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Abstract
Lower brain glucose metabolism is present before the onset of clinically-measurable cognitive
decline in two groups of people at risk of Alzheimer’s disease (AD) - carriers of apoE4, and in
those with a maternal family history of AD. Supported by emerging evidence from in vitro and
animal studies, these reports suggest that brain hypometabolism may precede and contribute to the
neuropathological cascade leading cognitive decline in AD. The reason for brain hypometabolism
is unclear but may include defects in glucose transport at the blood-brain barrier, glycolysis, and/
or mitochondrial function. Methodological issues presently preclude knowing with certainty
whether or not aging in the absence of cognitive impairment is necessarily associated with lower
brain glucose metabolism. Nevertheless, aging appears to increase the risk of deteriorating
systemic control of glucose utilization which, in turn, may increase the risk of declining brain
glucose uptake, at least in some regions. A contributing role of deteriorating glucose availability to
or metabolism by the brain in AD does not exclude the opposite effect, i.e. that neurodegenerative
processes in AD further decrease brain glucose metabolism because of reduced synaptic
functionality and, hence, reduced energy needs, thereby completing a vicious cycle. Strategies to
reduce the risk of AD by breaking this cycle should aim to – (i) improve insulin sensitivity by
improving systemic glucose utilization, or (ii) bypass deteriorating brain glucose metabolism
using approaches that safely induce mild, sustainable ketonemia.
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1.0 INTRODUCTION
Alzheimer’s disease (AD) is the product of slow, progressive degenerative changes that
develop in the adult brain but that remain asymptomatic for a considerable time before
cognitive decline becomes clinically evident. The challenge is to identify early markers of
this degenerative process before it advances to the clinical stage because, at that point, most
experts agree it is too late to correct the existing damage or prevent further cognitive
deterioration [1]. Progress in understanding changes in brain energy metabolism during
aging and AD has grown rapidly in the past three decades to the extent that it is now widely
acknowledged that brain hypometabolism accompanies AD and is regionally heterogeneous.
However, most view this hypometabolism as being an intermediate stage in the cellular and
functional degeneration, i.e. that lower brain functionality requires less energy substrate [2].
We present here the concept that factors impeding optimal glucose utilization can contribute
to or precipitate the neuropathology that becomes AD, i.e. that brain hypometabolism may
be a critical part of the clinically asymptomatic early development of AD.

There is an emerging body of evidence showing that significantly lower brain glucose
metabolism can be present well in advance of the onset of clinically measurable cognitive
decline in AD. This evidence comes from various clinical and experimental models
including studies of family history and genetic susceptibility to AD, post-mortem brain
analysis, and from in vitro and animal models. For instance, in carriers of the ε4 allele of
apolipoprotein (apo) E, small areas of cortical hypometabolism are present decades before
the normal clinical onset of AD, making this the earliest marker thus far identified in
individuals genetically at risk of AD. Therefore, a key issue is to establish whether brain
hypometabolism could contribute to development and/or progression of AD, or whether
these metabolic changes in the brain are predominantly a consequence of even earlier
neurodegenerative processes that reduce the demand for glucose in the affected brain areas;
is brain hypometabolism primary or secondary in AD?

A second issue is to establish whether brain hypometabolism in AD involves impaired brain
utilization of energy substrates in general (as hypometabolism implies) or whether brain
hypometabolism is actually a problem more or less specific to glucose. With 18F-
fluorodeoxyglucose (FDG) as the only PET tracer validated for studies of brain metabolism,
this important question has not yet been answered. Ketone bodies (ketones) are a key
physiological replacement fuel preserving brain function during periods of low glucose
availability, and the brain has a transport system for ketones independent of glucose
transport. The recent development of 11C-acetoacetate as a ketone tracer for PET studies
opens a new window to compare brain metabolism of glucose and ketones in the same
individual. If brain ketone metabolism is not lower in AD or is less affected than glucose,
one potential strategy to improve brain fuel availability and reduce the risk of AD that has
already been targeted in clinical studies would be to develop a way to safely and reliably
provide the brain with ketones as an alternative fuel to glucose.

The reason that brain glucose metabolism could decline before the clinical onset of AD is
that the elderly commonly have deteriorating systemic glucose metabolism ranging from
chronic, mild glucose intolerance to type 2 diabetes. If chronic, even mild systemic glucose
dysregulation may gradually strain the normally finely tuned balance between brain glucose
uptake and brain function. This imbalance appears to have relatively early onset in those
with a genetic predisposition to or maternal family history of AD. In the meantime, outside
the brain, mild hyperglycemia and/or hyperinsulinemia also prevent the physiological ketone
response that would normally replace brain low glucose availability. We speculate that this
situation of brain glucose insufficiency and inadequate ketone response puts high energy
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consuming areas of the brain in mild but chronic energy deficit. Difficulty acquiring its main
fuel (glucose) and its preferred back up fuel (ketones) may force the brain to rely on
gluconeogenesis as a third but insufficient option to acquire glucose. Over time, some brain
regions, presumably including the hippocampus, are increasingly at risk of chronic fuel
deprivation and gradually become fatigued which, in turn, permits the neuropathological
changes leading to AD.

As proposed previously [3–6], we support the concept that regional brain hypometabolism
contributes to the neuropathology that precipitates clinical symptoms of AD. Brain
hypometabolism can also be exacerbated secondary to advancing neuropathology, but it can
also contribute to the development of AD when present before the neuropathological
changes begin. We extend this concept by proposing that brain hypometabolism affects
glucose more than ketones. Whether it is feasible to reduce the risk of AD by correcting,
preventing or bypassing a deterioration in brain glucose metabolism prior to the onset of
neuropathology and cognitive decline is currently emerging as an area of considerable
research interest.

2.0 BRAIN ENERGY METABOLISM
2.1 Energy requirements of the human brain

The brain, heart, liver, and kidneys consume about 60% of the body’s energy intake thereby
dominating resting human energy metabolism. The heart and kidneys are metabolically
more active than the brain but, being larger, the brain takes a higher proportion of the body’s
total energy needs, i.e. about 20–23% of the body’s total energy requirement despite
representing only 2.0–2.3% of adult body weight [7,8]. Three major parameters linked to
brain energy metabolism – cerebral blood flow, oxygen consumption and glucose
metabolism - can all be measured independently in humans using minimally invasive
techniques.

In vitro and in vivo studies both show that most of the glucose consumed by the brain is
used to maintain pre-synaptic and post-synaptic ion gradients required for glutamate
neurotransmission, with the remainder used to maintain the resting potential of neurons
[9,10]. Neurotransmitter signaling requires trans-membrane lipid asymmetries and constant
phospholipid remodeling which may represent as much as 26% of the net energy uptake of
the brain [11]. In the awake but unstimulated brain, basal energy consumption is high, so the
stimulation-induced increase in the brain’s net energy consumption is actually relatively
small and usually localized according to the stimulus.

Under normal conditions, glucose entering the brain is completely oxidized to CO2 and
water. However, the brain does contain some glycogen which may play an active role in
normal brain function [12]. Some pyruvate produced during glycolysis is converted to
lactate but whether neurons consume exclusively glucose or can also use exogenous lactate
or pyruvate is unclear. This uncertainty is due in part to different definitions of neuronal
activity, but also to the exclusion in some studies of the supporting contribution by
astrocytes to neuronal activity. Coupling of neuron and astrocyte function is an important
component of the energy cost of brain function but this, too, is not always included in the
modeling [13,14]. Brain activation involves inhibitory and excitatory pathways, both of
which consume energy, so examining the energy requirements of one type of neuron in
isolation may give an incomplete picture of the whole [9,10]. Local brain activation
normally determines local cerebral blood flow so it is the integrity of oxygen and fuel
transport from the capillary to the neuron, termed neurovascular coupling, which coordinates
the metabolic response to produce/replace ATP during brain activation [15].
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2.2 Brain glucose uptake
Glucose transporters (GLUTs) are responsible for brain glucose uptake in a process that can
be compartmentalized into three steps: (i) Transport across the endothelium of the blood-
brain barrier via a 55 kDa isoform of GLUT1. (ii) Transport into astrocytes by a second
isoform of GLUT1 with a molecular weight of 45 kDa. (iii) Transfer into neurons via
GLUT3. Net glucose uptake by the brain is linked to GLUT expression and activity but,
most importantly, to glucose concentrations on both sides of the blood-brain barrier [16].
Hence, with brain activation, lower intracellular ATP and glucose concentrations rapidly
stimulate brain glucose uptake. Still, the role of glucose transport itself, i.e. GLUT activity,
in regulating neuronal activity is somewhat controversial. Some consider it to be less rate-
limiting for brain function than glucose phosphorylation because GLUT1 is believed to
normally operate at less than half its capacity [17]. Genetic forms of GLUT1 deficiency in
humans in which GLUT expression is markedly decreased or totally absent cause lower
brain glucose uptake and marked developmental neurological deficit in neonates. Hence, at
what point partial reduction or impairment in glucose transport itself limits brain function is
still unclear [18].

2.3 Measuring brain glucose metabolism
Brain glucose metabolism is normally synonymous with brain glucose uptake, so the former
term will be used here rather than analogous terms such as glucose ‘uptake’, ‘utilization’ or
‘consumption’. For many years, glucose metabolism by the human brain was determined
from the arterio-venous difference in blood glucose concentration across the brain multiplied
by cerebral blood flow [19–22]. These studies led to broad agreement that the cerebral
metabolic rate of glucose (CMRg) of the healthy, adult human brain is 6–7 mg/100 g/min or
~31 μmol/100 g/min, an amount equivalent to 120–130 g glucose/d for the whole brain
[13,22].

Nowadays, the most common approach to studying brain metabolism is by PET using the
tracer - FDG. In vivo 1H-nuclear magnetic resonance spectroscopy is less widely available
but can also be used to calculate brain metabolism in humans [10,13,23]. For brain
metabolism studies using PET, FDG is the tracer of choice because it simulates a
combination of both glucose transport and subsequent phosphorylation [24]. FDG is
transported into tissues including the brain at almost the same rate as glucose itself. Like
glucose, FDG can be phosphorylated by the first glycolytic enzyme (hexokinase). Unlike
glucose, FDG cannot be further metabolized to fructose-6-phosphate by glucose-phosphate-
isomerase, so FDG remains trapped in the tissue as FDG 6-phosphate. Hence, FDG uptake
represents glucose uptake but without subsequent metabolism towards CO2.

PET has several useful attributes for human diagnostic or metabolic studies [25]: (i)
Although the tracer molecules need to be radioactive to be detected by PET, the
radioisotopes of choice (commonly 18F or 11C) are short-lived, safe within the dose ranges
permitted, and are now widely accepted for a variety of human experimental and diagnostic
studies. (ii) PET is minimally invasive requiring only very low amounts of tracer on the
order of 10−12-10−9 M. (iii) Dynamic tissue uptake and washout of the tracer are measurable
in real time. (iv) Various treatments or disease conditions affecting the tracer’s metabolism
can be studied. Relative to magnetic resonance imaging (MRI) or computed tomography
(CT), which are used to examine tissue structure, PET has relatively poor spatial resolution,
a limitation that can be overcome by combining the two imaging approaches, i.e. PET-CT or
PET-MRI, thereby making it possible to measure regional CMRg in specific brain areas
based on volumes as small as 1 cm3, i.e. the hippocampus.
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Tracer kinetics is used to model the movement of a labeled molecule between compartments
which are separated by membranes or metabolic reactions. Dynamic PET permits
measurement of the change in concentration of a radiotracer in tissue over time, which is
more informative than the simple measurement of substrate or tracer concentrations [26].
Dynamic PET image acquisition permits modeling of regional FDG uptake and
determination of phosphorylation rates [27]. The common modeling techniques include
region-of-interest analysis and spatial parametric mapping from voxel-based analysis [28]. A
three compartment model (blood, interstitial matrix, neuron) is widely used to derive CMRg
from FDG uptake data [29]. The calculation of CMRg requires a standardized correction
factor, the lumped constant, which corrects FDG uptake to glucose uptake because GLUT
favors FDG but hexokinase activity favors glucose [30–33]. Measuring CMRg requires the
input function, or rate of arrival of the tracer at the target tissue. When the input function is
not available, a relative term, the standardized uptake value can be used to semi-
quantitatively express brain glucose uptake [34]. To minimize inter-individual variability,
both absolute and relative measures of brain glucose uptake can be corrected against a
reference brain region. In the aging or AD brain, the reference region is frequently the
cerebellum.

2.4 Brain glucose metabolism in Alzheimer’s disease
AD is a neurodegenerative disorder that results in progressive loss of memory, declining
cognitive function, disorientation and behavioral changes. Aging is the main risk factor for
AD, with prevalence roughly doubling every five years above 65 y old [35], and affecting
more than 60% of individuals above 95 y old [36]. The post-mortem AD brain is
characterized by the accumulation of β-amyloid plaques in the intercellular brain
parenchyma and by intracellular neurofibrillary tangles caused by hyperphosphorylation of
tau protein [1,37,38]. There are two types of AD – familial or early onset and sporadic or
late onset. The familial form is rarer and represents about 5% of all AD. It tends to occur
before 65 y old, has different genetic predisposition, and is inherited in an autosomal
dominant fashion. Besides the different age at onset, the clinical presentation and profile of
cognitive deficit does not differ significantly between the familial and sporadic types [39].
There are other forms of dementia besides AD including fronto-temporal and vascular
dementias but AD is the focus here.

Significant β-amyloid plaque deposition clearly occurs prior to memory loss and cognitive
decline. Neverhteless, cognitive function can be normal in the presence of some β-amyloid
deposition [40], soβ-amyloid plaques alone appear to be insufficient to cause dementia in
the more frequent sporadic form of AD. Indeed, large scale studies, including the AD
Neuroimaging Initiative, now show that β –amyloid deposition occurs slowly before
cognitive symptoms become apparent, while neurodegeneration as measured by progressive
brain atrophy accelerates later in the disease process, with the latter being more closely
related to cognitive decline in AD [2,41].

PET studies have long pointed to lower brain glucose metabolism in AD (Table 1). Recent
reviews describe the utility of CMRg for differential diagnosis of AD compared to other
measures of cognitive decline in the elderly, particularly fronto-temporal dementia [42–44].
An overview of the now extensive literature on brain metabolism shows that global CMRg
is ~20–25% lower in AD, with a more marked difference in some regions (Table 1). In AD,
the earliest difference in CMRg is probably in the hippocampus, which is intimately
involved in memory processing. CMRg of the hippocampus is not yet commonly reported
because it is relatively small, making this a technically difficult measurement requiring PET-
MRI or PET-CT [44]. After the hippocampus, lower CMRg in AD is seen most commonly
in the posterior cingulate, temporal and parietal lobes and, later on, in the frontal lobes [45].
The medial temporal lobe includes the hippocampus and entorhinal cortex, so lower CMRg
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in these regions clearly seems linked to the earliest cognitive deficit in AD – impaired
episodic memory. Although the same brain regions are affected in sporadic and familial AD,
the posterior cingulate cortex, the parahippocampal gyrus and the occipital cortex may be
more severely affected in familial compared to sporadic AD [2,46,47].

Different methods of PET data expression can have a significant impact on interpreting
CMRg values in AD. Several studies reported regional CMRg relative to the cerebellum
because CMRg in the cerebellum is relatively unaffected in AD compared to other brain
regions and so can be used as an ‘internal reference’ to correct for inter-individual variation
[48–50]. The brain also atrophies with age at about 1.6%/decade after the age of 30 y old
(Figure 1), which also impacts on the calculation of glucose metabolism in the whole brain
(global CMRg) versus regional CMRg. Correction of CMRg for brain atrophy with age is
common but is not always performed (Table 1). Hence, in relation to healthy age-matched
controls, and after correction for age-associated brain atrophy, there is broad agreement that
CMRg in AD is reduced by ~25%. PET methodology using FDG has dominated research on
brain metabolism in AD, but complementary approaches including direct measurement of
cerebral blood flow [51,52] and ex vivo work on isolated microvessels from AD brain
[53,54] corroborate the in vivo results obtained with brain PET.

2.5 Brain glucose metabolism in mild cognitive impairment
An intermediate clinical state between healthy aging and dementia has long been recognized
and is most commonly known as mild cognitive impairment (MCI). MCI includes both a
complaint of cognitive decline and demonstration of objective deficits on cognitive testing,
yet generally preserved functioning otherwise [55]. There are several conceptual
frameworks to describe MCI [56]. Thus, when cognitive changes and memory loss are
present but do not yet significantly affect social function or activities of daily living in the
elderly, they are generally referred to MCI. When instrumental activities of daily living are
impeded, conversion (or progression) to dementia is increasingly likely to have occurred
[1,57]. Amnestic MCI (aMCI) is the form of MCI in which memory loss is the principle
deficit, and is considered to be the form of cognitive decline most likely to progress to AD
[58,59]. Despite ongoing efforts to establish criteria that better define MCI, it doesn’t yet
have a consensus definition, so it includes a heterogeneous group of patients, some of whom
may well be in the earliest detectable phase of a degenerative dementia such as AD.
Consensus on definitions is emerging [60,61] and brain metabolism is being studied [62,63]
in pre-clinical or prodromal forms of AD.

In the relatively few studies of brain glucose metabolism in MCI, global CMRg is lower
than in controls but the difference is less than in moderate to severe AD (Table 1). Changes
in CMRg are regionally heterogeneous depending on the type of MCI [64]. The pattern of
change in CMRg in multi-domain MCI tend to resemble that of AD, whereas in aMCI,
CMRg deficits appear to be limited to the hippocampus and parahippocampus [64]. MCI
patients with normal CMRg or lower CMRg only in the hippocampus and parahippocampus
are at lower risk of developing AD as compared to those with lower CMRg in broader areas,
including the posterior cingulate and temporo-parietal association cortices, similar to AD.
Longitudinal studies show that as MCI progresses to AD, CMRg declines in the cingulate,
inferior parietal lobes and temporal lobes [65–67].

2.6 Brain glucose metabolism during aging
Our assessment of the current literature on CMRg during aging is that there is a dichotomy
of results, but with no clear explanation of why that should be the case. On the one hand, we
have found eight studies with a total of 359 subjects that collectively show that CMRg does
not decline with age, while on the other hand, there are nine studies with a total of 573
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subjects collectively demonstrating that CMRg is ~18% lower in the seventh compared to
third decade of life (Table 2). There are numerous inconsistencies across these studies,
regardless of whether or not an age-associated decline in CMRg was reported: (i) PET
measurements of mean global CMRg have roughly doubled from ~4 mg/100 g/min in the
mid-1980s to ~8 mg/100 g/min in 2002–2004. (ii) There was a wide age range of subjects
defined as ‘elderly’ (55–92 y old). Most studies chose a somewhat arbitrary age range for
‘young’ versus ‘old’ subjects and grouped them such that it was a simple comparison of the
two age groups, sometimes with an arbitrary, single age cut-point, eg. young <50 y old and
old >50 y old. Others examined a continuum of ages, usually from the third to eighth decade
of life. (iii) Control for concomitant diseases or other confounders was not always apparent
so health status was often unclear. (iv) Cognitive status was not always assessed. (v) Several
studies, especially the earlier ones, did not correct for aging-related brain atrophy, but after
correction for brain atrophy, the aging-related decline in CMRg disappeared in two studies
[68,69]. (vi) Optimal PET imaging conditions were not necessarily respected in all studies,
including the need for reduced sensory input and resting conditions that minimize spurious
results during the PET scan itself.

Despite identifying these various confounders, they do not appear to adequately account for
the dichotomy of results for CMRg during normal aging. Hence, in our opinion, it is still
unclear whether or not healthy aging is truly associated with declining CMRg but this is an
important issue to resolve (see Section 6.1).

3.0 FACTORS INFLUENCING BRAIN FUEL METABOLISM IN AD
Several nutritional and metabolic parameters are known to influence brain glucose
metabolism, so their experimental manipulation may provide insight into whether the elderly
are susceptible to brain hypometabolism and how and why brain glucose metabolism
degenerates in AD. These factors include the ω3 fatty acid - docosahexaenoic acid (DHA;
22:6ω3), insulin, diabetes, dyslipidemia and mitochondrial dysfunction.

3.1 Docosahexaenoic acid
The ω3 polyunsaturated fatty acid, DHA, is now widely understood to have an important
role in normal mammalian brain development. Rats made dietarily deficient in ω3 fatty
acids have ~45% lower Na+/K+ pump activity in brain nerve endings [70]. More recently,
rats deficient in ω3 fatty acids were shown to have lower brain glucose utilization measured
by the 2-deoxyglucose method [29], as well as a reduced amount of the endothelial and
astrocyte GLUT1 at the blood-brain barrier [71–72]. GLUT1 is located in endothelial cells
of brain microvessels and at the end foot processes of astrocytes and is therefore at the
gateway for glucose entry into the brain. Dietary supplementation with DHA increases
GLUT1 expression in the rat brain endothelial cells and astrocytes [73], suggesting a
positive correlation between DHA level in brain membranes and glucose transporter
expression in the brain. This is confirmed by in vitro studies performed on primary cultures
of rat brain endothelial cells in which glucose uptake is positively correlated to DHA levels
in these cells (Pifferi et al, 2010 Neurochem. Int. [74]). ]. Expression of brain genes
encoding for proteins of the mitochondrial respiratory chain was significantly increased in
animals fed a diet supplemented with DHA (Kitajka et al 2004 [75]). Furthermore, in the
primate, regional differences in brain DHA concentration are directly proportional to brain
glucose uptake in the same regions [74].

Insufficient intake of DHA and low levels of DHA in the hippocampus may have a role in
cognitive decline in the elderly and/or AD [75]. Hence, the low intake of DHA now widely
but not universally reported in AD, may contribute to the evolution of cognitive decline
because of its role in brain glucose transport and in other aspects of brain function and
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structure. This emerging role of DHA in brain energy metabolism could be linked to the
early pre-symptomatic onset of brain glucose hypometabolism in AD, at least in carriers of
the ε4 allele of apolipoprotein E (apoE4) [76]. Nevertheless, such an effect probably
involves relatively subtle changes in DHA metabolism because plasma DHA is actually
higher in the healthy elderly [77] and is widely variable in AD [75].

3.2 Insulin, diabetes, and dyslipidemia
GLUT1 in the blood brain barrier and GLUT3 in neurons are not sensitive to insulin, which
is why brain glucose metabolism is so widely viewed as being independent of insulin.
However, GLUT4 is insulin-responsive and is expressed particularly in brain regions
involved in memory and cognition such as the hippocampus [78]. Furthermore, the insulin
receptor is present in several brain regions and is linked to neuronal activity [78–81]. Brain
insulin signaling may well be defective in AD [82]. Given acutely, insulin has positive
effects on memory and learning but these effects seem to reverse and become detrimental
during chronic insulin treatment [78,83]. Lipolysis and ketogenesis are more sensitive to
insulin than tissue glucose uptake [84], so perhaps over the long term, insulin given
experimentally prevents not only efficient glucose utilization but also replacement of low
glucose by ketones (see Section 5.1), thereby imitating experimentally what is observed
clinically in insulin resistance and type 2 diabetes.

The elderly commonly develop glucose intolerance, which may progress to the metabolic
syndrome (combination of diabetes, hypertension, visceral obesity, and hyperlipidemia). In
fact, type 2 diabetes is the most common metabolic disease in the elderly [85,86]. Insulin
resistance is usually at or near the top of the list of known lifestyle-related factors
heightening the risk of declining cognition in the elderly, [78,80,87–92]. In younger adults,
obesity predisposes to the metabolic syndrome, which appears to increase the risk of
degenerative changes in the brain [93]. Skeletal muscle is the main site of insulin-mediated
glucose utilization in the body and so declining muscle mass (sarcopenia) in the elderly may
be a factor potentially contributing to the increased risk of insulin resistance associated with
aging. Whether insulin resistance adversely affects cognition directly by impairing glucose
transport into certain areas of the brain or acts by glucose-independent signalling
mechanisms remains to be established. Indeed, insulin resistance could impair cognition by
affecting factors other than brain glucose metabolism, i.e. by mediating nitric oxide effects
on blood flow [94].

In preparing tissues to utilize a blood glucose surge after a meal, insulin has long been
known to inhibit lipolysis, i.e. to decrease free fatty acid release from adipose tissue
triglycerides [95]. Chronically elevated insulin inhibits not only the release but also the β-
oxidation of free fatty acids [96–100]. Insulin also inhibits hydroxymethylglutaryl-CoA
synthase, a key step in ketone synthesis (Figure 2) [98]. Insulin resistance is commonly
associated with raised plasma free fatty acids [101,102], so it is unclear whether the
dominant effect of excess insulin is inhibition of lipolysis, which would lower plasma free
fatty acids, or inhibition of fatty acid utilization, which would tend to raise plasma free fatty
acids but inhibit ketogenesis. Since insulin resistance and cognitive decline are common in
the elderly, and the former is linked to perturbed tissue utilization of glucose as well as fatty
acids, it is important to establish whether impaired ketogenesis is present in insulin
resistance. If so, in our view, it would appear that in insulin resistance and/or type 2 diabetes
make it difficult for the brain to obtain sufficient fuel (glucose or ketones), which would
eventually predispose to an increased risk of cognitive decline.
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3.3 Mitochondrial dysfunction in AD
Mitochondria are responsible for ATP production, so it stands to reason that if glucose
metabolism is impaired in AD, it could involve down-regulated or otherwise dysfunctional
mitochondria. This would also be consistent with the higher incidence of AD in those with a
maternal family history of AD, in whom mitochondrial DNA mutations are observed [103].
Mutations in mitochondrial genes and some phenotypic changes affecting mitochondria
underlie the concept that mitochondrial dysfunction contributes to the early stages and/or
development of epilepsy [104] and various other neurodegenerative diseases [105–113].
Mitochondrial enzyme expression within neurons declines as neurofibrillary tangles are
formed in AD [114–116].

Nevertheless, the link between mitochondrial dysfunction and development of AD is
controversial. Mitochondrial surface area [117], enzyme markers [118] and ultrastructure
[119] can be normal in AD. Mitochondrial mutational burden can be similar between AD
and healthy controls, and the mutational changes that are present seem to be subtle and may
lack reproducibility [108], so they remain of unknown importance.

Production of free radicals is a feature of electron transfer during normal mitochondrial
function. Increased free radical release leading to peroxidative damage is also seen in the
AD brain [120,121] and in epidemiological studies [122], so it is possible that disrupted
mitochondrial function in AD prevents the appropriate balance between production and
destruction of free radicals, leading to further neurological damage [107,110]. The location
of mitochondria, whether at the synapse or elsewhere, may also be important; those at the
synapse are present at higher density and have a higher metabolic responsibility for neuronal
function, so their dysfunction could also contribute significantly to declining neuronal
glucose requirement [113]. Whether or not mitochondrial dysfunction is a function of
genetic or metabolic disturbances, clinical trials attempting to redress the energy deficit in
the AD brain suggest that cognitive function can be at least transiently improved if more fuel
(glucose or ketones) can be supplied to the brain (see Section 5.3).

4.0 BRAIN HYPOMETABOLISM: THE CART OR THE HORSE IN AD?
Which comes first in AD – the combination of neurodegeneration, decreased
neurotransmitter production and declining neuronal function that collectively require less
glucose, or the reverse – a progressive decline in some aspect of brain glucose metabolism
that inhibits normal neurotransmitter production and permits less neuronal activity?
Normally, CMRg and glucose uptake are essentially synonymous and are dictated by brain
activity, so lower CMRg in AD has long been thought to be a consequence of lower
neuronal activity due to lower functionality of brain structures that normally have high
energy consumption [123]. Synaptic loss and decreased neurotransmitter production [124]
have been proposed as components of an early neuropathological process that could inhibit
mitochondrial enzymes, increase oxidative stress [125], and thereby initiate synaptic
dysfunction that then reduces demand for glucose in brain regions affected in AD.
Nevertheless, the idea is also well-supported that altered brain metabolism can predispose to
neuronal damage, dysfunction and death, and lead to various acute and chronic forms of
neuropathology [4,6,126]. There are several examples of how decreasing CMRg could be
one of the early changes contributing to the neuropathogenesis of AD:

4.1 Tau hyperphosphorylation
Tau hyperphosphorylation appears to be the neuropathological change most closely linked to
cognitive decline in AD [41]. In both in vivo and in vitro models, lower glucose availability
induces hyperphosphorylation of tau protein in a site-specific manner [127]. The same form
of tau O-glycosylation that regulates tau phosphorylation in mice is reduced in AD brain.
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Further work by the same group shows that GLUT1 and GLUT3 are reduced in the AD
brain and directly correlated to lower O-glycosylation and hyperphosphorylation of tau
[128]. Because the reciprocal changes in O-glycosylation and hyperphsohorylation of tau
respond so rapidly to lower glucose supply in the fasted mouse model and because tau
hyperphosphorylation is so sensitive to glucose and is directly linked to cognitive decline in
AD, decreasing brain glucose uptake could contribute to the development of AD [127,128].

4.2 Glycolysis and pyruvate dehydrogenase activity
Lower activity of glycolytic enzymes leading to lower pyruvate synthesis, lower pyruvate
dehydrogenase activity and lower acetyl CoA production have all been observed in the AD
brain [3,118,129]. Pyruvate dehydrogenase complex operates in only slight excess capacity
relative to demand for ATP so even its modest impairment might be critical. Furthermore,
acetylcholine synthesis is acutely sensitive to brain glucose metabolism [118,129], so mildly
impaired glucose availability in the synapse may be sufficient to impair cholinergic
neurotransmission, which is a hallmark of AD [3,119]. Increased amino acid degradation for
gluconeogenesis may partially compensate for impaired glycolysis but this pathway can
supply at most 25% of brain glucose requirements [22], and is very costly in terms of muscle
protein breakdown to supply the gluconeogenic amino acids. Astrocytes are capable of
gluconeogenesis but endogenous to exogenous to the brain, this is still essentially a catabolic
process that was never intended to meet glucose requirements for very long [4]; that was the
role of ketones (see Section 5.1). However, ketones are produced in response to low
systemic glucose and insulin, neither of which occurs very often in the elderly. Hence,
disrupted glycolysis and lower pyruvate dehydrogenase complex activity may precede
mitochondrial dysfunction and then contribute to increased oxidative stress and molecular
changes affecting protein structure that precipitate declining memory and cognition [4].

4.3 Brain microvasculature
The etiology of AD appears to implicate structural and peroxidative changes not only in
neurons [121,130] but also in the endothelial cells of capillaries that constitute the brain’s
microvasculature and the blood-brain barrier [131–133]. The auditory cortex and inferior
colliculus are the brain areas with the highest energy requirement [25] and, interestingly,
both have the highest capillary density [134]; thus regional variations the density of the
brain’s microvasculature are roughly proportional to the energy requirements of these
regions.

Endothelial cells of brain capillaries represents <1% of brain weight but these cells are
estimated to transport ten times their weight in glucose/min [135]. This phenomenal work
capacity is accomplished by a mitochondrial density about five times that of skeletal muscle
[136]. If mutations in mitochondria can increase the risk of AD (see Section 3.3), this may
have an even greater impact on mitochondria in the blood-brain barrier than in brain cells
per se. Type 2 diabetes causes microvascular damage and enhances the risk of both AD and
vascular dementia [137], possibly by impairing blood brain barrier function. Since the
brain’s microvasculature is the exclusive gateway for glucose to the brain, could subtle
microvascular changes in those predisposed to AD disrupt the normally fine-tuned
equilibrium between supply and demand for glucose (and oxygen) such that glucose
transport into astrocytes and neurons no longer efficiently meets their energy needs, leading
to synaptic drop-out and neuronal dysfunction?

4.4 Brain hypometabolic changes pre-date cognitive decline
In offspring with a family history of AD, lower CMRg can occur decades before appearance
of cognitive symptoms [45,50,67]. In the case of asymptomatic offspring with a family
history of AD, maternal but not paternal family history is associated with lower CMRg
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(Table 4). Carriers of apoE4 have the highest known genetic risk of AD and have lower
CMRg before even the AD-associated decline in hippocampal volume or overall brain
volume, both of which are also observed well before cognition symptoms of AD typically
develop [2,62,138–140]. In carriers of apoE4, small areas of lower brain glucose metabolism
are observed at an age as young as 30 y old, e.g. 30–40 y before clinical onset (Table 3).
Indeed, we see an inverse relationship between CMRg in several brain regions and fasting
plasma glucose, so brain metabolism seems to be sensitive to even mild elevations
disturbances in systemic glucose control even if no clinical symptoms of cognitive decline
are observed (Nugent et al, unpublished observations). Compared to non-carriers, apoE4
carriers also have altered ω3 fatty acid metabolism [76] and higher measures of oxidative
stress in the brain [130], both of which may contribute to a higher risk of an early onset of
brain hypometabolism. If brain hypometabolism can be present before clinical symptoms are
apparent, this doesn’t prove that hypometabolism is the earliest event in AD. However, to
the best of our knowledge, hypometabolism is currently the earliest measurable abnormality
in the brain that is connected to AD so its features and the reasons for it should shed light on
the etiology of AD.

5.0 BRAIN HYPOMETABOLISM IN AD: SPECIFIC TO GLUCOSE OR
GENERALIZED?

In the brain, glucose uptake (transport) is normally equivalent to its utilization, consumption
or metabolism (see Section 2). Still, the common assumption is that brain metabolism is
synonymous with glucose. While that is of course broadly true, it is also true that
maintaining brain function depends on highly efficient availability of a back up fuel to
occasionally replace glucose during periods of hypoglycemia. PET is an invaluable tool to
study brain metabolism but such studies have been almost exclusively limited to glucose
(FDG) measurements because, with rare exception, no other tracer form of a brain fuel has
been available. This section describes the importance of ketones as the main replacement
fuel for the brain and the need to assess the effect of aging on brain metabolism of fuels
other than glucose. Clinical studies showing the potential therapeutic role of ketones in
redressing brain hypometabolism are also described, the outcome of which may have an
important bearing on understanding whether or not brain hypometabolism in AD can be
corrected or circumvented.

5.1 Ketones: the key alternative brain fuel to glucose
When hypoglycemia develops over a period of several hours to days, i.e. during fasting or
starvation, the energy requirements and normal function of the adult human brain are
absolutely dependent on increased availability of two ketones – acetoacetate and β-
hydroxybutyrate [13,22,25,141–144]. Whether the third ketone, acetone, contributes directly
to the brain’s energy requirements is unknown but, during prolonged fasting or starvation,
up to ~60% of the human brain’s energy requirements can be met by a combination of
acetoacetate and β-hydroxybutyrate [141]. The brain is fully capable of converting ketones
to ATP through all the necessary steps, including conversion of β-hydroxybutyrate to
acetoacetate, acetoacetate to acetoacetyl CoA, and acetoacetyl CoA to acetyl CoA (Figure
2). Two observations indicate that ketone metabolism is a constitutive feature of brain
function: (i) The amounts and activities of ketone-metabolizing enzymes in the brain are not
changed by glucose status and always exceed the amount necessary to supply the brain’s
total energy needs. (ii) During infancy, the brain has an obligatory requirement for ketones
[142].

In contrast to neurons, brain capillaries can readily β-oxidize fatty acids [145] as can
astrocytes [146,147]. Nevertheless, the transport of fatty acids through the blood brain

Cunnane et al. Page 11

Nutrition. Author manuscript; available in PMC 2012 October 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



barrier is too slow to make fatty acids a useful alternative to glucose for the brain [148,149].
Ketones cannot fully replace glucose as a brain fuel because, in addition to providing the
carbon to replace oxaloacetate in the tricarboxylic acid cycle, glucose is still essential for the
brain as the precursor to lactate, which can be exchanged with ketones when the latter are
taken up by the brain’s monocarboxylic acid transporter (MCT). Several human studies
show that mild, experimental ketonemia can maintain normal brain function even when
plasma glucose would normally be low enough to result in acute cognitive and functional
deficits (see Section 5.3).

Ketogenesis depends on a decrease in plasma insulin provoked by lower plasma glucose.
When insulin decreases, its blockade of free fatty acid release from adipose tissue is
overcome and free fatty acids are liberated into the plasma. These long chain fatty acids are
transported to the liver and other organs where they are converted (β-oxidized) to acetyl
CoA. Once a threshold concentration of acetyl CoA is reached in the liver, through a series
of enzyme-catalyzed steps, it is then condensed into ketones (Figure 2). When ketone
production is stimulated by low plasma glucose and insulin, maximal ketone production
does not induce ketoacidosis because it is autoregulated through insulinotropic and
antilypolytic feedback [60]. Hence, the brain is always prepared to burn ketones as soon as
they are available; a situation totally consistent with their physiological role as its main
back-up fuel.

5.2 Brain ketone uptake
The cerebral metabolic rate of ketones (CMRk) varies directly with their blood
concentration, starting at very low ketone concentrations. This has been demonstrated using
various approaches in small animals [150–154], by arterio-venous difference in humans
[22,148,155,156], by PET with 11C-β-hydroxybutyrate in humans [157] and 11C-
acetoacetate in rats (11C-AcAc; [154]), and by 1H-nuclear magnetic resonance in humans
[23]. Hence, conditions that physiologically raise plasma ketones, including fasting,
starvation [158] and very high fat ketogenic diets, also raise breath acetone [159–161], brain
MCT1 expression [162], and brain ketone uptake [154]. Arterio-venous difference studies
suggests that CMRk is not significantly affected by aging nor in suspected cases of AD
[21,156,163], but that CMRk is lower in diabetes mellitus [148]. Although much more
research on CMRk in humans has been done with arterio-venous differences than by PET,
both approaches show excellent agreement that CMRk uptake is directly proportional to the
arterial concentration of β-hydroxybutyrate and acetoacetate. Hence, at a plasma β-
hydroxybutyrate concentration of 0.3–0.5 mM, such as can be achieved during 12–24 h
fasting, β-hydroxybutyrate supplies 3–5% of whole brain energy requirements (Figure 3).
As plasma ketones rise, CMRk also rises such that at a β-hydroxybutyrate of about 1.5 mM,
ketones provide about 18% [20], and at 6 mM, they provide about 60% of brain fuel [22].

Brain ketone uptake is principally controlled by the permeability of the blood-brain barrier
[164]. This, in turn, is a function of MCTs that transport ketones and other small
monocarboxylic acids. Several MCTs are expressed in the brain [165] and their expression
responds positively to raised plasma ketones [162]. Astrocytes express MCT4, neurons
express MCT2 and brain capillaries express MCT1 [166]. The ability of the brain to use
ketones in place of glucose is better in humans than in other omnivores such as the rat, pig,
or monkey [144]. Dogs, sheep and pigs are unable to achieve significant ketosis, even during
prolonged fasting [167] perhaps because their relative brain size is not very large, thereby
permitting gluconeogenesis and glycerol liberated during lipolysis to support brain function
without resorting to an entirely different fuel.
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5.3 PET studies of brain 11C-acetoacetate uptake
Using 1-11C-AcAc [168], we have validated a model of brain ketone uptake in the rat using
PET in which, as expected from many previous studies, brain ketone uptake is proportional
to plasma ketone concentration [154,169] (Figures 4, 5). These studies have led us to the
first human work with 11C-AcAc and PET with the aim of answering the questions – (i) is
brain uptake of ketones lower in the healthy elderly or in AD and, if not, (ii) does this open
up ketone-based therapeutic opportunities to treat cognitive decline before it becomes too
severe to correct? To address these two questions we have just begun working with a double
tracer human PET protocol in which brain uptake of FDG is imaged immediately following
the 11C-AcAc scan (Figure 4). Our preliminary results are in line with previous results [156]
suggesting that if brain ketone uptake is lower in the healthy elderly, the difference is not as
significant as it is for the uptake of FDG. We are currently applying this approach to assess
brain 11C-AcAc and FDG uptake in AD and MCI.

5.4 Ketogenic supplements and brain function
The potential application of stimulating mild ketonemia to circumvent problems with brain
fuel supply or function has a long clinical history, starting with epilepsy about a century ago.
The beneficial effect of mild to moderate ketonemia in 30–50% of children with intractable
epilepsy is nothing short of remarkable [170,171]. Despite its benefits, the very high fat diet
needed to induce mild ketonemia is extremely difficult to manage, has significant side
effects and, despite decades of research, the mechanism by which this treatment works is
still a mystery. Nevertheless, the relatively high success rate of this clearly unorthodox
treatment in what are generally considered to be hopeless cases of intractable epilepsy is a
testament to the rigorous procedures used to implement and efficiently maintain mild to
moderate ketogenesis for periods of 2–3 y. Equally remarkable examples of the clinical
efficacy of the same very high fat ketogenic diet are the rare cases of inborn errors of
metabolism involving genetic GLUT-1 deficiency [172,173] and pyruvate dehydrogenase
deficiency [174,175], without which such cases would rapidly be fatal.

Acute, controlled human experiments show that ketone infusion or ketogenesis inhibits the
cognitive and behavioral sequelae of acute, experimental hypoglycemia, both in healthy
adults [176,177] and in those with type 1 diabetes [178]. It is generally assumed that the
cognitive effects of hypoglycemia can be prevented by ketones because they seamlessly
replace glucose to meet the brain’s energy requirements. However, acutely raising plasma
ketones also increases cerebral blood flow in humans, an effect that may contribute to their
beneficial impact on cognition during hypoglycemia [20]. Studies in humans and animal
models suggest further protective effects of ketones in the brain after ischemic insult and
other treatments damaging neuronal function [179–181]. Assessment of plasma ketones,
breath acetone and β-hydroxybutyrate oxidation all indicate that the ketogenic response to a
low carbohydrate breakfast after an overnight fast is entirely normal in the healthy elderly
[182].

Almost 20 years ago, brain activation with memory tasks was shown to improve glucose
metabolism in the brain regions affected in AD [183]. More recent controlled clinical trials
confirm that short-term improvement can occur in cognitive tests when individuals with
mild to moderate AD are provided with an exogenous source of glucose, ketones, insulin, or
insulin sensitizers [78,184–188]. These clinical studies show that the affected brain regions
in AD are at least partially viable and that cognition can improve when exogenous fuel
supply to the brain is improved. In two of these studies, ketogenic supplements based on
medium chain triglycerides were used in order to permit a relatively normal choice of meals
[185,186]. Medium chain triglycerides have long been known to be ketogenic because they
contain medium chain fatty acids (octanoic [8:0] and decanoic [10:0] acids), which do not
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require activation by CoA to enter the mitochondria [189]. The mild beneficial effects on
cognition and relatively good tolerance to the doses of medium chain triglyceride used are
promising, notwithstanding the possibility that carriers of apoE4 with AD derive little
benefit from this treatment [185]. The explanation for the beneficial effect of mild,
experimental ketonemia on cognition in AD may be as simple exchanging one brain fuel for
another as occurs in fasting or starvation. It may also be due to the observation that although
glycolysis may be impaired in the AD brain, cerebral metabolic rate of ketones [21] and
metabolic capacity [190] to use a fuel other than glucose are both apparently normal in AD.

Our own unpublished results suggest that mild ketonemia may also increase brain glucose
uptake. Whatever the explanation, the relatively rapid onset of the benefit of a ketone-
inducing supplement suggests a fairly direct mode of action involving improved energy
substrate supply permitting improved neuronal function in AD. This implies that if brain
hypometabolism in AD can be overcome (or prevented), the clinical fallout may be reduced.
Nevertheless, it remains to be seen as to whether long term metabolic and cognitive benefits
of ketogenic therapies can be demonstrated in AD.

6.0 METHODOLOGICAL CONSIDERATIONS
Advances in knowledge of how brain metabolism and cognition in the elderly are
interconnected will depend on further advances in methodology and the resolution of issues
that confound the interpretation of existing research. Amongst the key issues to resolve in
relation to AD are whether brain metabolism changes with normal aging, how PET data are
expressed, and development of consensus definitions of normal aging and cognitive decline.
Even in clinically well-defined subjects (normal or diseased), a general limitation of most
studies of brain metabolism is their cross-sectional design which does not allow assessment
of the chronology of events or magnitude of change (decrease) in a given individual [2].
Moreover, the relatively small sample sizes do not permit adjustment for confounding
factors that might be related to brain glucose metabolism and explain (or mask) some
differences attributed to aging or early stages of AD (Tables 1–4).

6.1 Brain metabolism during aging
It is important to resolve whether healthy aging is really associated with a significant decline
in CMRg, whether globally or regionally (Table 2) [191]. If it can be shown that lower
CMRg with age is really a function of the way PET data are presented or interpreted, i.e. if it
is a methodological issue, then the true decline in CMRg in AD is a function of a disease
process and not a function of aging per se. If a decline in CMRg with age is real, we must
conclude that some degree of decline in CMRg in the elderly is inevitable, i.e. that lower
CMRg is a physiological, hence, obligatory part of normal aging. The pattern of lower
CMRg that has been reported for normal aging [192] is not the same as that in AD, so it
seems unlikely that, even if truly present, the apparent decline in CMRg with aging is simply
an early stage of the form of brain hypometabolism seen in AD.

A combination of PET imaging methods that simultaneously measures brain glucose
metabolism and β-amyloid deposition could improve the diagnosis and/or prognosis of AD,
especially if applied longitudinally [43,193]. This dual tracer PET approach is inherently
attractive because it permits simultaneous investigation of the potential link between
development of the neuropathology of AD (β-amyloid accumulation or neurotransmitter
defect) and the metabolic changes, i.e. the sequence of events leading to clinical expression
of the disease. We are currently applying this dual tracer approach to see whether brain
uptake of acetoacetate and FDG are both altered during normal aging (Figure 4) and will
soon be applying this method to AD.
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Focusing uniquely on PET methods may never completely resolve this issue but other
experimental approaches shed light in this question. Acetylcholine synthesis is critically
dependent on glucose metabolism but is also localized to the synapse, so PET may not be
able to detect a difference in glucose metabolism that would be so highly localized [119].
Other minimally invasive methods may also be applicable depending on the question.
Nuclear magnetic resonance (NMR) spectroscopy is applicable to the in vivo detection of
molecules relevant to brain metabolism, including glucose by 1H-NMR [23], glycogen
by 31P-NMR [194], and ketones by 13C-NMR [195]. The importance of glycogen in brain
metabolism is still poorly understood but is amenable to dietary manipulation [194], which
may have a bearing on changes in brain glucose metabolism accompanying aging or AD.

6.2 Expression of PET data
A morphological atlas based on CT or MRI images is now essential to obtain accurate
CMRg measurements of specific brain regions. CT or MRI images are also invaluable for
defining gray and white matter, correction for cerebrospinal fluid volume, all of which are
pertinent to determining CMRg in the aging brain. In recent years, substantial improvements
in PET technology, including reconstruction algorithms, sensitivity, and spatial resolution
have led to better PET image quality. Increased axial field of view in a single acquisition
now allows calculation of carotid blood radioactivity used to calculate FDG entering the
brain, which may eventually replace the current gold standard based on blood sampling
[196]. These new developments may help account for why the global CMRg of the adult
human brain was calculated in the 1980s to be about 4 mg/100 g/min but more recently are
about 7–8 mg/100 g/min (Table 2), which corresponds more to the classical value obtained
by arterio-venous difference [13,22]. The different ways of expressed brain metabolism
(SUV, global CMRg, regional CMRg, correction against the cerebellum or for brain
atrophy) ultimately affect interpreting whether the metabolic rate of individual neurons
changes with age or AD, or whether the number of neurons changes but not their individual
activity. Modern PET technology has significantly increased the robustness of CMRg
measurements and now needs application one of the central issues raised in this review –
whether normal aging is accompanied by deteriorating brain glucose metabolism and, if so,
why?

6.3 Criteria for healthy aging and assessment of MCI
Both biological and methodological confounders complicate the interpretation of brain
glucose metabolism data during aging, including even such fundamental parameters as the
definitions of ‘elderly’ and ‘healthy’. A full description of the status quo and evolution of
these definitions is not the central focus of this paper but they are very relevant to the
appropriate screening and classification of subjects for brain metabolic studies. Aging is
commonly accompanied by increasing glucose intolerance relative to younger adults, but
whether brain glucose uptake also starts to deteriorate in cognitively intact, glucose
intolerant elderly is not yet known. Glucose intolerance may therefore be a key parameter in
defining the risk of deteriorating brain glucose uptake in the elderly and, hence, whether
they should be considered as ‘healthy’. Still, there appears to be a distinction between AD
and accelerated aging that has been the focus of attention for some time [129]. For instance,
as with some but not all PET data on brain metabolism (Table 4), production of
acetylcholine and metabolism of glucose to CO2 by fresh human cortex do not necessarily
change with age [119].

Aside from the methodological parameters related to obtaining quantitative data for brain
fuel metabolism from PET images (Section 6.2), selection of an appropriate elderly control
group is also of critical importance to applying CMRg to the study of disturbed brain
glucose metabolism in the AD brain. Since AD is a disease of middle to late adulthood,
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appropriate age-matching is essential. Amongst non-genetic risk factors, AD is also affected
by lifestyle, education, physical activity, diet and social integration, so effective screening to
match for these parameters is also desirable. Amongst treatable diseases, hypertension,
diabetes and blood lipid abnormalities are very frequent in the elderly and are linked to a
higher risk of AD [197–199], so medication-free age-matched, healthy elderly subjects are
the ideal controls for AD. Carriers of apoE4 are clearly at much higher risk of AD [38] and
have disturbed brain glucose metabolism as much as 30 y before the typical clinical onset of
AD (Table 3), so genotyping may also help reduce variability in the control population.

Diabetes and insulin resistance are major risk factors for AD, but why this is so seems
paradoxical in light of the fact that brain glucose uptake has long been considered to be
largely independent of insulin. One old report suggests CMRg is lower in type 1 diabetes
[148], but whether brain glucose uptake is impaired in type 2 diabetes or insulin resistance is
presently unknown. However, both these conditions are highly prevalent in the elderly so it
is important to establish whether they confound interpretation of brain metabolism data in
the elderly, or in individuals with a family history or genetic predisposition to AD.

A group of experts from various countries has recently attempted to overcome the
heterogeneity in defining MCI, and has proposed specific criteria for AD before the
dementia stage [46]. These criteria have yet to be adopted widely, mainly because they are
very resource-intensive. There is mounting evidence that otherwise healthy elderly, with a
higher burden of β-amyloid as detected by PET with a tracer such as Pittsburgh compound
B, may have a lower performance on memory tests [200]. This raises the problem of
defining healthy elderly controls according to clinical or imaging criteria. The healthy
elderly included in studies of brain aging undoubtedly include some with MCI or pre-
clinical AD. Indeed, longitudinal studies of healthy aging show that much of the cognitive
decline attributed to ‘normal’ aging is actually a pre-clinical form of MCI or AD [201]. The
general tendency is to diagnose neurodegenerative dementias at the earliest possible phase
with the support of ancillary tests [202], but defining normal cognitive aging and applying
such a definition widely enough to make studies comparable remains a challenge.

7.0 CONCLUSION
We have presented here an overview of the published evidence suggesting that impaired
brain glucose metabolism may contribute to the development of AD, a concept developed by
several independent research groups over at least the past 25 years (Figure 6) [3–
6,78,81,126,181,183,185]. The gradual deterioration in systemic glucose metabolism
commonly accompanying aging probably helps strain the finely tuned relationship between
brain glucose uptake and brain function. This relationship normally involves minimal brain
glucose storage, so if glucose supply to or glycolysis within the brain chronically decreases
even a small amount, this would stand to compromise brain function. Normally, low brain
glucose metabolism would be a reflection of low plasma glucose, and would be seamlessly
compensated for by increased ketone production, the brain uptake of which is rapid and
proportional to plasma ketone level (see Section 5.2, Figure 3). The ketogenic response to a
low carbohydrate breakfast is normal in the elderly as long as their glucose tolerance is close
to normal [182]. However, although not extensively studied yet, the ketogenic response
appears to be less efficient when glucose intolerance develops, i.e. in type 2 diabetes and
insulin resistance which are well-known to predispose to AD [98,137].

Since compensatory ketogenesis seems to be less efficient as systemic and brain glucose
metabolism changes with age, to get sufficient fuel, we speculate that the brain may be
forced to rely on a third option - the essentially catabolic process of gluconeogenesis. Since
there is already a problem getting exogenous glucose into the brain, only gluconeogenesis
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endogenous to the brain is likely to increase glucose supply within the brain.
Gluconeogenesis is at best a stop gap solution, so in the long run the energy deficit is
exacerbated and some brain regions undoubtedly become fatigued [4]. The hippocampus
appears to be one of the regions most vulnerable to this ongoing fuel deficit, which becomes
essentially equivalent to chronic starvation. In turn, this brings on atrophy of these
vulnerable regions, and the neurodegenerative changes and functional decline associated
with AD. Impaired brain glucose metabolism appears to be a particularly pernicious problem
in those with a genetic predisposition to AD (apoE4) or maternal family history of AD
(Tables 3, 4), and can clearly be present asymptomatically 30 or more years before memory
problems appear. In that sense, reduced brain activity may initially be a protective response
to lower brain metabolism analogous to lower physical activity with chronic hunger or
starvation [5]. Indeed, perhaps the ability to resist metabolic fatigue is part of what is known
as the brain’s cognitive reserve.

Problems with brain uptake or metabolism of glucose that may precipitate AD don’t exclude
brain hypometabolism from also being secondary to, e.g. a consequence of, AD (Figure 6).
We agree that oxidative stress, mitochondrial dysfunction and mismanagement of amyloid
precursor protein could contribute to synaptic failure which would further decrease brain
glucose metabolism [2,38]. Nevertheless, two observations in particular support the notion
that the neurons affected in AD are still functional so if brain fuel metabolism could be
optimized or even partially returned towards normal, the risk of further cognitive decline
should diminish: (i) in AD, brain ketone uptake is apparently normal or at least less affected
than is glucose [21], and (ii) there is a functional response to nutritional supplements that
increase brain fuel availability, particularly ketones (see Section 5.4). Raising plasma
ketones to 0.4–0.5 mM would contribute to 5–10% of the brain’s energy requirements
(Figure 3), which is equivalent to the early cortical glucose deficit in those genetically at risk
AD [139]. Such a mild, safe level of ketonemia is achievable with ketogenic supplements, so
if implemented before symptoms develop, it seems plausible that they could diminish the
risk of further metabolic deterioration and clinical onset of cognitive decline.

The longstanding debate over whether AD is a form of accelerated aging [129] may never be
resolved by PET studies of CMR alone, so it is important to develop a diversified arsenal of
tools to fully explore the links between brain fuel metabolism, brain activity and the
development, progression and treatment of AD. AD seems not to be an inevitable
consequence of aging because although aging sets the stage for AD, about 50% of those >80
y old do not develop AD [203]. Even those who report that healthy aging is accompanied by
declining brain metabolism [204,205] describe a pattern of brain hypometabolism in healthy
aging that is distinct from what is observed in AD. Thus, cross-sectional studies are
inadequate to establish causality and longitudinal studies are ultimately needed to
definitively establish what is physiological and what is pathological about brain metabolism
during aging.

If deteriorating brain glucose metabolism during normal aging does contribute to the
development of AD, what causes impaired glucose transport, glycolysis or other possible
forms of glucose mismanagement in the brain? Therapeutic and preventive approaches
focused on improving brain fuel supply suggest that synaptic loss in the early stages of AD
is incomplete or reversible, such that function can at least be transiently restored (see
Section 5.4). Can preventive nutrition or lifestyle strategies be used to reduce the risk of AD,
like with hypertension, type 2 diabetes and common forms of hypercholesterolemia? If so,
how does this occur – by improving the functionality of existing synapses, neurons and
pathways, or by sprouting new neural connections? Could the efficacy of pharmacological
therapies targeting neurotransmitter availability be improved if brain fuel supply were also
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improved in AD? Once clinically apparent, is long term cognitive improvement in AD a
realistic possibility?
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ABBREVIATIONS

aFH-AD asymptomatic FH-AD

aMCI amnestic MCI

AcAc acetoacetate

AD Alzheimer’s disease

CMRg cerebral metabolic rate of glucose

CMRk cerebral metabolic rate of ketones

DHA docosahexaenoic acid

FDG fluorodeoxyglucose

FH-AD family history of AD

FH(-)AD no family history of AD and cognitively normal

GLUT glucose transporter

HC healthy controls

MCI mild cognitive impairment

MCT monocarboxylic acid transporter

mFH-AD maternal family history of AD but cognitively normal

PET positron emission tomography

pFH-AD paternal family history of AD but cognitively normal

sFH-AD symptomatic FH-AD
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Figure 1.
Lower overall brain volume with age modified from [206]. Based on these data, between
about 30 y old (white bars) and 70 y old (black bars), the overall rate of decrease is about
1.6%/decade, or 6–7%, with no difference between men and women.
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Figure 2.
The pathway of ketone synthesis. When acetyl CoA production from β-oxidized fatty acids
exceeds the capacity of the tricarboxylic acid cycle, the excess acetyl CoA can condense into
ketones, a process that happens predominantly but not exclusively in the liver.
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Figure 3.
The relationship between plasma ketones (shown here only as β-hydroxybutyrate; β-HB)
and cerebral metabolic rate of ketones (CMRβ-HB; left hand y-axis) over a physiological
range of plasma β-HB. In the original studies, two different methods were used to calculate
CMRβ-HB: (i) PET (n=5 points collected close together in the bottom left of the graph
between β-HB values of 0.0–0.2 mM; ○) [207], and (ii) arterio-venous difference taking
into account cerebral blood flow – (n=26; ◇ [19]), and (n=10 controls □, and n=12
presumed Alzheimer’s disease ▲) [21]. Arterio-venous difference in brain β-HB uptake was
reportedly the same in Alzheimer’s disease as in the controls [21]. Combined together, the
53 data points from these three studies provide the following equation of the line for
CMRβ-HB over a plasma β-HB concentration range from 0.0–1.5 mM: y = 1.677x + 0.0454
(r = 0.638; p < 0.0001). The right hand y axis shows the percentage contribution of ketones
to the energy requirements of the whole human brain over a physiological range of plasma
β-HB. The intercept of ~18% of brain energy requirements being met by β-HB at a plasma
β-HB concentration of 1.5 mM is corroborated by two additional papers that reported
arterio-venous differences across the brain to derive CMRβ-HB for higher plasma β-HB
values averaging 2 and 7 mM, achieved during β-HB infusion [20] and experimental
starvation [22], respectively.
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Figure 4.
11C-Acetoacetate uptake into the brain of rats on a control diet (normal), ketogenic diet, or
fasted 48 h (means ± SD; n = 4/group), expressed as metabolic rate for acetoacetate. The
uptake was measured by PET imaging and shows that brain uptake of ketones is stimulated
to an approximately equivalent extent by 48 h fasting or 10 d on a very high fat ketogenic
diet [154].
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Figure 5.
Brain PET images showing 11C-acetoacetate (11C-AcAc; left) and 18F-fluorodeoxyglucose
(18F-FDG; right) uptake by the human brain. Note that the color scales are not the same. As
shown in the experimental protocol below the images, the tracers are injected sequentially
with computed tomography scans before each injection. By sequentially injecting the tracers
during one experiment, this approach minimizes intra-individual variability and provides a
direct comparison between the brain uptake of the two tracers. Expressed as the relative term
- standardized uptake values - our preliminary, unpublished data show that the brain uptake
of 11C-AcAc is somewhat lower in the healthy elderly (mean - 74 y old; n=5) than in healthy
young adults (mean – 26 y old; n=5). In this study, all subjects were screened to eliminate
those with cognitive deficit and symptomatic disease, and were on no medications. When
summed across 18 brain regions, the aging-related difference in brain 11C-AcAc uptake was
about 50% less than for 18F-FDG. These measurements have not yet been corrected for any
possible effect of aging-related brain atrophy, nor have they been expressed as metabolic
rates. The aim of reporting these preliminary data here is to demonstrate the feasibility of
these dual tracer PET measurements and not to make a claim at this time as to differences
between the two age groups.
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Figure 6.
Schematic overview of the concept that brain hypometabolism (Phase 1) contributes to the
neuropathology underlying Alzheimer’s disease (AD; Phase 2), leading to the clinical
symptoms of AD (Phase 3). The neuropathology and declining functionality of the brain can
further contribute to brain hypometabolism, thereby completing a vicious cycle. In Phase 1,
the hypometabolism is reportedly associated with various components of glucose utilization
including one or a combination of impaired glucose transport (GLUT), impaired pyruvate
dehydrogenase complex (PDHC) activity, and/or impaired α-ketoglutarate dehydrogenase
complex activity (KDHC). Although the focus is on hypometabolism of glucose, it is not yet
clear whether brain hypometabolism in AD affects glucose specifically or whether
metabolism of other brain fuels such as ketones is also impaired. Brain hypometabolism is
represented here as the first phase in the etiology of AD because it is the earliest known
change in the brain associated with a risk factor predisposing to AD (presence of an apo E4
allele). In Phase 2, the microvascular changes involve altered blood-brain barrier function.
In the normal brain, tau hyperphosphorylation can be stimulated by acute low glucose
availability (see Section 4.1), so we propose that it is a consequence of brain
hypometabolism. We propose that some brain areas are more susceptible to chronic brain
hypometabolism, which can lead to regionalized brain starvation in areas that cannot
adequately compensate by endogeneous gluconeogenesis. Hence, regionalized starvation
and gluconeogenesis are shown here as consequences of brain hypometabolism. The cause
brain hypometabolism is not yet known so it is possible that components of Phase 2
(particularly microvasculature changes and/or tau hyperphosphorylation can contribute to
Phase 1, thereby further increasing the chances of developing Phase 3). Phase 3 represents
the clinically observable phase which starts when the brain can no longer cope with the
combination of chronic hypometabolism and neuropathological changes (Phases 1 and 2).
Two related strategies are predicted to be potentially able to break the cycle (or delay it) and
both involve a sustained improvement in brain fuel supply (dotted circle): (i) sustained
improvement in brain glucose metabolism, which is probably dependent on sustained
improvement in systemic glucose metabolism, and/or (ii) glucose replacement by ketones
which are the brain’s preferred alternative physiological fuel to glucose. Such strategies are
only likely to be effective if they can prevent Phase 1 becoming Phase 2, i.e. interrupting the
deleterious impact of brain hypometabolism on the development of neuropathology, thereby
preventing clinical symptoms of AD.
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TABLE 1

An overview of PET studies reporting cerebral metabolic rate for glucose (CMRg) in mild cognitive
impairment (MCI) and Alzheimer’s disease (AD). Owing to the different study designs, it is difficult to derive
the mean difference in CMRg in AD versus controls but it is on the order of 25%, and somewhat less in MCI.

Reference n in each group Atrophy correction CMRga

Frackowiak et al
(1981)208

n = 14 HC
n = 13 AD
n = 9 VD

No 28% ↓ in grey matter
23% ↓ in white matter for AD & VD

Benson et al (1983)209 n = 16 HC
n = 8 AD

No ↓ 49% for AD

Cutler et al (1985)210 n = 25 HC
n = 5 mild to moderate AD
n = 2 severe AD

No 25–50% ↓ for severe AD in frontal, parietal,
temporal, occipital lobes compared to mild-
mod AD & HC

Rapoport et al (1986)211 n = 10 HC
n = 47 mild to moderate AD

No 18–31% ↓ for AD

Chawluk et al (1987)212 n = 17 HC
n = 24 AD

Yes 8% ↓ for AD

Alavi et al (1993)213 n = 17 HC
n = 20 AD

Yes 11 % ↓ for AD

Mielke et al (1994)214 n = 13 HC
n = 20 AD

No ↓ for AD in temporoparietal and occipital
cortex

Metzler et al (1996)215 n = 10 HC
n = 8 AD

Yes ↓ for AD in frontal, temporal and posterior
parietal lobes

Hock et al (1997)52 n = 17 HC
n = 19 AD

No ↓ for AD in parietal lobe

Ibanez et al (1998)48 n = 19 HC
n = 5 mild AD
n = 6 moderate AD
n = 4 severe AD

Yes ↓ for AD in precuneaus and posterior cingulate
cortex

Mosconi et al (2005)50 n = 11 HC
n = 13 MCI
n = 12 AD

Yes 18% ↓ for MCI
27% ↓ for AD in hippocampus compared with
HC

Minoshima et al
(2007)216

n = 22 HC
n = 8 AD

Yes 20–21% ↓ for AD in posterior cingulate and
cinguloparietal transitional area

Li et al (2008)37 n = 7 HC
n = 13 aMCI
n = 17 AD

No in AD; gray matter (11% ↓), hippocampus
(30% ↓), inferior parietal lobe (15% ↓), middle
frontal gyrus (12% ↓), posterior cingulate
(17% ↓) in aMCI; hippocampus (14% ↓) and
inferior parietal lobe (11% ↓)

Del Sole et al (2008)58 n = 7 HC
n = 16 aMCI
n = 14 AD

No ↓ for AD in posterior cingulate, precuneaus, &
parietal & temporal lobes
↓ for aMCI in posterior cingulate

Ishii et al (2009)66 n = 42 MCI who converted to AD within
5 y

No ↓ for AD in right cingulate, left inferior lobe &
left temporal gyrus

HC – healthy controls (commonly but not always well matched for age, education). Comorbidities, i.e. hypertension, not always excluded or
controlled for, especially in earlier studies.

MCI – mild cognitive impairment, type not specified

aMCI – amnestic MCI

AD – Alzheimer’s disease, usually defined as 〈probable〉 AD, Most common criteria are those of the National Institute of Neurological and
Communicable Diseases and Stroke, Alzheimer’s Disease and Related Dementias Association (NINCDS-ADRDA)

CMRg – cerebral metabolic rate for glucose

VD – vascular dementia
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a
difference versus healthy controls
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TABLE 2

PET studies showing no difference (A) or lower (B) cerebral metabolic rate for glucose (CMRg) in the elderly
with no known cognitive impairment.

Reference n in each group with age (y) Atrophy correction CMRg (mg/100 g/min)

A: NO DIFFERENCE WITH AGE

Duara et al (1983)217 n = 21 men, 21–83 y No 4.3

De Leon et al (1984)218 n = 15, 26 y
n = 22, 67 y

No 3.8

Duara et al (1984)219 n = 40 men, 21–83 y No 4.6

Horowitz et al (1986)220 n = 15 men, 20–32 y
n = 15 men, 64–83 y

No 4.9

Schlageter et al (1987)69 n = 49 men, 21–83 y Yes 5.6

Ibanez et al (2004)68 n = 11 men, 22–24 y
n = 13 men, 55–82 y

Yes 9.5

Yanese et al (2005)221 n = 71 men, 68 women, 24–81 y Yes SUV values; CMRg not given

Kochunov et al (2009)222 n = 19 adults, 59–92 y Yes SUV values; CMRg not given

B: LOWER IN ELDERLY

Kety (1956)a, 223 n = 16, 10–92 y No 50% ↓ >70 y, versus 10–20 y old

Dastur et al (1963)224 n = 15 young men

n = 26 elderlyb men

No young = 6.0, elderly = 4.6 (23% ↓ in elderly)

Kuhl et al (1982)163 n = 40, 20–74 y old No young = 5.1, elderly = 3.9 (24% ↓ in elderly)

De Santi et al (1995)225 n = 40, 28 y
n = 31, 68 y

No 12–24% ↓ in frontal & temporal lobes for elderly

Loessner et al (1995)226 n = 64 men, 56 women, 19–79 y No ↓ in frontal lobes for elderly over 6th decade

Moeller et al (1996)227 n = 62 men, 68 women, 21–90 y
<50 y = young
>50 y = elderly

No 13% ↓ from 20 to 80 y; ↓ in medial frontal and
frontal operculum

Petit-Taboué et al (1998)205 n = 24, 20–67 y No 6% ↓ per decade in several cortical regions and
anterior thalamus

Bentourkia et al (2000)228 n = 10, 26 y
n = 10, 65 y

Yesc young = 7.3, elderly = 6.3 (13% ↓ for elderly)

Willis et al (2002)191 n = 38 men, 28 women, 20–69 y No young = 8.1, elderly = 6.9 (14% ↓ in elderly);
↓ in cingulate, frontal, temporal cortices from 20 to

60 y old

Kalpouzos et al (2009)204 n = 21 men, 24 women, 20–83 y Yes ↓ in frontal cortex for elderly

a
N2O method provided cerebral metabolic rate of oxygen (CMRO2)

b
inadequate information about criteria for state of health in elderly

c
no cerebral atrophy detected using MRI
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TABLE 3

PET studies showing lower cerebral metabolic rate for glucose (CMRg) in carriers of apolipoprotein E4.

Reference n in each group CMRg

Reiman et al (1996)138 n = 11 E4+ homozygous
n = 22 E4−

↓ in posterior cingulate, parietal, temporal, & prefrontal regions of E4+

Reiman et al (1998)140 n = 11 E4+ homozygous
n = 22 E4−

↓ in posterior cingulate, parietal, temporal, & prefrontal regions of E4+

De Leon et al (2001)229 n = 48 HC of whom
n = 12 → MCI, and n = 1 → AD

↓ in entorhinal cortex predicted conversion of HC to MCI
↓ in hippocampus and temporal cortex in MCI compared with HC at follow-up
↓ in temporal cortex of E4+

Mosconi et al (2004)230 n = 37 MCI
n = 16 E4+
n = 21 E4−, of whom
n = 8 → AD

↓ in inferior parietal cortex for converters to AD
↓ in temporoparietal & posterior cingulate cortex for E4+ further ↓ in anterior
cingulate & inferior frontal cortex for E4+ MCI converters

Reiman (2004)139 n = 12 E4+ heterozygous
n = 15 E4−

↓ in posterior cingulate, parietal, temporal, & prefrontal cortex for E4+
compared to HC

Reiman (2005)62 n = 78 E4−
n = 26 E4+ homozygous
n = 46 E4+ heterozygous

↓ in posterior cingulate, precuneaus, parietotemporal, & frontal regions;
negative correlations between CMRg & gene dose of E4+ allele

Rimajova et al (2008)231 n = 30 E4+ ↓ in anterior & posterior cingulate cortex, temporal association cortex for E4+

Langbaum et al (2009)232 n = 82 HC
n = 142 aMCI
n = 74 pAD

↓ in posterior cingulate, precuneaus, parietotemporal, frontal cortex
↓ in precuneaus and frontal cortex for HC who were E4+
↓ in lateral temporal cortex for aMCI who were E4+

AD – Alzheimer’s disease

aMCI – amnestic mild cognitive impairment

E4− – no apolipoprotein E4 allele

HC – healthy controls

pAD – probable Alzheimer’s disease

→ progressed to
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TABLE 4

PET studies showing lower cerebral metabolic rate of glucose (CMRg) in clinically asymptomatic subjects
with a family history of Alzheimer’s disease.

Reference n in each group CMRga

Kennedy et al (1995)233 n = 16 HC
n = 24 aFH-AD
n = 18 sFH-VD

14% ↓ in aFH-AD versus HC
34% ↓ in sFH-AD versus HC

Mosconi et al (2006)b, 234 n = 7 HC
n = 7 FH-AD

18% ↓ in inferior parietal lobe for FH-AD

Mosconi et al (2007)b, 45 n = 25 FH-AD
n = 8 pFH-AD
n = 16 mFH-AD

10–15% ↓ in mFH-AD compared with other groups

Mosconi et al (2009)64 n = 37 FH-AD
n = 9 pFH-AD
n = 20 mFH-AD

↓ in mFH-AD compared with other groups

HC – healthy controls

AD – Alzheimer’s disease, usually defined as 〈probable〉 AD, and most commonly by National Institute of Neurological and Communicable
Diseases and Stroke, Alzheimer’s Disease and Related Dementias Association (NINCDS-ADRDA) criteria

FH-AD – family history of AD and, on average, mean of 13 y pre-symptomatic

aFH-AD – asymptomatic FH-AD

sFH-AD symptomatic FH-AD

pFH-AD – paternal family history of AD but cognitively normal

mFH-AD – maternal family history of AD but cognitively normal

a
difference versus healthy controls

b
corrected for brain atrophy
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