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Abstract:

Cerebellar involvement in Alzheimer’s disease (AD) has not been studied to the
extent that cortical neuropathological changes have. Historical and recent
histopathological literature demonstrate cerebellar AD pathology while functional
investigation has demonstrated disrupted intrinsic cortical — cerebellar connectivity in
AD. Additionally, olfactory deficits occur early in AD, prior to the onset of clinical
symptoms. The neurological basis for the involvement of the cerebellum and olfactory
system in the disease course remain unclear. *®F-fludeoxyglucose (FDG) positron
emission tomography (PET) data from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) were analyzed to characterize metabolism in the cerebellum and olfactory region
of AD, mild-cognitive impaired (MCI), and age-matched cognitively normal (CN)
controls. In contrast to known parietal and temporal lobe FDG hypo-metabolism within
the default mode network in AD, a significant FDG hyper-metabolism was found in the
cerebellum and olfactory cortical regions (including the piriform cortex, olfactory
tubercle, anterior olfactory nucleus, and nucleus accumbens shell). The increase in
cerebellum glucose utilization was shown also in late- verses early-MCI patients. The
cerebellar and olfactory regions both contain inhibitory distal and inter-neuronal
connections that are vulnerable to disruption in AD. The hyper-metabolism in the
cerebellum and olfactory structures may reflect disruption of local and system-wide
inhibitory networks due to AD neurodegeneration, suggesting a hypothetical mechanism

for susceptibility of the olfactory system to early AD pathology.
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1. Introduction:

Fludeoxyglucose positron emission tomography (FDG-PET) quantification of
cerebral glucose metabolism has been established as an in-vivo imaging marker for
neurodegeneration related to Alzheimer’s disease (AD) [1]. FDG-PET is routinely used
to differentiate AD from frontal temporal (FTD) and other dementias based on the
distribution or pattern of regional brain cerebral glucose metabolic rate (CMRgl) with a
high-degree diagnostic accuracy, sensitivity, and specificity [2, 3]. In AD patients
images of FDG-PET commonly present as hypo-metabolic in the parieto-temporal
(inferior parietal lobule), posterior cingulate cortex (PCC), and medial temporal lobes
(MTL) [4]. This hypo-FDG activity in the MTL occurs early in the disease process and is
evident in amnestic mild cognitively impaired (MCI) patients [5].

The hypo-FDG activity observed in AD has been attributed to a reduction in
glucose utilization (hypo-metabolism) due to a loss of functional activity and is an index
of neuronal/synaptic dysfunction, rather than simply an artifact of reduced neural cell
count (atrophy) [6]. Brain atrophy is preceded and exceeded by hypo-metabolism in
presymptomatic and prodromal AD and MCI in most regions, suggesting a multifactorial
degenerative process [7, 8]. Hypo-metabolism is frequently observed in AD brain
regions which are positive for amyloid-beta (AB) imaging, such as the parieto-temporal
association cortices, posterior cingulate cortex, and the precuneus [9]. These regions
are collectively part of a resting state brain network identified as the default mode
network (DMN) [10]. Numerous studies have shown that DMN functional connectivity is

reduced in AD. Since FDG-PET measures of glucose consumption and resting-state
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fMRI (rs-fMRI) metrics represent base-line neural activity, the hypo-metabolism and
diminishing DMN functional connectivity in AD demonstrate a coupling between glucose
utilization and transmission of neural information; brain glucose hypo-metabolism is
linked to a reduced communication between brain regions impacted by underlying
pathological AD processes [11].

Histopathological literature support cerebellar involvement in AD [12, 13]. Similar
work has shown that there are selective vulnerabilities of the cerebellum to volumetric
atrophy [14], amyloid deposition, late-stage gliosis, and neuronal loss in AD [12].
However, the involvement of the cerebellum has largely been overshadowed by study of
cortical neuropathological changes in AD. While the cerebellum has long been
regarded as a regulator of fine motor activity and learning; recent study has shifted our
understanding of the cerebellum also towards a role in cognitive and emotional
modulation [15]. The cerebellum is parcellated into discrete regions with functional
connectivity to known cerebral brain networks, such as the default mode and salience
networks [16]. Disrupted cerebellar-cerebral functional connectivity is observed in AD
[17]. Somatosensory aspects of the cerebellum occupy a fraction of the whole, with the
majority of the cerebellum networks outlined as having relevance in cognitive and
emotional control [18].

From behavioral studies, prevalent olfactory deficits have long been observed in
AD patients [19]. In addition to age-related loss of smell (presbyosmia) [20], olfactory
dysfunction is found to precede the clinical manifestation of cognitive symptoms [21]
and with increased incidence in individuals at higher risk of developing AD, such as

primary relatives [22], APOe4 carriers [23], and MCI [24]. Pathologically, significantly
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higher amyloid plaque and neurofibrillary tangle load are observed in the olfactory bulb
and olfactory cortex of Braak stage-l and Il AD brains; suggesting a plausible
hypothesis that AD-related pathology may begin in the primary olfactory structures such
as the trans-entorhinal cortex and anterior olfactory nucleus and spread to MTL regions
as the diseases progress [25].

Our prior olfactory fMRI studies demonstrated significant reductions in brain
activity and connectivity in the primary olfactory cortex (POC) and related structures in
AD and MCI subjects [21, 26, 27]. Thus, the olfactory deficits and neurodegeneration of
the central olfactory system should play a central role in AD initiation and progression.
However, as an AD neurodegeneration marker, the status of FDG-PET in the early AD
pathology site of the olfactory structures has not been carefully examined. Similarly,
cerebellum has been implicated in AD but has not been evaluated on a functional level.
In order to understand the relationship between cerebellar changes, olfactory deficits,
and neurodegeneration in AD, we evaluated resting-state FDG-PET metabolic activity in
cerebellar and olfactory structures utilizing the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) data. Our analyses revealed remarkable characteristics in FDG-PET

metabolism that provide a unique perspective for AD neurodegeneration.

2. Materials & Methods:

Patient selection:

Data used in the preparation of this manuscript were obtained from the ADNI

database (adni.loni.usc.edu), which includes the ADNI 1, GO, and 2 studies. The ADNI

was launched in 2003 as a public-private partnership with the primary goal to test
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whether serial magnetic resonance imaging, positron emission tomography, other
biological markers, and clinical and neuropsychological assessment can be combined to
measure the progression of mild cognitive impairment and early Alzheimer’s disease.

For up-to-date information, see www.adni-info.org.

A group of 245 ADNI subjects were utilized in this study as their data contained
FDG positron emission scans and demographics with genotyping information. Patients
were stratified based on their cognitive status: cognitively normal (CN) n=80, MCI
n=149, and AD n=16 (Table 1). The MCI subject group was further sub-divided into
early- (N=115) and late-MCI (N=34) status based on education adjusted ranges on the
Logical Memory Il subscale from the Wechsler Memory Scale (outlined in the ADNI-2

Procedures Manual [28]).

Positron emission tomography (PET) protocol:

FDG-PET data were obtained from the ADNI study that were previously acquired
using specified parameters and CMRgl Patlak preprocessing [29]; all data can be found
and downloaded from the LONI webserver. In short, subjects imaged in the morning
were fasted overnight; those scanned in the afternoon were fasted at least four hours
prior to the imaging session. Patients were staged in a standardized environment and
asked to remain still and keep awake with eyes open looking straight ahead. 185 MBq
(5 mCi +/- 10%) of [*®F]-FDG was drawn, assayed with a dose calibrator, injected,
flushed with 10 ml of saline, and time/dose recorded to the nearest minute. PET
scanner acquisition parameters were as followed, scan start time post-injection = 30

min, dynamic 30 minute scan with six 5-minute frames, grid = 128x128, FOV =
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256x256mm (2mm voxel size), and slice thickness = 3.27 mm.

PET data processing:

Individual FDG datasets were processed with AFNI (Analysis of Functional
Neurolmages) [30]. Each 30-minute FDG time series was motion-corrected and
averaged across all frames. Each patients FDG volume was partial volume corrected
with a Van-Cittert deconvolution technique to improve quantitative accuracy and recover
PET signal in cortical grey matter [31]. Each average was spatially normalized to a
Montreal Neurological Institute (MNI) tracer template, resampled to 2 mm-isotropic, and
the resulting image was used to standardize the uptake per subject. Each individual
dataset was globally divided by the average voxel value in a whole-brain and cerebellar
white matter mask to generate an SUVR image. Whole brain sub cortical white matter
was selected as a reference region due to improved longitudinal cohort signal
preservation [32, 33]. Images were smoothed with a 6 mm full-width half maximum
(FWHM) Gaussian filter before parametric map analyses in SPM12. The SPM toolbox
MarsBaR (MARSeille Boite A Région d’Intérét) [34] was used to output average values
for ROI analysis from processed images. Regions of interest were input from the
Automated Anatomical Labeling 2 (AAL2) [35] atlas normalized in MNI template brain

space, consisting of 120 individual gray matter ROIs.

Statistical design:

Group-wise voxel based analyses of FDG-SUVR parametric maps was done in

SPM12 using age and gender as covariates with cognitive diagnostic (AD, MCI, CN) as
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the variables of interest. MarsBaR outputs and demographic information for each group
were compared with a MANCOVA (Multivariate Analysis of Covariance: age and
gender) with between group post-hoc tests using multiple comparisons correction
(Bonferroni) in a general linear model within the SPSS v23 framework (IBM Corporation,

New York, NY, USA).

3. Results:

AD and MCI patients demonstrated a significant increase in FDG SUVR (hyper-
metabolic FDG activity) bilaterally in the cerebellum in multiple regions as shown in Fig.
1. The hyper-metabolic FDG activity in AD subjects was found in lobules VI (white
arrow), 1X (yellow arrow), VIII (blue arrow), and IlI/IV/V (cyan arrow) compared to CN
participants (a). Similar regions in a FDG hyperactivity are found in AD compared to
MCI subjects (b). The pattern of hyperactivity in MCI patients compared to CN subjects
is similar in lobule VI and to a reduced extent in lobule II/IV/V (c). Of interest is the
bilateral hyperactivity in Crus Il/Vllla (orange arrow) found in MCI patients.

As demonstrated in Fig. 2, compared to NC, hyperactivity was also found in AD
in the left olfactory regions in AD, including the left lateral olfactory area (green arrow)
and anterior olfactory nucleus (red arrow)(a). FDG hyperactivity is observed in the
similar olfactory region in the left lateral olfactory area and anterior olfactory nucleus in
MCI compared to NC participants (b). Additionally, MCI patients have a band of
hyperactivity along the left olfactory tubercle/shell of the nucleus accumbens (yellow
arrow).

Regional FDG measures demonstrated a significantly higher FDG activity in the
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cerebellum of AD compared to MCI and CN patrticipants as seen in Fig. 3. There is an
increase in FDG metabolism in cerebellar lobules 111, IV/V, VI, VIII, IX, and vermis of AD
compared to early-, late-MCI, and cognitively normal patients. A trend of incremental
FDG hypometabolism is evident in late-MCI into AD dementia. A difference between
early and late-MCI patients is noted in lobule VI, with trends towards significance in
other lobules. Regional measures of the primary olfactory cortex also show a trend
hyper-metabolism from MCI to AD (p > 0.06) (Fig. 3g). Consistent with previous
literature, our analysis also showed hypo-metabolism in angular gyrus in AD and MCI
compared to NC subjects (Fig. 3h), as well as between AD and MCI subjects [9]. Itis
notable that there is not a discernable regional difference in FDG metabolism between
early- and late-MCI patients, as with the cerebellar regions.

FDG metabolic activity presents a complicated hypo- and hyper-activity
throughout the brain. To provide a comprehensive regional FDG-SUVR measures in the
brain, Fig. 4 shows 120 gray matter regions arranged radially by cortical location in AD,
MCI, and CN (Fig. 4a) and early- vs. late-MCI subjects (Fig.4b). Regions with increased
FDG-SUVR in AD compared to MCI and CN are clearly outlined in deep brain and
cerebellar structures as well as the olfactory region in the frontal cortex. Regions with
hypo-metabolism are noted in the parietal, temporal, and cingulate cortices (dashed
line). Averaged MCI and CN subjects demonstrated a relative conservation of FDG-
SUVR with some difference in regions aforementioned in the AD to CN comparison.
Separation in FDG values in noted between the MCI group when considering early- vs.
late-MCI status. There is a global trend in FDG hyper-metabolism in late-MCI patients

throughout the brain with regions of corrected significance in the occipital cortex and
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cerebellum (Fig. 4b).

An evaluation was conducted to compare FDG-SUVR defined using the
subcortical white matter, whole cerebellum, and pons as reference regions (Fig. 5).
Consistent with previously published data, Alzheimer’s hypo-FDG-metabolism was
observed in the posterior cingulate, inferior parietal lobule, angular, and superior
temporal gyrus regions compared to controls; all regions of the default mode network.
Similar hypo- metabolic trends of FDG SUVR in the AD DMN regions are noted in the
whole cerebellum and pons reference SUVR contrasts compared to the white matter as

a SUVR reference.

4. Discussion:

The data presented in this work revealed a regional increase in FDG metabolism
in the AD cerebellum and olfactory cortical structures. To our knowledge, this is the first
report demonstrating hyper-metabolism in regions of cerebellum, POC, olfactory
tubercle, and nucleus accumbens in the AD brain using the same cohort. This result is
intriguing as it raised a challenging question as to why these specific brain areas in AD
present with hyper-metabolism while other brain regions present with hypo-metabolism
due to the AD neurodegeneration.

While it has previously been straightforward to link hypo-metabolism to AD
neurodegeneration. In fact, hypo FDG PET activity in these brain regions (specific
regions) has been considered as a neurodegeneration marker of AD as it is
correlated/hypothesized? to reduction of processes of neurons (ref). It seemed

counterintuitive, however, that hyper-metabolism could also occur in AD due to
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neurodegeneration, especially in the cerebellum which has largely been viewed as
preserved of AD pathology. Relative hyper-metabolism has been reported in a handful
of neurodegenerative diseases including Parkinson’s disease [36], Amyotrophic Lateral
Sclerosis [37], and MCI [38]. There is report of increased activation in anterior
cerebellar regions in MCI patients compared to controls [15]. The reported hyper-
metabolism from FDG measurements have been largely attributed to an increase in
neuronal activity, inflammatory response, or the presence of cancerous tissue.
Increased neuronal activity is also associated with behavior based focal functional
activity, epileptic foci, and has been hypothesized to relate to compensatory neural
activation [38]. These possible mechanisms, however, do not fit the findings here in
MCI and AD.

Compared to the cerebral cortices, the cerebellum is a tri-laminar structure that
has increased in size during evolutionary hominid development, paralleling that of the
prefrontal and association cortices during the same phylogenetic period [18].
Importantly, AD patients were found to have an increased glucose metabolism in the
cerebellum dorsally along lobules IV — Vlla, medially along lobules | — IV, and ventrally
along lobules VIII- IX. The cerebellum is organized into functional networks that
topographically map to association regions of the cerebrum [16]. The regions with AD
hypo-metabolism correspond to functional maps of the salience, somatomotor, and
DMN [16]. The cerebellar cortex largely acts through inhibitory interneuronal synapses
(Purkinje, stellate, basket and Golgi cells) within the cerebellum, deep cerebellar nuclei,
and projects only inhibitory afferents to the cerebrum. The local inhibitory synapses of

basket cells on Purkinje cells act to disinhibit their response on deep cerebellar nuclei,
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upregulating their synaptic response [39]. Hyper-metabolism due to disinhibition has
been noted in the cerebellum in the context of motor control [40]. Cerebellar hyper-
metabolism has been observed in Parkinson’s disease in relation to cognitive
impairment [36]. Hyper-metabolism in neurodegenerative disease remains a subject of
further investigation.

The olfactory cortex is an evolutionary conserved paleocortex, tri-laminar in
structure, and shares characteristics with lesser species three-layered cortices (i.e.
reptilian) [41]. Like the cerebellum, the olfactory cortex and bulb are strongly innervated
with feedforward and recurrent inhibitory circuits [42], with direct inhibitory connections
projecting from the anterior cingulate cortex of the DMN to the POC [43]. These
inhibitory connections are hypothesized to have a dis-inhibitory effect of excitatory
neurons in the POC with distal- and inter-neuronal inhibitory connections regulating
olfactory processing and perception [44]. Furthermore, local inhibitory circuits in the
olfactory region are impaired by oligomeric ARB4, peptide which disrupts olfactory
information output and impairs GABAergic synaptic transmission in the olfactory system
[45], resulting in neuronal hyperactivity [46, 47]. There has been speculation that AD
pathology might initiate and spread from the entorhinal olfactory region [48, 49]. In
addition, there is a known distal-inhibitory connection between the anterior cingulate
cortex on the POC [43]. Taking together, the increase in glucose metabolism observed
in the POC could be a result of decreased local inhibitory control of the POC coupled
with a known increase in AR production in the entorhinal and primary olfactory cortices
[50] and /or system-wised distal-inhibitory control from DMN. This finding is consistent

with the proposed mechanism of hyper-metabolism in the cerebellum.
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This hypothetical mechanism could explain the hypo-activity findings in the other
brain areas. The nucleus accumbens and the olfactory tubercle collectively form the
ventral striatum. The olfactory tubercle has three layers, similar to the rest of the
olfactory system, and functionally plays a role in multisensory integration of olfactory
information with other senses and reward pathways [51]. The tubercle contains
GABAergic medium spiny neurons which receive glutamatergic inputs form cortical
regions and dopaminergic inputs from the ventral tegmental area [52]. Neurons in the
nucleus accumbens are mostly medium spiny neurons (MSNs) containing D1-
excitatory, D2-inhibitory type, and GABA receptors with inhibitory control on behavior
influenced by dopamine [51]. The regions also contain GABAergic interneurons which
participate in powerful feedforward regional inhibition [51]. A preclinical FDG study also
demonstrated an increase in FDG metabolism in the cerebellum and olfactory structures
in an Alzheimer’'s murine model [53]. Thus, consistent with the hypo-mentalism in the
DMN, the hyper-metabolism in the olfactory structures could reflect the disruption of
local and system-wised inhibitory networks due neurodegeneration of AD pathology.
Unlike to the hypo-metabolism, however, the hyper-activity and metabolism in the
resting-state in POC could further result in excitotoxicity and neuronal death, which, in
turn, could lead to an accelerated vicious cycle of neurodegeneration. Inhibitory circuit
dysfunction plays a role in the underlying cellular mechanisms underpinning AD. The
impairment effect oligomeric amyloid has on inhibitory neurons has been attributed to
upregulated sodium leaks with downstream deceases in action potential amplitude and
frequency [54]. Inhibitory neuronal dysfunction results in large abnormal field potentials

and excitability of neurons projected upon [55].
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There are reports that an increase of FDG metabolism is ostensibly related to
artifacts of image preprocessing in regards to selection of reference region for signal
normalization [56]. Using white matter as a PET SUVR reference region has been
reported to be more robust and less sensitive to age [33] and disease altering atrophy
[32, 57]. Some have reported an apparent hyper-metabolism when using white matter
as a reference region, with increased metabolism in the thalamus and a much more
limited area of the cortex compared to whole brain normalization [58]. White matter
glucose hypo-metabolism is not observed in AD [59]. An analysis of white matter FDG
uptake as a function of age indicated a stable pattern of white matter glucose
metabolism across the AD, MCI, or CN cohorts, concurrent with other work [33] (not
shown). Furthermore, anterior and posterior cerebellar gray matter atrophy occurs
during the early stages of AD, are predictors of symptom severity, and parallel
cerebellar histopathological amyloid-p staging [60, 61]; potentially limiting use of the
cerebellum as a normalization reference region. A comparison of the FDG SUVR maps
using either whole-brain subcortical white matter, pons, or whole cerebellum as
reference (Fig. 5) demonstrates that using whole-brain white matter to calculate the
normalized CMRgl [32, 57] is similar in sensitivity to the other reference regions.
Furthermore, the data demonstrate that subcortical white matter referencing is more
sensitive than whole cerebellum referencing in detection of altered glucose metabolism
in both POC and cerebellum. As it has been demonstrated previously and by our
present data that the cerebellum is involved AD neurodegeneration, using it as a
reference for FDG SUVR could inevitably mask the metabolic alterations due to AD.

Thus, it is more advantageous to use whole-brain subcortical white matter as reference


https://doi.org/10.1101/2020.06.05.136838

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.05.136838; this version posted June 7, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

as it also minimizes the global atrophy effect due to aging [33]. The involvement of
cerebellum in AD neurodegeneration [60, 61] suggests that selection of the whole-brain
subcortical white matter could be a method of choice for PET SUVR for AD research.
This work demonstrates an increase in glucose utilization within the cerebellum,
POC, and the ventral striatum in AD. An interpretation of observed hyper-metabolism is
provided based on the inhibitory features of the olfactory system and cerebellum. The
proposed mechanism, although plausible, needs to be framed in context of study
limitations. The absence of balanced imaging and behavioral olfactory data within the
ADNI study design does not allow correlation between observed POC hyper-
metabolism and indices of olfactory function. Numerous studies in AD patients
demonstrate a consistent loss of olfactory function early in the disease process and
persistent throughout disease course. Thus, the significance of our data is that it
generates an interesting hypothesis for further investigation. The distal and
interneuronal inhibitory control of the cerebellar and olfactory systems are key factors in
the cellular mechanisms that constitute the progression of AD. The hyper-metabolism
in the olfactory structures and cerebellum may reflect the disruption of local and system-
wide inhibitory networks due to neurodegeneration, which suggests a plausible
hypothetical mechanism for the susceptibility of the olfactory system to early AD
pathology. Future work focusing on inhibitory control within the olfactory structures as

potential pathways of AD pathogenesis are warranted.
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Tablel

Demographics, and Baseline Cognitive/Functional Test Measures

Demographic and Basdine Cognitive | Alzheimer’s Mild Cognitive Impaired Cognitively | aNova
Tests Disease Late Early Normal P Value

Gender 5F, 11M 16F, 18M 57F, 58M 42F, 38M %%<0.001*

Age (y) 7281276 7406+ 132 | 71.32+0.66 75.67 + 0.60 <0.001t

Education (y) 16.50 + 0.57 16.23+0.39 15.72+0.25 16.61+ 0.29 =0.058%

CDR 5.09+0.29 1.87+0.20 1.20+ 0.07 0.03+0.02 <0.001A

MSME 22.88 +0.49 27.88+0.26 28.39+0.14 28.95+0.14 < 0.001a

MOCA 16.13+1.44 21.32+0.51 23.49+0.38 25.42.7+0.42 <0.001A

ADAS 11 20.25+1.93 12.38+0.83 8.28+0.32 5.92+0.29 <0.001A

ADAS-13 30.81+2.40 1959+115 | 13.06+0.50 9.31+043 <0.001A

RAVLT Immediate 21.69 +2.24 31.62+ 1.47 38.13 £0.91 4490+ 1.05 <0.001A
RAVLT Learning 2.31+0.49 3.56+£0.39 5.33+£0.22 5.96 £ 0.28 < 0.001p
RAVLT % Forgetting 78.19 + 7.46 70.80+4.12 | 46.31+2.69 36.95+ 2.62 <0.001A
Func(tgiggsatli OAnS:;ei?Sernmt 14.63 = 1.47 4.03+0.77 1.77+£0.29 0.10+0.04 <0.001A
Everyday Cognition-Peatient 214+0.18 1.82+0.09 1.83+051 1.32+0.03 <0.001y
Everyday Cognition-Study Partner 3.02+0.09 204+011 1.64£0.05 1.11+0.03 <0.001A

Only patients from the ADNI cohort with “FDG-PET scan and genetic SNP data are included.

CDR = Clinical Dementia Rating, MM SE = Mini Mental State Examination, MOCA = Montreal Cognitive

Assessment, ADAS-11 = Alzheimer's Disease Assessment Scale-Cognitive 11 Question Subscale, ADAS
13 = Alzheimer's Disease Assessment Scale-Cognitive 13 Question Subscale. RAVLT = Rey Auditory

Verbal Learning Test

* = AD patient gender distribution was different than CN and MCl, ¥°<0.001.
T = Gender was used as afactor in thisanalysis; a gender bias was determined with males overall having being older

at baseline (74.24+0.63 vs. 72.15+0.67, p = 0.023. CN > MCl, p < 0.001.
T = Gender was used as afactor in thisanalysis; a gender bias was determined with males overall having more years

of education (16.63+0.22 vs 15.62+0.24, p = 0.002).
A = age, gender, and education corrected. All between group comparisons p < 0.001.
a = age, gender, and education corrected. Least significant between group comparison p = 0.007.
P = age, gender, and education corrected. Least significant between group comparison p = 0.007.
v = age, gender, and education corrected. Least significant between group comparison p = 0.001.


https://doi.org/10.1101/2020.06.05.136838

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.05.136838; this version posted June 7, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure Legends:

Figure 1 — Cerebellar FDG-PET metabolic activity contrasts in the Alzheimer’s disease
(N=16), mild-cognitive impaired (N=149), and cognitively normal (N=80) subjects. (a)
Bilateral hyperactivity is observed in the Alzheimer’s cerebellum compared to cognitively
normal patients. Hyperactivity is noted in the cerebellum lobules VI (white arrow), IX
(yellow arrow), VIII (blue arrow), and IlII/IV/V (cyan arrow) of Alzheimer’s patients. (b)
Contrast between Alzheimer’'s and MCI yields similar regions of hyperactivity. (c) MCI
compared to cognitively normal demonstrated a similar pattern of hyperactivity in lobule
VI and to a reduced extent in lobule 1I/IV/V. The MCI patients have bilateral
hyperactivity in Crus Il/Vllla (orange arrow). Contrasts displayed with a p > 0.005 and
50 voxel threshold.

Figure 2 — Regional mean ®F-FDG-SUVR contrasts in the olfactory region in
Alzheimer’s disease (N=16), mild-cognitive impaired (N=149), and cognitively normal
(N=80) subjects. (a) Alzheimer’'s patents have FDG hyperactivity in the left lateral
olfactory area (green arrow) and anterior olfactory nucleus (red arrow). (b) MCI patients
have a similar pattern of olfactory region FDG hyperactivity in the left lateral olfactory
area and anterior olfactory nucleus compared to cognitively normal patients. MCI
patients have an additional band of hyperactivity along the left olfactory tubercle/shell of
the nucleus accumbens (yellow arrow). Contrasts displayed with a p > 0.005 and 50
voxel threshold.

Figure 3 — Regional brain FDG-PET metabolism in Alzheimer's (N=16), late-MCI
(N=34), early-MCI (N=115), and cognitively normal (N=80) patients. A regional increase
in FDG SUVR is noted in the cerebellum of Alzheimer’s patients, congruent with the
voxel-wise analysis in figure 1. Further stratifying the MCI cohort into late- and early-
MCI demonstrates a linear gradated pattern in FDG hyperactivity in Lobules 4/5, VI, VIII,
and IX. The primary olfactory cortex demonstrates a similar gradated regional FDG
SUVE increase in early-, late-MCI, and Alzheimer’s patients, however is non-significant
at p = 0.06. Regional FDG SUVR in the angular gyrus (H), a region of the default mode
network, demonstrates an expected decrease in Alzheimer's FDG SUVR with a
gradation between AD, MCI, and CN subjects. a= difference to AD, B= difference to
late-MCI, y= difference to early-MCI, A= difference to cognitively normal, and &=
difference to combined MCI. The number of indicators equates to significance level; # =
p <0.05, ## = p < 0.01, ### = p < 0.001, and #### = p < 0.0001.

Figure 4 — Splatterplot of FDG-PET SUVR for all 120 gray matter regions in the brain
arranged radially by cortical location. Regions with significant differences (p < 0.05,
Bonferroni MCC) are highlighted by the bi-colored circle on the outside edge indicating
between group significance. Multiple regions with an increase in AD FDG metabolism
are noted in the cerebellum (a). An increase in the olfactory region metabolism is noted
in the frontal cortical regions. Regions with AD FDG hypo-metabolism are found the in
the parietal and cingulate, indicative of the default mode regions. Further stratification
of the MCI to early- and late-MCI demonstrates a global increase in FDG SUVR in the
late-MCI patients, with significance in the cerebellum and occipital cortices (b).
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Figure 5 — Default mode network hypo-activity in Alzheimer’'s disease compared to
cognitively normal patients using subcortical white matter, pons, and whole cerebellum
as reference regions to calculate FDG-SUVR. The decrease in FDG metabolism is
noted in regions of the default mode network, including the posterior cingulate cortex,
precuneus, lateral temporal cortex, temporoparietal junction, and angular gyrus. A
similar pattern of FGD hypo-metabolism is found across all three analysis methods. All
contrasts displayed with a p < 0.001 and 50 voxel extent threshold.
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