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Abstract.

Background: The cerebral metabolic rate of glucose (CMRg) is lower in specific brain regions in Alzheimer’s disease (AD).
The ketones, acetoacetate and B-hydroxybutyrate, are the brain’s main alternative energy substrates to glucose.

Objective: To gain insight into brain fuel metabolism in mild AD dementia by determining whether the regional CMR and the
rate constant of acetoacetate (CMRa and Ka, respectively) reflect the same metabolic deficit reported for cerebral glucose uptake
(CMRg and Kg).

Methods: Mild AD dementia (Mild AD; n=10, age 76y) patients were compared with gender- and age-matched cognitively
normal older adults (Controls; n =29, age 75 y) using a PET/MRI protocol and analyzed with both ROI- and voxel-based methods.
Results: ROI-based analysis showed 13% lower global CMRg in the gray matter of mild AD dementia versus Controls (34.2 £ 5.0
versus 38.3 4.7 umol/100 g/min, respectively; p =0.015), with CMRg and Kg in the parietal cortex, posterior cingulate, and
thalamus being the most affected (p < 0.022). Neither global nor regional CMRa or Ka differed between the two groups (all
p > 0.188). Voxel-based analysis showed a similar metabolic pattern to ROI-based analysis with seven clusters of significantly
lower CMRg in the mild AD dementia group (uncorrected p < 0.005) but with no difference in CMRa.

Conclusion: Regional brain energy substrate hypometabolism in mild AD dementia may be specific to impaired glucose uptake
and/or utilization. This suggests a potential avenue for compensating brain energy deficit in AD dementia with ketones.
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INTRODUCTION

Positron emission tomography (PET) with the
glucose tracer, 2-['8F]-fluoro-2-deoxy-D-glucose
('8F-FDG), demonstrates that brain glucose uptake

*Correspondence to: Christian-Alexandre Castellano, Research

Center on Aging, 1036 Belvedere South, Sherbrooke, QC, JIH 4C4, 18 1rnpa1red in Alzheimer’s disease (AD) at .the
Canada. Tel.: +1 819 780 2220; Fax: +1 819 829 7141; E-mail: level of glucose transport and/or phosphorylation
Alexandre.Castellano@USherbrooke.ca. by hexokinase [1-3]. The pattern of brain '®F-FDG

ISSN 1387-2877/15/$27.50 © 2015 — IOS Press and the authors. All rights reserved


mailto:Alexandre.Castellano@USherbrooke.ca

1344 C.-A. Castellano et al. / Brain Fuel Metabolism in Alzheimer’s Disease

hypometabolism in AD is present initially in the
temporoparietal cortex and posterior cingulate, with
extension to the frontal cortex as the disease progresses
[4]. Lower thalamic '3F-FDG uptake can also be
present many years before the onset of clinical symp-
toms in Presenilin-1 carriers [S]. Suboptimal brain
I8E_FDG uptake is also present in individuals at risk
of developing AD, i.e., in mild cognitive impairment
[6], and in asymptomatic healthy individuals with
a maternal family history of AD [7] or carrying the
apolipoprotein &4 allele [8, 9].

The brain’s primary fuel is glucose but it also
readily uses ketones, particularly during periods of
energy deficit and/or hypoglycemia [10-12]. During
prolonged fasting, the two ketones, acetoacetate and [3-
hydroxybutyrate, can supply up to 60% of the human
brain’s energy requirements [11, 13, 14]. The arterio-
venous difference method has shown that in AD brain
uptake of ketones may be less disrupted than that
of glucose [15, 16]. Lower brain glucose uptake in
AD is widely viewed as a consequence of neuronal
or synaptic loss and deteriorating brain structure and
function. Ketones are transported into brain cells by
the monocarboxylic acid transporter, which is distinct
from glucose transporters [17, 18]. Ketone entry into
the tricarboxylic acid cycle is also independent of gly-
colysis [10—13]. If brain ketone uptake is not disrupted
in AD there are two major implications. First, more
neurons may still be functional than previously thought
and the brain’s metabolic problems could be more-
or-less specific to glucose. Hence, at least early in
AD, brain dysfunction could be more a function of
neuronal exhaustion due to lack of fuel rather than
neuronal death. Second, by bypassing defective glu-
cose uptake/utilization to access the tricarboxylic acid
cycle and still produce ATP, therapeutic strategies that
safely induce mild ketonemia might be able to help
rescue neurons before they become too exhausted and
thereby potentially delay cognitive deterioration in
AD.

The aim of the present study was to determine
whether the well-established pattern of lower regional
brain FDG hypometabolism in AD is specific to glu-
cose or is also seen with ketones. To address this
question, a double tracer PET protocol was used to
sequentially assess brain uptake of [!!C]-acetoacetate
("'C-AcAc) and '"8F-FDG in patients with mild AD
dementia who were compared with an age-matched
group of healthy older adults. This double tracer PET
protocol has been used to describe the regional pat-
tern of brain ketone uptake in healthy young and older
adults [19] and in rats [20, 21] but not yet in AD.

MATERIALS AND METHODS
Participants

Written informed consent was obtained from all
participants prior to enrollment and study approval
was granted by the appropriate ethics committees
(Health and Social Services Center — Sherbrooke Uni-
versity Geriatrics Institute and the Centre hospitalier
universitaire de Sherbrooke). Patients with mild AD
dementia (n=10) were identified from newly diag-
nosed cases at the Memory Disorders Clinic at Health
and Social Services Center — Sherbrooke Univer-
sity Geriatrics Institute and referred by a geriatrician
or neurologist between January 2010 and September
2012. Participants with mild possible or probable AD
dementia were diagnosed according to the National
Institute of Neurological and Communicative Dis-
orders and Stroke (NINCDS) and the Alzheimer’s
Disease and Related Disorders Association (ADRDA)
criteria [22]. An age- and gender-matched group
of healthy adults (Controls, n=29) were recruited
through media advertising. All Controls had a Mini-
Mental State Examination (MMSE) score of > 27/30
and were taken from a sample of older participants
who all had normal cognition [23]. Fasting blood sam-
ples were collected for analysis. A medical history
questionnaire was also administered. Exclusion cri-
teria included drug addictions, psychiatric diseases,
smoking, diabetes, evidence of overt heart, liver or
renal disease, and untreated hypertension, dyslipi-
demia, or thyroid disease. All participants in the
mild AD dementia group were taking cholinesterase
inhibitors (donepezil, galantamine, or rivastigmine)
for at least 3 months prior to study entry. Six of
the mild AD dementia patients’ were medicated for
both hypothyroid disorder (levothyroxine) and dys-
lipidemia (pravastatin, rosuvastatin, or atorvastatin).
Thirteen Controls were taking prescription medication
for hypertension (irbesartan, Ramipril, or telmisartan).
Five Controls had prescriptions for statins (atorvastatin
and rosuvastatin) and five were taking levothyroxine.

Volumetric magnetic resonance (MR) imaging

For each participant, brain MR images were
obtained using a 1.5 Tesla scanner (Sonata, Siemens
Medical Solutions, Erlangen, Germany). Imaging
parameters were - (i) coronal 3D gradient echo acqui-
sition, T1-weight image, TE 4.68 ms, TR 16.0 ms,
T1 9.14 min, flip angle 20 degrees, 1 mm? isotropic
reconstructed voxel size, FOV 256 x 240 x 192 mm3,
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(ii) axial FLAIR image, TE 91 ms, TR 8500 ms, T1
3.09 min, FOV 230 x 172.5 mmz; slice thickness of
6 mm.

Regional brain PET

For each participant, brain PET images were
obtained on a PET/CT scanner (Gemini TF, Philips
Medical System, Eindhoven, The Netherlands). PET
images were acquired using a dynamic list mode acqui-
sition, with time-of-flight enabled, an isotropic voxel
size of 2 mm?3, field-of-view of 25 cm, and an axial field
of 18 cm. Participants fasted for 67 h before scanning
which started at about 2 pm and was done in a quiet
environment with subdued lighting. An indwelling
venous catheter was introduced into a forearm vein for
blood sampling. A second catheter was placed in the
contralateral forearm vein for the injection of the radio-
tracers. A computed tomography image was obtained
for attenuation correction. Each participant was first
injected with 5 mCi of HC_AcAc, due to the shorter
20 min half-life for [!1C]. At the end of the '!C-AcAc
scan, there was a 50 min rest period for tracer wash-
out. For ''C-AcAc, the time frames were 12 x 10,
8 x30s, and 1 x 4min, for a total scan length of
10 min. Participants were subsequently injected with
5mCi of 18F-FDG. For !3F-FDG, time frames were
allocated according to 12 x 10s, 8 x 30s, 6 x 4 min,
and 3 x 10 min, for a total scan length of 60 min.

Arterial blood sampling and plasma metabolites

To determine the plasma time-activity curves
required for the quantification of brain tracer uptake,
blood samples were obtained at 3, 6, and 8 min post
"C-AcAc injection and at 3, 8, 16, 24, 35, and
55 min post '8F-FDG injection. Plasma was separated
from red blood cells by centrifugation and 300 uL
of plasma was counted in a gamma counter (Cobra,
Packard, United States) that was cross-calibrated with
the PET scanner. Blood plasma parameters were mea-
sured using an automated clinical chemistry analyzer
(Dimension Xpand Plus; Siemens Healthcare Diagnos-
tics, Deerfield, IL, USA). Plasma insulin was analyzed
by commercial enzyme-linked immunosorbent assay
(Alpco, Salem, NH, USA) with a Victor X4 multi-label
plate reader (Perkin Elmer, Woodbridge, ON, Canada).

Analysis of PET images

Brain '8F-FDG and ''C-AcAc PET images were
analyzed by both region of interest (ROI)- and voxel-

based methods. The ROI approach was used to
compare uptake of the tracers in specific anatomical
regions of the brain whereas the voxel-based approach
was used to measure peak differences within a given
voxel and permitted easier graphical representation
of regions showing hypometabolism. The voxel-based
approach is usually considered to be more exploratory
than the ROI approach because it does not require the
a priori selection of specific brain regions. For both
methods, brain regional parcellation was based on the
Anatomical Automatic Labeling template [24].

Region of interest analysis

All ROI-based analyses were performed using tools
implemented in PMOD 3.3 (PMOD Technologies
Ltd., Zurich, Switzerland) as previously described
by Nugent et al. [19]. Brain PET images for each
participant were automatically co-registered to their
respective MR images. PET counts were extracted
from ROIs defined using the Automated Anatomic
Labelling atlas. The modified Miiller-Gartner method
was applied for partial volume effect (PVE) correc-
tion using PMOD 3.3. Arterial input functions were
determined by tracing ROIs on the internal carotid
arteries with the aid of co-registered MR images as
previously validated in humans [25]. The multiple-
time graphical analysis technique of Patlak et al.
[26] was used to calculate the cerebral metabolic
rate (CMR; pmol/100 g/min) of glucose (CMRg) and
acetoacetate (CMRa) using the following equation:
CMR = K*Cp/LC, where K is the rate constant for net
uptake of the tracer, Cp is the arterial plasma concen-
tration of the tracer, and LC is the lumped constant.
The LCs used for to calculate CMRg and CMRa were
set to 0.80 and 1.0, respectively [27, 28]. CMRa was
corrected for the loss of 5.9% of the initial injected
dose of ''C-AcAc that would have been catabolized to
Heoco, during the HC.AcAc PET scan [27].

Voxel-based analysis

Using the PMOD 3.3 pixel-wise kinetic model-
ing tool (PXMOD), parametric images of CMRg and
CMRa were produced for each participant. Using
SPM8 (Wellcome Trust, London, UK), HC_AcAc and
IBE_FDG images from each participant were normal-
ized to the Montreal Neurological Institute space and
corrected for PVE using the modified Muller-Gartner
method, which is fully implemented in the PVElab
software (http://nru.dk/downloads/software).
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Statistical methods

Data are presented as mean =+ SD. All statistical
analyses were carried out using SPSS 17.0 soft-
ware (SPSS Inc., Chicago, IL, USA), except for the
voxel-based analysis. Grey matter differences between
groups for ''C-AcAc and '8F-FDG images were then
assessed using a two-sided #-test within the general
linear model framework of SPMS software performed
in Matlab (MathWorks, Natick, Massachusetts, USA).
Dichotomous variables were compared with the Pear-
son’s chi-squared test. Brain regions reported in the
tables include only gray matter with white matter
being identified separately. Group differences in con-
tinuous variables (CMR and K) were examined using
Mann—Whitney U-tests. All ROI-based comparisons
underwent a p < (.05 false discovery rate (FDR) cor-
rection for multiple comparisons. The power to detect a
between-group difference of 1.05 SD in mean regional
CMR was 79% (nQuery statistical software, Statis-
tical Solutions Ltd., Saugus, MA, USA). Pearson
correlation coefficients were used to correlate CMR
ROI-based analysis to blood plasma parameters. For
the voxel-based analysis, the resulting statistics at each
voxel were displayed as SPMs in standard anatomic
space, with a minimum cluster size of 100 voxels.
An uncorrected p <0.005 threshold was used for all
voxel-based analysis.

RESULTS
Demographics

Consistent with their diagnosis, the mild AD demen-
tia group had 11% lower scores in global cognition as
assessed by the mini mental state examination (MMSE;
p<0.001). The two groups did not differ in age, gen-
der ratio, body mass index (BMI), nor any of the blood
parameters measured (p > 0.060; Table 1).

Cerebral metabolic rates of glucose and
acetoacetate

Compared to Controls, the mild AD dementia group
had 13% lower global CMRg in gray matter as a
whole (34.2 £5.0 versus 38.5 +4.5 pmol/100 g/min,
respectively; p=0.015), but no differences in CMRa
(»=0.412) or in the rate constants for glucose (Kg) or
ketones (Ka) (p=0.105 and p=0.676, respectively;
Fig. 1).

In the ROI-based analysis (Table 2), mild
AD dementia patients had 16-33% lower CMRg

Table 1
Characteristics (mean &= SD) of the healthy older persons (Controls,
n=29) and patients with mild Alzheimer’s disease dementia (Mild

AD, n=10)

Controls Mild AD p-value
Age (years) T2+£5 76 +4 0.059
Gender, female (%) 66 60 0.761
MMSE score (30) 2941 2642 <0.001*
Weight (kg) 71+16 66+ 11 0.365
Height (cm) 163+ 10 167+12 0.475
Body Mass Index 26+4 2443 0.060
Glucose (mM) 52+£05 52406 0.677
Hemoglobin Alc (%) 58403 6.0£0.3 0.142
Insulin (IU/L) 5.7+4.1 35+£23 0.084
Acetoacetate (M) 109 + 54 106 =76 0.759
B-Hydroxybutyrate (uM) 197 £ 112 206 + 154 0.985

Albumin (g/L) 43+2 44+2 0.239

Cholesterol (mM) 4.6+1.0 48+1.5 0.893
HDL cholesterol (mM) 1.5+03 1.5+04 0.901
LDL cholesterol (mM) 2.8+0.8 2.8+0.8 1.000
Triglycerides (mM) 1.0£0.7 1.0£0.2 0.113
Free fatty acids (mM) 09+0.3 1.0+04 0.954
Lactate (mM) 1.2+04 1.3£03 0.397
Creatinine (pumol/L) 71517 81.1+11 0.079
TSH (mIU/L) 25+0.8 22412 0.222

TSH, thyroid stimulating hormone. *Indicates significance at
p <0.05.

(p <0.016) in the superior, middle, and inferior tempo-
ral regions, supramarginal gyrus, precuneus, angular
gyrus, cuneus, posterior cingulate, and thalamus (all
p <0.05FDR corrected). CMRa did not differ between
mild AD dementia patients and Controls in any brain
regions (p > 0.188; Table 3). Kg was 19% lower in the
precuneus, 30% lower in the angular gyrus, 24% lower
in the posterior cingulate, and 16% lower in the thala-
mus of the mild AD group (p < 0.028; Table 4). Ka did
not differ (p > 0.208) between the two groups in any
brain region.

In the voxel-based analysis, the mild AD dementia
group had seven clusters of significantly lower CMRg
that mainly encompassed the temporal and parietal
cortices, as well as subcortical regions including the
thalamus (p < 0.005, Table 5 and Fig. 2). There were
no statistically significant clusters for CMRa between
the two groups (p>0.01; data not shown).

Plasma ketones and cerebral glucose and ketone
uptake

Depending on the brain region, ketone uptake repre-
sented 0.7-1.2% of total brain energy consumption, a
value that was similar in both groups (data not shown,
all p>0.1). Plasma acetoacetate was positively corre-
lated to CMRa in both Controls and mild AD dementia
(r=+0.907 and r=+0.865, respectively, all p < 0.003;
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Fig. 1. A) Cerebral metabolic rate of glucose (CMRg;
pmol/100 g/min) and acetoacetate (CMRa; pmol/100 g/min)
and (B) mean rate constant for glucose (Kg; min~!) and acetoac-
etate (Ka; min~") for global gray matter in healthy older persons
(Controls) and mild Alzheimer’s disease dementia (Mild AD).
All values are mean & SD. *p<0.05 after correction for multiple
comparisons. The mild AD dementia group had a lower global
CMRg (—13%; p=0.015) but no difference in CMRa (p=0.412)
compared to Controls. There was no difference for Kg or Ka
between the two groups (p =0.105 and p =0.676, respectively).

Fig. 3A), with no statistically significant difference
between the two correlations (z=0.463, p=0.640).
CMRg and CMRa were negatively correlated in the
mild AD dementia group (r=—0.922, p <0.001) but
not in the Controls (r=—0.060, p=0.762; Fig. 3B).

DISCUSSION

To the best of our knowledge, this is the first
quantitative, PET-based assessment of regional brain
glucose and ketone metabolism in mild AD demen-
tia. Our main observation is that in comparison with
cognitively healthy age-matched older persons, the
well-known regional deficit in brain glucose uptake
in mild AD dementia was not observed for brain
ketone uptake. Our PET '8F-FDG findings agree with
previous reports showing characteristic temporopari-
etal hypometabolism for glucose in the early stages
of AD [29-34]. Thus, in mild AD dementia, brain
regions with a decreased ability to acquire and/or

Table 2
Cerebral metabolic rate of glucose (umol/100 g/min; mean & SD)
in healthy older persons (Controls, n=29) and mild Alzheimer’s
disease dementia (Mild AD, n=10)

Brain regions Controls Mild AD p-value
Frontal cortex

Frontal superior 412474 37.5£6.0 0.145
Frontal medial 43.1+£6.6 37.9+6.3 0.031
Frontal inferior 422441 38.3£6.1 0.105
Precentral gyrus 50.4+6.9 483+74 0.558

Rectus 33.8+5.2 323+45 0.716

Supplementary motor 46.2£7.5 43.6£6.8 0.437
Temporal cortex

Superior/middle/inferior 33.6£5.8 29.0+5.6 0.013*
Para/hippocampus 23.3+3.0 21.7+£3.8 0.219
Fusiform 30034 279+5.1 0.185
Farietal cortex

Superior/inferior 483+7.6 41.2+£9.7 0.079
Supramarginal gyrus 41.1£5.0 34.61+6.8 0.011*
Postcentral gyrus 524+£72 509+7.7 0.678
Precuneus 43.0+6.0 357+£55 0.002%*
Angular gyrus 45.7+£6.9 345+84 0.001*
Occipital cortex

Calcarine 42.6+6.4 39.1+6.1 0.145
Cuneus 492478 41.8+6.7 0.016*
Lingual 377455 36.1+6.2 0.669
Cingulate cortex

Anterior 299+5.1 27.7+4.8 0.185
Middle 39.6+5.0 372452 0.185
Posterior 47.6+8.5 37.7+6.3 0.002*
Rolandic operculum 35.5+4.8 32.8+4.0 0.246
Amygdala 19.3£32 174+24 0.136
Insula 32.6+3.6 31.7+45 0.558
Caudate 357+£7.1 31.6+£58 0.069
Putamen 429+5.6 39.6+6.3 0.185
Thalamus 36.4+5.8 31.0+7.1 0.011*
Cerebellum 259+£4.0 254+42 0.962
White matter 154+1.8 14.0+23 0.164

*Statistically significant difference between the Control and Mild
AD groups after p < 0.05 false discovery rate correction for multiple
comparisons.

consume glucose still appear able to take up and use
ketones normally. This suggests that brain glucose
hypometabolism in mild AD dementia is not neces-
sarily a reflection of a generalized problem with brain
fuel uptake but may be specific to glucose.

Because of the logistical constraints associated with
a dynamic PET acquisitions, few '8F-FDG PET stud-
ies now report regional brain Kg in AD [29, 35,
36]. Our results support the suggestion by Mosconi
and colleagues [36], that lower Kg closely mimics
neuropathological changes observed during the pro-
gression of AD. Irrespective of whether the data were
expressed as Ka or CMRa, or whether the analysis was
ROI- or voxel-based, there were no differences in brain
ketone uptake between the two groups. Therefore,
we confirm previous A-V difference studies demon-
strating no statistically significant difference in brain
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Table 3
Cerebral metabolic rate of acetoacetate (umol/100 g/min;
mean £ SD) in healthy older persons (Controls, n=28) and in mild
Alzheimer’s disease dementia (Mild AD, n=9)

Table 4
Rate constant for glucose (Kg; min~! x 10’2) and acetoacetate (Ka;
min~! x 1072; both mean = SD) in healthy older persons (Controls,
n=28) and mild Alzheimer’s disease dementia (Mild AD, n=9)

Brain regions Controls Mild AD p-value
Frontal cortex

Frontal superior 033+£0.19 030£0.25 0.412
Frontal medial 0.35+0.19 0.31£0.25 0.302
Frontal inferior 0.35+0.19 0.31£0.26 0.319
Precentral gyrus 0.39+0.20 0.35+£0.29 0.355

Rectus 0.30+0.19 0.254+0.20 0.286

Supplementary motor 040+£0.22 0.33£0.26 0.188
Temporal cortex

Superior/middle/inferior ~ 0.344+0.17  0.32£0.25 0.542
Para/hipoccampus 0.27+0.14 0.26+£0.22 0.433
Fusiform 033£0.17 0.30+0.24 0.475
Farietal cortex

Superior/inferior 040£0.21 0.36+£0.29 0.433
Supramarginal gyrus 0.37£0.18 0.33+0.26 0.355
Postcentral gyrus 041+£0.23 0.384+0.30 0.412
Precuneus 041£020 0.37+0.29 0.412
Angular gyrus 041£021 0.37+0.30 0.453
Occipital cortex

Calcarine 042+0.21 037+£0.28 0.379
Cuneus 049+£026 0424+0.31 0.392
Lingual 040+£0.20 0.35+0.25 0.519
Cingulate cortex

Anterior 0.27£0.14  0.24+0.20 0.240
Middle 035+0.17 0.32+0.27 0.319
Posterior 0.38+0.21 0.40=£0.28 0.958
Rolandic operculum 0.29+0.16 0.26+£0.22 0.355
Amygdala 023+£0.14 0.19+0.14 0.433
Insula 0.284+0.15 0.264+0.22 0.542
Caudate 021£0.13  0.17+£0.15 0.240
Putamen 0.334+0.19  0.294+0.26 0.336
Thalamus 034£0.19 0.28+£0.20 0.302
Cerebellum 029+£0.16 0.27+0.23 0.453
White matter 0.16+£0.08 0.15+0.12 0.336

ketone metabolism in AD [15, 16] and show that this
observation remains true not only for the brain as a
whole but also at the regional level. Brain ketone uptake
has repeatedly been shown to be linear and to vary
directly with plasma ketone concentrations over at least
a 400 fold range (20 uM-8 mM) [14, 19, 27, 37, 38].
In the present study, there were no significant differ-
ences in plasma ketone concentrations between the two
groups at the time of the PET scans, nor in the slope
of the linear relationship between plasma acetoacetate
concentrations and brain ''C-AcAc uptake (Fig. 3A).

There was a negative correlation between CMRg
and CMRa in mild AD dementia that was not present
in the Controls (Fig. 3B). It is therefore possi-
ble that brain regions with the most severe glucose
hypometabolism in mild AD dementia may be able
to switch to some extent to ketone metabolism, an
interpretation supported by the significant inverse cor-
relation between CMRg and CMRa uptake in the

Brain regions Kg Ka
Controls  Mild AD Controls Mild AD

Frontal cortex
Frontal superior
Frontal medial

6.7+13 62409 3.0+1.03.1+£0.6
70+12 62+£1.0 3.1+£09 3.1+£06
Frontal inferior 6.8+10 63+1.0 3.1+08 32+£0.6
Precentral gyrus 8.1+14 79+12 35+0.8 35+0.5
Rectus 54£09 53+09 27+£1.1274+0.7
Supplementary motor 7.5+13 7.1£09 3.6+1.03.5+1.1
Temporal cortex

Superior/middle/ 54+£08 48+09 3.1+£0.8 3.3+0.7
inferior

Para/hippocampus 38+£06 3.6+0.6 25+0.6 2.6£0.6

Fusiform 48+0.7 46+£09 3.0+£0.83.1£05

Farietal cortex

Superior/inferior 78+14 6715 37£1.13.6+06

Supramarginal gyrus  6.6£1.0 57+1.1 33408 3.4+0.6
Postcentral gyrus 85+14 83%x1.1 37+1238£06

Precuneus 69+1.1 59+£09* 3.7+£1.0 3.8+£0.6
Angular gyrus 74+£13 57+15%37+£09 3.84+0.7
Occipital cortex

Calcarine 69+12 64+1.0 38+1.039+07
Cuneus 79+14 69+1.1*44+1.1 45409
Lingual 6.1+£1.0 59+£09 3.6+09 3.8+0.7
Cingulate cortex

Anterior 48+09 45+06 25+£0.624+0.7

Middle 64+10 6.14+08 324+0.8 3.3+£0.7
Posterior 7615 62+1.1%35+1342+1.1
Rolandic operculum  5.7+0.9 54+0.6 2.6+£0.9 2.6+0.5
Amygdala 31£06 29404 21409 2.0+0.7
Insula 52£001 52407 25+0.7 26+£04

Caudate 57£12 52£07 19406 1.5£09
Putamen 69+10 65+1.1 29409 28+0.7
Thalamus 59+£10 51+£1.0*3.0£1.029%0.8
Cerebellum 42+0.7 42408 26+£0.7 2.84+0.6
‘White matter 25+£04 23+04 144+£04 15£03

*Statistically significant difference between the Control and Mild
AD groups after P < 0.05 false discovery rate correction for multiple
comparisons.

mild AD dementia group. The patients with mild
AD dementia who exhibited the lowest global CMRg
(25.1 £6.9 umol/100 g/min, which is 32% below the
mean uptake of age-matched normal controls), had a
CMRa of 0.8 pmol/100 g/min (Fig. 3B). Hence, under
our study conditions, higher CMRa did not fully com-
pensate for a deficit in CMRg in the mild AD dementia
group. As previously reported in a transgenic mouse
model of AD [39], plasma (-hydroxybutyrate com-
monly reaches 0.5 mM in humans in nutritional ketosis,
a level that theoretically could largely compensate for
the deficit in brain glucose uptake [10]. Our dual tracer
PET protocol can be applied to assessing whether there
are changes in brain energy substrate metabolism in
older adults with mild cognitive impairment or AD
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Table 5
Seven clusters with significantly lower cerebral metabolic rate of glucose from voxel-based analysis were observed in mild Alzheimer’s disease
dementia
Coordinates (mm)* Anatomical regions % Cluster Nb Vx cluster % Label Cluster size
X y z

51 —67 28 Right superior temporal 475 564 1.1 3141
Right inferior parietal 22.7 564 1.2 1345
Right angular gyrus 4.3 564 0.2 1752
Right middle temporal 14 564 0.1 4409
Right middle occipital 0.2 564 0.1 2098
4 —16 2 Right thalamus 3.8 787 0.3 1057
-10 —24 8 Left thalamus 0.9 756 0.1 1100
Left hippocampus 0.8 756 0.1 932
—15 6 14 Left caudate 4.9 304 0.2 962
—61 —46 -19 Left inferior temporal 28.4 408 0.4 3200
Left middle temporal 54 408 0.1 4942
15 -1 14 Right caudate 1.5 324 0.1 994
—4 —58 26 Left precuneus 4.1 122 0.1 3528
Left cuneus 2.5 122 0.1 1526
Left posterior cingulum 0.8 122 0.1 463

*Coordinates in MNI space. % Cluster: percent of cluster volume included within labeled region. Nb Vx cluster: number of voxels in cluster.
% Label: percent of label encompassed by cluster. Cluster size in voxels, voxel size=1 x 1 x 1 mm. Cluster size threshold was 100 voxels,
uncorrected p <0.005 threshold.

Fig. 2. Brain areas in red had lower regional cerebral metabolic rate of glucose (mol/100 g/min) in mild Alzheimer’s disease dementia (Mild
AD) compared to healthy older persons (Controls). The images were smoothed by a Gaussian kernel with a full width at half maximum of
8 mm. For purposes of illustration, voxel-wise statistics surviving p <0.05 are displayed. The mild AD dementia group had seven clusters of
significantly lower CMRg that encompassed mainly the temporal and parietal cortex and thalamus.

who are receiving dietary ketogenic interventions in twelve months experience improved cognitive perfor-
an attempt to improve cognitive outcomes [40—42]. mance, particularly working memory and processing
Older persons consuming a ketogenic diet over two to speed [43, 44]. Following a 3-week ketogenic diet,
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Fig. 3. A) Cerebral metabolic rate of acetoacetate (CMRa) plotted
against fasting plasma acetoacetate (AcAc). Each point represents
mean global brain CMRa for a single participant. Plasma AcAc and
CMRa were significantly positively correlated in both the cogni-
tively healthy older group (Controls; r=+0.907, p <0.001) and in
mild Alzheimer’s disease dementia (Mild AD; r=+0.865, p =0.003).
There was no significant difference between the two correlation
coefficients (z=0.463, p=0.640). B) Cerebral metabolic rate of glu-
cose (CMRg) plotted against cerebral metabolic rate of acetoacetate
(CMRa). Each point represents the global mean brain CMR value
for a single participant. CMRg and CMRa were significantly neg-
atively correlated in the mild Alzheimer’s disease dementia group
(Mild AD; r=-0.922, p <0.001) but not in healthy older group
(Controls; r=—0.060, p=0.762).

blood ketones can increase to 0.5 mM in non-diabetic
persons [45] and 2-3 mM in non-insulin dependent dia-
betics [46], an amount that could support 10-30% of
total brain energy metabolism [10, 38].

Our dynamic PET results revealed 22% lower
CMRg in the parietal and temporal cortices of the
mild AD dementia patients compared to the Controls.
We have previously reported that global brain glucose
uptake is 8% lower in healthy older persons than in
young adults [19]. The 8% value masks somewhat the
more important deficit in CMRg localized principally
in the frontal cortex (—15%) and some subcortical
nuclei (—14%). Glucose hypometabolism in AD is
reported in regions that are generally not affected dur-

ing the normal aging process [47]. However, Dukart
and colleagues recently showed an overlap in the
pattern of regional brain glucose hypometabolism in
healthy aging and in AD, suggesting regional similar-
ity between AD pathology and aging-related processes
[48].

We have previously reported that raising plasma
ketones with a ketogenic diet in rats not only increases
brain ketone uptake but also increases brain !SF-
FDG uptake [20, 21]. Ketones also reportedly improve
mitochondrial ATP production and synaptic func-
tion in an ex vivo rat hippocampal preparation [49].
Taken together, these results suggest that increasing
energy availability to glucose-deficient brain regions
by increasing glucose ('®F-FDG) uptake or by provid-
ing alternative energy substrates such as ketones is a
potential complementary strategy for the treatment of
early AD.

The present study extends previous research by
using an age- and gender-matched design to opti-
mize 8F-FDG PET [50]. The two tracers were
injected sequentially during the same afternoon to
minimize biological variability and improve compara-
bility between the two brain fuels. PVE correction was
also applied to the PET images to yield a more accu-
rate quantification of cerebral glucose/ketone uptake.
Nevertheless, this study has several limitations, includ-
ing the unknown extent to which CMRa is sensitive
to brain changes occurring in moderate to severe
AD dementia. There was also a small number of
patients in the mild AD dementia group. The mild
AD dementia patients were all treated with an anti-
cholinesterase, which could potentially have improved
brain metabolic activity [51-53]. Both groups included
participants who were on medications for hyperten-
sion, hypercholesterolemia, or thyroid replacement
but, in our experience, these medications do not
affect brain glucose uptake [23]. PET provides rel-
atively low image resolution that cannot distinguish
between neurons, astrocytes, and oligodendrocytes.
Without higher resolution, the brain cell types that
are less able to acquire or use glucose but still use
ketones remains open to speculation. Whether the brain
cells that have abnormal glucose transporters [54],
neuronal mitochondrial dysfunction [55], or different
energy substrate preference (glucose in neurons versus
ketones in astrocytes) [56] are the same as those that
can still use ketones is also unknown. All participants
were fasted for 67 hours which induces a degree of
mild ketosis that varies significantly between individ-
uals, making brain ketone uptake values more variable
than for glucose. Under the conditions of the present
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study, plasma ketones contributed about 1% of total
brain energy metabolism. Raising plasma ketones was
not an objective of this study, but it would be useful
to assess brain '®F-FDG and ' C-AcAc uptake during
nutritional ketosis in which plasma ketones are some-
what closer to the postulated therapeutic concentration
of 0.5mM [10, 38, 57].

We conclude that lower regional brain glucose ('8F-
FDG) uptake in mild AD dementia is not observed for
1C-AcAc under conditions in which plasma ketones
are relatively low. The reported therapeutic benefits of
mild nutritional ketosis for cognition in mild AD or
mild cognitive impairment may be partly linked to the
less impeded uptake of this key alternative brain fuel.
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