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Abstract
Dementia with Lewy bodies (DLB) is the second most common cause of neurodegenerative
dementia after Alzheimer's disease (AD). Our objective was to determine whether the 11C–
Pittsburgh Compound-B (PiB) retention and regional hypometabolism on PET and regional
cortical atrophy on MRI are complementary in characterizing patients with DLB and
differentiating them from AD. We studied age, gender and education matched patients with a
clinical diagnosis of DLB (n=21), AD (n=21), and cognitively normal subjects (n=42).
Hippocampal atrophy, global cortical PiB retention and occipital lobe metabolism in combination
distinguished DLB from AD better than any of the measurements alone (area under the receiver
operating characteristic=0.98).Five of the DLB and AD patients who underwent autopsy were
distinguished through multimodality imaging. These data demonstrate that MRI and PiB PET
contribute to characterizing the distinct pathological mechanisms in patients with AD compared to
DLB. Occipital and posterior parietotemporal lobe hypometabolism is a distinguishing feature of
DLB and this regional hypometabolic pattern is independent of the amyloid pathology.
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Introduction
Dementia with Lewy bodies (DLB) is the second most common cause of neurodegenerative
dementia after Alzheimer's disease (AD) [Barker, et al.,2002, [Galasko, et al.,1994,Joachim,
et al.,1988,Zaccai, et al.,2005]. Although the mechanisms of pathogenesis in AD and DLB
are different, many patients with DLB have a varying degree of AD pathology in addition to
Lewy related pathology (LRP) [Fujishiro, et al.,2010,Galasko, et al.,1994,Gomez-Tortosa, et
al.,1999,Hansen, et al.,1990,[Schneider, et al.,2007]. The diagnostic accuracy for DLB based
upon postmortem confirmation is relatively low [Luis, et al.,1999,McKeith, et al.,
2000,Merdes, et al.,2003,Verghese, et al.,1999], improved with the revised criteria of the
Third International Workshop on DLB in 2005 [Fujishiro, et al.,2008,McKeith, et al.,2005],
but still imperfect. The challenge of clinical diagnosis in patients with AD and DLB stems
from the fact that the underlying pathology is frequently complex with contribution from
both AD and LB disease pathologies [McKeith, et al.,2005]. The potential for disease-
modifying treatments for AD, as well as the responsiveness to cholinesterase inhibitor
treatment and marked neuroleptic sensitivity of DLB patients generate a need for surrogate
markers for AD and LB disease pathologies for accurate diagnosis [Quigley, et al.,2010].

A majority of patients with DLB are pathologically characterized by the presence of β-
amyloid (Aβ) deposition. In keeping with that, in vivo PET amyloid labeling tracer [N-
methyl-11C]2-(40-methylaminophenyl)-6-hydroxybenzothiazole also known as 11C-
Pittsburgh Compound B (PiB) binding is typically present in up to 80% of patients with
DLB, although at lower levels than in AD [Edison, et al.,2008,Foster, et al.,2010,Gomperts,
et al.,2008,Maetzler, et al.,2009]. Cortical PiB binding in DLB is largely attributable to the
binding to Aβ and not to α-synuclein-containing Lewy bodies [Burack, et al.,2010,Fodero-
Tavoletti, et al.,2007,Kantarci, et al.,2010,Ye, et al.,2008], and the specificity of in vivo PiB
binding to Aβ has been confirmed at autopsy in a case with DLB (Kantarci et al., 2010).
Although amyloid deposition is central to the pathology of AD, it does not correlate with
cognitive function as well as the neurofibrillary pathology of AD [Dickson, et al.,
1995,Giannakopoulos, et al.,1994,Gomez-Isla, et al.,1997,Grober, et al.,1999,Guillozet, et
al.,2003,Nagy, et al.,1995]. Furthermore, diffuse amyloid plaques, which are a common in
patients with DLB [Dickson,2002], but not a diagnostic feature of AD [The National
Institute on Aging 1997] contribute to PiB retention in LB diseases [Burack, et al.,
2010,Kantarci, et al.,2010]. The distinction between neuritic and diffuse plaques however is
not possible with PiB PET, since PiB labels both neuritic and diffuse plaques, although
labeling of diffuse/amorphous plaques is less prominent than compact/cored plaques
[Ikonomovic, et al.,2008,Lockhart, et al.,2007,Sojkova, et al.]. Therefore, brain amyloid
load on amyloid ligand PET imaging by itself is insufficient for determining presence of
neuritic plaques in patients with DLB.

A structural imaging correlate of neurodegeneration accompanying the neurofibrillary
pathology of AD is cortical atrophy [Barkhof, et al.,2007,Bobinski, et al.,1997,Csernansky,
et al.,2004,Gosche, et al.,2002,Jack, et al.,2002,Jagust, et al.,2008,Silbert, et al.,
2003,Vemuri, et al.,2010,Whitwell, et al.,2008,Zarow, et al.,2005]. MRI-pathology
correlation studies have shown that the severity of hippocampal atrophy correlates well with
Braak stage [Gosche, et al.,2002,Jack, et al.,2002] and with the neurofibrillary tangle density
[Csernansky, et al.,2004,Silbert, et al.,2003,Vemuri, et al.,2008,Whitwell, et al.,2008].
Excellent correlation was found between hippocampal volume measures obtained on either
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antemortem MRI [Zarow, et al.,2005] or postmortem MRI [Bobinski, et al.,1997] and
hippocampal neuron cell counts in autopsy specimens. Hippocampal atrophy was a
distinguishing feature of AD compared to DLB in clinically diagnosed cohorts [Burton, et
al.,2002,Firbank, et al.,2010,Whitwell, et al.,2007] and autopsy confirmed cases [Burton, et
al.,2009,Burton, et al.,2011,Kantarci, et al.,2011].

While PiB PET and structural MRI may be useful in detecting the pathological features of
AD, patients with DLB are characterized by hypometabolism in the parietal and occipital
cortex on [18F]2-fluoro-deoxy-D-glucose (FDG) PET images. Occipital lobe
hypometabolism differentiates patients with DLB from AD in both clinically diagnosed
[Imamura, et al.,1997,Ishii, et al.,1998,Mosconi, et al.,2008,Teune, et al.], and in autopsy
confirmed [Albin, et al.,1996,Higuchi, et al.,2000,Minoshima, et al.,2001] cohorts.
Furthermore, occipital hypometabolism is associated with visual hallucinations in DLB
[Imamura, et al.,1999,Perneczky, et al.,2008]. The metabolic impairment in the occipital
lobe responds to cholinesterase treatment [Mori, et al.,2006,Satoh, et al.,2010], suggesting a
link between cholinergic dysfunction [Shimada, et al.,2009], clinical symptoms and occipital
lobe hypometabolism in DLB.

Our objective was to determine structural MRI, PiB PET and FDG PET imaging
characteristics of patients with DLB. The rationale for investigating multi-modality imaging
lies in the multi-factorial nature of pathological involvement in many patients with DLB.
Structural MRI is a surrogate for the neuronal degeneration and PiB PET is a direct measure
of the Aβ pathology. Finally, specific patterns of FDG PET glucose hypometabolism have
been associated with LRP. We hypothesized that the three imaging modalities that are
sensitive to different components of the disease process would provide complementary
information for characterizing patients with DLB and differentiating patients with DLB from
AD.

Methods
Subjects

This study included 21 consecutive patients with DLB who were recruited from the Mayo
Clinic Alzheimer Disease Research Center (ADRC), met the Third Report of the DLB
Consortium criteria for probable DLB [McKeith, et al.,2005] and participated in the PET
and MRI studies from April 2006 through February 2011. We identified 21 patients with AD
who met the NINCDS-ADRDA criteria for probable AD [McKhann, et al.,1984] and 42
cognitively normal (CN) subjects from the ADRC and Mayo Clinic Study of Aging
[Roberts, et al.,2008], which is a longitudinal population-based cohort. AD subjects were
matched to DLB patients (1:1) and CN subjects were matched to DLB patients (2:1) on age,
gender and education. Exclusion criteria were: 1) presence of structural abnormalities that
could cause cognitive impairment or dementia such as brain tumors 2) concurrent illnesses
or treatments interfering with cognitive function other than AD or DLB.

Informants and patients were interviewed regarding temporal onset and frequency of
symptoms. Clinical features of DLB was recorded using the following criteria: 1) Presence
and severity of parkinsonism was rated with the Unified Parkinson’s Disease Rating Scale
(UPDRS); 2) Visual hallucinations were fully formed, occurring on more than one occasion
and not attributable to medical factors (e.g. infection, postoperative confusion), medications
or advanced dementia. The frequency of visual hallucinations were rated on a 4 point scale
(1= <1 per week, 2= one per week, 3=several per week, 4=daily) 3) Fluctuations were
considered present if the patient scored 3 or 4 on the Mayo Fluctuations Questionnaire
[Ferman, et al.,2004]; 4) Patients with probable REM sleep behavior disorder (pRBD) met
the International Classification of Sleep Disorders-II diagnostic criteria B for pRBD
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[AASM,2005]. All subjects underwent clinical evaluation, PET and MRI studies within a
five month period. The median (range) time between MRI/PET scanning and clinical
evaluation was 2.0 (1.7, 4.4) months.

MRI Acquisition
MRI examinations were performed at 3 Tesla using an eight-channel phased array coil (GE,
Milwaukee, WI). A 3D high resolution MPRAGE acquisition with TR/TE/TI = 7/3/900 ms;
flip angle 8 degrees; in plane resolution of 1.0 mm and a slice thickness of 1.2 mm was
performed for anatomical segmentation and labeling.

11C-PiB PET and 18F-FDG PET Acquisitions
PET images were acquired using an LYSO PET/CT scanner (DRX; GE Healthcare)
operating in 3-dimensional mode. A computerized tomography image was obtained for
attenuation correction. Subjects were injected with both 11C-PiB (average, 596 MBq; range,
292–729 MBq) and 18F-FDG (average, 540 MBq; range, 366–399 MBq). The images were
acquired on the same day, with 1 hour between the 11C-PiB and 18F-FDG PET scan
acquisitions. Following a 40 min 11C-PiB uptake period, a 20 min 11C-PiB scan was
obtained. 11C-PiB PET acquisition consisted of four 5 min dynamic frames, acquired from
40 to 60 min after injection. Following a 30 min 18F-FDG uptake period, an 8 min18F-FDG
scan was obtained. Image acquisition consisted of four 2-min dynamic frames, acquired
from 30 to 38 min after injection. Standard corrections were applied.

Structural MRI Analysis
The automated anatomic labeling (AAL) atlas [Tzourio-Mazoyer, et al.,2002] was manually
modified in-house on a cognitively normal older subject’s high-resolution T1 weighted MRI
[Kantarci, et al.,2010]. Atlas labels were then normalized to the custom template generated
from 200 AD and 200 controls [Vemuri, et al.,2008] using the unified segmentation method
in Statistical Parametric Mapping (SPM)5 [Ashburner and Friston,2005] giving a set of
labels corresponding to the custom template space. Between-group differences in grey
matter density were assessed using a two-sided t-test within the general linear model
framework of SPM5. Statistical maps of group differences were displayed at a significance
value of P<0.05, using family-wise error (FWE) correction for multiple comparisons. The
resulting subject specific atlas was used to parcellate grey matter images into the modified
AAL atlas regions of interest (ROI) in the subject’s T1 image space. The normalized ROI
volumes were divided by the total intracranial volume.

PET Image Analysis
PiB PET and FDG PET image volumes of each subject were co-registered to his/her own
T1-weighted MRI scan with the modified AAL atlas labels, using a 6-degrees of freedom
affine registration with mutual information cost function. Atlas-based parcellation of FDG
and PiB PET images into ROIs was therefore performed in subject’s T1-weighted MRI
space. Partial volume correction for tissue and cerebrospinal fluid (CSF) compartments was
applied using the two compartment model [Meltzer, et al.,1999] to remove atrophy effects
on the FDG and PiB uptake on PET images. Cerebellar uptake was used as an internal
reference ROI for PiB PET normalization and pons was used as an internal reference ROI
for FDG PET normalization to calculate FDG and PiB PET ratio images. Voxel-wise PiB
and FDG uptake differences between groups were assessed using a two-sided T-test within
the general linear model framework of SPM5. Statistical maps of group differences were
displayed at a significance value of P <0.05, using FWE correction for multiple
comparisons. Statistics on image voxel values were extracted from modified AAL atlas
ROIs . The median value in each target cortical ROI was divided by the median value in the
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cerebellar ROI for PiB PET and pontine ROI for FDG PET images. The global cortical PiB
retention ratio was calculated by averaging the PiB retention ratio from the bilateral parietal
(including posterior cingulate and precuneus), temporal, prefrontal, orbitofrontal, anterior
cingulate grey matter regions where the average is weighted by ROI size [Jack, et al.,
2007,Lowe, et al.,2009].

Statistical Analysis
Because neither AD nor DLB pathologies differentially involve either hemisphere, right and
left hemispheric values were weighted averaged for PET measurements and summed for the
volumetric measurements for statistical analysis. We performed a chi-squared test of
differences in gender distribution across groups and used a Kruskal-Wallis test to evaluate
whether there were systematic differences in age and education across groups. We compared
patient groups on numeric clinical measures and quantitative imaging markers using
pairwise Wilcoxon rank-sum/Mann-Whitney U-tests. We used single variable and
multivariable logistic regression models to compare imaging markers for distinguishing
patients with AD and DLB and to investigate whether each imaging marker independently
contributes to distinguishing the two patient groups. We summarize how well the markers
discriminate alone or on combination with Harell’s C-statistic which is equivalent to area
under the receiver operating characteristic curve (AUROC) [Harrell,2001]. Spearman rank-
order correlation test was used to investigate the association between the imaging
measurements and UPDRS, duration of fluctuations, pRBD parkinsonism, and the duration
and frequency of visual hallucinations as. All analyses were performed using R version
2.11.0 and Harrell’s Design package.

Results
Subject characteristics

Characteristics of the study subjects are listed in Table 1. Owing to the matching performed,
AD, DLB and CN groups had similar demographic features. Functional dementia severity
measured with Clinical Dementia Rating Sum of Boxes (CDR SOB) was not different
among AD and DLB patients. A majority of DLB patients had fluctuations (62%; median
duration=3.6 years), visual hallucinations (90%; median duration=2.2 years), parkinsonism
(90%; median duration=2.2 years) and pRBD (90%; median duration=9.7 years). Because
only a small number of patients with DLB did not have visual hallucinations (n=2),
parkinsonism (n=2) or pRBD (n=2), we could not compare the imaging findings in DLB
patients with and without visual hallucinations, parkinsonism and pRBD. On the other hand,
we were able to test for the associations between imaging findings and presence of
fluctuations and UPDRS and the frequency of visual hallucinations (median frequency score
= 3 (several times per week but less than daily)) in patients with DLB.

Structural MRI findings distinguishing patients with AD and DLB
Voxel-based analysis showed smaller hippocampal volumes in patients with AD compared
to patients with DLB (P <0.05; FWE corrected for multiple comparisons) (Figure 1) Cortical
grey matter density of patients with DLB was not different from the CN subjects (P<0.05;
FWE corrected for multiple comparisons). Patients with AD had smaller hippocampal
volumes compared to patients with DLB and CN subjects on ROI analysis (p<0.001). No
difference in hippocampal volumes were observed between patients with DLB and CN
subjects (p=0.93). We did not find any association between hippocampal volumes and
UPDRS, CDR SOB, frequency of visual hallucinations and the duration of clinical features
in patients with DLB (p>0.25). There were no differences in hippocampal volumes between
DLB patients with and without fluctuations (p=0.86).
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PiB PET findings in patients with DLB
The global cortical PiB retention ratio in patients with DLB was lower than patients with
AD (p<0.001) but higher than the CN subjects (p=0.03). According to the typically used cut-
off of 1.50 [Jack, et al.,2008,Rowe, et al.,2007], 11 out of 21 (52%; 95% confidence
interval= 30%-74%) of the patients with DLB were classified as PiB-positive. There were
four DLB patients (three PiB-negative and one PiB-positive) and two AD patients who had
borderline PiB retention (global cortical PiB retention ratio = 1.4 – 1.6). On the other hand,
only 9 out of 42 (21%; 95% confidence interval= 11%– 37%) CN subjects were classified as
PiB positive.

In order to determine the topography of increased cortical PiB retention in DLB, we
performed voxel-based analysis comparing patients with DLB to CN subjects and found no
differences between the two groups (P<0.05; FWE corrected for multiple comparisons).
Because 48% of DLB patients were PiB-negative and 21% of the CN patients were PiB-
positive, in a secondary analysis, we excluded these cases and compared PiB-positive
patients with DLB (n=11) to PiB-negative CN subjects (n=33). The topography of PiB
distribution in PiB-positive patients with DLB involved the medial frontal, prefrontal, lateral
parietal, superior temporal, cingulate gyrus and precuneus regions; but not the occipital lobe,
pre and post central gyri, medial and inferior temporal lobe cortices (P<0.05; FWE corrected
for multiple comparisons) (Figure 2). We did not find any association between global
cortical PiB retention and UPDRS, CDR SOB, frequency of visual hallucinations and the
duration of clinical features in patients with DLB (p>0.08). There were no differences in
global cortical PiB retention between DLB patients with and without fluctuations (P=0.75).

FDG PET findings in patients with DLB
Patients with DLB had lower FDG uptake in the parietal, occipital and posterior temporal
lobes compared to CN subjects on voxel-based analysis (P<0.05; FWE corrected for
multiple comparisons). In order to determine whether Aβ load influence the FDG reduction
in patients with DLB, we stratified DLB patients into PiB-positive (n=11) and PiB-negative
(n=10) groups. We found no difference between the FDG uptake in PiB-positive compared
to PiB-negative patients with DLB. When PiB positive and PiB negative DLB patients were
compared to PiB negative CN subjects, occipital and posterior parietotemporal lobe
hypometabolism was identified both in PiB-positive and PiB-negative patients with DLB
(P<0.05; FWE corrected for multiple comparisons) (Figure 3). We did not find any
association between occipital FDG uptake and UPDRS, CDR SOB, and the duration of
visual hallucinations, fluctuations and parkinsonism in patients with DLB (p>0.22). There
was an association between the occipital FDG uptake and the frequency of visual
hallucinations (rho=−0.66; p=0.01) and a trend of an association with the duration of pRBD
(rho=−0.42; p=0.06). Occipital FDG uptake was lower in DLB patients with fluctuations
compared to DLB patients without fluctuations (p=0.04).

FDG uptake in the occipital lobe, posterior temporal, posterior parietal and posterior
precuneus regions were lower in patients with DLB compared to patients with AD (P<0.05;
FWE corrected for multiple comparisons). A majority of the clusters were within the
occipital lobe (Figure 4). Patients with DLB had significant reduction in the occipital lobe
FDG uptake and increased posterior cingulate to the sum of the precuneus plus cuneus FDG
uptake ratio (i.e. cingulate island sign [Lim, et al.,2009]) compared to patients with AD and
CN subjects on ROI analysis (p<0.001).
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Complementary role of multi-modality imaging in distinguishing patients with DLB from
AD

The ROI-based and voxel-based analysis showed that hippocampal volumes on structural
MRI, global cortical PiB retention and occipital lobe hypometabolism on PET were useful in
distinguishing patients with DLB and AD. On univariate logistic regression models, each of
the quantitative imaging markers were comparable in accuracy for distinguishing patients
with DLB and AD. Including two of the imaging markers in the model improved the area
under the ROC (AUROC) curve for distinguishing patients with AD and DLB. All three
imaging markers contributed significantly to the bivariate logistic regression models
(p<0.05). The three-marker logistic regression model only slightly improved the accuracy
for distinguishing patients with AD and DLB with modest independent contributions from
each of the imaging modalities (AUROC=0.98; P≤0.05) (Table 2). Figure 5 shows the plots
separating the AD and DLB patients by combining the information from two imaging
markers. Figure 6 shows the plots separating the AD and DLB patients by combining the
information from all three imaging markers.

We performed a secondary analysis by replacing occipital lobe FDG uptake with the
posterior cingulate to precuneus plus cuneus FDG uptake ratio that was proposed as an
accurate marker for distinguishing AD and DLB [Lim, et al.,2009]. Although this ratio
distinguished patients with AD and DLB with a higher AUROC (0.92) compared to the
occipital FDG uptake (0.84) on univarate logistic regression models, the two measures were
comparable in distinguishing patients with AD and DLB when multiple modalities were
considered.

Autopsy findings in five cases
Five of the cases in the AD (n=2) and DLB (n=3) cohorts of the current study had autopsy.
The characteristics of each subject, imaging and pathologic findings are listed in Table 3.
These cases are labeled on the scatter plots showing the imaging findings in Figure 5.

Case 1 was an 82-year-old man who was clinically diagnosed with probable AD and had a
CDR SOB of 13 at the time of imaging studies. The patient died 10 months after the PET
and MRI exams. The diagnosis at autopsy was high likelihood of AD according to the NIA-
Reagan criteria [Hyman and Trojanowski,1997] with Braak stage VI [Braak and Braak,
1991] neurofibrillary pathology and frequent neuritic plaques [Mirra, et al.,1991]. In
agreement with the pathologic diagnosis, this patient had significant hippocampal atrophy
and high global cortical PiB retention ratio. Occipital FDG uptake was as low as in patients
with DLB even though this patient did not have LB disease. It was possible to distinguish
Case 1 from the patients with DLB by combining hippocampal volumes and PiB retention.

Case 2 was an 88-year-old man who was clinically diagnosed with probable AD. He had a
CDR SOB of 7 at the time of imaging studies. The patient died 11 months after the PET and
MRI exams. The diagnosis at autopsy was hippocampal argyrophilic grain disease and low
likelihood of AD with Braak stage II neurofibrillary pathology and sparse neuritic plaques.
In agreement with the pathological diagnosis of low likelihood of AD and hippocampal
argyrophilic grain disease, this patient had moderate hippocampal atrophy, low global
cortical PiB retention ratio and normal occipital FDG uptake. It was possible to distinguish
Case 2 from the patients with DLB by combining hippocampal volumes and occipital FDG
uptake.

Case 3 was an 81-year-old man who had all the core clinical features of DLB and pRBD,
was clinically diagnosed with probable DLB and had a CDR SOB of 6 at the time of
imaging studies The patient died 11 months after the PET and MRI exams. The diagnosis at
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autopsy was high likelihood of DLB according to the Third Report of the DLB Consortium
criteria [McKeith, et al.,2005] with limbic (transitional) LRP and low likelihood of AD
according to the NIA-Reagan criteria with Braak stage III neurofibrillary pathology and
sparse neuritic plaques. In agreement with the pathological diagnosis of high likelihood of
DLB, this patient had mild hippocampal atrophy, borderline global cortical PiB retention
ratio but significantly low occipital FDG uptake. It was possible to distinguish Case 3 from
patients with AD by combining any of the two imaging markers.

Case 4 was a 75-year-old man who had two of the core clinical features of DLB
(parkinsonism and visual hallucinations) and pRBD, was clinically diagnosed with probable
DLB and had a CDR SOB of 2.5 at the time of imaging studies. The patient died 17 months
after the PET and MRI exams. The diagnosis at autopsy was high likelihood of DLB
according to the Third Report of the DLB Consortium criteria with diffuse LRP and low
likelihood of AD according to the NIA-Reagan criteria with Braak stage II neurofibrillary
pathology and moderate neuritic plaques. This patient had mild hippocampal atrophy,
borderline cortical PiB retention ratio and moderately low occipital FDG uptake. It was
possible to distinguish Case 4 from the patients with AD by combining any of the two
imaging markers.

Case 5 was previously published in a imaging pathology correlation study by using ROI
based methods to demonstrate the specificity of PiB to Aβ in DLB [Kantarci, et al.,2010].
The case was a 75-year-old man who had all the core clinical features of DLB and pRBD,
was clinically diagnosed with probable DLB and had a CDR SOB of 5 at the time of
imaging studies. The patient died 18 months after the PET and MRI exams. The diagnosis at
autopsy was high likelihood of LB disease according to the Third Report of the DLB
Consortium criteria with diffuse LRP and low likelihood of AD according to the NIA-
Reagan criteria with Braak stage III neurofibrillary pathology and sparse neuritic plaques
but frequent diffuse plaques. This patient had mild hippocampal atrophy, high cortical PiB
retention ratio but significantly low occipital FDG uptake. It was possible to distinguish
Case 5 from AD patients by combining any of the two imaging markers.

Discussion
This study demonstrates the characteristic pattern of structural MRI, FDG and PiB PET
changes in patients with DLB compared to AD. The imaging markers of specific
pathophysiological processes, including neurofibrillary pathology/neuronal loss, amyloid
deposition and LRP related hypometabolism were useful in characterizing patients with
DLB. Hippocampal atrophy and increased global cortical PiB retention, which are
associated with neurofibrillary pathology/neuronal loss and amyloid deposition in AD, and
occipital hypometabolism which is typically associated with LRP, were complementary in
distinguishing patients with AD and DLB.

Structural MRI findings distinguishing patients with AD and DLB
We did not find any cortical atrophy in patients with DLB and preservation of the
hippocampal volume was the characteristic structural MRI finding that distinguished
patients with DLB from AD. The structural MRI changes identified in clinically diagnosed
patients with DLB have been variable [Barber, et al.,1999,Burton, et al.,2002,Tam, et al.,
2005,Whitwell, et al.,2007], which may due to the variable presence of concomitant AD
pathology in clinically diagnosed patients with DLB [Kantarci, et al.,2011]. Several studies
have reported temporal and frontal lobe atrophy [Barber, et al.,1999,Burton, et al.,
2002,Tam, et al.,2005] but we did not find cortical atrophy in a separate cohort of clinically
diagnosed patients with DLB [Whitwell, et al.,2007]. Medial temporal lobe or hippocampal
atrophy was a distinguishing feature of AD compared to DLB both in clinically diagnosed
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patients [Sabattoli, et al.,2008,Whitwell, et al.,2007], and in pathologically confirmed cases
[Burton, et al.,2009,Burton, et al.,2011,Kantarci, et al.,2011,Lippa, et al.,1998]. Recently,
using three-dimensional parametric surface mesh models, tissue loss was reported in the
anterior sector of CA1 in clinically diagnosed patients with DLB compared to patients with
AD [Sabattoli, et al.,2008]. Another study however found that subiculum thickness and CA1
area was significantly lower in AD compared to DLB on high resolution MRIs [Firbank, et
al.,2010]. Although we did not perform hippocampal shape analysis, the VBM findings in
our cohort suggest that the hippocampal volume differences between patients with AD and
DLB may involve the posterior portion of the hippocampus more than the anterior (Figure
1). This variation in regional hippocampal volume difference among AD and DLB patients
may be due to different regional vulnerability of hippocampus in AD and DLB [Dickson, et
al.,1991], which requires further investigations in pathologically confirmed cases.

PiB Retention in Patients with DLB
In the current study, more than half (52%; 95% confidence interval= 30%– 74%) of the
patients with DLB were PiB-positive. This is comparable to [Edison, et al.,2008,Foster, et
al.,2010,Maetzler, et al.,2009] or lower [Gomperts, et al.,2008] than the rate of PiB
positivity previously reported in smaller DLB cohorts. Higher Aβ load did not have an
impact on cognitive functional impairment measured with CDR SOB or motor impairment
measured with UPDRS in patients with DLB. The regional pattern of PiB retention in
patients with DLB who were PiB-positive reflected the pattern typically seen in patients
with AD involving the frontal, parietal and superior temporal lobe association cortices.
Occipital, inferior and medial temporal lobes and the primary sensory-motor cortices were
relatively spared. Increased striatal PiB retention has been reported in patients with DLB
[Edison, et al.,2008] and Aβ pathology has been identified in DLB and Parkinson disease
with dementia at autopsy [Fujishiro, et al.,2010,Kalaitzakis, et al.,2011]. In contrast, we did
not find increased striatal PiB retention on voxel-based analysis in PiB-positive patients with
DLB.

We note that one of the PiB-positive and three of the PiB negative patients with DLB had
borderline PiB retention (global cortical PiB retention ratio=1.4–1.6) overlapping with two
of the AD patients who also had borderline PiB retention. Of these patients with borderline
PiB retention, one AD (Case 2) and two DLB patients (Cases 3 and Case 4) had autopsy.
The neuritic plaques in these patients were sparse to moderate and they had Braak stage II-
IV neurofibrillary pathology. If Case 3 and Case 4 did not have additional LRP, they would
have been classified as low likelihood of AD. Although global cortical PiB retention in a
patient with dementia can be classified as positive or negative for diagnostic practicality, it
is important to note that Aβ deposition is a continuous pathological process and so is PiB
retention. Our data suggest that borderline PiB retention ratio especially in patients with
DLB may be an important marker for sparse or moderate neuritic plaques and low or
intermediate likelihood of AD pathology.

Contrary to the low or intermediate likelihood of AD pathology in cases with borderline PiB
retention one of the PiB positive patients with DLB (Case 5) was pathologically diagnosed
as low likelihood of AD because the case had sparse neuritic plaques and Braak III
neurofibrillary pathology. In this case, diffuse plaques were on average 2 to 3 times more
abundant than the neuritic plaques on modified Bielschowsky silver stain in cortical regions
that contributed to the PiB retention [Kantarci, et al.,2010]. A similar observation was
reported in two cases with Parkinson disease with dementia who were PiB positive with a
high burden of diffuse plaques, but had a low likelihood of AD according to NIA-Reagan
criteria at autopsy [Burack, et al.,2010]. Diffuse plaques are common in Lewy body
disorders [Dickson,2002] and likely contribute to the PiB retention [Burack, et al.,
2010,Kantarci, et al.,2010]. Determining the relationship between diffuse plaques and
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cognitive impairment in DLB will be important for making treatment decisions especially
for potential treatments with anti-amyloid agents.

FDG PET findings in patients with DLB compared to patients with AD and CN subjects
Patients with DLB had significant occipital and posterior parietotemporal hypometabolism
compared to CN subjects, in agreement with previous studies in DLB [Albin, et al.,
1996,Higuchi, et al.,2000,Imamura, et al.,1997,Minoshima, et al.,2001,Mosconi, et al.,
2008,Teune, et al.,2010]. In the current study, we showed for the first time that this specific
pattern of hypometabolism in patients with DLB is independent of Aβ load. Both PiB-
positive and PiB-negative patients with DLB were characterized by hypometabolism in the
occipital and posterior parietotemporal lobes. In theory, presence of Aβ pathology in DLB
may have an impact on the FDG metabolism in regions with significant Aβ load such as the
frontal lobes. However, we found no evidence of a difference in frontal lobe FDG
hypometabolism in DLB patients with high Aβ load compared to low Aβ load. Our data
suggests that the occipital and posterior parietotemporal hypometabolism observed in
patients with DLB is associated with LRP and is not influenced by the presence of Aβ
pathology that is common in patients with DLB. The pathological mechanism underlying
profound FDG PET hypometabolism in patients with DLB does not appear to be Aβ but
may possibly be synaptic dysfunction [Rocher, et al.,2003] due to presynaptic a-synuclein
deposition with loss of postsynaptic dendritic spines [Kramer and Schulz-Schaeffer,
2007,Zaja-Milatovic, et al.,2006].

Occipital hypometabolism in DLB is associated with visual hallucinations [Imamura, et al.,
1999,Perneczky, et al.,2008]. It was not possible to assess whether visual hallucinations
were associated with occipital hypometabolism in our cohort because only two of the DLB
patients did not have visual hallucinations. On the other hand, we found greater occipital
hypometabolism in DLB patients with more frequent visual hallucinations, longer duration
of pRBD and fluctuations. Collectively, these data indicate that there is a relationship
between the regional hypometabolism on FDG PET and clinical features of DLB further
supporting our finding that the occipital lobe and posterior parietotemporal hypometabolism
is associated with LRP in patients with DLB. We note that one of the autopsy-confirmed AD
patients (Case 1) with advanced AD pathology and no LB pathology also had occipital
hypometabolism most likely due to the severe AD pathology. Occipital metabolism declines
in advanced AD [Ishii, etal.,1997], and is associated with atypical AD [Aharon-Peretz, et al.,
1999] with posterior atrophy syndrome [Hof, et al.,1997,Tang-Wai, et al.,2004] therefore
occipital hypometabolism is not a specific marker for DLB, and can occasionally be
associated with AD. In some AD patients with posterior cortical atrophy, there is relative
sparing of the hippocampus [Tang-Wai, et al.,2004] making the differential diagnosis in
these rare cases even more difficult. In most cases however it may be possible to distinguish
atypical AD from DLB by combining imaging markers associated with AD pathology such
as high PiB retention, demonstrating the potential value of multimodality imaging in
distinguishing DLB and AD in most cases.

Value of multimodality imaging for distinguishing patients with AD and DLB
When each imaging marker was considered separately, we found overlap between the AD
and DLB groups among the imaging markers that best distinguished patients AD and DLB.
Each imaging marker contributed significantly to the logistic regression model and the
accuracy for distinguishing patients with AD and DLB improved to 98% when all three
imaging markers were considered (Figure 6). Discrimination of the autopsy-confirmed DLB
cases were highly accurate when at least two of the imaging markers were considered.
Among the two AD cases, Case 1 had occipital hypometabolism likely due to severe AD
pathology and Case 2 had low PiB retention in agreement with the pathological diagnosis of
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low likelihood of AD but had moderate hippocampal atrophy possibly due to both mild AD
pathology and argyrophilic grain disease in the hippocampus. Distinguishing these cases
from patients with DLB was possible only with multimodality imaging. Two of the DLB
cases (Case 3 and Case 4) had borderline PiB retention and mild hippocampal atrophy likely
due to the presence of mild AD pathology but Case 3 had significantly low occipital FDG
uptake that distinguished this case from patients with AD. In Case 5 with a low likelihood of
AD and high likelihood of DLB, we found high PiB retention that was largely attributed to
the frequent diffuse plaques. All autopsy confirmed DLB patients were distinguished from
AD using multimodality imaging however a single imaging finding was typically
insufficient for distinguishing cases with DLB from AD.

The clinical diagnosis of patients in the current study was made with standard clinical
criteria using the core and suggestive features for probable DLB and probable AD
[McKeith, et al.,2005,McKhann, et al.,1984]. Imaging the impaired nigrostriatal dopamine
innervation with PET and SPECT is important for differential diagnosis of Lewy body
disoders [Bohnen and Frey,2007,Ceravolo, et al.,2004,Gilman, et al.,2004,Koeppe, et al.,
2005,McKeith, et al.,2007,O'Brien, et al.,2004,O'Brien, et al.,2009,Seibyl, et al.,
1996,Walker, et al.,2007] and offers complementary information to FDG PET for
differentiation of AD and DLB [Koeppe, et al.,2005].Impaired nigrostriatal dopamine
innervation is now considered a suggestive feature for the clinical diagnosis of DLB
[McKeith, et al.,2005]. While we did not benefit from the additional information dopamine
transporter imaging would provide for the clinical diagnosis of DLB in our cohort, the
imaging markers we evaluated were not used for the clinical diagnosis of DLB patients.

The strength of our study is multimodality imaging that was performed in all participants
within a short time interval. Imaging findings in the five autopsy-confirmed cases of this
cohort further verify our observations on the complementary nature of multimodality
imaging in characterizing the underlying pathology in DLB. We note that each imaging
abnormality is typically associated with a feature of AD pathology or LRP but they are not
highly specific. Furthermore, AD pathology is common in patients with DLB and may be
associated with the borderline imaging features of AD in patients with DLB. The moderately
increased PiB retention in DLB may be associated with either diffuse plaques that are
common in DLB or moderate neuritic plaques associated with AD pathology [Burack, et al.,
2010,Kantarci, et al.,2010] Hippocampal atrophy is a sensitive but not a specific marker for
the neurofibrillary pathology of AD [Burton, et al.,2009,Kantarci, et al.,2011] and is
complementary to the PET imaging markers for the differential diagnosis of DLB and AD.
We demonstrate the value of multimodality imaging in characterizing patients with DLB in
whom the pathophysiological mechanisms of dementia are complex.
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Figure 1. Voxel-based morphometry comparing DLB and AD
Voxel-based analysis shows the differences in grey matter density among patients with DLB
and AD. Patients with AD had reduced grey matter density (p<.05; using family-wise error
correction for multiple comparisons) in both hippocampi compared to DLB (shown in
yellow on the custom template sections and in red on the surface-render images). On the left
side, the differences were more prominent in the posterior portion of the hippocampus.
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Figure 2. Regional PiB retention in patients with DLB
Regional distribution of PiB retention in PiB-positive DLB patients (n=11) were compared
to PiB negative CN subjects (n=33). PiB retention was increased (p<0.05; using family-wise
error correction for multiple comparisons) in the frontal, parietal and superior temporal lobe
association cortices (shown in red on the surface-render images). Inferior and medial
temporal lobes, occipital lobes and pre and postcentral gyri were typically spared in patients
with DLB who were PiB-positive.
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Figure 3. Regional FDG hypometabolism in patients with DLB
Regional FDG hypometabolism in patients with DLB (n=21) compared to CN subjects
(n=42) involves the occipital and posterior temporoparietal lobes (shown in red on the
surface-render images) (A). A similar pattern of FDG hypometabolism is present in PiB-
negative DLB patients (n=10) compared to PiB-negative CN subjects (n=33)(B) and in PiB-
positive DLB patients (n=11) compared to PiB-negative CN subjects (C) (P <0.05; using
family-wise error correction for multiple comparisons). While the patterns of
hypometabolism are similar, the extent and the significance of these differences rank with
the sample size. The patterns of FDG hypometabolism among the three comparisons can be
replicated by varying the p-value thresholds (data not-shown).

Kantarci et al. Page 21

Neurobiol Aging. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Regional FDG hypometabolism in patients with DLB compared to AD
Patients with DLB had lower metabolism (p<0.05; using family-wise error correction for
multiple comparisons) in the occipital lobe, posterior temporoparietal lobes compared to
patients with AD (shown in red on the surface-render images).
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Figure 5. Distinguishing patients with DLB from AD using two imaging markers
The plots show distribution of the hippocampal volumes and global PiB retention (A);
occipital lobe FDG uptake and global PiB retention (B); hippocampal volumes and occipital
lobe FDG uptake (C) in patients with DLB (orange circles) and AD (green squares). The
cases with autopsy confirmation (table 3) are labeled on the plots in black. Case 2 was
diagnosed as AD antemortem, but had argyrophilic grain disease of the hippocampus on
pathological examination. Although there is an overlap between patients with AD and DLB
for each of the imaging markers, the groups are separated better with two imaging markers
than a single imaging marker.
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Figure 6. Three dimensional view of the imaging variables in patients with AD and DLB
Red plots represent the DLB subjects while blue plots represent the AD subjects.
Observations that appear larger represent data points that are closer to the viewer. The
ellipsoids for the two groups are concentration ellipsoids. For each group, assuming
normality, the dimensions have been set to contain half of the expected values. Except for
one DLB patient, all AD and DLB patients are separated using multimodality imaging
measures.
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Table 1

Patient characteristics

Characteristic CN
(n = 42)

DLB
(n = 21)

AD
(n = 21)

P-valuea

Gender, no. (%) 1.00

      Women 6 (14) 3 (14) 3 (14)

      Men 36 (86) 18 (86) 18 (86)

Age, years, median (min., max.) 74 (59, 87) 73 (60, 87) 77 (58, 92) 0.30

Education, years, median (min., max.) 15 (12, 20) 15 (8, 20) 16 (12, 20) 0.96

MMSE, median (min., max.) 29 (27, 30) 22 (6, 29) 21 (6, 28) 0.80

CDR sum of boxes, median (min.,
      max.)

0 (0, 0) 5 (1, 17) 5 (1, 13) 0.56

Total UPDRS, median (min., max.)b 0 (0, 4) 12 (0, 23) 0 (0, 11) <0.001

CDR: Clinical Dementia Rating; MMSE: Mini Mental State Examination; UPDRS: Unified Parkinson’s Disease Rating Scale

a
Based on chi-squared test of all groups for gender; based on three-sample Kruskal-Wallis for age and education; based on Wilcoxon rank-sum/

Mann-Whitney U test comparing DLB to AD for MMSE and CDR sum of boxes

b
Missing for 1 CN and 1 AD patient.
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Table 2

Logistic regression model summaries for distinguishing DLB from AD patients

P-valuea

Model AUROC / C-statistic PIB FDG Hipp.

Single modality

     PIB 0.89 <0.001

     FDG 0.84 0.001

     MRI 0.89 0.002

Two modalities

     PIB + FDG 0.94 0.003 0.01

     PIB + MRI 0.96 0.007 0.02

     FDG + MRI 0.96 0.01 0.008

All three modalities 0.98 0.05 0.04 0.04

a
Based on Wald test.
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