons (p <0.001) to show the full range of differences, and
applying the voxel-wise family wise error correction for multiple
comparisons (FWE; p < 0.05).

2.8. Statistical analysis

Participants' characteristics were summarized using means and
standard deviations (SD) or proportions (%). Continuous variables were
compared across clinical groups using analysis of variance with a
random block design to account for matching, followed by a priori
chosen contrasts for pair-wise comparisons. The dummy (0, 1) variables
(or blocks) were included as predictors in the models to account for the
matching. Associations between continuous variables (FDG-CISr and
ASL-CISr) among all were expressed as the partial correlations and were
calculated after adjustment for the blocks. Categorical variables were
compared between DLB and AD groups and between DLB and controls
using either conditional logistic regression or exact conditional logistic
regression. Associations between continuous variables in DLB patients
where appropriate were assessed using Pearson correlations and their
associated p-values. Medial temporal composite AV-1451 standardized
uptake value ratio was log-transformed to meet the model assumptions.

Area under the receiver operating characteristic curve statistics with
95% confidence intervals (CI) was calculated to measure the perfor-
mance of ASL-CISr and FDG-CISr when distinguishing between DLB and
AD patients. Analyses were performed using SAS version 9.4 and R
statistical software version 3.1.1 http://www.R-project.org with sig-
nificance set at type I error rate α < 0.05.

3. Results

3.1. Participants' characteristics

Demographic and clinical characteristics are summarized in Table 1.
Due to matching, no differences in age were observed between DLB and
AD dementia patients. As expected, there were more women in AD than
DLB group due to sex-based differences between the two disorders. No
differences in the education or functional measures of clinical impair-
ment were observed between DLB and AD group by CDR-SOB and DRS;
however MMSE was lower in AD than in DLB group (p=0.003). APOE
ε4 carriers were more prevalent in AD group (p=0.016).
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3.2. Pattern of hypoperfusion in DLB patients

Fig. 1 illustrates the voxel-wise pattern of cortical hypoperfusion
side by side with cortical hypometabolism in DLB patients when com-
pared to controls. Overall, the hypoperfusion was the most severe in the
posterior parieto-temporal and occipital cortices that included pre-
cuneus and cuneus and supramarginal and angular gyrus, whereas the
posterior cingulate gyrus was relatively spared. Moreover, the pattern
of cortical hypoperfusion was similar with hypometabolism, although
hypometabolism was slightly more wide-spread and included also
voxels in the frontal cortices. No voxels with a higher perfusion in DLB
than in controls were found.

3.3. Magnitude of ASL-CISr and FDG-CISr by clinical group

CISr were consistently highest in DLB and lowest in AD dementia
patients on both ASL and FDG-PET (Fig. 2). On pair-wise comparisons
of ASL-CISr, DLB had higher ASL-CISr than AD dementia patients
(p <0.001) and controls (p=0.007). On pair-wise comparisons of
FDG-CISr, DLB patients also had higher FDG-CISr than both AD de-
mentia patients and controls (p <0.001). The magnitude of ASL-CISr
was slightly higher than FDG-CISr for a given clinical group.

3.4. Correlation between ASL-CISr and FDG-CISr

The ASL-CISr correlated with FDG-CISr among all participants using
partial correlations accounting for the matching and in DLB patients
using Pearson correlation (Fig. 3).

3.5. Relationship between medial temporal AV-1451 uptake and ASL-CISr
in DLB

As expected, AD dementia patients had the highest whereas controls
had the lowest medial temporal AV-1451 uptake (p <0.001). DLB
patients had higher medial temporal AV-1451 uptake than controls
(p=0.022). A higher medial temporal AV-1451 uptake correlated with
lower ASL-CISr in DLB patients (r=−0.50; p=0.03; Fig. 4).

Fig. 5 shows images of the individuals with DLB and AD dementia
from our cohort which demonstrate CIS as a visually recognizable
finding on ASL MRI and FDG-PET along with the corresponding AV-
1451 uptake in medial temporal regions.

3.6. Regional perfusion in CISr regions and clinical impairment in DLB

Associations between ASL-CISr and MMSE, DRS, CDR-SOB or motor
UPDRS were not observed. However, a lower perfusion in precuneus
+cuneus (relative to perfusion in cerebellum) which make up the de-
nominator of the CISr correlated with a higher CDR-SOB (r=−0.57;
p=0.012) and with lower DRS (r=0.54; p=0.038) and lower MMSE
(r=0.50; p=0.043) corresponding to a worse global cognitive or
functional impairment in DLB patients.

3.7. Utilizing CIS ratios to distinguish the DLB from AD patients

The receiver operating characteristics (ROC) curves with associated
area under the ROC (AUROC) were calculated for ASL-CISr and for
FDG-CISr used to distinguish between DLB and AD dementia patients.
Although FDG-CISr performed better (AUROC 0.91; 95% CI 0.79–1.00),
the accuracy of ASL-CISr was also good (0.80; 95% CI 0.65–0.95),
Fig. 6.

4. Discussion

In this study, we demonstrated that patients with DLB had relatively
spared regional perfusion in the posterior cingulate cortex in contrast
with a hypoperfusion in precuneus and cuneus on ASL-MRI. Voxel-wise
findings of hypoperfusion on ASL-MRI were similar to hypometabolism
on FDG-PET in DLB, especially in posterior parietal and occipital re-
gions, and the magnitude of ASL-CISr correlated with FDG-CISr.
Conversely, AD dementia patients had severe hypoperfusion in pos-
terior cingulate cortex; therefore ASL-CISr was higher in DLB than in
AD dementia patients. Lower ASL-CISr in DLB patients was associated
with a higher medial temporal AV-1451 uptake, a proxy of additional
AD tau-related pathology in DLB patients. Lower perfusion in precuneus
and cuneus that make up the denominator of ASL-CISr was associated
with a greater clinical impairment by global cognitive and functional
scores. Although the accuracy of FDG-CISr for distinguishing between
DLB and AD dementia patients was higher, the accuracy of ASL-CISr
was also good.

Only a few recent studies investigated ASL-MRI perfusion in a
smaller number of DLB patients compared to controls (Binnewijzend
et al., 2014; Taylor et al., 2012; Roquet et al., 2016). The severity and
distribution of hypoperfusion in DLB patients varied, likely due to
various methods used for ASL-MRI acquisition (sometimes not covering

Table 1
Participants' demographic and clinical characteristics.

CN
n=76

DLB
n=19

AD
n=19

DLB vs CN
p-value⁎

DLB vs AD
p-value⁎

Age, years 68.9 (6.7) 68.9 (6.4) 69.1 (6.8) 0.96 0.77
Male, no. (%) 72 (95%) 18 (95%) 15 (79%) 1.00 0.09
APOE ε4 carrier, no. (%) 14 (19%) 7 (37%) 14 (82%) < 0.001 <0.001
Education, years 14.8 (2.2) 15.8 (2.5) 16.3 (3.0) 0.11 0.54
MMSE 28.7 (0.9) 24.7 (4.3) 21.8 (5.8) < 0.001 0.003
CDR-SOB 0.0 (0.1) 5.5 (4.6) 4.1 (2.9) < 0.001 0.07
Motor UPDRS 0.3 (1.0) 13.0 (7.8) 0.3 (0.6) < 0.001 <0.001
DRS NA 122.4 (26.0) 124.7 (10.1) < 0.001 0.81
Visual hallucination, no. (%) NA 10 (53%) 0 (0%) – –
Fluctuations, no. (%) NA 15 (79%) 1 (6%) – –
Parkinsonism, no. (%) NA 19 (100%) 1 (6%) – –
RBD, no. (%) NA 19 (100%) 3 (17%) – –
ACHEI medication, no (%) NA 19 (100%) 19 (100%) – –

The mean (SD) is listed for the continuous variables and count (%) for the categorical variables.
Abbreviations: CN – clinically normal; DLB – dementia with Lewy bodies; AD – Alzheimer's disease dementia; APOE – apolipoprotein E; MMSE – Mini Mental State
Examination; CDR-SOB – Clinical Dementia Rating – Sum of boxes; UPDRS – Unified Parkinson Disease Rating Scale; DRS – Dementia Rating Scale; RBD – REM sleep
behavior disorder; ACHEI – acetylcholinesterase inhibitor.

⁎ p-values for continuous variables are from analysis of variance with a random block design to account for matching, followed by a priori chosen contrasts for
pair-wise comparisons of the clinical groups of interest (CN compared to DLB patients and AD patients compared to CN. p-values for categorical variables are either
from conditional logistic regression or exact conditional logistic regression.
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the entire brain or covering only a selected section), post-processing,
and utilizing various voxel cluster thresholds at various significance
levels. One of more consistent finding across these studies
(Binnewijzend et al., 2014; Taylor et al., 2012) was hypoperfusion in
precuneus and cuneus. Recently, a pattern of relatively preserved per-
fusion in the posterior cingulate cortex and cingulate island sign in DLB
patients was also confirmed on perfusion SPECT imaging (Imabayashi
et al., 2017; Imabayashi et al., 2016; Iizuka et al., 2017). Comparison of
ASL-MRI with FDG-PET, a well-established functional method included
as supportive feature for DLB diagnosis (Mckeith et al., 2017; Mckeith
et al., 2005) has not been performed.

The pattern of hypoperfusion in our cohort of DLB patients was si-
milar to the hypometabolic pattern on FDG-PET (Minoshima et al.,
2001; Imamura et al., 1997; Kantarci et al., 2012) although the in-
volvement on FDG-PET was more severe, especially in cuneus, and
included voxels in lingual and frontal cortices. Similarly, highly

correlated patterns have been observed in early phase perfusion of AV-
1451 PET and glucose hypometabolism on FDG-PET in a variety of
neurodegenerative diseases (Hammes et al., 2017).

The consistent findings of relatively spared perfusion in posterior
cingulate gyrus, hypoperfusion in precuneus and cuneus, and particu-
larly their ratio ASL-CISr that we investigated in the current study, may
be of added value for assessment of patients for DLB. ASL-CISr was
highest in DLB and lowest in AD dementia patients, a finding consistent
with FDG-CISr, although two AD dementia patients had higher ASL-
CISr than expected (Fig. 2). Patients with atypical AD such as posterior
cortical atrophy can have higher FDG-CISr (and potentially also higher
ASL-CISr), although CISr and occipital involvement would be typically
asymmetrical in posterior cortical atrophy (Whitwell et al., 2017).

ASL-MRI and FDG-PET are measuring two interrelated processes;
perfusion and metabolism (Buxton and Frank, 1997). We found a good
correlation between the FDG-PET and ASL findings in DLB patients.

Fig. 1. Cortical hypoperfusion on ASL-MRI and hy-
pometabolism on FDG-PET in DLB patients.
Regional cortical hypoperfusion on ASL is compared
voxel-wise between DLB patients and CN (top pa-
nels). Pattern of cortical hypometabolism on FDG-
PET is shown in the bottom panels. In the un-
corrected analysis (p <0.001, top left), DLB patients
have hypoperfusion in the medial parieto-occipital
cortices, specifically in precuneus and cuneus and in
the lateral occipital and temporo-parietal cortex (e.g.
angular, supramarginal and middle and inferior
temporal gyrus) compared to CN. The perfusion in
posterior cingulate gyrus is relatively spared. Pattern
of hypoperfusion is similar to hypometabolism
(bottom left), although the hypometabolism is more
wide-spread involving voxels in temporo-parietal
and frontal cortices. The posterior cingulate gyrus is
only marginally involved. After voxel-wise correc-
tion for multiple comparisons with family-wise error
(FWE) (p <0.05, top right), the hypoperfusion re-
mains confined to precuneus and cuneus and also
supramarginal and angular gyrus. Hypometabolic
areas overlap with hypoperfusion, although hypo-
metabolism extends more into lateral temporo-par-
ietal and to a lesser degree into frontal cortices
(bottom right).
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However, the magnitude of ASL-CISr was slightly higher than FDG-CISr
in a given clinical group. This may be explained by potential regional
(posterior cingulate versus cuneus and precuneus) differences in per-
fusion and metabolism (Chen et al., 2011) on ASL and FDG-PET, al-
though the pattern of hypoperfusion overlapped with hypometabolism.

Higher composite medial temporal AV-1451 uptake on tau PET was
associated with lower ASL-CISr, in agreement with a previous finding of
a higher neurofibrillary tangle Braak stage at autopsy correlating with a
lower FDG-CISr (Lim et al., 2009; Graff-Radford et al., 2014). This re-
lationship is likely a reflection of greater AD-related neurofibrillary
tangle pathology in the limbic network of those patients who have
overlapping AD and Lewy body pathology. Posterior cingulate cortex is
a part of the limbic network that is affected by AD-related neurofi-
brillary tangle pathology since the early stage of the disease
(Minoshima et al., 1997; Reiman et al., 1996), and may be less targeted
by Lewy body pathology (Lim et al., 2009). The relationship between a
higher composite medial temporal AV-1451 uptake and lower ASL-CISr,
however, needs to be interpreted with a caution since there were a few
DLB patients with low medial temporal AV-1451 uptake who also had
lower ASL-CISr values where higher ASL-CISr values would be expected
instead. Other underlying pathologies than neurofibrillary tangle tau

pathology, such as hippocampal sclerosis, TAR DNA-binding protein 43
or cerebrovascular disease could contribute to this. Presence of these
pathologies could explain lower AV-1451 uptake in DLB patients with
lower ASL-CISr, in whom higher ASL-CISr values were expected in the
presumed absence of neurofibrillary tangle tau pathology.

Among DLB patients, neuroimaging markers of AD-related pa-
thology such as hippocampal volumes predict the treatment response
with acetylcholinesterase inhibitors (Graff-Radford et al., 2012),
therefore, ASL-CISr which is associated with neurofibrillary tangle pa-
thology may serve as a prognostic biomarker but further research will
be required.

Our consecutive DLB patients were mildly demented. We did not
include DLB patients with more severe clinical disease as it has been
challenging to acquire multimodality imaging of sufficient quality from
DLB patients with moderate to severe dementia, a frequent problem in
multimodality imaging studies in DLB patients. At this milder stage, a
lower perfusion in precuneus and cuneus, relative to perfusion in cer-
ebellar gray matter, correlated with greater clinical impairment by
higher CDR-SOB, lower DRS and lower MMSE. However, there was no
correlation between ASL-CISr as such and clinical disease severity; or
between perfusion in the posterior cingulate cortex relative to

Fig. 2. Differences in ASL-CISr and FDG-CISr by clinical group.
Box-and-whisker plots show differences in magnitude of ASL-CISr and FDG-CISr; DLB patients have the highest CIS ratios whereas AD dementia patients have the
lowest CIS ratios.

Fig. 3. Correlation between ASL-CISr and FDG-CISr.
Scatter plot shows Pearson correlation between FDG-CISr and ASL-CISr in DLB
patients (red dots; rp= 0.67; p=0.002) and among all (rp= 0.52; p <0.001).

Fig. 4. Correlation between perfusion cingulate island sign ratio and medial
temporal tau AV-1451 uptake in DLB.
Pearson correlation between a higher composite medial temporal AV-1451
uptake as a proxy of AD-related tau pathology and lower ASL-CISr in DLB pa-
tients (r=−0.50; p=0.03). The SUVr of AV-1451 uptake is log-transformed.
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cerebellum and the clinical measures of disease severity. This may be
due to the relatively lower amount of AD-related tau pathology in
posterior cingulate cortex in our DLB patients, or because the perfusion
in precuneus and cuneus (as opposed to perfusion in posterior cingulate
cortex) may reflect the severity of underlying pathologies, their inter-
actions and associated clinical impairment more optimally. The Lewy
body and AD-related pathologies may also progress at the different
rates in these regions; a recent study using serial SPECT (Iizuka et al.,
2017) reported that CISr was initially low in prodromal DLB patients,
then high in mild DLB patients and again lower on follow up SPECT in
DLB patients, potentially due to the progression of AD-related pa-
thology.

AUROC statistics is commonly used to compare the diagnostic
imaging methods. Using AUROC statistics, FDG-CISr was more accurate
than ASL in distinguishing DLB and AD dementia patients possibly due
to lower signal-to-noise ratio of the ASL acquisition. However, ASL-CISr
also performed favorably with good sensitivity. Using a head array
receiver coil with a higher number of channels, or increasing the
number of averages could potentially increase the diagnostic accuracy
for ASL-CISr measurement. Given the practical advantages of ASL, ASL-
CISr may be considered as a potential screening tool for DLB in the
clinical settings.

An internal reference region is needed in the quantitative analysis of
cerebral blood flow because of the wide subject-to-subject variability in
cerebral perfusion. We chose the whole cerebellar gray matter as an
internal reference for ASL, and for consistency for FDG-PET, for the
following reasons: 1) The ASL acquisition covered the entire cerebral
and cerebellar hemispheres and signal-to-noise ratio in the cerebellum

was on par with that of the cerebrum; 2) cerebellum has not been
preferentially affected by either Lewy body or AD pathology.

ASL-MRI is a non-invasive and radiotracer-free imaging modality
that may be considered and further developed as tool for screening and
diagnosis of DLB in a wide range of the clinical facilities where FDG-
PET is not accessible.
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Abstract

IMPORTANCE In patients with probable dementia with Lewy bodies (DLB), overlapping Alzheimer
disease pathology is frequent and is associated with faster decline and shorter survival. More than
half of patients with DLB have elevated β-amyloid levels on carbon-11 labeled Pittsburgh compound B
(PiB) positron emission tomography, but the trajectory of longitudinal β-amyloid accumulation and
its associations with clinical and cognitive decline in DLB are not known.

OBJECTIVES To determine the trajectory of β-amyloid accumulation in patients with probable DLB
and to investigate the associations of β-amyloid accumulationwithmeasures of clinical and cognitive
decline over time in DLB.

DESIGN, SETTING, AND PARTICIPANTS This cohort study included 35 consecutive patients with
probable DLB from the Mayo Clinic Alzheimer Disease Research Center and matched them by age,
sex, and apolipoprotein e4 status with 140 cognitively unimpaired participants from the population-
based Mayo Clinic Study of Aging. Participants were observed from April 2010 to September 2017.
Data analysis was conducted from January 2018 to January 2019.

EXPOSURE Baseline and follow-up PiB positron emission tomography and comprehensive clinical
evaluations.

MAINOUTCOMESANDMEASURES Rate of change in PiB standardized uptake value ratios (SUVRs)
by PiB SUVR and time in years; the associations between baseline PiB SUVR, change in PiB SUVR,
and change in several measures of clinical and cognitive decline.

RESULTS A total of 175 participants were evaluated (35 [20.0%] with probable DLB; mean [SD] age,
69.6 [7.3] years; 16 [45.7%] apolipoprotein e4 carriers; 31 [88.6%]men; and 140 [80.0%] cognitively
unimpaired adults; mean [SD] age, 69.7 [7.2] years; 64 [45.7%] apolipoprotein e4 carriers; 124
[88.6%]men). In both groups, the rates of change in PiB SUVR showed an initial acceleration at lower
baseline PiB SUVR followed by a deceleration at higher baseline PiB SUVR, thus forming an
inverted-U shape. The trajectories of the rates of change in PiB SUVR did not differ between
participants with probable DLB and cognitively unimpaired participants in terms of shape (P = .59)
or vertical shift (coefficient [SE] 0.007 [0.006]; P = .22). The integral association of cumulative PiB
SUVR with time in years showed a sigmoid-shaped functional form in both groups. In participants
with probable DLB, higher baseline PiB SUVR and change in PiB SUVRwere associated with more
rapid clinical decline, as measured by the Clinical Dementia Rating, sum of boxes (baseline PiB SUVR:
regression coefficient [SE], 1.90 [0.63]; P = .005; R2 = 0.215; change in PiB SUVR, regression
coefficient [SE], 16.17 [7.47]; P = .04; R2 = 0.124) and the Auditory Verbal Learning Test, delayed
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Abstract (continued)

recall (baseline PiB SUVR, regression coefficient [SE], −2.09 [0.95]; P = .04; R2 = 0.182; change in PiB
SUVR, regression coefficient [SE], −25.05 [10.04]; P = .02; R2 = 0.221).

CONCLUSIONS ANDRELEVANCE In this study, the rate of change in PiB SUVR among participants
with probable DLB increased, peaked, and then decreased, which was similar to the trajectory in
cognitively unimpaired participants and the Alzheimer disease dementia continuum. Higher baseline
PiB SUVR and change in PiB SUVRwere associatedwithmore rapid clinical and cognitive decline over
time. Measuring the change in PiB SUVR has implications for designing anti–β-amyloid randomized
clinical trials for individuals with probable DLB.

JAMA Network Open. 2019;2(12):e1916439. doi:10.1001/jamanetworkopen.2019.16439

Introduction

Dementia with Lewy bodies (DLB) is a common neurodegenerative dementia associated with Lewy
body disease pathology. Patients with probable DLB frequently have varying levels of Alzheimer
disease (AD) pathology, β-amyloid, and neurofibrillary tangles (NFT), in addition to Lewy body
disease pathology.1,2 In DLB, concomitant AD pathology has been associated with a faster clinical
progression and a shorter survival in autopsy-confirmed cohorts.3-7

Positron emission tomography (PET) imaging with carbon-11 labeled Pittsburgh compound B
(PiB) is a well-established biomarker of β-amyloid in vivo.8-10 Approximately two-thirds of patients
with DLB have elevated PiB uptake on PET.11 However, the association of a higher PiB uptake with
greater clinical or cognitive impairment has been equivocal in DLB cross-sectionally.12 Longitudinal
studies in DLB are needed to understand the trajectory of PiB uptake over time and to determine its
association with clinical progression. Monitoring these aspects will be important for identifying the
most eligible candidates for emerging targeted treatments and for assessing the response to such
treatments.

Using serial PiB PET, prospective studies13-15 in cognitively unimpaired (CU) and in cognitively
impaired individuals within the AD continuumwith a range of baseline PiB standardized uptake value
ratios (SUVRs) demonstrated that the rate of change in PiB SUVR is not linear. At lower baseline PiB
SUVR, the rate of change in PiB SUVR accelerates and then decelerates at a higher baseline PiB
SUVR,13-15 thus forming an inverted-U shaped curve as a function of baseline PiB SUVR.13,15

Consequentially, cumulative PiB SUVR as a function of time follows a sigmoid-shaped trajectory,13,15

reaching a plateau at high baseline PiB SUVR within the AD continuum,13,15 with implications for the
timing of treatment strategies.

In DLB, the trajectory of the change in PiB SUVR is not known. Nor is it knownwhether
accelerated rates of change in PiB SUVR are associated with faster clinical declines in DLB. In this
longitudinal PiB PET cohort study, our objective was to determine the change in PiB SUVR and the
cumulative PiB SUVR over time in patients with probable DLB compared with CU adults with similar
demographic characteristics. Our second objective was to evaluate the associations of baseline PiB
SUVR and change in PiB SUVRwithmeasures of longitudinal clinical and cognitive decline in probable
DLB. A final objective was to calculate sample size estimates for a hypothetical randomized clinical
trial targeting β-amyloid in DLB.

Methods

Data Source, StudyDesign, and Population
The probable DLB group included 35 consecutive patients observed through theMayo Clinic
Alzheimer Disease Research Center between April 2010 and September 2017, of whom 32met
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clinical criteria for probable DLB at baseline16 and 3 hadmild cognitive impairment (MCI) at baseline
and developed probable DLB by the first follow up. To compare the trajectory of change in PiB SUVR,
we included 140 CU participants observed through theMayo Clinic Study of Aging, a longitudinal,
population-based cohort study.17 Cognitively unimpaired individuals were matched 4:1 with patients
with probable DLB on age, sex, and apolipoprotein (APOE) e4 status; they remained CU throughout
the study duration.

Baseline and Follow-upVisits
All participants were required to have a baseline PiB PET coupled with a comprehensive clinical
evaluation and an identical follow-up within 12 to 15 months for the probable DLB group and within
15 to 30 months for the CU group. Baseline and follow-up visits incorporated a medical history
review, informant interview, neurologic examination, neuropsychological assessment, and a series of
informant questionnaires.3,17-19 After each visit, a consensus panel, composed of the study nurse,
neurologist (B.F.B, J.G.-R., D.S.K., or R.C.P.), and neuropsychologist (T.J.F. or J.A.F.) who evaluated
the participant, established the clinical diagnosis after accounting for visual or hearing deficits,
education, and prior level of functioning.

Clinical and CognitiveMeasures
Clinical severity and progression were determined using global cognitive assessments (ie, Mini-
Mental State Examination [MMSE] and Dementia Rating Scale [DRS]) and noncognitive functional
assessments (Clinical Dementia Rating scale, sum of boxes [CDR-SOB] andmotor impairment by
Unified Parkinson Disease Rating Scale part III [UPDRS-III]). Neuropsychological evaluations included
the Auditory Verbal Learning Test (AVLT) for memory, the Boston Naming Test (BNT) for object
naming, the Trail Making Test, part A (TMT-A) for divided attention, and the Rey Complex Figure
(RCF) test for visual-perceptual processing.

The studywas approved by theMayo Clinic institutional review board, and informed consent on
participation was obtained from every participant or an appropriate surrogate. The study followed
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline.

Imaging Study
Baseline and follow-up PiB PET imaging was performed on PET-computed tomography systems
operating in a 3-dimensional mode (GEMedical Systems). Scans consisted of four 5-minute dynamic
frames acquired from 40 to 60minutes after injection of PiB; detailed descriptions have been
published elsewhere.15,20 For anatomic segmentation and labeling of PiB PET images, 3-dimensional,
high-resolution, magnetization-prepared rapid gradient echo T1-weightedmagnetic resonance
imaging (MRI) scans, performed during the same visit cycle as the PiB PET, were acquired with a 3-T
MRI scanner with 1 mm3 resolution (GEMedical Systems).21 Baseline and follow-upMRI images were
automatically segmented and bias corrected using unified segmentation22 in statistical parametric
mapping 12. We rigidly aligned PET images to MRI images, using statistical parametric mapping 12
(baseline-to-baseline and follow-up–to–follow-up), and MRI segmentations were used to perform
2-class partial volume correction.23 For consistency, we also performed analyses with no partial
volume correction of PiB SUVR. Regions were automatically located using advanced normalization
tools24 with the Mayo Clinic Adult Lifespan Template.25,26 For each PiB image, PiB uptake was
calculated as the SUVR in a standard composite region consisting of voxels in the parietal, posterior
cingulate, precuneus, prefrontal, orbitofrontal, temporal, and anterior cingulate cortices.15 To
maximize the reliability and plausibility of measurements, we used 2 reference regions: 1 for baseline
PiB SUVR and 1 for longitudinal change in PiB SUVR. For the baseline PiB SUVRmeasurement, we
used a standard cerebellar crus reference region.27 To measure the change in PiB SUVR, we used a
composite reference region of eroded supratentorial white matter, whole cerebellum, and pons; this
technique was developed by our group, has been extensively tested and compared with multiple
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alternative approaches, and has been shown to improve reliability and plausibility for serial
measurements compared with cross-sectional approaches.20

Statistical Analysis
Demographic, clinical, and cognitive characteristics of participants with probable DLB and CU
participants at baseline were summarized usingmeans with SDs or proportions. A log transformation
or a square root transformation was performed to normalize the distribution of baseline PiB SUVR,
MMSE score, and CDR-SOB score. Continuous variables were compared between probable DLB and
CU groups using analysis of variance with a random block design with an added predictor to account
formatching. The change in PiB SUVR for probable DLB and CU groupswas constructed frompartial
volume-corrected serial PiB SUVR. Changes in PiB SUVR and in clinical and cognitive measures were
annualized.We chose generalized additivemodels (GAMs) with 95%CIs tomodel the change in PiB
SUVR as a function of baseline PiB SUVR. We used 4-df penalized splines in GAMs as our primary
analysis to estimate the shapes of change in PiB SUVR vs baseline PiB SUVR for probable DLB and CU
groups separately. Subsequently, we tested for a type of interaction between group (probable DLB
or CU) and change in PiB SUVR by fitting fixed 4-df regression splines (to control the smooths and
produce nested models) within each group and then by fitting a 4-df regression spline without
differentiating the groups. We used an approximate F test from the analysis of deviance table
comparing themodels to test the interaction. We used GAMs to estimate the cumulative PiB SUVR
as a function of time in years in the probable DLB and CU groups; GAMs accounted for matching
between the groups. We used linear regressionmodels to determine the association of baseline PiB
SUVR and rate of change in PiB SUVR with rate of change in measures of clinical and cognitive
decline. We reported results of models without adjustment for any covariates. We investigated
regressionmodels, adjusting for combinations of age, sex, education, and APOE e4 carrier status but
found that no covariates were statistically significant nor did inclusion of the covariates produce
qualitatively different results for PiB SUVR or change in PiB SUVR. Finally, in the probable DLB group,
we estimated sample size for a hypothetical anti–β-amyloid clinical trial in patients with probable
DLB. Mixed-effect models and the jackknife-based resampling method were used to estimate the
sample sizes expressed as mean values with asymptotic confidence intervals. Change in PiB SUVR,
CDR-SOB score, DRS score, andMMSE score were used for these calculations, assuming 1-sided tests,
80%power, α = 0.05, and readings at 12, 18, and 24months of follow-up. Analyses were performed
using SAS statistical software version 9.4 (SAS Institute) and R statistical software version 3.1.1 (R
Foundation for Statistical Computing) with P < .05 considered statistically significant. All tests were
2-tailed, except for tests for sample size estimates, which were were 1-tailed.

Results

Baseline Cohort Characteristics
Baseline characteristics of participants in the probable DLB and CU groups, matched on age, sex, and
APOE e4 status, are listed in Table 1. In total, 175 participants were evaluated. Of these, 35 (20.0%)
had probable DLB, with mean (SD) age of 69.6 (7.3) years; 16 (45.7%) were APOE e4 carriers; and 31
(88.6%) were men. A total of 140 CU participants (80.0%) were matched on age (mean [SD] age
69.7 [7.2] years), APOE e4 status (64 [45.7%] carriers), and sex (124 [88.6%]men) to patients with
probable DLB. Dementia severity of participants with probable DLB was mild based on MMSE, DRS,
and CDR-SOB scores. Mean (SD) baseline PiB SUVR, reported with partial volume correction, was
higher among participants with probable DLB than among CU participants (1.58 [0.41] vs 1.36 [0.22];
P < .001; range, 1.17-2.57 vs 1.11-2.36). We obtained similar results on baseline PiB SUVR and findings
in this study when we analyzed PiB SUVR data with no partial volume correction (mean [SD] baseline
PiB SUVR 1.44 [0.36] vs 1.26 [0.20]; P < .001; range, 1.05-2.23 vs 1.01-2.21). The interval between
baseline and follow-up visit was shorter among the probable DLB group than the CU group because
of recruitment from 2 sources; therefore, change in PiB SUVR and changes in clinical and cognitive
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measures were annualized. Compared with patients with probable DLBwho did not carry APOE e4,
APOE e4 carriers had higher mean (SD) baseline PiB SUVR (1.40 [0.27] vs 1.79 [0.46]; P = .005) and
lower mean (SD) UPDRS-III motor score (11.1 [5.5] vs 6.5 [5.7]; P = .02). In clinical and cognitive
measures and frequencies of probable DLB, APOE e4 carriers vs noncarriers did not differ (ie, all
P > .05). We did not examine differences in the change in PiB SUVR between participants with
probable DLBwhowere APOE e4 carriers vs noncarriers because of relatively small subgroups.

Trajectories of Change in PiB SUVR
Change in PiB SUVR by baseline PiB SUVR did not differ between the probable DLB and CU groups
(Figure 1A); the regression-based smooth curves for rate of change in PiB SUVR did not differ
between DLB and CU (P = .59). Moreover, we observed no difference in the shape (vertical shift) of

Table 1. Participants’ Baseline Characteristics

Characteristic

Mean (SD)

P Valuea
CU Participants
(n = 140)

Patients With Probable DLB
(n = 35)

Men, No. (%) 124 (88.6) 31 (88.6) >.99

Age, y 69.7 (7.2) 69.6 (7.3) .68

APOE e4 carrier, No. (%) 64 (45.7) 16 (45.7) >.99

Education, y 15.3 (2.4) 15.7 (2.9) .44

Interscan interval, y 2.4 (1.0) 1.2 (0.4) <.001

PiB SUVR

Baseline, mean (SD) [range] 1.36 (0.22) [1.11-2.36] 1.58 (0.41) [1.17-2.57] <.001b

Slope, baseline to follow-up 0.016 (0.024) 0.020 (0.037) .45

CDR-SOB scorec 0.0 (0.2) 3.4 (1.8) <.001b

MMSE scorec 28.5 (1.1) 24.3 (4.7) <.001b

UPDRS-III motor scored 0.4 (1.2) 9.1 (6.0) <.001

AVLT, delayed recall scoree 8.2 (2.9) 3.2 (3.4) <.001

TMT-A scoref 33.6 (9.0) 69.0 (38.4) <.001

BNT scoreg NA 25.3 (4.7) NA

RCF copy, total scoreg NA 17.9 (10.5) NA

DRS scoreh NA 128.6 (8.9) NA

Visual hallucination, No. (%)i NA 17 (50.0) NA

Fluctuations, No. (%)i NA 22 (64.7) NA

Parkinsonism, No. (%)i NA 29 (85.3) NA

RBD, No. (%)i,j NA 33 (97.1) NA

Cognitive impairment, yi NA 5.58 (3.32) NA

Abbreviations: APOE, apolipoprotein; AVLT, Auditory Verbal Learning Test; BNT, Boston Naming Test; CDR-SOB, Clinical
Dementia Rating Scale, sum of boxes; CU, cognitively unimpaired; DLB, dementia with Lewy bodies; DRS, Dementia Rating
Scale; MMSE, Mini-Mental State Examination; PiB SUVR, carbon-11 labeled Pittsburgh compound B, standardized uptake
value ratio; RCF, Rey Complex Figure; RBD, REM Sleep Behavior Disorder; TMT-A, Trail Making Test, part A; UPDRS-III,
Unified Parkinson Disease Rating Scale, part III.
a P values for differences between groups came from an analysis of variance using a random block design with an added
predictor for thematching ID.

b Either a log transformation or square root transformation was performed to normalize the distribution.
c Data missing for 1 CU participant.
d Data missing for 1 CU participant and 1 participant with probable DLB.
e Data missing for 1 CU participant and 6 participants with probable DLB.
f Data missing for 1 CU participant and 2 participants with probable DLB.
g Data missing for 5 participants with probable DLB.
h Data missing for 6 participants with probable DLB.
i Data missing for 1 participant with probable DLB.
j A total of 25 of 34 patients (73.5%) with probable DLB had probable RBD confirmed by polysomnography; 8 (23.5%) had
possible RBD confirmed byMayo Clinic Sleep Questionnaire18; and 1 (2.9%) did not have RBD.
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trajectories between the probable DLB and CU groups (regression spline model, approximate
P = .07; penalized spline model, coefficient [SE] 0.007 [0.006]; P = .22) (Figure 1A). The association
between change in PiB SUVR and baseline PiB SUVRwas nonlinear (test of linearity, P < .001) in both
PDLB and CU groups. In both probable DLB and CU groups, change in PiB SUVR accelerated at lower
baseline PiB SUVR, peaked at a PiB SUVR of approximately 1.8, and then decelerated at higher
baseline PiB SUVR, forming an inverted U–shaped curve as a function of baseline PiB SUVR.
Subsequently, the associations of change in PiB SUVR as a function of baseline PiB SUVRwere
integrated into PiB SUVR as a function of time associations in probable DLB and CU groups (ie, the
cumulative density function) (Figure 1B). The integral association of PiB SUVR by time rendered
sigmoid-shaped trajectories for both probable DLB and CU groups (Figure 1B).

Association of Baseline and Change in PiB SUVRWith Clinical and Cognitive Decline
in PatientsWith Probable DLB
In patients with probable DLB, the associations of baseline PiB SUVR and change in PiB SUVR with
measures of clinical progression are summarized in Table 2 and Figure 2. Higher baseline PiB SUVR
was associated with a greater longitudinal decline, as measured by the DRS (regression coefficient
[SE], −22.40 [6.53]; P = .002; R2 = 0.312), the CDR-SOB (regression coefficient [SE], 1.90 [0.63];
P = .005; R2 = 0.215), the AVLT, delayed recall (regression coefficient [SE], −2.09 [0.95]; P = .04;
R2 = 0.182), the BNT (regression coefficient [SE], −2.39 [0.84]; P = .009; R2 = 0.245), and the TMT-A
(regression coefficient [SE], 43.43 [12.96]; P = .002; R2 = 0.286). Similarly, greater change in PiB
SUVRwas associated with greater decline as measured by the CDR-SOB (regression coefficient [SE],
16.17 [7.47]; P = .04; R2 = 0.124) and the AVLT, delayed recall (regression coefficient [SE], −25.05
[10.04]; P = .02; R2 = 0.221). Baseline PiB SUVR and change in PiB SUVRwere not associated with
changes in MMSE score, UPDRS-III score, or visual-perceptual processing (Table 2).

The nature of the selection of the CU participants resulted in a restricted range of change in
cognition and clinical scales. For example, only 8 CU participants (5.7%) had nonzero values for
change in CDR-SOB score. Thus, the findings from only 8 influential participants would have to be
interpreted with extreme caution. In addition, since we selected CU participants to match patients
with probable DLB on age, sex, and APOE e4 status, we could only make inferences about this CU
sample, which does not fully represent the CU population.

Figure 1. Trajectories of Change in Carbon-11 Labeled
Pittsburgh Compound B Standardized Uptake Value Ratio (PiB SUVR) and Baseline PiB SUVR
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Sample Size Estimates for Hypothetical Clinical Trial in DLB
The sample size estimates for a hypothetical clinical trial in patients with DLB showed that using the
change in PiB SUVR to measure therapeutic effect would require the smallest sample size. Change in
PiB SUVRwas followed by change in CDR-SOB score, whereas using themeasurements of changes
in DRS andMMSE scores would require larger samples (Table 3).

Discussion

In this longitudinal cohort PiB PET study, we determined the trajectories of change in PiB SUVR in
patients with mild probable DLB compared with CU participants, matched on demographic variables
andAPOE e4 status. The trajectories of change in PiB SUVR did not differ between probable DLB and
CU groups. In both groups, the trajectories were nonlinear, with an initial acceleration at lower
baseline PiB SUVR followed by a deceleration at higher baseline PiB SUVR. The integral association
between cumulative PiB SUVR and time showed a sigmoid-shaped functional form in both probable
DLB and CU groups, very similar to the trajectories reported in AD continuum cohorts, which
included CU participants with a range of baseline PiB SUVRs.13-15 Furthermore, the rate of clinical
progression in probable DLB was associated with both baseline PiB SUVR and change in PiB SUVR.
We showed that measuring change in PiB SUVR and change in CDR-SOB score would require a
smaller sample size in a hypothetical clinical trial among patients with probable DLB. Altogether, our
findings suggest that measuring change in PiB SUVR is a valid biomarker of longitudinal β-amyloid
accumulation in individuals with probable DLB and that progression of β-amyloid pathology in
probable DLB is associated with functional and cognitive decline.

Table2.AssociationsofBaselinePiBSUVRandChange inPiBSUVR
WithClinical andCognitiveDecline inProbableDementiawithLewyBodies

Change in Measure
Regression Coefficient
(SE)a P Value R2

Baseline PiB SUVR

DRS –22.40 (6.53) .002 0.312

CDR-SOB 1.90 (0.63) .005 0.215

MMSE –2.25 (1.78) .22 0.046

UPDRS-III –0.93 (1.74) .60 0.009

AVLT –2.09 (0.95) .04 0.182

BNT –2.39 (0.84) .009 0.245

TMT-A 43.43 (12.96) .002 0.286

ROCFT –4.26 (3.76) .27 0.047

Change in PiB SUVR

DRS –62.09 (86.67) .48 0.019

CDR-SOB 16.17 (7.47) .04 0.124

MMSE –28.40 (19.78) .16 0.059

UPDRS-III 6.66 (19.39) .73 0.004

AVLT –25.05 (10.04) .02 0.221

BNT –13.81 (9.80) .17 0.074

TMT-A 153.42 (167.73) .37 0.029

ROCFT 30.08 (39.88) .46 0.021

Abbreviations: AVLT, Auditory Verbal Learning Test, delayed recall; BNT, Boston
Naming Test; CDR-SOB, Clinical Dementia Rating, sumof boxes; DRS, Dementia
Rating Scale; MMSE, Mini-Mental State Examination; PiB SUVR, carbon-11
labeled Pittsburgh compound B, standardized uptake value ratio; TMT-A, Trail
Making Test, part A; UPDRS-III, Unified Parkinson Disease Rating Scale, part III,
motor score.
a Regression coefficients for these associations are from simple linear
regressionmodels.
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We compared change in PiB SUVR between participants with probable DLB and CU participants
who werematched by age, sex, and APOE e4 status. We hypothesized that suchmatching could
allow for an indirect evaluation of the effect of α-synuclein on the change in PiB SUVR in participants
with probable DLB. Interestingly, we found that change in PiB SUVR in the probable DLB group did
not diverge from the CU group. However, the trajectories of change in PiB SUVR seen in our study
closely resembled the trajectories of change in PiB SUVR in previous longitudinal studies on change in
PiB SUVR among CU patients, patients with MCI, and patients with AD.13-15 These similarities across
large cohorts and studies would suggest a relatively uniform progression of β-amyloid pathology
with respect to baseline β-amyloid load in various neurodegenerative syndromes (ie, AD and DLB)
and individuals with no cognitive impairment.

Figure 2. Rate of Change in Clinical and CognitiveMeasures by Baseline Carbon-11 Labeled Pittsburgh Compound B Standardized Uptake Value Ratios (PiB SUVR)
and Change in PiB SUVRAmong Patients with Probable Dementia with Lewy Bodies
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A, Scatterplots show significant associations of the baseline cross-sectional PiB SUVR
with the annualized rates of change in measures of clinical and cognitive decline in
patients with probable DLB. B, Scatterplots show associations of change in PiB SUVR
with changes in measures of clinical and cognitive decline; associations with change in

Clinical Dementia Rating, sum of boxes (CDR-SOB) score and Auditory Verbal Learning
Test (AVLT), delayed recall are significant. The estimates for these associations are from
simple linear regression models (Table 2). BNT indicates Boston Naming Test; DRS,
Dementia Rating Scale; and TMT-A, Trail Making Test, part A.

Table 3. Sample Size Estimates for Hypothetical Clinical Trial in Dementia with Lewy Bodiesa

Measure Participants, No. (95% CI)
Follow-up, mo 12 12 18 18 24 24 36

Reduction in slope, % 25 50 25 50 25 50 25 50

PiB SUVR 602 (521-682) 151 (131-170) 258 (224-292) 65 (57-73) 151 (131-171) 38 (33-43) 61 (53-69) 16 (14-17)

CDR-SOB 768 (655-882) 193 (164-221) 328 (280-377) 83 (71-95) 193 (164-222) 49 (42-56) 77 (66-89) 20 (17-22)

DRS 867 (735-1000) 215 (181-251) 370 (309-431) 94 (79-108) 218 (185-250) 55 (46-63) 87 (75-100) 22 (19-26)

MMSE 1583 (1262-1904) 397 (321-472) 681 (543-820) 170 (138-203) 395 (313-477) 99 (79-118) 159 (127-190) 40 (32-48)

Abbreviations: CDR-SOB, Clinical Dementia Rating, sum of boxes; DRS, Dementia Rating
Scale; MMSE, Mini-Mental State Examination; PiB SUVR, carbon-11 labeled Pittsburgh
compound B, standardized uptake value ratio.

a Slope estimates and variances are frommixedmodels. Sample sizes are estimated
using jackknife resampling as mean values along with asymptotic confidence intervals.
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We note that the primary underlying pathology contributing to cognitive impairment in
probable DLB patients is α-synuclein, with additional β-amyloid, NFT-tau, and possibly other
pathologies, such as vascular disease or TAR DNA-binding protein-43. There is growing evidence of
complex interactions between α-synuclein, β-amyloid, and NFT-tau,4,28,29 such that individuals with
higher α-synuclein levels also tend to have higher β-amyloid and NFT-tau burdens. However, our
findings suggest that the likely presence of α-synuclein in patients with mild probable DLB does not
significantly alter the trajectory of β-amyloid accumulation as measured by PET.

The associations of baseline PiB SUVRwith clinical and cognitive impairment have been
ambiguous in probable DLB,12 whichmay be because of discrepancies in study design, small sample
sizes of generally cross-sectional cohorts, and discrepancies in the interpretation of findings because
observing an association is not equal to finding a causal association.Many studies combined patients
with probable DLB, Parkinson disease dementia, or evenMCIwith Parkinson disease in 1 group. Some
reported an association of higher PiB SUVRwith lowerMMSE scores,30worse semanticmemory,30,31

or lower CDR scores,32 whereas others did not find an association with MMSE33 or CDR scores.21 A
study performed by our group34 observed an association of higher baseline PiB SUVRwithworsening
in CDR-SOB score over time. In the current study, we showed associations of baseline PiB SUVRwith
measures of longitudinal clinical and cognitive decline in patients with DLB. We found that a higher
baseline PiB SUVR was associated with a more rapid decline as measured by DRS, CDR-SOB, AVLT,
BNT, and TMT-A. Moreover, longitudinally, a greater change in PiB SUVRwas associated with greater
changes in CDR-SOB and AVLT scores. Thus, these 2 measures may be more sensitive and optimal
for monitoring the cooccurrence of β-amyloid progression and clinical progression in probable DLB.
The association of memory decline with PiB SUVR in probable DLB is interesting because, early in the
AD continuum, many studies did not confirm associations of baseline PiB SUVR or change in PiB
SUVRwith memory decline.35,36 This could be owing to floor effect in AD andMCI studies, in which
baseline memory performance is already moderately to severely impaired, but in DLB, baseline
memory scores are less impaired. Aside frommethodological issues, a potential biological
explanation has been that β-amyloid alone is insufficient to influence cognitive impairment directly
and rather constitutes an early event causing a chain of downstream pathologic changes leading to
cognitive decline.35,37,38 We have shown that a higher PiB SUVR in patients with probable DLB was
associated with higher fluoride-18 flortaucipir (AV-1451) uptake.39 It remains to be seen whether the
associations of baseline PiB SUVR and change in PiB SUVRwith clinical and cognitive decline in
probable DLB are direct effects of the progression of β-amyloid accumulation or whether it is the
progression of α-synuclein or NFT-tau that influences cognitive decline, thus making the association
of β-amyloid progression with clinical and cognitive decline indirect.

There was no association of PiB SUVR or change in PiB SUVRwith changes in MMSE score,
UPDRS-III score, or RCF-measured visual-perceptual performance. A potential explanation is lower
statistical power or relatively narrow range of values in a probable DLB group of this size. Additionally,
cognitive fluctuations may contribute to both short-term and long-term variability in clinical and
cognitive evaluations. Moreover, the MMSEmight not be an optimal measure of global cognitive
decline in probable DLB,40 although some studies have suggested otherwise.41 Most importantly,
these clinical and cognitive measures may be influenced by other pathologies, such as NFT-tau or
α-synuclein, or by other neurologic and functional factors, such as mood or daytime sleepiness.

Sample size calculations for a hypothetical clinical trial in patients with probable DLB showed
that measuring change in PiB SUVR followed by change in CDR-SOB score required the smallest
sample size comparedwith themost often–used global cognitive and functional measures. Favorable
sample size estimates using change in CDR-SOB score may again suggest that global functional
measures may bemore optimal for tracking overall impairment in probable DLB andmay track better
with complex symptoms, such as cognitive, motor, sleep-related, affective, and psychiatric
symptoms. Conversely, a large sample size by change in MMSE score indicated that theMMSEmay
not be an optimal measure for global cognitive decline in probable DLB in a clinical trial setting.
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Limitations
Our study has some limitations. Although this longitudinal study sample was larger thanmost cross-
sectional β-amyloid PET studies among individuals with probable DLB, it may still not have the
sufficient power to detect subtle associations or conduct subgroup analyses, such as change in PiB
SURV by APOE e4 status or by sex. The differences in change in PiB SUVR between CU APOE e4
carriers vs noncarriers were previously investigated42 but need to be investigated among individuals
with probable DLB. A recentmeta-analysis did not show greater prevalence of β-amyloid pathology
by PET in women vs men within the AD continuum,43 but the sex effects need to be investigated
further in probable DLB. Furthermore, CU participants may have various subthreshold pathologies
owing to their population-based origin.44 Approximately 30% of CU participants have elevated
baseline PiB SUVR.43 Some of them develop cognitive impairment and dementia,35 whereas others
remain without cognitive impairment. It is likely that some of the CU participants in this study will
later develop cognitive impairment. To mitigate this, CU participants had to remain clinically
unimpaired during the follow-up period.

Conclusions

In this cohort study, the sigmoid trajectory of cumulative PiB SUVR by time observed in patients with
probable DLBwas consistent with the trajectories in the AD continuum, including the CU participants
with lower baseline PiB SUVR. This finding suggests that, at sufficiently high baseline PiB SUVR, PiB
uptake would reach equilibrium. This has potential implications for the timing of potential anti–β-
amyloid strategies in probable DLB. Whereas the consequences of anti–β-amyloid approaches
among patients with probable DLB are unknown at this time, associations of PiB SUVR and change in
PiB SUVRwith clinical and cognitive decline suggest that anti–β-amyloid strategiesmay have a place
in clinical trials involving patients with probable DLB. However, how an anti–β-amyloid treatment
would affect the progression of α-synuclein and NFT-tau in probable DLB remains to be seen.
Because of the interactions among β-amyloid, α-synuclein, and NFT-tau,3,4 it is possible that
targeting β-amyloid alonemight contribute to overall pathologic progression and functional
improvement in probable DLB patients. However, owing to the heterogeneity and complexity of
underlying proteinopathies and clinical symptoms in probable DLB, individualized combination
therapies with acetyl-cholinesterase inhibitors,45 lifestyle interventions, treatment of age-related
comorbidities, and anti-tau treatments will need to be considered.
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Longitudinal atrophy in prodromal dementia
with Lewy bodies points to cholinergic
degeneration
Kejal Kantarci,1 Zuzana Nedelska,1,2 Qin Chen,1,3 Matthew L. Senjem,1 Christopher

G. Schwarz,1 Jeffrey L. Gunter,1 Scott A. Przybelski,4 Timothy G. Lesnick,4 Walter
K. Kremers,4 Julie A. Fields,5 Jonathan Graff-Radford,6 Rodolfo Savica,6 David Jones,6

Hugo Botha,6 David S. Knopman,6 Val Lowe,1 Neill R. Graff-Radford,7 Melissa M. Murray,8

Dennis W. Dickson,8 R. Ross Reichard,9 Clifford R. Jack Jr,1 Ronald C. Petersen,6 Tanis
J. Ferman10 and Bradley F. Boeve6

Mild cognitive impairment with the core clinical features of dementia with Lewy bodies is recognized as a prodromal stage of dementia
with Lewy bodies. Although grey matter atrophy has been demonstrated in prodromal dementia with Lewy bodies, longitudinal rates
of atrophy during progression to probable dementia with Lewy bodies are unknown. We investigated the regional patterns of cross-
sectional and longitudinal rates of grey matter atrophy in prodromal dementia with Lewy bodies, including those who progressed to
probable dementia with Lewy bodies. Patients with mild cognitive impairment with at least one core clinical feature of dementia with
Lewy bodies (mean age=70.5; 95%male), who were enrolled in the Mayo Clinic Alzheimer’s Disease Research Center and followed
for at least two clinical evaluations andMRI examinations, were included (n=56). A cognitively unimpaired control group (n= 112)
was matched 2:1 to the patients with mild cognitive impairment by age and sex. Patients either remained stable (n=28) or progressed
to probable dementia with Lewy bodies (n=28) during a similar follow-up period and pathologic confirmation was available in a
subset of cases (n=18). Cross-sectional and longitudinal rates of greymatter atrophywere assessed using voxel-based and atlas-based
region of interest analyses. At baseline, prodromal dementia with Lewy bodies was characterized by atrophy in the nucleus basalis of
Meynert both in those who remained stable and those who progressed to probable dementia with Lewy bodies (P, 0.05 false discov-
ery rate corrected). Increase in longitudinal grey matter atrophy rates were widespread, with greatest rates of atrophy observed in the
enthorhinal and parahippocampal cortices, temporoparietal association cortices, thalamus and the basal ganglia, in mild cognitive
impairment patients who progressed to probable dementia with Lewy bodies at follow-up (P,0.05 false discovery rate corrected).
Rates of inferior temporal atrophy were associated with greater rates of worsening on the clinical dementia rating–sum of boxes.
Seventeen of the 18 (94%) autopsied cases had Lewy body disease. Results show that atrophy in the nucleus basalis of Meynert is
a feature of prodromal dementia with Lewy bodies regardless of proximity to progression to probable dementia with Lewy bodies.
Longitudinally, grey matter atrophy progresses in regions with significant cholinergic innervation, in alignment with clinical disease
progression, withwidespread and accelerated rates of atrophy in patients who progress to probable dementia with Lewy bodies. Given
the prominent neurodegeneration in the cholinergic system, patients with prodromal dementia with Lewy bodies may be candidates
for cholinesterase inhibitor treatment.

1 Department of Radiology, Mayo Clinic, Rochester, MN, USA
2 Department of Neurology, Charles University, Prague, Czech Republic
3 Department of Neurology, West China Hospital of Sichuan University, Chengdu, Sichuan, China
4 Department of Health Sciences Research, Mayo Clinic, Rochester, MN, USA
5 Department of Psychology and Psychiatry, Mayo Clinic, Rochester, MN, USA

Received April 23, 2021. Revised November 10, 2021. Accepted February 2, 2022. Advance access publication February 7, 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of the Guarantors of Brain.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

BBRAIN COMMUNICATIONSAIN COMMUNICATIONS
https://doi.org/10.1093/braincomms/fcac013 BRAIN COMMUNICATIONS 2022: Page 1 of 12 | 1

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/4/2/fcac013/6523689 by guest on 21 Septem

ber 2022



6 Department of Neurology, Mayo Clinic, Rochester, MN, USA
7 Department of Neurology, Mayo Clinic, Jacksonville, FL, USA
8 Department of Laboratory Medicine and Pathology, Mayo Clinic, Rochester, MN, USA
9 Department of Laboratory Medicine and Pathology, Mayo Clinic, Jacksonville, FL, USA
10 Department of Psychology and Psychiatry, Mayo Clinic, Jacksonville, FL, USA

Correspondence to: Kejal Kantarci, MD, MS
Department of Radiology
Mayo Clinic
200 First Street SW
Rochester, MN 55905, USA
E-mail: kantarci.kejal@mayo.edu

Keywords: mild cognitive impairment; dementia with Lewy bodies; MRI; atrophy; prodromal DLB

Abbreviations: ADRC=Alzheimer’s Disease Research Center; CDR=Clinical Dementia Rating Scale; CU= cognitively
unimpaired; DLB= dementia with Lewy bodies; MCALT=Mayo Clinic Adult Lifespan Template; MCI-LB=mild cognitive
impairment with core clinical features of DLB; MCSA=Mayo Clinic Study of Aging; pRBD=probable rapid eye movement sleep
behaviour disorder; SPM= statistical parametric mapping; TBM-Syn= tensor-based morphometry with symmetric normalization;
UPDRS-III=Unified Parkinson’s Disease Rating Scale part III

Graphical Abstract

Introduction
Based on the evidence that was available in 2020, the pro-
dromal dementia with Lewy bodies (DLB) Diagnostic Study
Group published the research criteria for the diagnosis of
prodromal DLB.1 The prodromal phase of DLB includes three
categories of presentations: (i) mild cognitive impairment
(MCI)-onset, (ii) delirium-onset and (iii) psychiatric-onset,
whereas evidence from the MCI-onset category of prodromal
DLB was sufficient to propose formal criteria for prodromal
DLB, the evidence from the delirium-onset and psychiatric-
onset presentations were found to be insufficient.1 Thus,
MCI with the core clinical features of DLB is now recognized
as a prodromal stage of DLB (MCI-LB).

MCI-LB may be present years before probable DLB be-
comes evident. Non-amnestic MCI along with hippocampal

preservation onMRI has been shown to be a strong predictor
of progression from MCI-LB to probable DLB versus
Alzheimer’s disease dementia.2,3 Cross-sectional structural
MRI studies have demonstrated atrophy in insula, temporal
and cingulate cortices, and the nucleus basalis of Meynert in
MCI-LB; 4–8 however, clinical progression of MCI patients
to probable DLB, as well as rates of longitudinal of atrophy
during progression to probable DLB are unknown.

Patients with probable DLB are characterized by increased
rates of global brain atrophy and cortical atrophy on longi-
tudinal structural MRI compared to their cognitively unim-
paired (CU) peers.9–12 Furthermore, regional grey matter
atrophy rates are associated with clinical disease progression
in both patients with clinically diagnosed probable DLB13

and autopsy-confirmed Lewy body disease,12 indicating
that neurodegeneration is an important component of DLB
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pathophysiology. Determining the cross-sectional and longi-
tudinal patterns of atrophy in MCI-LB and particularly in
MCI-LB who progressed to probable DLB would provide
an opportunity for detection of early neurodegeneration in
patients with DLB at the prodromal stage. In addition, deter-
mining the topographic pattern and time course of structural
MRI changes in MCI-LB may provide insights into the clin-
ical evolution of DLB starting from the earliest stages.

Objectives of the present studywere 2-fold: (i) to assess the
pattern of cross-sectional and longitudinal rates of grey mat-
ter atrophy inMCI patients with at least one clinical core fea-
ture of DLB, (i.e. MCI-LB) compared with CU controls; (ii)
to determine whether the rates of grey matter atrophy are as-
sociated with clinical disease progression in MCI-LB.

Materials and methods
Participants
Patients included those with MCI and at least one core clin-
ical feature of DLB (i.e. parkinsonism, fluctuations, visual
hallucinations, RBD), enrolled in the Mayo Clinic
Alzheimer’s Disease Research Center (ADRC) between
October 2005 and December 2017 and followed with at
least two clinical evaluations and MRI exams (n= 56).
Although the recently published research criteria for pro-
dromal DLB1 was not used for inclusion at the time of enrol-
ment to this prospective study, in retrospect 47 (84%) of the
patients withMCImet the research criteria for probable pro-
dromal DLB and the remaining 9 (16%)met the research cri-
teria for possible prodromal DLB.

MayoClinic ADRCparticipants are followed prospective-
ly with approximately annual clinical evaluations and MRI.
To include all MCI-DLB participants and to keep the follow-
up interval consistent between the MCI-DLB patients who
remained stable (MCI-LB stable) and MCI-DLB patients
who progressed to probable DLB (MCI-LB progressor), we
included the last two evaluations prior to and at the time
of progression to DLB in MCI-LB progressors
(n= 28) and last two evaluations in MCI-LB stables (n=
28). The CU adults included as controls (CU; n= 112) were
participants of the Mayo Clinic Study of Aging (MCSA), a
prospective population-based study of aging.14 CU had at
least two clinical evaluations and MRI examinations and
were matched to MCI-LB 2:1 on age at baseline and sex.

Clinical evaluation
Diagnosis of MCI was made according to the criteria by
Petersen et al.,15,16 and diagnosis of probable DLB was
made according to the DLB Consortium Criteria.17,18

Clinical Dementia Rating–Sum of Boxes (CDR–SOB) was
used to determine clinical disease severity. Assessments for
the clinical features of DLB were detailed in previous reports
from the ADRC cohorts.14,19 Briefly, the 4-item Mayo
Fluctuations Scale scores of 3 or 420 were used to identify

the presence of fluctuations. Visual hallucinations were char-
acterized by being fully formed and not restricted to a single
episode or related to another medical issue, or treatment. A
history of probable REM sleep behaviour disorder (pRBD)
was based on the International Classification of Sleep
Disorders-II diagnostic criteria.21 Presence of parkinsonism
was based on two of the four cardinal features (bradykinesia,
rigidity, tremor and postural instability). The Unified
Parkinson’s Disease Rating Scale-III (UPDRS-III) score22

was used to quantify the severity of motor impairment.
Informed consent was obtained from all participants and/or

their proxies for participation in this study. All procedureswere
approved by the Mayo Clinic Institutional Review Board.

MRI acquisition and analysis
AllMRIs were performed at 3Twith an 8-channel phased ar-
ray head coil (GE Healthcare, Milwaukee, WI, USA). A 3D
high-resolution T1-weighted magnetization-prepared rapid
gradient echo acquisition was performed with repetition
time/echo time/inversion time= 2300/3/900 ms, flip angle
8°, voxel resolution 1.2×1×1 mm.

T1-weightedMRI were tissue-class segmented and corrected
for B0 inhomogeneities using Unified Segmentation23 in
SPM12 (www.fil.ion.ucl.ac.uk/spm) with population-
optimized templates and settings from the Mayo Clinic Adult
Lifespan Template (MCALT; https://www.nitrc.org/projects/
mcalt/). Tissue volumes were calculated by summing voxel-
wise probabilities within each of 28 cortical and subcortical re-
gion of interest (ROI) labels from the an in-house atlas of the
substantia innominata, propagated using ANTS Symmetric
Normalization,24 with right and left hemispheric values aver-
aged as previously described.25 We then estimated cortical
thickness from these segmentations using ANTS DiReCT,
also as previously described.26

We used a fully automated in-house developed image pro-
cessing pipeline, named tensor-based morphometry with
symmetric normalization (TBM-SyN), to compute the
changes in cortical volume over time in each participant.27,28

Briefly, the steps in the TBM-SyN pipeline were as follows.
First, for each participant, both of their longitudinal
T1-weighted structural MRI scans were iteratively
co-registered to their mean, using a 6 degrees-of-freedom,
followed by 9 degrees-of-freedom rigid body registration
using SPM12. Next, image intensity histograms across
each participant’s time series of images were normalized
using an in-house developed differential bias correction algo-
rithm,28 and the SyN diffeomorphic registration algorithm
from ANTs software24 was used to compute deformations
between each pair of images in each direction, producing
the Jacobian determinant images and the ‘annualized’ log
of the Jacobian determinant from the deformation in each
direction. The voxel values of the Jacobian determinant im-
age represent the expansion or contraction of each voxel
over time, and those of the annualized log Jacobian deter-
minant image can be thought of as analogous to an annual-
ized per cent change at each voxel. The SyN deformations
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were applied in each direction, respectively, to the original
bias corrected late and early images, to get the early image
warped to the late, and the late image warped to the early im-
age, and average themwith their respective originals, resulting
in a ‘synthetic late image’ and a ‘synthetic early image’. Then,
we segmented the synthetic early and late images each using
the same segmentation pipeline described previously.

To assess the cross-sectional and longitudinal atrophy at
the voxel level, the baseline tissue-class segmented images
and the annualized log of the Jacobian determinant for
each voxel in each participant were smoothed with a 6 mm
full-width at half maximum Gaussian smoothing kernel.
Between-group voxel-based comparisons were computed
using SPM12 and displayed after correcting for multiple
comparisons with false discovery rate (FDR; P, 0.05).
Our main analysis was voxel-based analysis to investigate
group differences. However, because our secondary object-
ive was to determine whether the rates of grey matter atro-
phy are associated with clinical disease progression in
MCI-LB, we employed a secondary atlas-based ROI ana-
lysis. Data from the atlas-based ROI analysis was utilized
for investigating the associations between atrophy rates
and clinical disease progression.

Pathologic examination
We used standardized methods for the neuropathologic as-
sessment by expert neuropathologists (MEM, DWD and
RRR) blinded to MRI results. Sampling was done according
to the CERAD protocol29 and the fourth report of the
DLB Consortium.17 Immunohistochemistry to detect
Lewy-related pathology was performed using monoclonal
antibody to alpha-synuclein (LB509; 1:200; Zymed,
San Francisco, CA, USA) using a protocol (formic acid pre-
treatment and DAKODAB polymer signal detection) as pre-
vious described.30 The presence, density, semiquantitative
scores and distribution of Lewy body-related pathology
were based on recommendations of the fourth report of the
DLB Consortium.17 Amyloid-beta plaques and neurofibril-
lary tangles were staged according to the National Institute
on Aging-Alzheimer’s Association (NIA-AA) criteria.31,32

Cases with intermediate or high likelihood DLB (accord-
ing to the fourth report of the DLB Consortium Criteria)
who had low Alzheimer’s disease pathology (according to
the NIA-AA criteria) were classified as Lewy body disease;
cases with intermediate or high likelihood DLB and inter-
mediate or high Alzheimer’s disease were classified as having
mixed Lewy body disease–Alzheimer’s disease pathology
and cases with intermediate or high Alzheimer’s disease
and no Lewy body disease pathology or low likelihood
DLB were classified as Alzheimer’s disease.

Statistical analysis
Baseline demographic and clinical characteristics were sum-
marized with means and standard deviations for continuous
variables, and with counts and percentages for categorical

variables. Baseline characteristics were compared between
MCI-LB and controls using conditional logistic regression
models to account for the matching. MMSE and CDR–
SOB scores had fitting problems resulting in lack of conver-
gence, and in those instances the comparisons came from an
exact conditional logistic model. The differences in the char-
acteristics of MCI-LB stables and MCI-LB progressors were
analysed with t-tests for continuous variables and χ2 tests for
categorical variables. Assessments of atlas-based ROI find-
ings were corrected for multiple comparisons by requiring
the corrected FDR to be P, 0.05. Findings from atlas-based
ROI analysis were used to determine regions used for partial
Pearson correlation analysis with CDR–SOB. These correla-
tions were adjusted for age.

Data availability
The Mayo Clinic Study of Aging and Alzheimer’s Disease
Research Center make data available to qualified researchers
upon reasonable request.

Results
Characteristics of the cohort
Baseline demographic and clinical characteristics ofMCI-LB
and CU participants and subgroups of MCI-LB stables and
MCI-LB progressors are listed in Table 1. MCI-LB patients
did not differ in age and sex from the CU controls, owing
to matching. The median time interval between serial MRI
sessions was 2.2 years for CU and 1.3 years for MCI-LB
(1.4 years forMCI-LB stables and 1.3 years forMCI-LB pro-
gressors) due to the differences in follow-up time intervals
among the MCSA and ADRC cohorts. To account for the
longerMRI time intervals in CU compared withMCI-LB pa-
tients, all longitudinal measurements were annualized.
Higher CDR–SOB (P, 0.001), UPDRS-III (P,0.001),
and lowerMMSE scores (P, 0.001), and a higher frequency
of APOE e4 carriers (P= 0.029) were observed in the
MCI-LB group compared with the CU at baseline.

Characteristics of MCI-LB stables were similar to the
MCI-LB progressors in age, sex, education and APOE e4
status at baseline and scan time interval at follow-up.
Compared with MCI-LB stables, MCI-LB progressors were
clinically more impaired at baseline with lower MMSE
scores (P= 0.005), higher CDR–SOB scores (P,0.001),
UPDRS-III scores (P= 0.016) and had a higher number of
DLB core clinical features. The frequency of visual hallucina-
tions, fluctuations and parkinsonism were higher in the
MCI-LB progressors compared with the MCI-LB stables,
while the frequency of pRBD was the same (89%) among
the MCI-LB stables and MCI-LB progressors. Of the 56
MCI-LB participants, 46 (82%) were taking cholinesterase
inhibitor treatments during follow-up. There were no differ-
ences in in anticholinesterase use among MCI-LB stables
(79%) and MCI-LB progressors (86%; P= 0.49).
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Cortical atrophy at baseline
Voxel-based analysis shows the pattern of grey matter atro-
phy at baseline comparing MCI-LB and CU (Fig. 1). The at-
rophy in MCI-LB was observed in the amygdala, inferior
temporal lobe and basal forebrain region that localized to
the nucleus basalis of Meynert. Notably, nucleus basalis of
Meynert bilaterally was the most significant region of grey
matter atrophy in MCI-LB compared with CU after correct-
ing for multiple comparisons (FDR; P, 0.05). No differ-
ences in cortical thickness were found between MCI-LB
stables and MCI-LB progressors at baseline. Neither did
we find greater atrophy in CU compared with MCI-LB.

Atlas-based ROI differences betweenMCI-LB and CU are
shown in Supplementary Fig. 1. Consistent with the voxel-
based analysis, the greatest grey matter atrophy in MCI-LB
patients was observed in the substantia innominata ROI
which includes the nucleus basalis of Meynert compared to
CU (FDR corrected P= 0.001). In addition, grey matter
atrophy included the amygdala, fusiform, lateral parietal
precuneus, supramarginal angular, entorhinal and parahip-
pocampal cortices in MCI-LB compared with CU (FDR cor-
rected P,0.05). Because several regions were involved, we
grouped the differences based on their magnitude into the
three levels thresholded as shown with a colour scale in
Supplementary Fig. 1. No differences in cortical thickness
were found between MCI-LB stables and MCI-LB progres-
sors at baseline using atlas-based analysis (FDR corrected
P. 0.05). The box plots in Fig. 2 displays the substantia in-
nominata volumes in CU, MCI-LB stables and MCI-LB pro-
gressors. Both MCI-LB stables (FDR corrected P= 0.007)
and MCI-LB progressors (FDR corrected P= 0.028) had
smaller substantia innominata volumes compared with CU.

Longitudinal rates of atrophy
Greater rates of longitudinal grey matter atrophy were ob-
served in the lateral and inferior temporal cortices and

Table 1 Characteristics of participants

CU (n= 112)
MCI-LB
(n=56) P-value*

MCI-LB stable
(n=28)

MCI-LB progressor
(n=28) P-value**

Age, years 70.5 (7.1) 70.5 (7.1) 0.99 70.8 (7.8) 70.1 (6.4) 0.73
Males, no. (%) 106 (95%) 53 (95%) 1.00 26 (93%) 27 (96%) 0.55
APOE e4, no. (%) 21 (19%) 19 (35%) 0.029* 7 (26%) 12 (43%) 0.19
Education, years 15.3 (2.7) 16.1 (2.6) 0.093 16.2 (2.4) 16.0 (2.8) 0.76
Scan interval, years 2.2 (0.8) 1.3 (0.9) ,0.001* 1.4 (1.1) 1.3 (0.5) 0.61
MMSE 28.4 (1.2) 26.6 (2.5) ,0.001* 27.5 (1.8) 25.7 (2.8) 0.005**
CDR–Sum of Boxes 0.0 (0.2) 1.7 (0.9) ,0.001† 1.3 (0.8) 2.1 (0.9) ,0.001**
UPDRS-III 0.7 (2.2) 6.2 (4.4) ,0.001* 4.7 (4.5) 7.5 (3.9) 0.016**
Visual hallucinations, no. (%) — 13 (24%) 3 (11%) 10 (36%) 0.032**
Fluctuations, no. (%) — 22 (40%) 6 (22%) 16 (57%) 0.008**
Parkinsonism, no. (%) — 44 (80%) 18 (67%) 26 (93%) 0.015**
pRBD, no. (%) — 49 (89%) 24 (89%) 25 (89%) 0.96
Cognitive impairment, years — 5.3 (3.7) 5.4 (3.9) 5.2 (3.5) 0.84
Cholinesterase, no. (%) — 46 (82%) 22 (79%) 24 (86%) 0.49
DLB features
One, no. (%) — 12 (21%) 9 (32%) 3 (11%) 0.002
Two, no. (%) — 20 (36%) 14 (50%) 6 (21%)
Three, no. (%) — 18 (32%) 4 (14%) 14 (50%)
Four, no. (%) — 6 (11%) 1 (4%) 5 (18%)

Mean (SD) listed for the continuous variables and count (%) for the categorical variables.
*P-values come from a conditional logistic model.
†The P-value is from an exact conditional logistic model.
**P-values come from a t-test for the continuous variables or a χ2 test for the categorical variables.

Figure 1 Grey matter atrophy in MCI-LB at baseline:
voxel-based analysis. Voxel-based analysis show differences in
grey matter atrophy in MCI-LB compared to CU projected to the
3D brain surface. Greater atrophy in the basal forebrain, inferior
temporal and amygdala regions are seen in MCI-LB compared with
the CU group (FDR; P, 0.05). T-score bar indicate magnitude of
the differences.
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temporal pole, as well as medial and lateral parietal
cortices, thalamus and insula in both the MCI-LB and the
DLB-progressor groups compared with CU on voxel-based
analysis (Fig. 3). No differences in the annualized atrophy
rates were observed between MCI-LB stables and CU or
between MCI-LB stables and MCI-LB progressors on
voxel-based analysis. Neither did we find greater atrophy
in CU compared with MCI-LB.

Atlas-based ROI differences in rates of grey matter atro-
phy between MCI-LB patients and CU, and between
MCI-LB progressors and CU, are shown in Supplementary
Fig. 2. Consistent with voxel-based analysis, MCI-LB
patients showed greater rates of grey matter atrophy in the
temporoparietal cortices and these changes were more pro-
nounced in those who progressed to DLB. Patients in the
MCI-LB group showed the greatest rates of grey matter atro-
phy in the entorhinal and parahippocampal cortices, inferior

andmiddle temporal cortices (FDR corrected P, 0.001) and
also greater rates of grey matter atrophy in the posterior cin-
gulate, precuneus, fusiform, supramarginal, angular, tem-
poral pole, superior temporal, superior and middle frontal,
lateral parietal and insular cortices, as well as thalamus,
compared with CU (FDR corrected P, 0.05). Similarly,
MCI-LB progressors showed greater rates of cortical atrophy
in the inferior, middle and superior temporal, temporal pole,
precuneus, supramarginal, angular, entorhinal and parahip-
pocampal, lateral parietal, fusiform, and posterior cingulate
cortex and thalamus (FDR corrected P,0.001), as well as
greater rates of atrophy in the lateral occipital, superior
and middle frontal, insula, sensory motor, cuneus cortices,
hippocampus, amygdala and caudate (FDR corrected P,

0.05), compared with CU. The only region that showed
greater rates of atrophy in MCI-LB stables compared with
CU was the entorhinal and parahippocampal cortices

Figure 2 Substantia innominata volumes. Box plots show that MCI-LB stables (FDR corrected P= 0.007) and MCI-LB progressors (FDR
corrected P= 0.028) had smaller substantia innominata volumes compared to CU. The pathologically confirmed cases were colour coded based
on the pathologic diagnosis after a median (range) of 5.3 (2.4–10.6) years. Blue labels represent cases with intermediate or high likelihood DLB
(according to the fourth report of the DLB Consortium Criteria) who had low Alzheimer’s disease pathology (according to the NIA-AA criteria)
classified as Lewy body disease. Red labels represent cases with intermediate or high likelihood DLB and intermediate or high Alzheimer’s disease,
classified as having mixed Lewy body disease–Alzheimer’s disease pathology. The single green label represents a case with high Alzheimer’s disease
and no Lewy body disease pathology classified as Alzheimer’s disease.
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(FDR corrected P= 0.014). No difference in rates of atrophy
was found between the MCI-LB stables and MCI-LB pro-
gressors after FDR correction for multiple comparisons
(Supplementary Fig. 3).

Correlation with disease progression
Among the ROIs with greater atrophy rates inMCI-LB com-
pared with CU, decline in cortical volumes correlated with
disease progression in only two of the ROIs (inferior tem-
poral and fusiform). Correlations of longitudinal change in
CDR–SOB and longitudinal change in cortical volumes are

listed in Supplementary Table 1. InMCI-LB, longitudinal in-
crease in CDR–SOB correlated with longitudinal rates of
volume loss in the inferior temporal (r=−0.35; P= 0.011)
and fusiform (r=−0.44; P,0.001) cortices after adjusting
for age at baseline (Fig. 4). Number of core clinical features
at baseline was not associated with the rates of atrophy in
any of the ROIs in MCI-LB (P. 0.05).

Pathologic confirmation
Pathologic diagnosis was available in the autopsied MCI-LB
cases (n= 18). Cases were classified either as Lewy body

Figure 3 Regional pattern of group differences in longitudinal rates of cortical atrophy: voxel-based analysis. Voxel-based analyses
show differences in the annualized rates of grey matter atrophy in MCI-LB compared to CU projected to the 3D brain surface. Greater rates of
atrophy in the lateral and inferior temporal cortices and temporal pole, as well as medial and lateral parietal cortices is observed in MCI-LB
compared with CU in the upper row, and in MCI-LB progressors compared with CU in the middle row (FDR; P, 0.05). Individual sections
demonstrating differences in longitudinal rates of atrophy in the thalamus, amygdala and insula is shown in the bottom row. The blue colours
around the FDR corrected P, 0.05 clusters are due to interpolation of edge voxels. T-score bars indicate magnitude of the differences.
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disease (n= 8; MCI-LB stable n= 1; MCI-LB progressor n=
7) or Lewy body disease–Alzheimer’s disease (n= 9;MCI-LB
stable n= 1; MCI-LB progressor n= 8). One of the MCI-LB
patients with parkinsonism and RBD at the time of baseline
MRI progressed to probable DLB during follow-up and was
found to have high likelihood Alzheimer’s disease and no
Lewy body disease at autopsy. Thus, 17 of the 18 (94%)
pathologically confirmed cases had Lewy body disease. The
median (range) time from baseline MRI to death was 5.3
(2.4–10.6) years. Because of the wide range and variability
in time from baseline MRI to death, pathologic diagnosis
may not fully represent the extent of pathology at the time
of baseline MRI. Therefore, we did not investigate the
MRI findings in association with pathologic diagnosis.
However, we present the substantia innominata volumes of
the pathologically confirmed cases in Fig. 2 using diagnosis-
based colour codes. Interestingly, the MCI-LB patient who
was pathologically classified as Alzheimer’s disease had
one of the largest substantia innominata volumes among
the MCI-LB patients.

Discussion
In this longitudinal structuralMRI study, we demonstrated a
baseline and longitudinal pattern of atrophy inMCI patients
with one or more core DLB features (i.e. MCI-LB) and in
those who progressed to probable DLB (i.e. MCI-LB

progressors) at follow-up. At baseline, we found grey matter
atrophy in the nucleus basalis of Meynert in MCI-LB com-
pared with CU. Longitudinally, increased rates of grey mat-
ter atrophy were widespread in both cortical and subcortical
grey matter with the greatest rates of atrophy in the entorh-
inal and parahippocampal gyri, temporoparietal association
cortices, thalamus and the basal ganglia compared with CU.
This pattern was most pronounced for the MCI-LB progres-
sors, and greater rates of atrophy were associated with great-
er rates of clinical progression.

At baseline, MCI-LB patients had atrophy in the basal
forebrain and specifically in the cholinergic nucleus basalis
of Meynert. Inferior and medial temporal and parietal corti-
ces were involved to a lesser extent but did not statistically
differ from CU on voxel-based analysis after correction for
multiple comparisons. Nucleus basalis of Meynert consists
primarily of large acetylcholinesterase-positive neurons
that innervate the cerebral cortex. Early LB-related path-
ology involves the basal forebrain cholinergic nuclei33 with
significant loss of cholinergic neurons particularly in the nu-
cleus basalis ofMeynert.33,34 Atrophy in the substantia inno-
minata region that includes the nucleus basalis of Meynert
has been demonstrated in DLB and Alzheimer’s disease pa-
tients, but this was more prominent in patients with
DLB.11,35,36 Substantia innominata atrophy was also re-
ported in patients with mild probable DLB who were likely
at the early stages of DLB and inMCI-LB.8,37Moreover, sub-
stantia innominata atrophy on MRI was associated with a

Figure 4 Longitudinal decline in inferior temporal and fusiform gyrus grey matter correlates with clinical disease progression
in MCI-LB. In MCI-LB, longitudinal increase in CDR–SOB correlated with longitudinal rates of volume loss in the inferior temporal (r=−0.35;
P= 0.011) and fusiform (r=−0.44; P, 0.001) cortices after adjusting for age at baseline. The open circles represent MCI-LB stables and the red
circles represent MCI-LB progressors.
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better response to cholinesterase inhibitors in both patients
with DLB and Alzheimer’s disease.38 Our findings provide
evidence of neurodegeneration in the nucleus basalis of
Meynert in prodromal DLB. We observed smaller volumes
in the substantia innominata region both in MCI-LB stables
and MCI-LB progressors and did not observe differences in
grey matter atrophy at baseline between these two groups.
Furthermore, seventeen of the eighteen (94%) MCI-LB pa-
tients had pathologically confirmed Lewy body disease at
autopsy. Therefore, atrophy of the nucleus basalis of
Meynert appears to be a feature of MCI-LB regardless of
proximity to progression to probable DLB. These findings
support the concept that cholinergic deficit plays an import-
ant role in prodromal DLB.

Although atrophy in the temporal and parietal cortical re-
gions in MCI-LB were not statistically significant after cor-
rection for multiple comparisons on voxel-based analysis,
there was evidence of smaller amygdala, inferior temporal
and parietal cortex volumes in MCI-LB compared to CU
using atlas-based ROI analysis evaluating 28 cortical and
subcortical regions, even after correcting for multiple com-
parisons. This difference in findings using different analytic
approaches may be due to the relatively small sample size
and diminished power to detect smaller differences using
voxel-based analysis versus atlas-based ROI analysis.

When investigating atrophy in patients with probable
DLB, it is important to consider that many patients with
Lewy body disease or probable DLB have additional
Alzheimer’s disease pathology at autopsy.39–41 Amyloid-β
and/or tau biomarker positivity was demonstrated in 61%
of probable DLB patients from a large multinational cohort
(n= 417).42 On the other hand, only 35% patients with
MCI-LB showed amyloid-β positivity on PET,43 suggesting
that amyloid-β pathology accumulates as MCI-LB patients
progress to DLB and continues to increase thereafter.44

Amyloid-β deposition is associatedwith increased rates of at-
rophy,13 and tau pathology influences cortical volumes in

probable DLB.45 Similarly, in MCI-LB, Alzheimer’s disease
pathology may influence neurodegeneration in regions that
are affected during the evolution of Alzheimer’s disease
such as the nucleus basalis of Meynert and the medial tem-
poral lobe, but the nucleus basalis of Meynert in
Alzheimer’s disease is not affected until later in Alzheimer’s
disease compared to DLB,37 and a more prominent atrophy
in the nucleus basalis of Meynert region was observed in
MCI-LB compared to MCI due to Alzheimer’s disease.8 We
also note that the MCI-LB patient with pure Alzheimer’s dis-
ease pathology at autopsy had one of the most preserved sub-
stantia innominata volumes among MCI-LB. In addition,
among the medial temporal lobe regions, we did not identify
hippocampal atrophy in MCI-LB compared with CU.
Hippocampal atrophy is a feature of additional co-occurring
Alzheimer’s disease pathology in DLB,19 and hippocampal
preservation in MCI predicts future progression to probable
DLB versus Alzheimer’s disease dementia.3,46 Thus, preserva-
tion of hippocampal volumes in theMCI-LB patients we stud-
ied suggest that contribution of Alzheimer’s disease to
neurodegeneration in MCI-LB was not substantial.

Longitudinal analysis of serialMRIs demonstrated increased
rates of atrophy inMCI-LB throughout the limbic and the neo-
cortical regions, particularly in the temporoparietal cortices
and the insula. Atrophy in the insula has been reported in
MCI-LB in cross-sectional studies, which likely included a sub-
set of patients who later progressed to probable DLB.5,6

Increased rates of atrophy were pronounced in MCI-LB pro-
gressors, but they were only observed in the entorhinal and
parahippocampal cortices in MCI-LB stables compared with
CU, suggesting that atrophy rates in MCI-LB could be non-
linear and accelerate as MCI-LB patients progress to probable
DLB. Most cortical and subcortical regions with greater rates
of atrophywere the brain regions that receive dense cholinergic
inputs from the nucleus basalis ofMeynert47 such as the amyg-
dala and the temporal and parietal association cortex as de-
monstrated in Fig. 5. Hence, degeneration of cholinergic

Figure 5 Cholinergic projections from the nucleus basalis of Meynert. Schematic showing the projections from nucleus basalis of
Meynert to the cortex, amygdala, thalamus and caudate. Thicker arrows suggest more dense projections from this cholinergic nucleus to limbic
and temporoparietal association cortices and the amygdala where the greatest rates of atrophy were observed in MCI-LB compared with CU.
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neurons of the nucleus basalis ofMeynert at baseline and asso-
ciated cholinergic denervation may have contributed to in-
creased atrophy rates in the limbic and neocortical regions in
MCI-LB. We did not observe increased rates of atrophy in
the substantia innominata region. It is possible that atrophy
of nucleus basalis of Meynert occurs very early during the evo-
lution of Lewy body disease and reaches a plateau at the symp-
tomatic stages such as in MCI-LB.

Consistent with the widespread increased rates of atrophy
in MCI-LB progressors but not in MCI-LB stables, higher
rates of atrophy in the inferior temporal and fusiform
gyri were associated with greater increase (worsening) in
CDR–SOB scores. Cortical atrophy has been associated
with clinical disease progression in probable DLB,9 and
here we demonstrate a similar finding in MCI-LB localized
to the inferior temporal lobe. Inferior temporal lobe is im-
pacted by both α-synuclein and neurofibrillary tangle tau
pathologies in transitional and diffuse Lewy body disease.48

Increased tau deposition in the inferior temporal lobes at
much higher levels than the medial temporal lobe regions
has been demonstrated on PET in probable DLB.49,50

Altogether, these findings suggest that the inferior temporal
lobe may be particularly vulnerable to neurodegeneration ei-
ther due to α-synuclein or neurofibrillary tangle tau patholo-
gies, or both early in the course of DLB with accelerated
atrophy rates and associated clinical progression inMCI-LB.

A strength of this study is that we measured the baseline
cross-sectional and longitudinal rates of atrophy in MCI-LB
who either progressed to probable DLB or remained as
MCI-LB during a similar length of follow-up. Findings in
the MCI-LB stable and progressor groups reveal the time
course of neurodegeneration in prodromal DLB demonstrat-
ing that neurodegeneration is associatedwith clinical progres-
sion with slower rates of atrophy during a stable clinical
course and accelerated rates of atrophy as MCI-LB patients
progress to dementia. This study also has several limitations.
First, the sample sizes were modest, which may be one of the
reasons for relatively weaker findings using voxel-based ana-
lysis compared to atlas-based ROI analysis. Second, to keep
the follow-up interval consistent between the MCI-DLB pa-
tients who remained stable and progressed to DLB, the last
two evaluations prior to and at the time of progression to
DLB were assessed for MCI-LB progressors, while the last
two evaluations were considered for MCI-LB stables. As re-
ported in Table 1, baseline clinical characteristics of
MCI-LB stable andMCI-LB progressor groups were different
with greater disease severity observed inMCI-LB progressors.
Although we did not find statistically significant differences in
the rates of atrophy between MCI-LB stables and MCI-LB
progressors, disease severity could have potentially influenced
the higher number of regions impacted in MCI-progressors
thanMCI-LB stables. Third, we assumed linearity in the rates
of change when annualizing the longitudinal measurements
that occurred within 1–2 years, which may have introduced
error when comparing groups with different follow-up inter-
vals. Finally, we did not have autopsy confirmation of Lewy
body disease and presence of additional Alzheimer’s disease

pathology in the entire cohort, and the pathologic examin-
ation occurred many years after the baseline MRI making it
difficult to associate MRI findings with pathologic diagnosis.
Therefore, it is not possible to attribute findings inMCI-LB to
Lewy body disease and/or Alzheimer’s disease pathology.
Investigations into the prevalence of and Alzheimer’s disease
biomarkers and their contribution to neurodegeneration in
prodromal DLB is warranted.

MCI-LB is characterized by atrophy in the nucleus basalis
of Meynert, making neurodegeneration in the cholinergic
system a prominent feature ofMCI-LB. Grey matter atrophy
progresses in alignment with clinical disease progression in
MCI-LB with accelerated rates of atrophy observed in
MCI-LB patients who progress to probable DLB within ap-
proximately a year. Although additional Alzheimer’s disease
pathology may be responsible for accelerated neurodegen-
eration during the progression ofMCI-LB patients to demen-
tia, the cholinergic deficits at baseline may also be
contributing to the widespread accelerated atrophy rates in
MCI-LB. Patients with probable DLB, particularly those
with negative Alzheimer’s disease biomarkers show the
best response to cholinesterase inhibitors.51 Because neuro-
degeneration in the nucleus basalis ofMeynert is a character-
istic ofMCI-LB, patients withMCI-LB should be considered
as candidates for cholinesterase inhibitor treatment. An intri-
guing possibility to examine is whether such treatment given
during the prodromal stage of DLB serves to slow the neuro-
degeneration that is due to cholinergic denervation.

Acknowledgements
The authors are grateful to their patients and informants for
their participation in their detailed annual assessments and
for their involvement in the present study.

Funding
This study was supported by the National Institutes of
Health grants (U01 NS100620, P50 AG16574, U01
AG06786, R01 AG11378); Foundation Dr Corinne
Schulerand, Mayo Clinic Dorothy and Harry
T. Mangurian Jr Foundation for the Lewy Body Disease
Research; the Lewy Body Dementia Association; the Little
Family Foundation; the Turner Family Foundation and the
Katherine B. Andersen Foundation.

Competing interests
The authors report no competing interests.

Supplementary material
Supplementary material is available at Brain Communications
online.

10 | BRAIN COMMUNICATIONS 2022: Page 10 of 12 M. D. Kantarci et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/4/2/fcac013/6523689 by guest on 21 Septem

ber 2022



References
1. McKeith IG, Ferman TJ, Thomas AJ, et al. Research criteria for the

diagnosis of prodromal dementia with Lewy bodies. Neurology.
2020;94:743–755.

2. FermanTJ, SmithGE, Kantarci K, et al.Nonamnesticmild cognitive
impairment progresses to dementia with Lewy bodies. Neurology.
2013;81:2032–2038.

3. Kantarci K, Lesnick T, Ferman TJ, et al.Hippocampal volumes pre-
dict risk of dementia with Lewy bodies in mild cognitive impair-
ment. Neurology. 2016;87:2317–2323.

4. Durcan R, Donaghy P, Osborne C, Taylor JP, Thomas AJ. Imaging
in prodromal dementia with Lewy bodies: Where do we stand? Int J
Geriatr Psychiatry. 2019;34:635–646.

5. Blanc F, Colloby SJ, Philippi N, et al. Cortical thickness in
dementia with Lewy bodies and Alzheimer’s disease: A comparison
of prodromal and dementia stages. PLoS One. 2015;10:
e0127396.

6. Blanc F, Colloby SJ, Cretin B, et al. Grey matter atrophy in pro-
dromal stage of dementia with Lewy bodies and Alzheimer’s dis-
ease. Alzheimers Res Ther. 2016;8:31.

7. Roquet D, Noblet V, Anthony P, et al. Insular atrophy at the pro-
dromal stage of dementia with Lewy bodies: A VBM DARTEL
study. Sci Rep. 2017;7:9437.

8. Schumacher J, Taylor JP, Hamilton CA, et al. In vivo nucleus basalis
of Meynert degeneration in mild cognitive impairment with Lewy
bodies. Neuroimage Clin. 2021;30:102604.

9. Mak E, Su L, Williams GB, et al. Progressive cortical thinning and
subcortical atrophy in dementia with Lewy bodies and
Alzheimer’s disease. Neurobiol Aging. 2015;36:1743–1750.

10. Mak E, Su L, Williams GB, et al. Longitudinal assessment of global
and regional atrophy rates in Alzheimer’s disease and dementia with
Lewy bodies. Neuroimage Clin. 2015;7:456–462.

11. Whitwell JL, Jack CR Jr, Parisi JE, et al. Rates of cerebral atrophy
differ in different degenerative pathologies. Brain. 2007;130(Pt 4):
1148–1158.

12. Nedelska Z, Ferman TJ, Boeve BF, et al. Pattern of brain atrophy
rates in autopsy-confirmed dementia with Lewy bodies. Neurobiol
Aging. 2015;36:452–461.

13. Sarro L, Senjem ML, Lundt ES, et al. Amyloid-beta deposition and
regional grey matter atrophy rates in dementia with Lewy bodies.
Brain. 2016;139(Pt 10):2740–2750.

14. Roberts RO, Geda YE, Knopman DS, et al. The Mayo Clinic
Study of Aging: Design and sampling, participation, baseline
measures and sample characteristics. Neuroepidemiology. 2008;
30:58–69.

15. Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos EG,
Kokmen E. Mild cognitive impairment: Clinical characterization
and outcome. Arch Neurol. 1999;56:303–308.

16. Petersen RC, Roberts RO, Knopman DS, et al. Mild cognitive im-
pairment: Ten years later. Arch Neurol. 2009;66:1447–1455.

17. McKeith IG, Boeve BF, Dickson DW, et al. Diagnosis and manage-
ment of dementia with Lewy bodies: Fourth consensus report of the
DLB Consortium. Neurology. 2017;89:88–100.

18. McKeith IG, Dickson DW, Lowe J, et al. Diagnosis and manage-
ment of dementia with Lewy bodies: Third report of the DLB
Consortium. Neurology. 2005;65:1863–1872.

19. Kantarci K, Ferman TJ, Boeve BF, et al. Focal atrophy on MRI and
neuropathologic classification of dementia with Lewy bodies.
Neurology. 2012;79:553–560.

20. Ferman TJ, Smith GE, Boeve BF, et al. DLB fluctuations: Specific
features that reliably differentiate DLB from AD and normal aging.
Neurology. 2004;62:181–187.

21. AAoS. International classification of sleep disorders. Diagnostic
and coding manual. American Academy of Sleep Medicine. 2005:
51–55.

22. Fahn S. Recent developments in Parkinson’s disease. Vol. 2.
Macmillan Health Care Information; 1987:293–304.

23. Ashburner J, Friston KJ. Unified segmentation. Neuroimage. 2005;
26:839–851.

24. Avants BB, Epstein CL, Grossman M, Gee JC. Symmetric diffeo-
morphic image registration with cross-correlation: Evaluating auto-
mated labeling of elderly and neurodegenerative brain. Med Image
Anal. 2008;12:26–41.

25. Schwarz CG,Gunter JL,WisteHJ, et al.A large-scale comparison of
cortical thickness and volume methods for measuring Alzheimer’s
disease severity. Neuroimage Clin. 2016;11:802–812.

26. Das SR, Avants BB, Grossman M, Gee JC. Registration based cor-
tical thickness measurement. Neuroimage. 2009;45:867–879.

27. Cash DM, Frost C, Iheme LO, et al.Assessing atrophymeasurement
techniques in dementia: Results from the MIRIAD atrophy chal-
lenge. Neuroimage. 2015;123:149–164.

28. Vemuri P, Senjem ML, Gunter JL, et al. Accelerated vs. unacceler-
ated serial MRI based TBM-SyN measurements for clinical trials
in Alzheimer’s disease. Neuroimage. 2015;113:61–69.

29. Mirra SS, Heyman A, McKeel D, et al. The Consortium to Establish
a Registry for Alzheimer’s Disease (CERAD). Part II.
Standardization of the neuropathologic assessment of Alzheimer’s
disease. Neurology. 1991;41:479–486.

30. Beach TG, White CL, Hamilton RL, et al. Evaluation of alpha-
synuclein immunohistochemical methods used by invited experts.
Acta Neuropathol. 2008;116:277–288.

31. Hyman BT, Phelps CH, Beach TG, et al. National Institute on
Aging-Alzheimer’s Association guidelines for the neuropathologic
assessment of Alzheimer’s disease. Alzheimers Dement. 2012;8:
1–13.

32. Montine TJ, Phelps CH, Beach TG, et al. National Institute on
Aging-Alzheimer’s Association guidelines for the neuropathologic
assessment of Alzheimer’s disease: A practical approach. Acta
Neuropathol. 2012;123:1–11.

33. Braak H, Ghebremedhin E, Rub U, Bratzke H, Del Tredici K. Stages
in the development of Parkinson’s disease-related pathology. Cell
Tissue Res. 2004;318:121–134.

34. Schmeichel AM, Buchhalter LC, Low PA, et al.Mesopontine cholin-
ergic neuron involvement in Lewy body dementia and multiple sys-
tem atrophy. Neurology. 2008;70:368–373.

35. HanyuH, TanakaY, SakuraiH, TakasakiM, Abe K. Atrophy of the
substantia innominata onmagnetic resonance imaging and response
to donepezil treatment in Alzheimer’s disease.Neurosci Lett. 2002;
319:33–36.

36. Teipel SJ, Fritz HC, Grothe MJ, Alzheimer’s Disease Neuroimaging
Initiative. Neuropathologic features associated with basal forebrain
atrophy in Alzheimer disease. Neurology. 2020;95:e1301–e1311.

37. Tiraboschi P, Hansen LA, Alford M, et al. Early and widespread
cholinergic losses differentiate dementia with Lewy bodies from
Alzheimer disease. Arch Gen Psychiatry. 2002;59:946–951.

38. Hanyu H, Shimizu S, Tanaka Y, Hirao K, Iwamoto T, Abe K. MR
features of the substantia innominata and therapeutic implications
in dementias. Neurobiol Aging. 2007;28:548–554.

39. GalaskoD,Hansen LA,KatzmanR, et al.Clinical-neuropathological
correlations in Alzheimer’s disease and related dementias. Arch
Neurol. 1994;51:888–895.

40. Gomez-Isla T,GrowdonWB,McNamaraM, et al.Clinicopathologic
correlates in temporal cortex in dementia with Lewy bodies.
Neurology. 1999;53:2003–2009.

41. Schneider JA, Arvanitakis Z, Bang W, Bennett DA. Mixed brain
pathologies account for most dementia cases in community-
dwelling older persons. Neurology. 2007;69:2197–2204.

42. Ferreira D, Przybelski SA, Lesnick TG, et al. beta-Amyloid and tau
biomarkers and clinical phenotype in dementia with Lewy bodies.
Neurology. 2020;95:e3257–e3268.

43. Chen Q, Lowe VJ, Boeve BF, et al. β-Amyloid PET and 123I-FP-CIT
SPECT inmild cognitive impairment at risk for lewy body dementia.
Neurology. 2021;96:e1180–e1189.

44. Nedelska Z, Schwarz CG, Lesnick TG, et al. Association of longitu-
dinal beta-amyloid accumulation determined by positron emission

Longitudinal atrophy in prodromal DLB BRAIN COMMUNICATIONS 2022: Page 11 of 12 | 11

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/4/2/fcac013/6523689 by guest on 21 Septem

ber 2022



tomography with clinical and cognitive decline in adults with prob-
able lewy body dementia. JAMA Netw Open. 2019;2:e1916439.

45. SpotornoN, Coughlin DG,OlmCA, et al.Tau pathology associates
with in vivo cortical thinning in Lewy body disorders. Ann Clin
Transl Neurol. 2020;7:2342–2355.

46. Siddiqui TG, Whitfield T, Praharaju SJ, et al. Magnetic resonance
imaging in stable mild cognitive impairment, prodromal
Alzheimer’s disease, and prodromal dementia with lewy bodies.
Dement Geriatr Cogn Disord. 2020;49:583–588.

47. Oswal A, Gratwicke J, Akram H, et al. Cortical connectivity of the
nucleus basalis of Meynert in Parkinson’s disease and Lewy body
dementias. Brain. 2020;144(3):781–788.

48. Ferman TJ, Aoki N, Crook JE, et al. The limbic and neocortical contri-
bution of alpha-synuclein, tau, and amyloid beta to disease duration in
dementia with Lewy bodies. Alzheimers Dement. 2018;14:330–339.

49. Kantarci K, Lowe VJ, Boeve BF, et al. AV-1451 tau and
beta-amyloid positron emission tomography imaging in dementia
with Lewy bodies. Ann Neurol. 2017;81:58–67.

50. Gomperts SN, Locascio JJ, Makaretz SJ, et al. Tau positron emis-
sion tomographic imaging in the Lewy body diseases. JAMA
Neurol. 2016;73:1334–1341.

51. Graff-Radford J, Boeve BF, PedrazaO, et al. Imaging and acetylcho-
linesterase inhibitor response in dementia with Lewy bodies. Brain.
2012;135(Pt 8):2470–2477.

12 | BRAIN COMMUNICATIONS 2022: Page 12 of 12 M. D. Kantarci et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/4/2/fcac013/6523689 by guest on 21 Septem

ber 2022



Neurobiology of Aging 105 (2021) 252–261 

Contents lists available at ScienceDirect 

Neurobiology of Aging 

journal homepage: www.elsevier.com/locate/neuaging.org 

Cerebrovascular disease, neurodegeneration, and clinical phenotype 

in dementia with Lewy bodies 

Daniel Ferreira a , b , Zuzana Nedelska b , c , Jonathan Graff-Radford 
d , Scott A. Przybelski e , 

Timothy G. Lesnick 
e , Christopher G. Schwarz b , Hugo Botha d , Matthew L. Senjem 

b , f , 
Julie A. Fields g , David S. Knopman 

d , Rodolfo Savica d , Tanis J. Ferman 
h , 

Neill R. Graff-Radford 
i , Val J. Lowe 

b , Clifford R. Jack 
b , Ronald C. Petersen 

d , 
Afina W. Lemstra j , Marleen van de Beek 

j , Frederik Barkhof k , l , Frederic Blanc m , n , 
Paulo Loureiro de Sousa m , n , Nathalie Philippi m , n , Benjamin Cretin 

m , n , 
Catherine Demuynck 

m , n , Jakub Hort c , o , Ketil Oppedal p , q , r , Bradley F. Boeve 
d , 

Dag Aarsland 
p , s , Eric Westman 

a , t , Kejal Kantarci b , ∗

a Division of Clinical Geriatrics, Center for Alzheimer Research, Department of Neurobiology, Care Sciences, and Society, Karolinska Institutet, Stockholm, 

Sweden 
b Department of Radiology, Mayo Clinic, Rochester, MN, USA 
c Department of Neurology, Charles University, 2nd Faculty of Medicine, Motol University Hospital, Prague, Czech Republic 
d Department of Neurology, Mayo Clinic, Rochester, MN, USA 
e Department of Health Sciences, Mayo Clinic, Rochester, MN, USA 
f Department of Information Technology, Mayo Clinic, Rochester, MN, USA 
g Department of Psychiatry and Psychology, Mayo Clinic, Rochester, MN, USA 
h Department of Psychiatry and Psychology, Mayo Clinic, Jacksonville, FL 
i Department of Neurology, Mayo Clinic, Jacksonville, FL, USA 
j Department of Neurology and Alzheimer Center, VU University Medical Center, Amsterdam, Netherlands 
k Department of Radiology and Nuclear Medicine, VU University Medical Center, Amsterdam, Netherlands 
l Queen Square Institute of Neurology, University College London, London, UK 
m Day Hospital of Geriatrics, Memory Resource and Research Centre (CM2R) of Strasbourg, Department of Geriatrics, Hopitaux Universitaires de Strasbourg, 

Strasbourg, France 
n University of Strasbourg and French National Centre for Scientific Research (CNRS), ICube Laboratory and Federation de Medecine Translationnelle de 

Strasbourg (FMTS), Team Imagerie Multimodale Integrative en Sante (IMIS)/ICONE, Strasbourg, France 
o International Clinical Research Center, St. Anne’s University Hospital Brno, Brno, Czech Republic 
p Centre for Age-Related Medicine, Stavanger University Hospital, Stavanger, Norway 
q Stavanger Medical Imaging Laboratory (SMIL), Department of Radiology, Stavanger University Hospital, Stavanger, Norway 
r Department of Electrical Engineering and Computer Science, University of Stavanger, Stavanger, Norway 
s Institute of Psychiatry, Psychology and Neuroscience, King’s College London, London, UK 
t Department of Neuroimaging, Centre for Neuroimaging Sciences, Institute of Psychiatry, Psychology and Neuroscience, King’s College London, London, UK 

a r t i c l e i n f o 

Article history: 

Received 16 December 2020 

Revised 26 April 2021 

Accepted 28 April 2021 

Available online 14 May 2021 

a b s t r a c t 

We investigated whether cerebrovascular disease contributes to neurodegeneration and clinical pheno- 

type in dementia with Lewy bodies (DLB). Regional cortical thickness and subcortical gray matter vol- 

umes were estimated from structural magnetic resonance imaging (MRI) in 165 DLB patients. Cortical 

and subcortical infarcts were recorded and white matter hyperintensities (WMHs) were assessed. Sub- 

cortical only infarcts were more frequent (13.3%) than cortical only infarcts (3.1%) or both subcortical 

∗ Corresponding author at: Kejal Kantarci, Department of Radiology, Mayo Clinic, 200 First Street Southwest, Rochester, MN 55905. Tel.: 507 2849770; Fax: 507 2849778. 

E-mail address: kantarci.kejal@mayo.edu (K. Kantarci). 

0197-4580/$ – see front matter © 2021 Elsevier Inc. All rights reserved. 

https://doi.org/10.1016/j.neurobiolaging.2021.04.029 



D. Ferreira, Z. Nedelska, J. Graff-Radford et al. / Neurobiology of Aging 105 (2021) 252–261 253 

Keywords: 

Dementia with Lewy bodies (DLB) 

Cerebrovascular disease 

Magnetic resonance imaging 

White matter hyperintensities 

infarcts 

Neurodegeneration 

and cortical infarcts (2.4%). Inf  

volume was associated with th  

thalamus and pallidum, and lar  

ence of visual hallucinations an  

the absence of probable rapid e  

with the absence of parkinsonis  

ter neurodegeneration in patien  

treatment of probable DLB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Although Lewy bodies are the main pathological hallmark

of dementia with Lewy bodies (DLB), recent neuropathological

and magnetic resonance imaging (MRI) studies have recognized

the potential role of cerebrovascular disease in DLB pathogenesis

( Donaghy et al., 2020 ; Jellinger, 2018 ; Watson and Colloby, 2016 ). 

Two common MRI markers of cerebrovascular disease are white

matter hyperintensities (WMHs) and infarcts ( Wardlaw et al.,

2013 ). Whereas several studies showed that the WMH burden

is higher in patients with probable DLB than in healthy con-

trols ( Barber et al., 1999 ; Joki et al., 2018 ; Kim et al., 2015 ;

Koikkalainen et al., 2016 ; Sarro et al., 2017 ), no differences in

WMH burden have also been reported ( Burton et al., 2006 ;

De Reuck et al., 2016 ; Oppedal et al., 2012 ). Further, it is un-

clear whether the WMH burden in DLB is due to primary vascu-

lar pathology or is secondary to neurodegeneration ( Barber et al.,

20 0 0 ; Chimowitz et al., 1992 ; Fazekas et al., 1996 ). Two studies

showed that WMH burden in DLB is associated with increased

global brain atrophy and atrophy in the medial temporal lobes

( Barber et al., 20 0 0 ; Joki et al., 2018 ). Moreover, investigations

into the association between WMHs and cognitive functioning

have also provided mixed results. No associations have been re-

ported in several studies ( Barber et al., 1999 ; Burton et al., 2006 ;

Fukui et al., 2013 ; Oppedal et al., 2012 ), while other reports sug-

gested that the association of WMHs with cognition may de-

pend on the APOE genotype and/or the location of the lesions.

For instance, Mirza et al. (2019) reported an association exclu-

sively in APOE ε4 carriers, and Park et al. (2015) showed that

increased WMHs in cholinergic white matter pathways is associ-

ated with lower cognitive performance. Very few studies inves-

tigated the association of WMHs with clinical features of DLB.

Sarro et al. (2017) showed no associations with visual halluci-

nations, parkinsonism, or cognitive fluctuations. However, Barber

et al. (1999) reported that although periventricular WMHs were

not associated with visual hallucinations, occipital WMHs were

associated with the absence of visual hallucinations; while

Fukui et al. (2013) showed that periventricular WMHs were asso-

ciated with the presence of visual hallucinations in DLB. Further,

increased WMHs have been associated with a lower frequency of

rapid eye movement sleep behavior disorder (RBD) ( Sarro et al.,

2017 ). Finally, the WMH burden may increase with age in probable

DLB ( Barber et al., 1999 ; Sarro et al., 2017 ), although some stud-

ies did not replicate that finding ( Burton et al., 2006 ; Park et al.,

2015 ), and the WMH burden may be higher in women but not in

APOE ε4 carriers ( Sarro et al., 2017 ). 
Even less is known about infarcts in DLB. Their frequency seems

to be comparable to that in healthy controls ( Kim et al., 2015 ;

Koikkalainen et al., 2016 ; Sarro et al., 2017 ), and may be associ-

ated with older age, but not with APOE genotype, sex, or severity

of dementia ( Sarro et al., 2017 ). 

Therefore, the current knowledge on how cerebrovascular dis-

ease contributes to neurodegeneration and clinical phenotype in
arcts, irrespective of type, were associated with WMHs. A higher WMH

inner orbitofrontal, retrosplenial, and posterior cingulate cortices, smaller

ger caudate volume. A higher WMH volume was associated with the pres-

d lower global cognitive performance, and tended to be associated with

ye movement sleep behavior disorder. Presence of infarcts was associated

m. We conclude that cerebrovascular disease is associated with gray mat-

ts with probable DLB, which may have implications for the multifactorial

© 2021 Elsevier Inc. All rights reserved.

DLB is limited and inconclusive. This may be partially explained

by the lack of longitudinal studies specifically designed to inves-

tigate associations between cerebrovascular disease and neurode-

generation and clinical phenotype in DLB. Further, methodological

variability and the use of relatively small samples, has made repli-

cation and generalization of findings difficult. In the current multi-

center study, we investigated WMHs and cortical and subcortical

infarcts in 165 patients with probable DLB, the largest cohort so

far in an MRI study of cerebrovascular disease in DLB. We hypoth-

esized that there would be a positive association between WMHs

and infarcts, and that a higher burden of cerebrovascular disease

would be associated with reduced cortical thickness and volume of

subcortical gray matter structures, as MRI markers of neurodegen-

eration. We also hypothesized that a higher burden of cerebrovas-

cular disease would be associated with a lower frequency of clini-

cal features of DLB and a lower cognitive performance. 

2. Methods 

2.1. Participants 

We used data from the European DLB consortium (E-

DLB) ( Oppedal et al., 2019 ) and the Mayo Clinic DLB cohort

( Kantarci et al., 2017 ), from Rochester, Minnesota, the United

States. 

The E-DLB consortium archives data from 40 centers across Eu-

rope ( Kramberger et al., 2017 ), including patients with probable

DLB, Parkinson’s disease with dementia, or AD. For the current

study, we included patients with probable DLB from the E-DLB

centers that had collected more than 20 DLB patients each and

had high-resolution T1-weigthed and fluid attenuation inversion

recovery (FLAIR) MRI data (see below). Three E-DLB centers satis-

fied such criteria, including the Day Hospital of Geriatrics, Memory

Resource and Research Centre (CMRR, Strasbourg, France, n = 34),

the Motol University Hospital (Prague, Czech Republic, n = 29), and

the VU University Medical Center (VUmc, Amsterdam, the Nether-

lands, n = 34). The diagnostic procedure and clinical examinations

are described elsewhere ( Kramberger et al., 2017 ). Briefly, diagno-

sis was made according to the 2005 International Consensus Crite-

ria for probable DLB ( Mckeith et al., 2005 ), based on detailed his-

tory and clinical examinations including physical, neurological, and

psychiatric examinations performed by a licensed neurologist. Ex-

clusion criteria were patients with acute delirium, terminal illness,

previous major stroke, psychotic or bipolar disorder, craniocerebral

trauma, a major neurological illness other than dementia. 

The Mayo Clinic DLB cohort is a prospective study of consec-

utive cases assessed through the Mayo Clinic Alzheimer’s Disease

Research Center and the Mayo Clinic Study of Aging. For the cur-

rent study we included patients assessed between May 2007 and

September 2017 who had high-resolution T1-weigthed and FLAIR

MRI data (see below). All patients underwent a medical history re-

view, informant interview, neurologic examination, and neuropsy-

chological assessment ( Ferman et al., 2018 ). For the current study,
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patients with a diagnosis of probable DLB according to the 2005

International Consensus Criteria ( Mckeith et al., 2005 ) were in-

cluded (n = 68). 

All centers recorded whether patients fulfilled criteria for

parkinsonism, visual hallucinations (VH), fluctuating cognition, and

a clinical history of probable rapid eye movement sleep behav-

ior disorder (RBD). Presence/absence of clinical features was based

on the 2005 International Consensus Criteria for probable DLB

( Mckeith et al., 2005 ), to allow harmonized diagnosis across the

four centers because many of the patients were assessed prior

to 2017 International Consensus Criteria ( McKeith et al., 2017 ).

Polysomnogram confirmation was not required for RBD, and the

International Classification of Sleep Disorders-II diagnostic criteria

B was used for the diagnosis of probable RBD ( AASM, 2005 ). The

Mini-Mental State Examination (MMSE) was selected as a measure

of global cognition. 

An institutional ethics committee at each E-DLB center as well

as the Mayo Clinic Institutional Review Board approved the study.

Informed consent on participation was obtained from all of the pa-

tients or an appropriate surrogate according to the Declaration of

Helsinki. 

2.2. Magnetic resonance imaging 

A high-resolution 3D T1-weigthed magnetization prepared

rapid gradient echo (MPRAGE) sequence and a FLAIR sequence

were acquired in all four of the centers included in this study.

Supplementary Table 1 shows the scanning parameters by center.

3T scanners were used in the Day Hospital of Geriatrics, Mem-

ory Resource and Research Centre (CMRR, Strasbourg, France), the

Mayo Clinic (Rochester, US), and the VU University Medical Center

(VUmc, Amsterdam, the Netherlands). A 1.5T scanner was used in

the Motol University Hospital (Prague, Czech Republic). 

2.3. Infarcts and WMHs 

MRIs from the four centers contributing to this study were cen-

tralized at Mayo Clinic and graded by two neurologists (J.G-R. and

Z.N.), both for infarcts and WMHs, according to established stan-

dards ( Graff-Radford et al., 2020 ). Infarcts were graded on FLAIR

images that were co-registered with T1-weighted MPRAGE images

as previously described. 

Infarcts were initially identified by trained image analysts and

subsequently confirmed by a vascular neurologist (J.G-R.). The

intra-rater reliability based on blinded reading of 50 possible in-

farcts on two separate occasions was excellent (kappa = 0.92)

( Graff-Radford et al., 2020 ). Cortical infarcts were defined as hy-

perintense lesions (gliosis) on the FLAIR sequence, which were lo-

cated in the cortical gray matter and extending to the cortical edge

with or without involvement of the adjacent white matter. A cor-

responding T1 hypointensity was required for confirmation. Sub-

cortical infarcts were defined as hyperintense lesions with a dark

center on FLAIR images, which were located in the white matter,

infratentorial, and central gray-capsular regions. The dark center

(tissue loss) was required to be greater than or equal to 3 mm

in diameter as measured on the FLAIR or T1 sequences. As pre-

viously noted ( Graff-Radford et al., 2020 ), the dark center may not

be seen on FLAIR images in infarcts located in the thalamus and

caudate, giving fully hyperintense lesions, while having CSF inten-

sity on T1-weighted images. For this reason, infarcts in the thala-

mus and caudate did not need to meet the 3-mm diameter cri-

teria, central hypointensity, or surrounding rim of hyperintensity

thresholds. Further, a subset of cerebellar infarcts with CSF inten-

sity on the FLAIR and T1 sequences may have no hyperintense
ring on FLAIR, but the infarcts still needed to meet the 3-mm

criteria. 

WMH volume was visually assessed by a neurologist (Z.N.),

centrally at Mayo Clinic and under the same technical condi-

tions (i.e., monitor, lighting, contrast adjustments, etc.). WMH vol-

ume was assessed using a semi-quantitative scale of six volume

categories. WMHs were defined as signal abnormalities of vari-

able size in the white matter that present as hyperintensities on

FLAIR images and are not associated with infarcts identified on

FLAIR images. WMH volume was estimated as in a previous study

( Kantarci et al., 2008 ). Briefly, each subject’s FLAIR image was com-

pared with a bank of ten FLAIR image templates with increas-

ing WMH volume in patients with probable DLB (from 1 to 100

cm 
3 ), as determined by a semi-automated image segmentation al-

gorithm ( Raz et al., 2013 ). A continuous scale with a slider bar

was used to estimate each subject’s WMH volume by matching to

the WMH templates ( Wu et al., 2002 ). The WMH volume estima-

tion algorithm was previously validated against quantification us-

ing an automated image segmentation of the WMH volume. The

concordance correlation coefficient was 0.88 (95% confidence in-

terval (CI) = 0.83, 0.94) ( Kantarci et al., 2008 ). Intra-rater relia-

bility for WMH assessments in the current study was excellent

(weighted kappa = 0.96, 95% CI = 0.92, 0.99). Fig. 1 shows repre-

sentative cases with mild WMH, moderate WMH, and severe WMH

burden (similar to Fazekas ( Fazekas et al., 1987 ) scores of 1, 2, and

3, respectively), and their correspondence with the six volume cat-

egories of the WMH visual scale. In the current study, the measure

used in most of the analyses was the six-level variable, represent-

ing WMH volume. When specified, the three WMH burden cate-

gories variable was used instead to facilitate clinical interpretabil-

ity and comparability with similar WMH scales such as the Fazekas

scale ( Fazekas et al., 1987 ). 

Assessment of both WMHs and infarcts was blinded to clinical

information. 

2.4. Cortical thickness and subcortical gray matter volume 

Using ANTs ( Avants et al., 2008 ), the Mayo Clinic Adult Lifespan

Template (MCALT) ( https://www.nitrc.org/projects/mcalt/ ) atlases

were propagated to individuals’ native MPRAGE space and regional

estimations of thickness across the cortical mantle and volume

across subcortical gray matter structures were calculated. Tissue

probabilities were determined for each MPRAGE using the unified

segmentation algorithm in SPM12 (Welcome Trust Centre for

Neuroimaging, London, UK), with MCALT tissue priors and settings

( Schwarz et al., 2017 ), and cortical thickness was estimated from

these probabilities using ANTs DiReCT ( Das et al., 2009 ). Left and

right regions of interest (ROIs) were combined, giving a total of 41

bilateral cortical ROIs and 6 subcortical ROIs. The total intracranial

volume was calculated from the tissue probabilities and included

in statistical models involving subcortical gray matter volumes, to

account for between-subject variability in head size. 

2.5. Statistical analysis 

Demographic and clinical characteristics were reported us-

ing means and standard deviations for continuous variables, and

counts and percentages for categorical variables. Distributions of

infarcts and WMH were described using an exploded pie chart, his-

togram, and bar chart. Because automated quantification of corti-

cal thickness and subcortical gray matter volumes is influenced by

field strength ( Guo et al., 2019 ), we restricted our statistical anal-

yses on cortical thickness and subcortical gray matter volumes to

the subsample including 3T scanners (n = 136). In contrast, visual
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Fig. 1. Visual examples of mild, moderate, and severe WMH burden the mild WMH 

burden category includes the two lower volume categories corresponding to WMHs 

1 to 7 cm3 large (first volume category), and WMHs 8 to 17 cm3 large (second vol- 

ume category). The moderate WMH burden category includes the two intermediate 

volume categories corresponding to WMHs 18 to 23 cm3 large (third volume cat- 

egory), and WMHs 24 to 35 cm3 large (fourth volume category). The severe WMH 

burden category includes the two higher volume categories corresponding to WMHs 

36 to 47 cm3 large (fifth volume category), and WMHs 48 cm3 or larger (sixth vol- 

ume category). Abbreviations: WMH, white matter hyperintensities. (For interpre- 

tation of the references to color in this figure legend, the reader is referred to the 

Web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

assessment of infarcts and WMHs are less influenced by the vari-

ability in scanners and MRI protocols across centers, and were as-

sessed centrally by the same two raters (J.G.R. and Z.N.). Hence,

we used the entire cohort (n = 165) when analyzing infarcts and

WMHs. We ran linear mixed effects (continuous outcomes) or lo-

gistic mixed effects (binary outcomes) models that included the in-

farcts and WMHs as fixed effect variables and center as a random

variable. All models were also adjusted for age and sex. When an-

alyzing the subcortical gray matter volumes as the response vari-

able there was an additional adjustment for total intracranial vol-

ume. Heterogeneity across centers was tested by comparing nested

models: the above restricted model with MRI measures and cen-

ters, and a more general model with MRI measures within centers.

The restricted model assumes a common association with the MRI

measures across centers, and the more general model allows each

center to have different associations with the MRI measures. A sig-

nificant p -value would indicate heterogeneity in the associations

with MRI measures by center, and that a common measure of as-

sociation is not appropriate. Our results showed that the test for

heterogeneity was not significant in any of the models. In addition,
we used linear mixed or logistic mixed models to compare women

and men, and APOE ε4 non-carriers and carriers (at least one ε4
allele), as well as to test for age associations across demographic

and clinical variables. A p value ≤ 0.05 (two-tailed) was deemed

significant in all these analyses. The False Discovery Rate (FDR)

( Genovese CR, Lazar NA, 2002 ) was applied to deal with multiple

testing in the analyses involving the cortical thickness and subcor-

tical gray matter volume ROIs. 

3. Results 

Table 1 shows the main demographic and clinical characteristics

of the whole cohort (n = 165) and the subsample with available

3T MRI data (n = 136). The 3T MRI subsample involved 82% of the

whole cohort and was largely comparable in terms of demographic

and clinical characteristics. 

3.1. Infarcts and WMHs 

Fig. 2 A shows that 81.2% of the patients had no infarcts while

18.8% of the patients had cortical or subcortical infarcts. The overall

frequency of cortical infarcts was 5.5% and subcortical infarcts was

15.7%. In particular, only subcortical infarcts were present in 13.3%

and only cortical infarcts were present in 3.1% of the patients,

while cortical and subcortical infarcts were jointly present in 2.4%

of the patients. Fig. 2 B shows that 49.1% of the patients had a mild

WMH burden, 40.0% had a moderate WMH burden, and 10.9% had

a high WMH burden. There was a significant association between

having an infarct and WMH burden ( p = 0.015). Fig. 3 shows that a

higher number of subcortical infarcts was associated with greater

WMH burden, while a higher number of cortical infarcts tended to

associate with severe WMH burden. We also tested for associations

with age, sex, and APOE genotype. Older patients had more infarcts

( p = 0.006) and a higher WMH volume ( p < 0.001), while no sig-

nificant associations were found for sex. Further, APOE genotype

was significantly associated with WMHs ( p = 0.044) when entered

in a model together with age ( p < 0.001) and sex ( p = 0.77), in-

dicating a higher WMH volume in APOE ε4 non-carriers than in
carriers. In contrast, there was no significant association between

APOE genotype and the infarcts. 

3.2. Clinical features and cognitive performance 

A higher WMH volume was significantly associated with the

presence of visual hallucinations (odds ratio = 1.06; 95% confi-

dence interval (CI) = 1.02, 1.09; p = 0.002) and with lower MMSE

scores (estimate = -0.09; 95% CI = -0.16, -0.03; p = 0.008). We

also observed a trend towards a significant association between a

higher WMH volume and the absence of probable RBD (odds ra-

tio = 0.96; 95% CI = 0.92, 1; p = 0.051). In addition, the pres-

ence of any infarct was significantly associated with the absence of

parkinsonism (odds ratio = 0.21; 95% CI = 0.07, 0.64; p = 0.006)

( Fig. 4 ). 

3.3. Cortical thickness and subcortical volumes 

For these analyses, we excluded estimations of cortical thick-

ness for ROIs displaying cortical infarcts (exclusively for those pa-

tients and ROIs that displayed a cortical infarct). 

Supplementary Figure 1 shows that after the FDR adjustment

for multiple testing, a higher WMH volume was associated with a

thinner cortex in three regions of the orbitofrontal cortex (gyrus

rectus and superior and medial orbital regions), and a lower vol-

ume of the thalamus and pallidum. Furthermore, a higher WMH

volume was associated with a higher volume of the caudate.
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Table 1 

Demographic and clinical characteristics 

Whole sample 

(N = 165) 

3T MRI subsample 

( n = 136) 

N 

Mean (SD) / 

count (%) N 

Mean (SD) / 

count (%) 

Age, years 

min - max 

165 69.1 (8.6) 

45 - 88 

136 68.0 (8.3) 

45- 88 

Sex, men 165 119 (72%) 136 105 (77%) 

Education, years 165 13.6 (3.9) 136 13.3 (4.0) 

APOE, ε4 carriers 159 69 (43%) 131 59 (45%) 

MMSE, total score 164 22.9 (5.2) 135 23.1 (5.4) 

Visual hallucinations, presence 162 89 (55%) 133 75 (56%) 

Cognitive fluctuations, presence 157 131 (83%) 128 112 (88%) 

Parkinsonism, presence 163 142 (87%) 134 118 (88%) 

Probable RBD, presence 150 117 (78%) 124 101 (81%) 

Center 165 136 

CMRR, n 34 (21%) 34 (25%) 

Mayo Clinic, n 68 (41%) 68 (50%) 

Motol University Hospital, n 29 (17%) - 

VUmc, n 34 (21%) 34 (25%) 

Mean (standard deviation, SD) is listed for the continuous variables and count (%) for categorical variables. 

Key: 3T MRI, 3 tesla magnetic resonance imaging; APOE, Apolipoprotein E; MMSE, mini-mental state examination; RBD, rapid eye 

movement sleep behavior disorder; CMRR, Day Hospital of Geriatrics, Memory Resource and Research Centre (Strasbourg, France); 

VUmc, VU University Medical Center (Amsterdam, the Netherlands). 

Fig. 2. Infarcts and WMHs (A) Pie chart displaying percentage of DLB patients with only cortical infarcts (in red), only subcortical infarcts (in green), or both cortical and 

subcortical infarcts (in blue). (B) Histogram displaying the distribution of the six WMH volume categories (bars) colored by WMH burden (mild, moderate, and severe), as 

follows: WMHs 1 to 7 cm3 large (first volume category), 8 to 17 cm3 large (second volume category), 18 to 23 cm3 large (third volume category), 24 to 35 cm3 large (fourth 

volume category), 36 to 47 cm3 large (fifth volume category), and 48 cm3 or larger (sixth volume category) (please see also Fig. 1 ). Abbreviations: WMHs, white matter 

hyperintensities. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 shows the cluster of cortical regions with the highest es-

timates (strongest association between higher WMH volume and

lower cortical thickness, fully detailed in Supplementary Fig. 1).

These regions included the middle and inferior orbitofrontal, retro-

splenial, and anterior and posterior cingulate cortices, in addition

to gyrus rectus and superior and medial orbital regions). No sig-

nificant associations were observed between infarcts and cortical

thickness or subcortical volumes. 

4. Discussion 

This multi-center study demonstrates that WMHs and infarcts

are associated with each other in probable DLB. Moreover, we

demonstrated that a higher WMH burden in DLB is associated

with increased neurodegeneration, lower cognitive performance,

the presence of visual hallucinations, and the absence of RBD. The

presence of infarcts was associated with the absence of parkinson-

ism. 
We found that subcortical infarcts were more common than

cortical infarcts, in line with previous reports in patients with

probable DLB ( Kim et al., 2015 ; Sarro et al., 2017 ). We also found a

positive association between infarcts and WMH burden. The fre-

quency of subcortical infarcts increased with greater WMH bur-

den, while cortical infarcts were observed almost exclusively in the

presence of severe WMH burden. Only two MRI studies investi-

gated infarcts and WMHs in DLB ( Kim et al., 2015 ; Sarro et al.,

2017 ). However, none of these previous studies investigated the

association between infarcts and WMHs. Our current study may

thus help to clarify the association between these two widely used

MRI markers of cerebrovascular disease ( Wardlaw et al., 2013 ). This

significant association between infarcts and WMHs suggest com-

mon pathophysiological mechanisms underlying both infarcts and

WMHs in probable DLB. Although the pathogenesis of these lesions

is not well understood and could be multifactorial ( Gouw et al.,

2011 ), deep WMHs may be primarily related to ischemic damage
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Fig. 3. Infarcts within mild, moderate, and severe WMH burden The association be- 

tween infarcts and WMH burden. Abbreviations: WMH, white matter hyperintensi- 

ties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The association of infarcts and WMHs with clinical features Odds-Ratios and 

p -values for infarcts and WMHs from a linear mixed model with center as a block- 

ing variable included as a random effect in the models, and age and sex adjust- 

ment. Significant p -values ( ≤0.05) are displayed in red. Abbreviations: RBD, rapid 

eye movement sleep behavior disorder; WMHs, white matter hyperintensities vol- 

ume; OR, odds-ratios. (For interpretation of the references to color in this figure 

legend, the reader is referred to the Web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

( Ballard et al., 20 0 0 ; Barber et al., 1999 ; Kenny et al., 2004 ), while

cortical infarcts and periventricular WMHs especially in posterior

brain areas may be related to neurodegeneration and cerebral amy-

loid angiopathy ( Barber et al., 20 0 0 , 1999 ; De Reuck et al., 2014 ;

Ghebremedhin et al., 2010 ). Previous research has mostly focused

on the association of infarcts or WMHs with vascular factors in

probable DLB ( Ballard et al., 20 0 0 ; Barber et al., 20 0 0 ; Kenny et al.,

2004 ; Sarro et al., 2017 ). In our current study we sought to fill in

the important gap in the DLB literature regarding the association of

infarcts and WMHs with markers of neurodegeneration. Although

we can not confirm whether the association between WMHs and

infarcts in our current study is specific to probable DLB, previous

reports showed that the WMH burden is higher in probable DLB

patients than in healthy controls ( Barber et al., 1999 ; Joki et al.,

2018 ; Kim et al., 2015 ; Koikkalainen et al., 2016 ; Sarro et al., 2017 ).

However, it should be noted that volume of WMHs and frequency

of infarcts tend to cluster together as the age increases in non-

demented individuals ( Graff-Radford et al., 2020 ). Hence, our cur-
Fig. 5. The association of WMHs with cortical thickness and subcortical gray matter vo

cortical regions with the highest estimates from a linear mixed effects model with WMH

sex; plus all the significant regions from a linear mixed effects model for subcortical vo

adjusted for age, sex, and total intracranial volume (please see Supplementary Fig 1 for fo

FDR-adjusted p -values). (B) A schematic representation of the cholinergic system. Abbrevi

R, right; WMHs, white matter hyperintensities. (For interpretation of the references to co
rent association between WMHs and infarcts may not be entirely

exclusive of DLB. 

The association between infarcts and neurodegeneration has

not been investigated in DLB, and only two MRI studies reported

data on the association between WMHs and neurodegeneration

( Barber et al., 20 0 0 ; Joki et al., 2018 ). Barber et al. (20 0 0) showed

that periventricular WMHs were associated with increased global

brain atrophy, while no association was found for deep WMHs.

Similarly, Joki et al. (2018) showed that periventricular WMHs

were associated with increased atrophy in medial temporal lobes,

while no association was found for deep WMHs. Our current study

extends these previous reports by providing detailed data on the

association of infarcts and WMHs with cortical thickness across

the whole cortical mantle, as well as with the volume of key sub-
lumes (A) Red areas represent combined results from two models: the cluster of 

s as a fixed effect variable and center as a random variable, adjusted for age and 

lume ROIs with WMHs as a fixed effect variable and center as a random variable, 

rest plot results including estimates, confidence intervals, and both uncorrected and 

ations: A, anterior; FDR, False Discovery Rate; GM, gray matter; L, left; P, posterior; 

lor in this figure legend, the reader is referred to the Web version of this article.) 
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cortical gray matter structures. We found that a higher WMH vol-

ume was associated with increased neurodegeneration in the or-

bitofrontal cortex, thalamus, and pallidum. We also found that the

cluster with the highest estimates (i.e., strongest association be-

tween higher WMH volume and lower cortical thickness) included

the orbitofrontal, retrosplenial, and posterior cingulate cortices. 

The orbitofrontal, retrosplenial, and posterior cingulate cortices

receive dense cholinergic input from the cholinergic cingulum

pathway, which emerges from the anteromedial nucleus basalis of

Meynert ( Nemy et al., 2020 ; Selden et al., 1998 ). The thalamus also

receives cholinergic input from cholinergic neurons located in the

brainstem and possibly also from the nucleus basalis of Meynert

( Mesulam, 2013 ). The pallidum is closely connected to the thala-

mus. Hence, our data suggest that these cortical and subcortical

regions could be particularly vulnerable to cholinergic disruption

due to cerebrovascular disease, an interpretation that is supported

by the known interplay between cholinergic and vascular systems

( Claassen and Jansen, 2006 ; Engelhardt et al., 2007 ; Liu et al.,

2017 ). While it is not possible to determine a cause and effect re-

lationship in this cross-sectional study, future prospective studies

with longitudinal MRI may help determine the temporal relation-

ships between cerebrovascular lesions and neurodegeneration. 

In addition, we found that a higher WMH volume was asso-

ciated with a larger volume (less neurodegeneration) of the cau-

date. The caudate is possibly the subcortical region that receives

the least cholinergic input ( Mesulam, 2013 ). Instead, the caudate

receives prominent dopaminergic innervation and is heavily tar-

geted by Lewy body pathology affecting the nigrostriatal dopamin-

ergic system ( Jellinger, 2018 ). Early atrophy of the caudate can be

detected already in prodromal to moderate DLB patients and has

been associated with impairment of attentional processing speed

( Botzung et al., 2019 ). The lack of cholinergic input to the caudate

could explain its larger volume in the context of high WMH bur-

den. The dopaminergic system may be more spared in the context

of a cholinergic system that is severely targeted by cerebrovascu-

lar disease, in mild to moderate DLB patients who are eligible for

MRI studies like in our cohort. This interpretation is further sup-

ported by a dual finding in our study: (1) the presence of infarcts

was associated with the absence of parkinsonism, a symptom that

is closely related to dopaminergic deficits; (2) the trend towards a

significant association ( p = 0.051) between a higher WMH volume

and the absence of probable RBD, a feature that is highly specific

to Lewy body pathology ( McKeith et al., 2017 ). Other studies also

reported an inverse association between Lewy body pathology and

cerebrovascular disease ( Fukui et al., 2013 ; Ghebremedhin et al.,

2010 ). 

While brain atrophy is not prominent in DLB ( Yousaf et al.,

2019 ), a large multi-center study recently identified the signature

pattern of atrophy in probable DLB, involving atrophy in the poste-

rior cortex and preservation of the medial temporal lobes ( Oppedal

& Ferreira et al., 2018 ) . This pattern also involves several subcorti-

cal gray matter structures, including the thalamus, caudate, puta-

men, and pallidum ( Watson and Colloby, 2016 ). An important ob-

servation is that this pattern of atrophy overlaps spatially with

the hypometabolic pattern characteristic of DLB ( McKeith et al.,

2017 ), as well as with the spatial pattern of white matter abnor-

malities in diffusion MRI ( Nedelska et al., 2015b ; Watson et al.,

2012 ), the distribution of reduced blood perfusion ( Nedelska et al.,

2018 ), and the pattern of tau binding in positron emission tomog-

raphy (PET) ( Kantarci et al., 2017 ). In a recent study, we further

demonstrated that atrophy in the posterior cortex is increased in

probable DLB patients with positive amyloid and tau biomarkers

( Abdelnour et al., 2020 ). Further, all the cortical regions reported

in our current study spatially overlap with brain areas that show

increased longitudinal atrophy in DLB patients with concomitant
Alzheimer’s disease pathology ( Nedelska et al., 2015a ). Hence, our

current results together with these previous reports suggest that

there seems to be a spatial correspondence between two com-

mon pathologies in DLB (i.e., tau neurofibrillary tangles (NFT) and

cerebrovascular disease), potentially contributing to the neurode-

generation and cognitive impairment in part through involvement

of the cholinergic system. The potential synergistic interaction be-

tween Lewy body pathology, tau NFT, and cerebrovascular disease

is a topic of utmost interest that cannot be investigated in-vivo at

present due to the lack of reliable biomarkers for alpha-synuclein. 

Very few studies have investigated the association of infarcts

and WMHs with clinical features of DLB. We found that a higher

WMH volume was significantly associated with the presence of vi-

sual hallucinations, and we already discussed above the trend to-

wards a significant association between a higher WMH volume and

the absence of probable RBD. Further, we found that the presence

of infarcts was associated with the absence of parkinsonism. Our

current study is in agreement with Sarro et al. (2017) . Using a dif-

ferent method for WMHs, we also did not find an association be-

tween WMH volume and parkinsonism and cognitive fluctuations.

However, in contrast to Sarro et al. (2017) , we found that an in-

creased WMH volume was associated with visual hallucinations in

our larger and more heterogeneous cohort of DLB patients in the

current study. Although 24% of the patients from the current study

are shared with the sample used in Sarro et al. (2017) , only 8%

include MRI scans from the same time frame. The positive associ-

ation between WMHs and visual hallucinations has also been re-

ported by Fukui et al. (2013) , but the opposite result was reported

when combining DLB patients with other dementias in Barber

et al. (1999) , i.e., WMHs in occipital areas were associated with

the absence of visual hallucinations ( Barber et al., 1999 ). The au-

thors suggested that perhaps an occipital lobe spared of pathology

is necessary to develop visual hallucinations, and that the disrup-

tion of neural circuits involving visual association areas might pre-

vent hallucinations ( Barber et al., 1999 ). This hypothesis remains

to be tested. Previous studies have reported a higher frequency

of visual hallucinations in DLB patients with Alzheimer’s disease

co-pathology ( Lemstra et al., 2017 ). Hence, visual hallucinations in

DLB seem to be more frequent in the context of co-pathologies,

whether cerebrovascular disease or Alzheimer’s disease. 

Previous studies including small samples did not find any

association between WMHs and cognition ( Barber et al., 1999 ;

Burton et al., 2006 ; Fukui et al., 2013 ; Oppedal et al., 2012 ). Our

relatively large multi-center cohort of probable DLB patients could

thus have helped to capture the heterogeneity within probable

DLB better and reveal the association between increased WMHs

and lower cognitive performance. This interpretation is supported

by two studies that further reduced part of that heterogeneity by

stratifying DLB patients based on APOE genotype or focused on

cholinergic white matter pathways ( Mirza et al., 2019 ; Park et al.,

2015 ). Mirza et al. (2019) reported an association exclusively in

APOE ε4 carriers, and Park et al. (2015) showed that when WMHs

are located in cholinergic white matter pathways they seem to

have an impact on cognitive performance. We did not investigate

the location of WMHs but, as discussed above, we observed that

they were associated with neurodegeneration of gray matter areas

that receive dense cholinergic input. 

Both infarcts and WMHs increase with age in non-demented in-

dividuals ( Graff-radford et al., 2020 ). Since we applied an age cor-

rection in our statistical models, our current findings cannot be ex-

plained by the effect of aging. Further, our current results do not

spatially overlap with the effect of age on cortical thickness and

subcortical gray matter volumes commonly seen in healthy indi-

viduals ( Machado et al., 2018 ). This suggests that our current re-

sults go beyond the association of age with WMHs and neurode-



D. Ferreira, Z. Nedelska, J. Graff-Radford et al. / Neurobiology of Aging 105 (2021) 252–261 259 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

generation, and are likely specific to DLB. Nonetheless, whether

WMHs are due to Lewy-induced cerebrovascular disease or are due

to vascular risk factors cannot be answered at present in-vivo, due

to the lack of reliable biomarkers for alpha-synuclein. In addition

to age, our findings were independent of the effects of sex, APOE

genotype, and center. 

Two previous studies showed that WMHs and infarcts are asso-

ciated with older age and female sex, but they do not seem to have

an association with APOE genotype in probable DLB ( Barber et al.,

1999 ; Sarro et al., 2017 ). We found that older patients had more

infarcts and WMHs, but we did not find any association with sex.

Further, APOE genotype was not significantly associated with the

infarcts, but it was associated with WMHs after adjusting for age,

indicating a higher WMH volume in APOE ε4 non-carriers. This
finding has also been reported in Alzheimer’s disease, with APOE

ε4 non-carriers (in particular, APOE ε2 carriers) having a higher
WMH volume than APOE ε4 carriers ( Groot et al., 2018 ). The sug-
gested mechanism was the reduced integrity of amyloid-affected

cerebral vasculature, increasing the risk of cerebral amyloid an-

giopathy, but amyloid-independent pathways might also be possi-

ble ( Groot et al., 2018 ). Importantly, our statistical tests for hetero-

geneity did not show any significant results. This means that there

was no evidence that our results differed across centers, highlight-

ing the generalizability of the reported associations in probable

DLB patients across four centers in Europe and the US. Our rela-

tively large multi-center data may thus help to clarify some of the

contradictory results from previous studies using smaller samples

from a single center. 

Our current study has some limitations. A semi-quantitative as-

sessment of WMHs was the preferred method due to the multi-

center nature of our study, which included some variability in MRI

scanners and scanning parameters ( Oppedal & Ferreira et al. 2019 ).

Hence, we were unable to obtain separate estimations of periven-

tricular and deep WMHs, which may differ in their underlying

pathophysiology ( Barber et al., 1999 ). Vascular risk factors have

previously been associated with increased cerebrovascular disease

in DLB ( Sarro et al., 2017 ; Donaghy et al., 2020 ), so that they might

partially explain some of our current findings. However, vascular

risk factors were not consistently recorded across the four cen-

ters included in this study, which prevented us to consider them

in our statistical analysis. Cerebrovascular disease may be one of

the factors contributing to neurodegeneration in probable DLB. The

spatial concordance between the pattern of tau PET binding and

the neurodegeneration identified in our current study claims in

favor of future studies investigating the association between tau

PET, WMHs, and cortical thickness. Because the data was collected

through a consortium on DLB, a matching control group was not

available at each site. While this is a limitation of our cohort future

studies that compare DLB patients to controls can determine the

differences between DLB and normal aging. Finally, the diagnosis of

probable DLB was based on clinical grounds, without autopsy con-

firmation, which has known limitations ( Rizzo et al., 2018 ). How-

ever, it is reassuring from previous studies that most of the pa-

tients in the E-DLB cohort who had a dopamine transporter SPECT

scan available were positive ( Oppedal & Ferreira et al. 2019 ), and

that the Mayo patients showed a high rate of Lewy body disease

at autopsy ( Sarro et al., 2017 ). 

In conclusion, this multi-center study demonstrates an associa-

tion between WMHs and the neurodegeneration of brain areas that

receive dense cholinergic input, and that WMHs and infarcts have

an impact on several clinical features and cognitive performance

in probable DLB. This suggests a synergistic interaction between

cerebrovascular disease and Lewy body pathology, which possibly

extends to other highly concomitant pathologies in probable DLB,

including amyloid-beta and tau NFT tangles ( Ferreira et al., 2020 ).
Hence, prevention and therapy of cerebrovascular disease should

be considered for the multifactorial treatment of probable DLB. 
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