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Comparing cerebral perfusion in Alzheimer’s disease and
Parkinson’s disease dementia: an ASL-MRI study

Campbell J Le Heron', Sarah L Wright', Tracy R Melzer'?, Daniel J Myall', Michael R MacAskill'2, Leslie Livingston'?, Ross J Keenan'?,
Richard Watts?, John C Dalrymple-Alford"?® and Tim J Anderson*¢

Emerging evidence suggests that Alzheimer’s disease (AD) and Parkinson’s disease dementia (PDD) share neurodegenerative
mechanisms. We sought to directly compare cerebral perfusion in these two conditions using arterial spin labeling magnetic
resonance imaging (ASL-MRI). In total, 17 AD, 20 PDD, and 37 matched healthy controls completed ASL and structural MRI, and
comprehensive neuropsychological testing. Alzheimer’s disease and PDD perfusion was analyzed by whole-brain voxel-based
analysis (to assess absolute blood flow), a priori specified region of interest analysis, and principal component analysis (to generate
a network differentiating the two groups). Corrections were made for cerebral atrophy, age, sex, education, and MRI scanner
software version. Analysis of absolute blood flow showed no significant differences between AD and PDD. Comparing each group
with controls revealed an overlapping, posterior pattern of hypoperfusion, including posterior cingulate gyrus, precuneus, and
occipital regions. The perfusion network that differentiated AD and PDD groups identified relative differences in medial temporal
lobes (AD <PDD) and right frontal cortex (PDD <AD). In conclusion, the pattern of cerebral hypoperfusion is very similar in AD and
PDD. This suggests closely linked mechanisms of neurodegeneration mediating the evolution of dementia in both conditions.
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INTRODUCTION

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the two
most common neurodegenerative disorders. While AD is by
definition a dementing process, it has also become increasingly
apparent that cognitive deficits occur in PD, and longitudinal
studies have shown that most PD patients will eventually develop
dementia."? Formal criteria for the diagnosis of Parkinson’s disease
dementia (PDD) and PD-associated mild cognitive impairment now
exist.>* The fundamental AD pathologic changes include accumu-
lation of beta-amyloid (plaques) and tau protein (neurofibrillary
tangles),> while alpha-synuclein containing Lewy bodies is the
hallmark of PD.® However, studies have shown a significant neuro-
pathologic overlap between AD and PDD,”® and current theories
emphasize the role of the cholinergic rather than dopaminergic
deficit in the development of PDD, a feature shared with AD.
Indeed, it remains unclear whether the development of dementia
in established PD is linked to the progressive spread of Lewy
bodies, the development of Alzheimer's pathology, or a
combination of the two.” This has led some authors to suggest
that the two diseases exist on a spectrum: while their initiating
events may differ, the processes that drive ongoing neurodegene-
ration and the resultant clinical phenotype may be closely
linked.'o™

Arterial spin labeling magnetic resonance imaging (ASL-MRI) is
a relatively new technique for measuring cerebral perfusion.
Using magnetically labeled water as an endogenous tracer, ASL-
MRI is an easily performed procedure that allows noninvasive

voxel-by-voxel quantification of absolute brain perfusion (mL/
100 g per minute),'? which can be combined with other MRI scan
information (e.g., atrophy and white-matter lesions). It has been
shown to correlate highly with fluoro-deoxy-glucose positron
emission tomography measures of cerebral metabolism in AD." It
is likely to have an important ongoing role as an assessment tool
and biomarker in neurodegenerative diseases.'®

Arterial spin labeling magnetic resonance imaging has revealed
cerebral perfusion abnormalities in both AD and PDD,">'® but to
our knowledge the two conditions have not been compared
directly with this modality. Although a study using single-photon
emission computed tomography with MRI (for atrophy analysis)
found relative occipito-parietal hypoperfusion in PDD compared
with AD,"” there is a significant overlap in each condition’s perfusion
abnormality, with precuneus, posterior cingulate, temporo-parietal,
and occipito-parietal regions affected in both.”>'® Given the
possibility of shared neurodegenerative mechanisms between AD
and PDD, and the emerging importance of ASL-MRI as a biomarker
in each condition, we sought to directly compare these two groups’
perfusion patterns. Specifically, we hypothesized that perfusion in
the PDD group would be reduced compared with AD in parieto-
occipital and frontal regions, and increased compared with AD in
medial temporal lobe regions. We aimed to test this using two
techniques—a voxel-based analysis (VBA) to compare absolute and
regional blood flow in the two conditions, and a principal
component analysis (PCA) to derive a perfusion network that
discriminated AD and PDD subjects.
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MATERIALS AND METHODS
Subjects

Twenty PDD subjects, seventeen AD subjects, and thirty-seven healthy
controls (HCs) were included in the study. The PDD sample consisted of all
subjects from within a larger study of PD undertaken at the New Zealand
Brain Research Institute who met the Movement Disorders Society task
force criteria for PDD.'® All subjects had a clinical diagnosis of PD
confirmed by a neurologist specializing in movement disorders (TJA). The
AD sample was recruited from the Princess Margaret Hospital Memory
Clinic, Christchurch, New Zealand who met the NINCDS-ADRDA for
probable AD of mild-moderate severity.'® The control sample consisted
of healthy volunteers matched to the dementia groups for age and sex.
Exclusion criteria included atypical parkinsonism; previous history of
neurologic conditions including moderate or severe head injury, stroke,
learning disability or other dementing process; major medical or
psychiatric illness in the previous 6 months. A trained neuroradiologist
(RJK) screened all images to exclude potentially confounding brain
abnormalities (previous stroke, tumor, and hydrocephalus). All subjects
gave written, informed consent to participate in the study, with additional
consent obtained from a significant other when appropriate. The study
was approved by the Upper South Regional Ethics Committee of the New
Zealand Ministry of Health.

Diagnostic Criteria and Assessment

Neuropsychological testing assessed global cognitive status (Montreal
Cognitive Assessment (MoCA), Mini Mental State Examination, and the
Alzheimer’s Disease Assessment Scale—Cognition), with additional mea-
sures for executive function, attention, working memory and processing
speed, memory and visuospatial/visuoperceptual function. Motor impair-
ment was measured in the PDD group using the Unified Parkinson’s
Disease Rating Scale (part lll) with patients in the ‘on’ state. Demographic
details and results of neuropsychological testing are presented in Table 1.
The only significant differences between the AD and PDD groups for these
variables were impaired delayed recall in AD compared with PDD, and
impaired PDD performance on the map search test of everyday attention
compared with AD.

Magnetic Resonance Imaging Acquisition

All subjects were imaged using a 3-tesla General Electric HDx scanner
(Waukesha, WI, USA) with an eight channel head coil. The protocol included
a T;-weighted, 3D spoiled gradient recalled echo acquisition (SPGR; echo
time = 2.8 ms, repetition time 6.6 ms, inversion time =400m:s, flip angle =
15°, acquisition matrix =256 x 256 x 170, field of view=250mm, slice
thickness = 1 mm, voxel size = 0.98 x 0.98 x 1.0mm?). A stack of spiral, fast
spin echo acquired images were prepared with pseudo-continuous ASL and
background suppression to measure whole-brain perfusion quantitatively
(repetition time = 6 seconds, echo spacing = 9.2 ms, postlabeling delay = 1.5
seconds, labeling duration = 1.5 seconds, eight interleaved spiral arms with
512 samples at 62.5 kHz bandwidth and 30 phase encoded 5 mm thick slices,
no slice gap, number of excitations=5, total scan time =6 minutes
46 seconds, units=mL/100g per minute).>® Two MRI scanner software
updates occurred during the course of the study. Subjects were instructed to
close their eyes and remain as still as possible during scanning.

Magnetic Resonance Imaging Data Preprocessing

We used VBM8 (http://dbm.neuro.uni-jena.de/vbm/), a toolbox of SPM8
(Wellcome Trust Centre for Neuroimaging, University College London, UK;
http://www fil.ion.ucl.ac.uk/spm), and custom scripts in Matlab 7.6.0
(R2008a; Mathworks, Natick, MA, USA) to preprocess MRI data as follows:
structural images were bias corrected, tissue classified, and normalized
using linear and nonlinear transformations (diffeomorphic anatomical
registration using exponentiated lie algebra), within a unified model.'
Gray-matter (GM) segments for each subject were modulated using
nonlinear components of the normalization only, thereby preserving actual
tissue values locally to account for individual brain size globally.
Modulated, normalized GM segments were smoothed with a 10-mm
FWHM Gaussian kernel to improve signal to noise and to minimize the
effect of any residual misalignment. Perfusion images were quantified,
coregistered to SPGR images, brain extracted, and normalized using the
deformation fields generated during segmentation and normalization of
the SPGR images. Normalized perfusion images were also smoothed with a
10-mm FWHM Gaussian kernel. All images were visually inspected. A
study-specific GM mask, used to exclude nonGM contributions in
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subsequent analyses, was created by averaging the modulated,
normalized, GM segment from all subjects. Values less than 0.15 were
excluded from the mask, as were all slices inferior to the superior
cerebellum as spiral artifacts were present in this area on perfusion images;
periventricular white-matter regions misclassified as GM (partial voluming)
were manually excluded from the GM mask.

Voxel-Based Analyses

We performed whole-brain VBA of the perfusion data using a permutation-
based inference tool for nonparametric statistical thresholding (‘randomize’
in FSL 5.0.2; www.fmrib.ox.ac.uk/fsl). Group differences were assessed (AD
versus PDD; control versus AD; control versus PDD) with age, sex, years of
education, MoCA, and scanner software version as covariates. Additionally,
voxelwise GM concentration (the smoothed GM segment for each
individual) was included in the model to covary for the effect of GM
atrophy on perfusion. For each contrast, the null distribution was generated
over 5,000 permutations and the o level set at P<0.05, corrected for
multiple comparisons using threshold-free cluster enhancement.?> We also
investigated GM differences across groups as above, with age, sex, years of
education, MoCA, and scanner software version as covariates.

Region of Interest Analyses
We performed a region of interest (ROI) analysis comparing AD and PDD
perfusion in a priori selected regions known to be relevant to each
condition and/or previously shown to be affected in functional neuroima-
ging.”>"'® We defined these areas anatomically using the Harvard/Oxford
cortical and subcortical GM atlases (available with FSL). Region of interest
analyses were performed with R 3.0 using Ime4 package for models (http://
cran.r-project.org/web/packages/Ime4/). (See online Supplementary
Material.) The primary predictors of interest included in the model were
region and the region and group interaction. To control for other
covariates, predictors of age, sex, GM concentration (for perfusion ROI
analysis), and scanner software version were also included in the model.
The variables age and GM concentration were centred on their mean
values across the subjects, and ‘latest version’ and ‘male’ were used as the
reference levels for scanner version and sex. P values were corrected to
control for the false discovery rate.”

A PCA to assess the relative perfusion characteristics across the AD and
PDD groups is described in the Supplementary Material.

RESULTS
Global Cerebral Perfusion

Global GM perfusion was similar in the AD and PDD groups (34.7
(s.d. 10.6) and 34.1 (s.d. 8.4) mL/100g per minute, respectively),
and both groups were significantly lower than HCs (41.1 (s.d. 10.0)
mL/100 g per minute), P=0.03 (AD) and P=0.02 (PDD) (Figure 1).

Voxel-Based Analyses

There were no significant differences in regional perfusion between
AD and PDD groups on whole-brain VBA. The PDD and AD groups
showed widespread areas of reduced perfusion compared with HCs
(Figure 2). In the AD group, significantly reduced perfusion com-
pared with HCs was evident in the medial temporal lobes, fusiform
gyrus, intracalcarine cortex, cuneus, precuneus, posterior cingulate
gyrus, and occipital pole. The PDD group had reduced perfusion
compared with HCs in the inferior and middle temporal gyri,
fusiform gyrus, inferior and superior lateral occipital cortex, supra-
calcarine and intracalcarine cortex, cuneus, precuneus, posterior
cingulate gyrus, superior parietal lobule, and right middle frontal
gyrus. There were no areas of increased perfusion in either group
compared with controls. Direct comparison of degree of atrophy
between AD and PDD revealed no differences between the groups,
in contradistinction to the widespread cortical and subcortical
atrophy in both groups compared with HCs (Figure 3).

Region of Interest Analyses

There were no statistically significant perfusion differences
between AD and PDD groups in the ROl analysis (Figure 4).
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Table 1. Demographic and neuropsychological data
Controls AD PDD P value (AD
versus PDD)
Number 37 17 20 —
Age (years) 72.7 (5.5) 724 (7.2) 74.9 (6.0) 0.54
Male:Female 23:14 8:9 15:5 —
Education (years) 13.5 (2.9) 12.8 (3.1) 12.3 (2.3) 0.71
UPDRS — — 47.2 —
Levodopa — — 670 —
(mg/day)
Cholinesterase — 5/9° 2/20 —
inhibitor global
MoCA 27.0 (1.9) 15.5 (5.2) 17.3 (3.6) 0.54
MMSE (w) 28.9 (1.0) 19.7 (4.6) 23.2 (3.1) 0.29
ADAS-cog 5.6 (24) 21.2 (8.5) 19.4 (7.6) 0.7
CDR — 1 1.2 0.54
Memory
Word list recall 3.2 (1.1) 6.0 (1.6) 5.9 (1.5) 0.94
(incorrect/10)
Word recognition 2.1 (1.7) 6.2 (3.0 3.8 (2.9) 0.14
(incorrect/12)
Delayed recall 3.6 (1.3) 0.3 (0.7) 1.7 (1.5) 0.02
(correct/5)
Visuospatial 0.7 (0.5 —-02(1.2 —06/(1.1) 0.54
JLO 06(0.7) —05(1.3) —0.5(.1) 0.94
VOSP 0.9 (0.8) 0.1 (1.5 —0.5(1.3) 0.54
Executive function 0.7 (0.8) —12(1.3) —15(06) 0.69
Letter fluency 08(1.2) —-09(14) —08(1.3) 0.94
Action fluency 02(1.00 —-09(1.3) —1.61(0.9) 0.29
Category fluency 12(1.2) —-12(.7) -1.1(0.9) 0.94
Stroop inhibition 05(0.9 —-18(1.8) —22(0.9) 0.60
Attention/working 03(06) —-13(14) —19(0.8) 0.39
memory
Map search (TEA) 06 (100 —-14(1.3) —25(0.6) 0.03
Stroop color 02(1.1) —-1401.8) —16/(1.1) 0.78
Stroop word 0209 —-09(1.8) —14(1.3) 0.54
AD, Alzheimer’s disease; PDD, Parkinson's disease dementia; UPDRS,
Unified Parkinson’s Disease Rating Scale; MoCA, Montreal Cognitive
Assessment; MMSE (w), Mini Mental State Examination (world); ADAS-
cog, Alzheimer's Disease Assessment Scale—Cognition; CDR, clinical
dementia rating; JLO, judgment of line orientation; VOSP, visual object
and space perception battery; TEA, test of everyday attention; FDR, false
discovery rate. Standard deviations are indicated in parentheses. P values
refer to Welch’s t-test for unequal variances between the AD and PDD
groups and were FDR corrected. Neuropsychological test values for
specific domains are Z-scored and normalized for sex and age, and
averaged by domain (shaded gray) except ‘Memory’ domain tests, which
show the raw number of items correct/incorrect. Immediate recall and
word recognition were taken from the ADAS-cog, and delayed recall from
MoCA. “Information on cholinesterase inhibitor use was available for nine
AD subjects. Statistically significant comparisons are shown in bold.

Alzheimer’s disease trended toward reduced perfusion (compared
with PDD) in the hippocampus, parahippocampal gyrus, amyg-
dala, and thalamus. In both AD and PDD groups, perfusion was
reduced compared with HCs in posterior cortical regions and in
the middle frontal gyrus, but not in medial temporal lobes. The AD
group, but not the PDD group, showed reduced perfusion in the
thalamus compared with HCs.

Region of interest analysis of GM atrophy revealed a significant
reduction in GM concentration in medial temporal structures and
the thalamus in both AD and PDD compared with HCs, but only
the amygdala showed significantly more atrophy in AD compared
with PDD (Figure 5).

Principal Component Analysis

A network differentiating AD and PDD was constructed from the
(two) components that significantly differentiated the AD and PDD
groups (together explaining 11.1% of the total variance in the
data) (Supplementary Figure A, Supplementary Material). Broadly,
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Figure 1. Global gray-matter perfusion (mL/100g per minute) in
each group, corrected for age, magnetic resonance imaging (MRI)
scanner software version, and education. Males and females within
each group are represented separately (although in subsequent
analyses sex is accounted for).

the network was characterized by relatively reduced perfusion in
AD subjects compared with PDD subjects in bilateral medial
temporal lobes (parahippocampal gyrus, fusiform gyrus, amyg-
dala, and hippocampus), and relatively reduced perfusion in PDD
subjects compared with AD subjects in the right frontal pole and
right inferior, middle and superior frontal gyri. Periventricular
white-matter areas were manually excluded, but a remnant
periventricular signal was evident.

DISCUSSION

We identified widespread areas of hypoperfusion compared with
controls in both AD and PDD, using both voxel-based and ROI-
based analyses, but no statistically significant absolute differences
in cerebral perfusion between AD and PDD. Importantly, perfusion
data were corrected for atrophy, which was comparable between
the AD and PDD groups. Using a PCA, we determined a perfusion
network that maximally separated the two similar conditions.
Taken together, these results show considerable overlap in the
perfusion profile, and by inference, metabolism deficits in these
two forms of dementia. Perhaps most striking is that this similarity
in perfusion abnormality is apparent at a relatively early clinical
dementia stage—the average clinical dementia rating in each
group was around 1.0, corresponding to mild dementia.
Evidence is accumulating that the processes leading to
dementia in PD follow a similar course to AD.'® While early
executive and attention dysfunction in PD patients with otherwise
normal cognition sometimes predicts eventual PDD, increasing
evidence suggests that other cognitive changes may be more
relevant?* One longitudinal study found the presence of
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Figure 2. Whole-brain voxel-based analysis of absolute cerebral perfusion, comparing Alzheimer’s disease (AD) with controls and Parkinson’s
disease dementia (PDD) with controls (results superimposed). Significantly (threshold-free cluster enhancement corrected P<0.05) reduced
perfusion in AD (orange) and PDD (blue) is shown, covarying for gray-matter concentration, age, sex, education, and magnetic resonance
imaging (MRI) scanner software version. Lighter areas represent areas with a greater statistical difference. Although the PDD perfusion deficit
appears more widely distributed posteriorly than the AD one, this apparent difference is not significant on direct comparison between the
two groups, as AD perfusion in these posterior areas is also reduced but did not reach a level of statistical significance on whole-brain voxel-
based analysis (VBA) (this is better illustrated in the region of interest analysis).

Figure 3. Whole-brain voxel-based analysis of gray-matter concentration, comparing Alzheimer’s disease (AD) with controls and Parkinson’s
disease dementia (PDD) with controls. Significant (threshold-free cluster enhancement corrected P <0.05) atrophy in AD (red) and PDD (blue)

is shown. Lighter areas represent regions with a greater statistical difference. Widespread atrophy is apparent in both groups.

executive dysfunction in PD, while common, did not predict
development of dementia. It was instead the presence of features
suggesting more posterior cortical dysfunction (impaired semantic
fluency and difficulty copying intersecting pentagons), increasing
age and microtubule-associated protein tau gene H1/H1 genotype
that predicted PDD development.®® This observation accords with
previous functional imaging studies, which have shown that while
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frontal dysfunction is the prominent feature in PD and PD-
associated mild cognitive impairment, a posterior pattern of
abnormality affecting precuneus, posterior cingulate, and occipital
regions is dominant in PDD.*® Similarly, while early medial
temporal lobe changes (particularly in pathologic and atrophy
studies) in AD are well described, the areas of marked hypo-
perfusion (as the disease progresses) exist more posteriorly."

© 2014 ISCBFM
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Figure 4. Region of interest analysis of cerebral perfusion, comparing controls, Alzheimer’s disease (AD), and Parkinson’s disease dementia
(PDD). Bars indicate the 95% confidence interval (Cl). There were no statistically significant differences between AD and PDD. In both AD and
PDD groups, perfusion was reduced compared with controls in multiple regions. FDR, false discovery rate.
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false discovery rate.
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Our study is consistent with previous perfusion studies in AD and
PDD, but extends prior observations to show the pattern of
abnormality is essentially the same in both conditions.

This shared pattern raises the possibility of shared pathophy-
siologic mechanisms. There is good evidence that the synergistic
combination of pathologic proteins may in itself be a powerful
drive toward dementia in both PD and AD, and more broadly in
other neurodegenerative conditions."” Alpha-synuclein and tau
interact to promote each other’s aggregation and often colocalize
within Lewy bodies.?’*® Postmortem examination of PDD brains
has shown a range of pathology, with a combination of Lewy body
and Alzheimer’s-type pathology more predictive of dementia than
any single pathology.” A recent study has suggested that amyloid
deposition in Lewy body disease (PDD or Lewy body dementia)
is associated with an ‘Alzheimer’s disease pattern’ of GM atrophy
affecting in particular parahippocampal, lateral temporal, and
parietal cortex.?® Additionally, accumulating white-matter lesions
in many PD and AD subjects adds a further stressor that may
mediate more intense neurodegeneration or overwhelm
compensatory mechanisms.3® It is plausible that the differences
between AD and PDD relate to earlier stages in their development,
before a final shared pathway of neurodegenerative change has
begun. This viewpoint is supported by our PCA—which identified
relative perfusion differences in regions known to be affected
early in each disease—and is concordant with recent work sugge-
sting that neurodegenerative conditions begin within ‘functional
networks’ before becoming more widespread.®’

We believe our study samples were representative of their
respective populations. The observed reductions in perfusion were
consistent with previous studies that compared HCs with AD and
PDD groups.'”'”3? The similarity in neuropsychological deficits
between the two groups, showing differences only in verbal
memory and attention, was also in agreement with previous
work>? There were no significant group differences on global
cognitive testing or clinical dementia rating. We did not assess
Unified Parkinson’s Disease Rating Scale in the AD group, although
it should be noted that previous studies have commonly found
extrapyramidal signs within AD patients.'" All PDD patients, but no
AD patients, took levodopa therapy; however, we feel that this
difference is unlikely to have changed our results. Although global
cerebral blood flow does not change as a result of dopaminergic
medication,®*** focal blood flow increases have been reported in
basal ganglia and frontal regions.>* This may have reduced the
significance of the differences identified on PCA, but should not
have altered other factors. In particular, the greatest areas of
hypoperfusion (and similarity) were more posterior, in regions
where dopaminergic networks are felt to be less important. Other
baseline demographic variables (including age and years of
education) were very comparable between the two groups, and
adjusted for in the analysis. Head motion is a potential confounder
in ASL-MRI. As head tremor is not usually a feature of PD, it is
unlikely that the two dementia groups exhibited significantly
different amounts of motion; however, this remains a limitation of
the study. Additional potential biases in the study are a change in
MRI scanner software version during the course of the study and
the different sex ratios in the groups, although it seems unlikely
these issues had a strong influence on our results. The software
change affected both groups to a similar extent, and we adjusted
for software version and sex in VBA and ROI. We interpreted the
absence of significant difference between AD and PDD groups as
a general similarity between the two groups, but it is possible that
we were unable to detect subtle differences because of the
relatively small group sizes.

From a clinical perspective, this study provides important
insights into the pathophysiology of two common dementias. It
provides evidence for why both conditions respond to the same
treatment (cholinesterase inhibitor therapy), despite (especially
early) clinical differences. More broadly, it suggests that any therapy
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found to be effective in one condition should also be considered
for trial in the other. A logical extension of this is that, for disease-
specific therapies to be effective, treatment must begin early in the
disease process, before widespread degeneration has occurred.
One application of ASL imaging we did not utilize, ASL-fMRI, may
be increasingly important in this respect. Although still a develop-
ing technique assessing change in regional cerebral perfusion in
response to functional cognitive tasks is likely to be more sensitive
at detecting subtle or early differences between individuals,
potentially aiding both diagnosis and further research into the
pathophysiology of neurodegenerative disorders3¢

This study provides new evidence of strong similarities between
two important dementia syndromes, while also showing some
relative cerebral perfusion differences between them. The similarity
in deficits, along with the novel AD/PDD network, requires
confirmation in larger and separate cohorts, including mild cognitive
impairment or at-risk populations. This study provides further insight
into the evolution of these two neurodegenerative diseases,
suggesting that while different inciting forces set up the neurode-
generative process in each condition, the mechanisms driving the
eventual evolution to dementia may well be closely linked.
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