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 “The most erroneous stories are those we think we know best – and therefore never 

scrutinize or question.” 

Stephen Jay Gould 



SUMMARY 

Brain energy metabolism in older adults:  

Implications for the risk of age-related cognitive decline 

 

By 

Scott Nugent 

Doctorate program in Physiology  

 

Thesis presented to the Faculty of Medicine and Health Sciences in partial fulfillment of the 

requirements for the philosophiae doctor (Ph.D.) degree in Physiology, Faculty of 

Medicine and Health Sciences, University of Sherbrooke, Sherbrooke, Quebec, Canada, 

J1H 5N4. 

 

Normal aging is accompanied by several metabolic and structural changes in the brain and 

a heightened risk of cognitive decline. These brain changes may increase the chances of 

later developing Alzheimer’s disease. The first major objective of the present work was to 

quantify, through positron emission tomography (PET) and volumetric magnetic resonance 

(MR) imaging techniques, the effects of normal aging on brain metabolism and structure. 

Our results indicate that brain glucose hypometabolism can be present in older individuals 

who remain cognitively normal. Cognitive status was assessed using age-normalised 

neuropsychological tests. Brain glucose hypometabolism was quite specific and affected 

primarily the prefrontal cortex and the caudate nucleus. Due to the high variation in plasma 

ketones, brain ketone hypometabolism per se was not present in older persons (≥65 years 

old). However, a lower rate constant for brain ketone uptake was fairly widespread in our 

healthy older group. Lower regional brain volume during normal aging was widespread 

throughout the cortex and was more apparent than cortical thickness loss. The second major 

objective was to characterize brain ketone and glucose metabolism in the context of mild 

Alzheimer’s disease. Glucose hypometabolism in Alzheimer’s disease was present in the 

temporoparietal cortex when compared with cognitively normal older adults. However, no 

significant differences in brain ketone metabolism or rate constant were found between the 

two groups. Alternative energy sources to glucose may therefore be beneficial to the 

Alzheimer’s disease brain, at least early in the disease process, in order to maintain 

neuronal capacity and limit synaptic loss and decline in memory and cognition. 

 

Keywords : brain metabolism, glucose, ketones, aging, positron emission tomography, 

nuclear magnetic resonance spectroscopy  
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RÉSUMÉ 

Métabolisme énergétique du cerveau chez les personnes âgées :  

implications pour le risque de déclin cognitif lié au vieillissement 

 

Par 

Scott Nugent 

Programme de doctorat en physiologie 

 

Thèse présentée à la Faculté de médecine et des sciences de la santé en vue de l’obtention 

du diplôme de philosophiae doctor (Ph.D.) en physiologie, Faculté de médecine et des 

sciences de la santé, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4. 

 

Au cours du vieillissement normal, le cerveau va subir plusieurs changements métaboliques 

et structuraux qui vont accroitre le risque de déclin cognitif et du fait même augmenter le 

risque de développer la maladie d’Alzheimer. Les objectifs du présent travail étaient de : 1) 

quantifier l’effet du vieillissement normal sur la structure et le métabolisme du cerveau, 

grâce aux techniques d’imagerie tomographie par émission de positons et l’imagerie par 

résonance magnétique ; 2) caractériser le métabolisme cérébral des deux substrats 

énergétiques du cerveau, le  glucose et les cétones, dans un contexte de la maladie 

d’Alzheimer. Nos résultats indiquent qu’un hypométabolisme du glucose est présent chez 

des personnes âgées (65 ans et plus) qui démontrent pourtant une cognition normale. Cette 

diminution du métabolisme cérébral du glucose est observée spécifiquement au niveau des 

régions du cortex préfrontal et du noyau caudé. Du fait d’une grande variabilité au niveau 

des concentrations plasmatiques en cétones, aucune diminution du métabolisme des cétones 

n’a été constatée chez les personnes âgées. En revanche, la constante de transfert des 

cétones au cerveau était globalement diminuée. En ce qui concerne l’atrophie cérébrale au 

cours du vieillissement normal, nous avons observé qu’elle était globale, qu’elle concerne 

l’ensemble du cerveau et qu’elle était plus marquée que la diminution de l’épaisseur 

corticale. En comparant des personnes âgées en bonne santé à des personnes ayant la 

maladie d’Alzheimer, nous avons également confirmé que chez ces dernières, le 

métabolisme du glucose est diminué spécifiquement au niveau du cortex temporopariétal. 

Cependant, aucune différence entre les deux groupes de personnes n’a été observée en ce 

qui concerne le métabolisme cérébral des cétones. Ainsi en fournissant des substrats 

énergétiques autres que le glucose, il serait donc possible de maintenir les capacités 

neuronales, limiter la perte synaptique et ralentir le déclin cognitif. Ceci pourrait constituer 

une stratégie prometteuse dans la prévention et  le traitement complémentaire au début de la 

maladie d’Alzheimer. 

 

Mots clés : métabolisme cérébral, glucose, cétones, tomographie par émission de positons, 

spectroscopie par résonance magnétique nucléaire 



TABLE OF CONTENTS 

SUMMARY ........................................................................................................................ III 

RÉSUMÉ ............................................................................................................................ IV 

TABLE OF CONTENTS .................................................................................................... V 

LIST OF FIGURES .......................................................................................................... VII 

LIST OF TABLES .......................................................................................................... VIII 

LIST OF ABBREVIATIONS .............................................................................................. 1 

1. OVERVIEW ...................................................................................................................... 3 

2. BACKGROUND AND LITERATURE REVIEW ........................................................ 6 

2.1 THE HUMAN BRAIN .................................................................................................................. 6 

2.1.1 The brain’s high use of energy ........................................................................................................... 6 

2.1.2 Energy required for cellular signaling ............................................................................................ 9 

2.1.3 Glucose is the principal source of energy for the brain ........................................................ 12 

2.1.4 Ketones are an important alternative source of energy for the brain ........................... 16 

2.2 NEUROIMAGING ..................................................................................................................... 25 

2.2.1 Magnetic resonance (MR) imaging ............................................................................................... 25 

2.2.2 Positron emission tomography (PET) ......................................................................................... 26 

2.3 AGING RELATED CHANGES IN BRAIN STRUCTURE AND METABOLISM ............................... 44 

2.3.1 Structure .................................................................................................................................................. 44 

2.3.2 Brain energy/fuel metabolism ....................................................................................................... 47 

2.4 COGNITIVE TESTING ............................................................................................................. 53 

3. RATIONALE .................................................................................................................. 54 

4. HYPOTHESES/OBJECTIVES ..................................................................................... 56 

MANUSCRIPT #1 .......................................................................................................................... 56 

Hypothesis ......................................................................................................................................................... 56 

Objectives ........................................................................................................................................................... 56 

Rationale ............................................................................................................................................................. 56 

MANUSCRIPT #2 .......................................................................................................................... 56 

Hypothesis ......................................................................................................................................................... 56 

Objectives ........................................................................................................................................................... 57 

Rationale ............................................................................................................................................................. 57 

MANUSCRIPT #3 .......................................................................................................................... 57 

Hypothesis ......................................................................................................................................................... 57 



 

 

vi 

vi 

Objectives ........................................................................................................................................................... 57 

Rationale ............................................................................................................................................................. 57 

5. MANUSCRIPT #1 .......................................................................................................... 59 

6. MANUSCRIPT #2 .......................................................................................................... 90 

7. MANUSCRIPT #3 ........................................................................................................ 123 

8. DISCUSSION ................................................................................................................ 153 

8.1 BRAIN ATROPHY .................................................................................................................. 153 

8.2 BRAIN ENERGY METABOLISM IN AGING ............................................................................. 156 

8.2.1 Brain glucose metabolism .............................................................................................................. 156 

8.2.2 Brain acetoacetate metabolism .................................................................................................... 162 

8.3 RELATIONSHIP BETWEEN BRAIN GLUCOSE AND KETONE UPTAKE .................................. 165 

8.3.1 Acetoacetate index (AI) ................................................................................................................... 167 

8.4 THE FATE OF GLUCOSE ....................................................................................................... 168 

8.4.1 The prefrontal cortex ....................................................................................................................... 170 

8.4.2 Neural and glial density in the prefrontal cortex .................................................................. 171 

8.4.3 Resistance from oxidative stress ................................................................................................. 173 

8. 5 CORRELATIONS BETWEEN PLASMA PARAMETERS AND BRAIN FUEL METABOLISM ....... 174 

8.6 INFLUENCE OF SYNAPTIC DENSITY LOSS............................................................................ 174 

8.7 KETONE SUPPLEMENTATION .............................................................................................. 177 

8.8 METABOLIC PHENOTYPE OF THE COGNITIVELY HEALTHY ELDERLY ............................. 180 

8.9 CONCLUSIONS ...................................................................................................................... 180 

8.10 LIMITATIONS ..................................................................................................................... 181 

8.11 FUTURE DIRECTIONS ......................................................................................................... 181 

9. ACKNOWLEDGEMENTS ......................................................................................... 183 

10. REFERENCES............................................................................................................ 185 

 



LIST OF FIGURES 

Figure 1 : Layers of the cerebral cortex ............................................................................. 8 

Figure 2 : The glutamate-glutamine cycle ........................................................................ 11 

Figure 3 : Energy requirements cortical signalling ......................................................... 12 

Figure 4 : Ketone levels during extended fasting ............................................................. 18 

Figure 5 : Linear relationship between plasma ketone levels and brain uptake .......... 20 

Figure 6 : Ketogenesis ........................................................................................................ 22 

Figure 7 : Ketone pathways ............................................................................................... 23 

Figure 8 : Push and pull strategy ...................................................................................... 25 

Figure 9 : Partial volume effects ........................................................................................ 29 

Figure 10 : 
11

C-AcAc preparation ..................................................................................... 32 

Figure 11 : CMRg onto CMRO2 ........................................................................................ 39 

Figure 12 : Glycolytic index ............................................................................................... 41 

Figure 13 : Acetoacetate index ........................................................................................... 44 

Figure 14 : Glucose hypometabolism during aging ......................................................... 50 

Figure 15 : Brain regions ................................................................................................. 154 

Figure 16 : Percent difference correlation ...................................................................... 155 

Figure 17 : Patlak plot ...................................................................................................... 164 

Figure 18 : Fate of brain glucose ..................................................................................... 169 

 



LIST OF TABLES 

Table 1: Brain metabolism ................................................................................................. 27 

Table 2: Correlations between metabolic parameters .................................................... 40 

Table 3: Brain glucose hypometabolism, 
18

F-FDG PET aging studies ........................ 157 

Table 4: Ratio of regional CMRa over global CMRa ................................................... 166 



LIST OF ABBREVIATIONS 

 

11
C-AcAc 

11
C-PIB 

14
C-DG 

18
F-FDG 

ADNI 

AcAc 

ADAS-Cog 

ATP 

A-V 

β-Hb 

BA 

CBF 

CDR 

CMRg 

CMRa 

CSF 

DMN 

FDR 

FFA 

FWHM 

GTM 

GLUT 

HC 

HIF-1 

MCT 

MNI 

MR 

NADH 

1-[
11

C]acetoacetate  

[N-methyl-
11

C]2-(4'-methylaminophenyl)-6-hydroxybenzothiazole 

2-deoxy-D-[
14

C]glucose 

2-deoxy-2-[
18

F]fluoro-D-glucose 

Alzheimer's Disease Neuroimaging Initiative 

Acetoacetate 

Alzheimer’s Disease Assessment Scale-Cognitive Subscale 

Adenosine triphosphate 

Arteriovenous 

Beta-hydroxybutyrate 

Brodmann’s area 

Cerebral blood flow 

Clinical Dementia Rating 

Cerebral metabolic rate of glucose 

Cerebral metabolic rate of acetoacetate 

Cerebrospinal fluid 

Default mode network 

False discovery rate 

Free fatty acids 

Full width at half-maximum 

Geometric transfer matrix 

Glucose transporter 

Healthy controls 

Hypoxia-inducible factor 1 

Monocarboxylate transporter 

Montreal Neurological Institute 

Magnetic resonance 

Nicotinamide adenine dinucleotide 



 

 

2 

2 

NADPH 

NMR 

PET 

PVE 

PPP 

SPM 

ROI 

ROS 

Nicotinamide adenine dinucleotide phosphate 

Nuclear magnetic resonance 

Positron emission tomography 

Partial volume effect 

Pentose phosphate pathway 

Statistical parametric mapping 

Region of interest 

Reactive oxygen species 

 



 

 

3 

3 

1. OVERVIEW 

Aging is accompanied by several metabolic and structural changes in the brain as well as a 

heightened risk of decline in cognitive function. The structural changes in the brain 

typically involve decreases in regional volume and cortical thickness which are thought to 

be the result of neuronal and synaptic loss. The uptake and metabolism of the principal 

energetic substrate used by the brain, glucose, is also adversely affected. Several studies 

indicate that these structural and metabolic changes are taking place during what is 

considered ‘cognitively normal’ aging. These aging-related changes in the brain are 

generally not debilitating and do not significantly affect an individual’s quality of life. It is 

important to be able to distinguish between the normal physiological aging process and the 

pathological aging process; only the latter involves rapidly deteriorating brain function and 

leads to dementia. Quantification of the degree of hypometabolism will more easily allow 

the distinction of the normal aging process from the pathogenic aging process which 

progresses to late onset Alzheimer’s disease.  

Alzheimer’s disease has been extensively studied since its discovery by Alois Alzheimer in 

1907 (Alzheimer, 1907). The disease is characterized by a progressive decline in episodic 

memory function which is often followed by a decline in verbal fluency, attention and 

visuospatial function. Disease progression often leads to the onset of depression, increased 

anxiety and problems with activities of daily living, which eventually become self-

debilitating (Scheff et al., 2014). Aging is the primary risk factor for Alzheimer’s disease, 

which is the most prevalent form of dementia. With an increasing life expectancy and aging 

populations worldwide, Alzheimer’s disease is becoming a substantial public health 

concern. The disease affects approximately 10% of individuals over 65 years of age, with 

the prevalence doubling every 5 years. Approximately half of individuals over the age of 

85% are affected (Kukull et al., 2002). To date, no therapy has been able to reverse 

symptoms or even halt the underlying disease process. With the failure of the latest 

therapeutic strategies, many researchers have suggested the need to target, at the earliest 

stage possible, individuals who are the most at risk of developing Alzheimer’s disease 

using both chemical and neuroimaging biomarkers. Commonly studied biomarkers include 
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amyloid-β and tau concentrations in cerebral spinal fluid, as well as amyloid-β and glucose 

accumulation in the brain, and atrophy. Currently, once an individual has received a 

diagnosis of Alzheimer’s disease the underlying processes are already well underway. 

Although imaging techniques have shown great promise in the early detection of 

Alzheimer’s disease, there is still a lack of standardized diagnostic tests (Mosconi, 2013). 

This greatly inhibits the potential for an accurate and early diagnosis. 

Neuroimaging studies have suggested that the metabolism of the brain’s principal energy 

substrate, glucose, is decreased in specific regions in individuals at genetic or increased 

lifestyle risk of developing Alzheimer’s disease. Glucose hypometabolism can be present 

well before any measurable declines in cognition are found (Baker et al., 2011; Cunnane et 

al., 2011; Mosconi et al., 2006; Reiman et al., 1996; Reiman et al., 1998; Scholl et al., 

2011). Although considerable research has focused on brain glucose uptake, very little has 

studied the main back-up fuel used by the brain, ketones. Ketones are an important source 

of fuel for the brain when concentrations of glucose decrease in the blood between meals. 

They are also particularly important for infant development and in adults during periods of 

fasting and during prolonged exercise. 

The principal aim of the present work was to quantify, through neuroimaging techniques, 

the effects of normal aging on brain metabolism and structure. Secondary aims included the 

characterization of the brain’s metabolism of ketones and glucose, in the context of mild 

Alzheimer’s disease. The first two manuscripts, for which I am the first author, study the 

effects of aging on brain glucose and ketone metabolism. The third manuscript, for which I 

am the second author, studied brain glucose and ketone metabolism in the context of mild 

Alzheimer’s disease.    

The typical hypometabolic pattern in Alzheimer’s disease involves the temporoparietal and 

posterior cingulate cortex early in the disease, with later progression to the frontal cortex. 

The quantification of brain glucose and ketone metabolism during normal aging and at an 

early stage of Alzheimer’s disease may serve as a basis for differentiating what is normal 

from what is pathogenic brain aging. It may also provide some insight into therapeutic 
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strategies that could potentially be employed to reduce the risk of cognitive decline with 

age by correcting, or bypassing brain glucose hypometabolism (Cunnane et al., 2011). 

This thesis will begin by discussing brain energy requirements in general and then focus on 

the two sources of brain energy, glucose and ketones. Attention will then shift to the 

development of neuroimaging techniques and their use in calculating brain glucose and 

ketone metabolism during normal aging and in Alzheimer’s disease. The functional and 

anatomical changes in the brain associated with normal aging and Alzheimer’s disease will 

also be discussed. Next, the three manuscripts will be presented. Finally, conclusions and 

discussion will be based on results from the three manuscripts.   
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2. BACKGROUND AND LITERATURE REVIEW 

2.1 The human brain 

Neuronal signalling is necessary to allow proper functioning of the brain as it results in 

sensory perception, motor movement, conscious thought, reasoning and language (Lui et 

al., 2011). Though the lobes of the brain are highly interconnected they may still be 

associated with specific functionality. Common functions of the frontal lobe include 

attention control, problem solving, working memory and emotion regulation. The temporal 

lobe deals mainly with auditory and visual memories as well as language. The parietal lobe 

is involved in somatosensation and spatial cognition. Finally, the occipital lobe deals 

exclusively with visual information (Ribas, 2010).   

2.1.1 The brain’s high use of energy 

Though the adult human brain comprises just 2 percent of the body’s weight, it consumes 

about 23 percent of the body’s overall resting energy requirements, mainly in the form of 

glucose (Holliday, 1971; Kety, 1957; Sokoloff, 1960b). Considerable energy is required to 

sustain the cells that make up the human brain. Recent studies estimate there are 86 billion 

neurons and an equal number of supportive glial cells in the human brain (Herculano-

Houzel, 2009; Herculano-Houzel, 2012; Lui et al., 2011). Many papers still cite the 

traditional 100 billion neurons with a ratio of glial to neuronal cells of 10:1 (Doetsch, 2003; 

Nishiyama et al., 2005; Noctor et al., 2007; Ullian et al., 2001). In contrast to peripheral 

tissues the brain lacks the cellular mechanisms necessary to produce glucose or store 

energy in any significant amount, such as from fat or glycogen. Neurons depend almost 

entirely on glucose uptake, from blood, for the production of adenosine triphosphate (ATP) 

(Attwell and Laughlin, 2001). This makes it necessary for energy to be continuously 

produced peripherally and transported into the brain in order to maintain neuronal activity. 

Consequently, the brain is extremely sensitive to decreases in energy availability, such as 

during anoxia or ischemia (Khatri and Man, 2013).  
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Neurons have the ability to communicate with each other. A neuron receives inputs at its 

postsynaptic dendrites. Electrical action potentials then propagate along the axon and 

stimulate the liberation of neurotransmitters from presynaptic terminal buttons for chemical 

communication with the dendrites of an adjoining neuron.  

There are several different types of neurons which are commonly differentiated based on 

their appearance. More common neurons include pyramidal neurons which have a 

triangular shaped soma and project relatively long distances (Shipp, 2007). They are the 

most numerous excitatory neuron in the brain and utilize the neurotransmitter glutamate. 

Pyramidal neurons are believed to play an important role in cognition. Deficits in their 

function appear to be involved in neurodegenerative diseases (Mosconi, 2013). Next in 

abundance, interneurons, project more locally than pyramidal neurons, as they do not enter 

white matter. They are also typically inhibitory and utilize the neurotransmitter, gamma-

aminobutyric acid (Shipp, 2007). Other neurons commonly found in the brain include 

sensory and motor neurons. 

The cerebral cortex is also divided into several layers that are used to differentiate different 

brain regions based on cytoarchitecture (Figure 1). Information is processed and distributed 

to other regions as it passes from one layer to the next. Specific types of neurons are more 

commonly present in each layer (Shipp, 2007).  

1. Layer one, the outermost layer, consists mainly of incoming axons from either other 

regions of the cortex, the thalamus or upper internal layers of the cortex (Shipp, 

2007).  

2. Layer two, the external granular layer, is comprised of small pyramidal and stellate 

cells which are star shaped neurons and may be inhibitory or excitatory.  

3. Layer three, the external pyramidal layer, contains pyramidal neurons arranged in a 

horizontal formation that allows communication with the adjacent cortex.  

4. Layer four contains many stellate cells and horizontally arranged nerve fibers.  

5. Layer five contains less dense pyramidal cells that are larger than those in the 

external pyramidal layer. This layer projects to many regions of the brain with 

efferent neurons.  
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6. Layer six contains irregular fusiform cells.  All axons pass through this layer and 

enter the white matter to connect with other regions of the brain (Shipp, 2007).  

 

Figure 1 : Layers of the cerebral cortex 

Illustration of the layers of the cerebral cortex and the afferent and efferent pathways. The 

average thickness brain’s cortex is 2.5mm. Reprinted from Henry Gray, Anatomy of the 

Human Body , 20th U.S. edition (1918), public domain. 
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2.1.2 Energy required for cellular signaling 

Neurons are chemically and electrically excitable which requires them to continually 

maintain voltage gradients across their membranes in order to participate in proper 

communication. In vitro and in vivo studies have indicated that the majority of glucose 

consumed by the brain is used to maintain excitatory glutamate neurotransmission. 

Glutamate is the brain’s most common neurotransmitter. Excitatory neurons outnumber 

inhibitory neurons by a factor of 9 to 1 (Attwell and Iadecola, 2002; Shulman et al., 2004). 

Glucose uptake has been shown to be approximately equal to the rate at which glutamate is 

converted to glutamine in the brain (Sibson et al., 1998). Based on data from rodents, 

Attwell and Laughlin (2001) estimated the specific energy requirements of each of the 

distinct processes involved in glutamate neurotransmission. These include energy used for 

action potential propagation, Ca
2+

 mediated release of glutamate vesicles from the pre-

synapse, the restoration of ionic gradients in postsynaptic neurons following glutamate 

receptor binding, and the recycling of synaptic glutamate through astrocytes. Rates of ATP 

use is estimated to vary between 8.2 × 10
9
 and 1.3 × 10

8
 molecules per second for various 

types of neurons (Howarth et al., 2012).  

2.1.2.1 Energy needed for action potentials 

Action potentials are the result of ion movements along the length of the axon. This process 

requires activation of Na
+
/K

+
 pumps in order to restore ionic gradients. Recent studies have 

revealed that the propagation of action potentials is much more efficient than previously 

thought (Alle et al., 2009; Carter and Bean, 2009; Sengupta et al., 2010). It is estimated that 

3.1 × 10
8
 Na

+
 ions are required for the propagation of a single action potential through a 

neuron (Howarth et al., 2012). Following the propagation of an action potential, 

intracellular  Na
+
 is pumped back out of the cell which requires an estimated 3.8 × 10

8
 ATP 

(Attwell and Laughlin, 2001).  

2.1.2.2 Presynaptic Ca
2+

 vesicle release 

The arrival of an action potential at the presynaptic dendrites triggers the opening of 

voltage gated Ca
2+

 channels and entry of Ca
2+

 into the presynaptic cytosol. The influx of 



 

 

10 

10 

calcium launches a biochemical cascade that causes vesicles to fuse with the presynaptic 

membrane and release glutamate into the synapse. The mechanism responsible for pumping 

out calcium that entered the cytosol is estimated to consume 12,000 ATP per vesicle 

released (Attwell and Laughlin, 2001).  

2.1.2.3 Postsynaptic actions of glutamate 

Energy is required for the restoration of ion gradients invoked by the activation of receptors 

by glutamate. Glutamatergic receptors include AMPA, N-methyl-d-aspartate (NMDA) and 

Kainate receptors. The postsynaptic effects on glutamatergic receptors following the release 

of one vesicle of glutamate requires approximately 140,000 ATP molecules for each vesicle 

(Attwell and Laughlin, 2001). AMPA and Kainate receptors both function as cation 

channels permeable to Na
+
 and mediate fast excitatory synaptic transmission. NMDA 

receptors are more permeable to Ca
2+

 and mediate longer lasting excitatory synaptic 

transmission. 

2.1.2.4 Glutamate recycling 

The process of glutamate recycling involves the uptake of glutamate from the synapse by 

astrocytes (Figure 2). Glutamate is then converted to glutamine which is then transported 

back into neurons, along with its concomitant transformation into α-ketoglutarate and 

aspartate. This process is estimated to consume an estimated 11,000 ATPs per glutamate 

vesicle (Attwell and Laughlin, 2001). 
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Figure 2 : The glutamate-glutamine cycle 

Illustration of glutamate recycling of via glutamine by astrocytes and the subsequent 

reuptake by neurons. Glu (Glutamate), Gln (Glutamine), EAAT (Excitatory amino acid 

transporter), GS (Glutamine synthase), GDH (Glutamate dehydrogenase), AAT (aspartate 

aminotransferase), PAG (phosphate-activated glutaminase). “The glutamate-glutamine 

cycle” by (Stobart and Anderson, 2013) is licensed under CC BY 3.0. 

Estimates of energy use in the cerebral cortex have been calculated based on these findings 

(Figure 3). Synaptic transmission includes the restoration of ion gradients invoked by the 

activation of postsynaptic receptors by glutamate (50%), Ca
2+ 

mediated
 

presynaptic 

neurotransmitter release (5%) and glutamate recycling (4%). Action potential propagation 

consumes an estimated 21% while the maintenance of resting potentials requires 20% 

(Howarth et al., 2012). Therefore, the majority of energy in the cerebral cortex is used for 

synaptic transmission, totalling 59%. Another energy demanding process, not directly 

related to cellular signalling, is brain phospholipid metabolism. This process is thought to 

consume up to 20% of total ATP consumption by the brain (Purdon et al., 2002). 
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Figure 3 : Energy requirements cortical signalling 

Estimated energetic requirements of cortical signalling. Synaptic transmission includes the 

processes of postsynaptic glutamate receptor activation (50%), presynaptic neurotransmitter 

release (5%), and glutamate recycling (4%). Action potential propagation (21%), and 

maintenance of resting potentials (20%) comprise the remaining energy requirements. 

Adapted by permission from Macmillan Publishers Ltd: Journal of Cerebral Blood Flow & 

Metabolism (Howarth et al., 2012), Copyright (2012). 

Glucose consumption during neuronal activation also involves astrocytes. Astrocytes are 

localized in close proximity to neurons, often found wrapping around the synaptic cleft 

(Khatri and Man, 2013). It has been suggested that during synaptic transmission astrocytes 

sense neuronal activation and stimulate astrocytic glucose uptake (Khatri and Man, 2013). 

Some researchers have also proposed that glucose is taken up by astrocytes, converted into 

lactate, and released into the cytosol to be taken by neurons and used for ATP generation 

(Magistretti and Pellerin, 1999).  

2.1.3 Glucose is the principal source of energy for the brain 

Glucose (C6H12O6) is the principal energetic substrate used by the brain. Its metabolism 

generally involves glycolysis, followed by entry into the Krebs’ cycle and associated 

oxidative phosphorylation. The result of these enzymatic reactions is the production of 38 
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molecules of ATP from the complete oxidation of one molecule of glucose to carbon 

dioxide  and water, according to the following equation (Shulman et al., 2001). 

Formula 1: 

                                           

2.1.3.1 Transport of glucose 

Glucose is a highly hydrophilic molecule that requires specific transporters to cross the 

blood brain barrier and enter cells. Three transporters are primarily expressed in specific 

cell types (Maher et al., 1994). Two forms of GLUT1 with molecular weights of 55 and 45 

kDa are widely prevalent in the brain. The 55 kDa form is expressed exclusively in 

endothelial cells and the 45 kDa form is found in astrocytes (Morgello et al., 1995). GLUT3 

is responsible for the transport of glucose into neurons (Maher and Simpson, 1994). Apart 

from these three main transporters in the brain, other glucose transporters have been 

described. The GLUT5 transporter is localized in microglial cells which are involved in 

immune and inflammatory responses of the nervous system, though they have a lower 

affinity for glucose (Maher et al., 1994; Simpson et al., 2007). GLUT2 is selectively 

localized in astrocytes and participates in the central regulation of feeding behavior and 

insulin release. The insulin-dependent glucose transporter, GLUT4, is localized in 

endothelial cells, but in relatively lower concentrations (McCall et al., 1997). All GLUTs 

involve energy-independent transport which establishes an equilibrium in glucose 

concentrations across membranes and not an accumulation of glucose inside cells (Simpson 

et al., 2007). The transporters are also bidirectional, allowing for transport in and back out 

of cells (Simpson et al., 2007). Higher metabolic activity in neurons has the effect of 

pulling glucose into the cell due to decreased intracellular glucose concentrations. A 

buildup of glucose-6-phosphate inside the cell has a negative feedback effect on 

hexokinase. This inhibits the conversion of glucose into glucose-6-phosphate which stops 

the entry of additional glucose into the cell.  
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2.1.3.2 Glycogen storage in the brain 

Glycogen serves as the main storage form of glucose in the body. In humans, glycogen is 

made and stored primarily in liver cells and muscles. Glycogen is present in the brain in 

much lower concentrations (Brown and Ransom, 2007). Muscle glycogen is converted into 

glucose and metabolized by muscle cells. Liver glycogen gets converted to glucose for use 

throughout the body, including the brain. The concentration of adult brain glycogen is 

between 0.5 and 1.5 µmoles per gram of brain tissue and is found predominantly in 

astrocytes (Saez et al., 2014). This suggests, that in the absence of glucose, brain glycogen 

would be completely consumed in a few minutes (Brown and Ransom, 2007). Glycogen 

appears to play an important role in promoting neuronal survival during periods of hypoxia 

(Saez et al., 2014). Brain glycogen also accumulates during sleep while sleep deprivation 

causes brain glycogen to decrease (Brown, 2004). 

2.1.3.3 Glycolysis 

Glycolysis is the process via which glucose gets converted into pyruvate. One molecule of 

glucose is converted into two molecules of pyruvate and results in the production of two 

molecules of ATP. After the transport of glucose into the brain, under anaerobic conditions, 

it is converted to lactate via the enzyme lactate dehydrogenase. Even under aerobic 

conditions some lactate production is necessary in order to allow the regeneration of 

nicotinamide adenine dinucleotide (NAD
+
). NAD

+ 
is essential for the conversion of 

glyceraldehyde 3-phosphate to 1, 3-bisphosphoglycerate (Magistretti et al., 1999). The final 

product of glycolysis is lactate instead of pyruvate if the rate of production of pyruvate 

from glycolysis surpasses the oxidation of pyruvate by the Krebs’ cycle. Glucose is 

converted to pyruvate according to the following equation:  

Formula 2: 

         [   ]   [   ]   [ ] 

           [    ]       [   ]      
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During the first step of glycolysis, in the cytosol, glucose is phosphorylated by hexokinase 

to form glucose-6-phosphate. This reaction is important because it maintains a low 

concentration of glucose within the cell and promotes the continuous transport of glucose 

into the cell. It also prevents glucose from leaving the cell due to the absence of glucose-6-

phosphate transporters in the brain. Glucose-6-phosphatase is necessary for the conversion 

of glucose-6-phosphate into glucose. This enzyme is present in the liver and kidneys, but is 

absent in the brain. The rate-limiting step of glycolysis is the conversion of fructose-6-

phosphate to fructose-1,6-bisphosphate which is catalyzed by the enzyme 

phosphofructokinase. Next, the conversion of 1,3-bisphosphoglycerate to 3-phospho-

glycerate is another important regulatory step. If the cell has sufficient ATP and little ADP, 

this reaction will not take place. After several intermediate steps, phosphoenolpyruvate is 

phosphorylated by the enzyme pyruvate kinase to produce pyruvate, which can then enter 

the mitochondria and undergo further enzymatic degradation under oxidative 

phosphorylation or be converted to lactate (Magistretti and Pellerin, 1999). Glycolysis has 

been shown to be primarily astrocytic, whereas oxidation is principally neuronal (Hyder et 

al., 2006; Pellerin and Magistretti, 1994).  

2.1.3.4 Krebs’ cycle and oxidative phosphorylation 

Under aerobic conditions pyruvate can be decarboxylated by the enzyme pyruvate 

dehydrogenase (PDH) for entry into the Krebs’ cycle. This reaction produces acetyl 

coenzyme A (acetyl-CoA) and releases carbon dioxide. Acetyl-CoA condenses with 

oxaloacetate to produce citrate. An excess of citrate inhibits phosphofructokinase activity 

resulting in a decrease in glycolysis and the production of pyruvate. During this series of 

reactions, each acetyl group is oxidized to form two molecules of carbon dioxide. The 

energy released is transferred to four electron carrier molecules that form the electron 

transport chain (Sokoloff and Clarke, 1999). Three pairs of electrons are transferred to 

NAD
+
 to produce NADH. Another pair of electrons is transferred to the flavin adenine 

dinucleotide (FAD
+
) to produce its reduced form FADH2.  

Oxidative phosphorylation is the process by which high amounts of ATP are produced by 

cells. NADH and FADH2 products enter the inner mitochondrial membrane where they are 
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re-oxidized, with NADH being converted to NAD
+
 and FADH2 to FAD

+
. The result is the 

production of electrons that pass through four complexes embedded in the inner 

mitochondrial membrane which make up the electron transport chain (Sokoloff and Clarke, 

1999). These complexes are NADH dehydrogenase (Complex I), succinate dehydrogenase 

(Complex II), cytochrome bc1 complex (Complex III), and cytochrome c oxidase (COX, 

Complex IV). Complexes I, III, and IV are proton pumps that, while transferring electrons 

down the electron transport chain, move H
+
 across the mitochondrial inner membrane 

against the concentration gradient. This produces a proton gradient which is used by F0F1-

ATP-synthase (Complex V) to produce ATP via oxidative phosphorylation of ADP to ATP 

(Sokoloff and Clarke, 1999). Oxidative phosphorylation is essential to the maintenance of 

cellular homeostasis and function. 

2.1.3.5 Non-oxidative glucose consumption 

Aerobic metabolism is much more efficient than anaerobic metabolism. Many studies have 

observed that glucose metabolism does not pass entirely through oxidative phosphorylation, 

even under aerobic conditions. This non-oxidative glucose consumption process is often 

referred to as the “Warburg effect.” It is based on research conducted in oncology which 

showed the importance of aerobic glycolysis in highly proliferating cells (Warburg et al., 

1927). Malignant, rapidly growing tumor cells typically had glycolytic rates up to 200 

times higher than normal tissues despite oxygen being plentiful. Cancer cells were 

predominantly producing energy via glycolysis (2 ATP), followed by lactic acid 

fermentation in the cytosol, rather than by glycolysis followed by oxidation of pyruvate in 

mitochondria (36 ATP). More recent studies estimate that 12 to 15% of brain glucose 

metabolized is non-oxidative (Powers et al., 2007; Raichle et al., 1970). Because of the 

efficiency of oxidation (at least 15 times more ATP yield than glycolysis), more than 99% 

of the ATP production in resting tissue is still produced by glucose oxidation (Fox et al., 

1988).  

2.1.4 Ketones are an important alternative source of energy for the brain 

Glucose is the principal fuel used by the brain and the two ketones, acetoacetate (AcAc) 

and beta-hydroxybutyrate (β-Hb), are the main alternative fuels. Ketones are produced from 
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free fatty acids (FFA) stored in adipose tissue. In comparison to glucose, ketones have 

received much less attention. Owen et al. (1967) performed a key study which 

demonstrated that ketones were an important energy substrate for the brain. Previous 

studies had only pointed to glucose as being the significant energetic substrate used by the 

brain. Owen et al. (1967) were perplexed by the ability of humans to be able to fast for 

extended periods of time. The authors designed a study in which three obese participants 

underwent an extended period of fasting which averaged forty days. During this time the 

participants were only permitted to consume one multivitamin capsule and 1500 ml of 

water each day. The authors used the arteriovenous (A-V) difference technique (Kety and 

Schmidt, 1948) in order to evaluate the production and use of metabolites by the brain. A 

catheter was introduced into the brachial artery which was then passed into the aortic root. 

Another catheter was introduced into the internal jugular bulb and hepatic vein. Blood 

samples were then drawn simultaneously from venous and arterial catheters and measured 

for oxygen and carbon dioxide content, as well as metabolic substrate concentrations. A 

negative A-V difference indicates substrate production while a positive value indicates 

substrate metabolism by the brain. Brain glucose use in participants at baseline was 0.53 

mM (Owen et al., 1967). Glucose use by the brain was significantly lower after forty days, 

at 0.26 mM. Following fasting, there was a production of both lactate and pyruvate by the 

brain, corresponding to A-V differences of -0.20 and -0.029 mM respectively. After taking 

into account the amount of glucose being converted to lactate and pyruvate there remains 

0.145 mM , which can be converted to ATP. Glucose forms two molecules of lactate and 

pyruvate each, for this reason the equation is divided by two. 

Formula 3: 

        
                  

 
  

If cerebral blood flow (CBF) is known, the cerebral metabolic rate (CMR) can be 

calculated per unit time and normalized for brain volume according to Formula 4 (Gottstein 

et al., 1971; Lying-Tunell et al., 1980).  
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Formula 4: 

                         

Using this formula, the cerebral metabolic rate of glucose (CMRg) can be calculated as the 

product of the A-V difference and CBF [64 ml/100 g/min, from Lying-Tunell et al. (1980)] 

then multiplied by a mean hematocrit of 50%. Using the A-V difference results from Owen 

et al. (1967), CMRg was estimated to be 4.64 µmol/100 g/min. Ketone metabolism was 

greatly increased and corresponded to a CMR of 12.8 µmol/100 g/min. At this point 

ketones substitute 73% of the total energy used by the brain (Figure 4). Under normal 

conditions, while fasted for 6 hours, the CMRg of the healthy adult human brain is ~31 

µmol/100 g/min. During these circumstances ketone metabolism only represents 1-3% of 

total brain energy metabolism (Cunnane et al., 2011).  

 

Figure 4 : Ketone levels during extended fasting 

During normal conditions ketones represent 1-3% of total brain metabolism. After fasting 

for an average of 40 days ketones represented 73% of total brain metabolism. Reproduced 

from The New England journal of medicine (Cahill, 1970), Copyright (1970), with 

permission from Massachusetts Medical Society.  
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The patients included in the study conducted by Owen et al. (1967) did not show any 

deficits in psychometric testing and electroencephalographic recordings remained normal. 

In another study, infusion of β-Hb (β-Hb = 1.7 mM) during insulin induced hypoglycemia 

(glucose = 2.4 mM) was found to protect from cognitive dysfunction (Veneman et al., 

1994). These findings suggest that ketones were able to supply the required energy for 

maintenance of normal brain function during the period of extended fasting. 

Gottstein et al. (1970) studied ketone metabolism in the brain under more normal 

conditions (fasted for twelve hours) in twenty nine individuals. The A-V difference 

technique was used to simultaneously draw blood from the femoral artery and the superior 

bulb of the internal jugular vein. There was significant use of ketones by the brain after 

twelve hours of fasting. There was also a significant positive correlation between arterial 

plasma ketone concentrations and A-V differences. As ketone concentrations increased in 

plasma there is an associated linear increase in ketone uptake by the brain. This linear 

relationship between ketone plasma concentrations and ketone brain uptake has been 

observed in several subsequent studies and across a broad range of plasma concentrations. 

The linear relationship between brain ketone uptake and plasma ketone levels is present 

from β-Hb concentrations of 0.043 mM (Blomqvist et al., 1995), to 6.67 mM (Owen et al., 

1967), representing an order of magnitude of 155 (Figure 5).   

Hasselbalch et al. (1995) used PET to measure glucose metabolism following a three day 

fast in nine healthy participants. The Kety-Schmidt technique was used to measure 

metabolite use by the brain. Following three days of fasting, cerebral blood flow and the 

cerebral metabolic rate of oxygen remained unchanged. Plasma glucose concentrations 

decreased by 36% while the extraction fraction of glucose at the blood brain barrier 

increased by 55%. Blood β-Hb concentrations increased by a factor of thirteen and AcAc 

by a factor of six with no change in blood brain barrier extraction fraction. After three days 

of fasting ketones were supplying 25% of total brain metabolism. Following three days of 

fasting there was up-regulation at the level of glucose transporters but no changes in ketone 

transporters (Hasselbalch et al., 1995). 
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Figure 5 : Linear relationship between plasma ketone levels and brain uptake 

(Gottstein et al., 1970) discovered there was a significant positive linear relationship 

between blood β-Hb concentrations and β-Hb metabolism in the brain (○ symbol). This 

relationship was also confirmed with the other ketone tracer acetoacetate (
11

C-AcAc). 

Blomqvist et al. (1995), later confirmed this relationship using PET studies (□ symbol). 

This graph also includes data from Owen et al. (1967), illustrating that the linear 

relationship is present from β-Hb concentrations of 0.043 mM (Blomqvist et al., 1995) to 

6.67 mM (   symbol). Blomqvist et al. (2002) data are also shown (   symbol). Differences 

in the periods of fasting (12 hours - 40 days) and infusions of non-labelled ketones results 

in the wide range of plasma concentrations between studies. Adapted from Nutrition 

(Cunnane et al., 2011), Copyright (2011), with permission from Elsevier. 

Brain energy metabolism was also measured following an acute intravenous infusion of 

ketones (Hasselbalch et al., 1996). Infusion of ketones resulted in a mean blood β-Hb 

concentration of 2.16 mM. Under these experimental conditions the cerebral uptake of 

ketones increased from 1.11 to 5.6 μmol/100 g/min with an equivalent decrease in glucose 

metabolism from 25.8 to 17.2 μmol/100 g/min. Global cerebral oxygen metabolism was not 

significantly different before (144 μmol/100 g/min) and after (135 μmol/100 g/min) ketone 

infusion. Thus, as ketones are increasingly taken up by the brain, the brain will cope by 

decreasing glucose uptake. The unchanged oxygen metabolism indicates an equivalent 
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amount of carbohydrates are passing through oxidative metabolism before and after acute 

ketone infusion.  

2.1.4.1 Ketone production 

As blood glucose levels decrease the body requires another source of energy. The two 

ketones, AcAc and β-Hb, will be produced from FFA stores in order to maintain normal 

body functions. Under normal conditions, insulin inhibits lipolysis, thereby decreasing FFA 

plasma concentrations. In obesity and insulin resistant states, this important mechanism is 

disrupted and leads to increases in FFA concentrations (Craft, 2009). Over a period of 

several hours of fasting, decreased insulin levels allows FFA to be liberated from adipose 

tissue and enter the circulatory system. FFA are transported to the liver for ketogenesis 

where they are converted to acetyl-CoA through the process of β-oxidation (Figure 6). 

Increased FFA oxidation raises the level of acetyl-CoA and NADH in the liver. Very little 

acetyl-CoA enters the Krebs’ cycle since the intermediates, oxaloacetate and malate, are 

consumed for glucose production. The high amount of NADH allosterically inhibits the 

Krebs’ cycle. The accumulating acetyl-CoA will be condensed to ketones through a series 

of enzyme-catalyzed steps (Melo et al., 2006).  
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Figure 6 : Ketogenesis 

The ketogenesis pathway results in the production of ketones from the β-oxidation of free 

fatty acids in the liver. Ketones are not consumed by the liver but rather enter the blood 

circulation and are transported predominantly to the brain and heart. Reprinted from 

Nutrition (Cunnane et al., 2011), Copyright (2011), with permission from Elsevier. 

The two ketones, AcAc and β-Hb, then enter blood circulation and are transported to the 

brain where they are readily taken up and metabolized (Figure 7). The use of ketones in the 

brain requires that AcAc be reactivated to its CoA derivative, a reaction which takes place 

in most tissues except the liver. Acetoacetyl-CoA is converted to acetyl-CoA, which in turn 

enters the Krebs’ cycle for production of energy and metabolic intermediates (Melo et al., 

2006). 
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Figure 7 : Ketone pathways 

Illustration of ketone production by the liver and subsequent transport to the brain to be 

used as an energetic substrate. Reprinted from Neurochemistry International (Melo et al., 

2006), Copyright (2006), with permission from Elsevier. 

Freemantle et al. (2009), performed a study in which they measured ketone levels in three 

different age groups (23, 50 and 76 years old), following the ingestion of a ketogenic meal. 

The meal consisted of a ratio of total fat to protein plus carbohydrates of 4.5:1. The 

ketogenic meal was composed primarily of medium chain triglycerides (8:0 and 10:0 fatty 

acids) and heavy cream (10:0, 12:0, 14:0, 16:0 and 18:1n-9 fatty acids). There was no 

differences in fasting baseline concentrations of β-Hb (0.07±0.10,  0.09±0.13, 0.07±0.04 

mM) between the young, middle aged, and older groups respectively (Freemantle et al., 

2009). Following the ketogenic meal there was no difference between the three groups in 

their ability to produce and oxidize ketones. Six hours after ingesting the ketogenic drink 

all three groups had obtained a plasma β-Hb concentration of 1 mM. This suggests older 

adults have similar fasting plasma ketone concentrations and the same ability to produce 

and oxidize ketones when compared with younger adults. 

2.1.4.2 Transport and metabolism of ketones 

Monocarboxylate transporters (MCT) are responsible for the transport of lactate, pyruvate 

and ketones in the brain. This transport mechanism is completely independent of GLUT 
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mediated glucose transport. There are three main forms of MCTs responsible for ketone 

transport in the brain. In the adult brain, MCT1 are most abundant in brain microvessels. 

MCT1 is widespread throughout the newborn brain which is estimated to consume half of 

its required energy from β-Hb (Cahill, 2006). The high concentrations of MCTs facilitate 

the transport of ketones during prenatal development and the early days of the suckling 

period before lactose concentrations increase in colostrum (Cahill, 2006). During the first 

few days of development, MCTs begin to decrease as lactose concentrations rapidly 

increase in colostrum. A rapid shift is then made to glucose metabolism during the first few 

days following birth. MCT2 is expressed almost exclusively in neurons while MCT4 

appears to be localized mainly on astrocytes (Simpson et al., 2007). 

The transport and metabolism of ketones appears to be driven by a completely separate 

mechanism than that used by glucose. Glucose uptake by cells is determined by the amount 

of energy available in the cell. Cells that require more glucose will pull more glucose into 

the cell to be metabolised. Ketone uptake, on the other hand, appears to be dominated by 

the concentrations in plasma. If ketones are increased in plasma they will immediately be 

taken up by the brain and used for energy. If ketones in plasma are sufficiently high and are 

taken up in great enough concentrations then glucose uptake will decrease in order to 

accommodate the preferential metabolism of ketones by the brain. This process is 

illustrated in Figure 8. 
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Figure 8 : Push and pull strategy 

Increased glucose demand by the brain has the effect of pulling more glucose into the cells 

in order to meet energy requirements. Increased concentrations of ketones in the plasma has 

the effect of pushing more ketones into the brain where there are metabolised in preference 

to glucose. 

2.2 Neuroimaging 

Currently, the most common approach for studying the energy metabolism in the brain is 

with positron emission tomography (PET). The development of the tracer, 2-deoxy-2-

[
18

F]fluoro-D-glucose (
18

F-FDG), has been a major factor in promoting PET imaging. 
18

F-

FDG is an analog of glucose which has an attached 
18

F. Tissues that are especially 

metabolically active take up large amounts of 
18

F-FDG which makes them easily visualized 

on 
18

F-FDG images. 

2.2.1 Magnetic resonance (MR) imaging 

The principal of magnetic resonance (MR) imaging relies on the phenomenon of nuclear 

magnetic resonance (NMR). NMR relies on certain characteristics of hydrogen atoms 
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which are comprised of a single proton. Hydrogen atoms are extremely abundant in the 

brain as water makes up a large portion of brain volume. Protons are positively charged and 

give rise to a net magnetic moment along the axis of the spin. When not exposed to a 

magnetic field the spins of each proton is random and they cancel each other. When placed 

in an MR scanner, the strong magnetic field has the ability to align the magnetic moments 

of the protons to that of the scanner. The net magnetization of all protons, within a certain 

volume, is represented by a vector with a longitudinal component parallel to the magnetic 

field of the scanner and a transverse component perpendicular to the field. The nuclei also 

precess at a random phase about the field with an angular frequency that is determined by 

the Lamor frequency. A radiofrequency  pulse is then applied which aligns the phase of 

precession and pushes the nuclei towards the transverse plane. When the radiofrequency 

pulse is removed the nuclei will return to equilibrium. At this point the magnetization 

vector of the nuclei will come back into alignment with the scanner’s magnetic field while 

releasing absorbed energy from the radiofrequency pulse. Longitudinal relaxation is the 

restoration of the net magnetization along the longitudinal direction and is described by the 

time constant T1. Transverse relaxation is the loss of net magnetization in the transverse 

plane due to the loss of phase coherence and is described by the time constant T2. T1 and 

T2 time constants vary by tissue type which enables them to identify boundaries between 

grey matter, white matte and cerebral spinal fluid  (Bertholdo et al., 2013).   

2.2.2 Positron emission tomography (PET) 

The first studies aimed at calculating cerebral metabolism employed the A-V difference 

technique. Kety and Schmidt determined that CBF in healthy adults was equivalent to 54 

ml for 100 g of brain tissue, per minute. With this value, the consumption of oxygen by the 

brain has been estimated to be 156 µmol/100 g/min (Sokoloff, 1960a).  

Boyle et al. (1994) measured A-V differences and found that the average brain glucose 

metabolism in a group of healthy young participants (mean age 25±2 years) was 34 

µmol/100 g/min. Oxygen use was 153 µmol/100 g/min while cerebral blood flow was 

found to be 50 ml/100 g/min. This results in an oxygen to glucose molar ratio  of 4.9:1 

(Table 1). Interestingly, the authors also found that the ratio of oxygen to glucose 
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metabolism increased during sleeping to 5.3. Incidentally, the A-V technique is quite 

invasive as it requires the cannulation of the internal jugular and the femoral or brachial 

artery. The technique also only allows for the calculation of global changes in substrate 

concentrations across the whole brain. 

Table 1: Brain metabolism 

 CBF CMRg CMRO2 
CMRO2/ 

CMRg 

(Raichle et al., 1970) 48 - - 6.0 

(Boyle et al., 1994) 50 34 153 4.9 

(Powers et al., 2007) 49 26 134 5.1 

Average 49 30 144 5.3 

Powers et al. (2007), Boyle et al. (1994) and Raichle et al. (1970) calculated the cerebral 

metabolic rate of glucose (μmol/100 g/min) and oxygen (μmol/100 g/min) as well as 

cerebral blood flow (ml/100 g/min). 

With the advancement of the autoradiographic method using 2-deoxy-D-[14C]glucose (
14

C-

DG), researchers had a new opportunity to study the metabolism in specific brain regions 

(Sokoloff et al., 1977). Still, autoradiographic studies measuring cerebral glucose 

metabolism require the animal to be sacrificed for quantification of 
14

C-DG consumption.  

With the development of techniques such as positron emission tomography (PET) and 

single-photon emission computed tomography, it was possible to measure in vivo cerebral 

glucose metabolism (CMRg), oxygen uptake (CMRO2) and cerebral blood flow (CBF) in 

humans (Valk et al., 2003). These imaging methods have been widely used to characterize 

the pathophysiology of disease and to evaluate the effectiveness of various medical 

treatments. 

Tracer uptake is detected through imaging due to the unique properties of positron decay 

and annihilation. Radioisotopes have an excess positive charge in their nuclei, the proton 

will decay into a neutron with the release of a positron. The positron will travel a short 
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distance through the tissue before it annihilates on contact with an electron. This results in 

the emission of  two 511 keV photons at 180° which may be detected by the PET scanner. 

2.2.2.1 Partial volume effect  

There is continued discussion whether partial volume effect (PVE) software is required to 

correct PET images. PET images typically have a low resolution, at least in comparison to 

MR images. PVE occurs due to spill-in or spill-out of the tracer (Figure 9). This 

contamination between different brain regions can be determined for each scanner by its 

point spread function, which is the image of a point source and describes the spatial 

resolution of each scanner. The aim of PVE correction is essentially to reverse the effect of 

the scanner’s PSF (Erlandsson et al., 2012). PVE is most apparent in small regions of the 

brain where the true activity will be most underestimated due to the effects of tracer spill-in 

and spill-out (Mosconi and McHugh, 2011). Several different methods have been suggested 

to deal with and correct for PVE.  

PVE correction methods date back to the late seventies and traditionally rely on anatomical 

information from either computed tomography or MR images (Hoffman et al., 1979). 

Hoffman et al. (1979) noted that PET images were affected greatly in regions that were less 

than two times the full width at half-maximum (FWHM) of the scanner, which is typically 

five to eight mm. They suggested a recovery coefficient be used to correct for spill-out 

effects. More recent methods include the Muller-Gartner method which was an extension of 

the voxel-based method proposed by Videen et al. (1988). The Muller-Gartner method 

separated white and grey matter in order to not only correct for the effect of cerebrospinal 

fluid (CSF) on tissue but also the effects of white matter on grey matter (Muller-Gartner et 

al., 1992). Another more recent method is the geometric transfer matrix (GTM) method 

which is described by Rousset et al. (1998). However, the disadvantage of this method is 

that it only provides mean values for predefined regions of interest. Quarantelli et al. (2004) 

later described the modified Muller-Gartner method. This method was a combination of the 

Muller-Gartner and GTM methods. The Muller-Gartner methods are currently the most 

commonly applied PVE correction methods. Atrophy is widespread in normal aging and 

Alzheimer’s disease. Without this correction, the comparison of PET uptake between 
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healthy younger and older adults becomes difficult. More recent studies suggest that PVE 

correction is required for the accurate quantification of CMRg in the aging brain (Cunnane 

et al., 2011; Mosconi et al., 2013; Rousset et al., 2007; Yanase et al., 2005). 

 

Figure 9 : Partial volume effects 

Partial volume effects are present when activity within the surrounding tissue influences the 

activity measured in your region of interest. The true activity (A) of a region of interest  is 

affected by both tracer spill out (B) and spill in (C) and results in the image of measured 

activity. This research was originally published in JNM. Soret M, Bacharach SL, and Buvat 

I. Partial-Volume Effect in PET Tumor Imaging. J Nucl Med. 2007;48(6):932-945. Figure 

3. © by the Society of Nuclear Medicine and Molecular Imaging, Inc.  

2.2.2.2 Measuring brain glucose metabolism with PET 

18
F-FDG is an analogue of glucose. The only difference being that 

18
F-FDG is missing a 

hydroxide at the second carbon position that has been replaced by an 
18

F. After injection 

into the circulation 
18

F-FDG is transported into brain cells by the same transporters as 

glucose and is then phosphorylated by the enzyme hexokinase. At this point 
18

F-FDG 

becomes trapped in the cell in the form of 
18

F-FDG-6-phosphate. 
18

F-FDG-6-phosphate 

cannot be converted to fructose-6-phosphate by glucose-6-phosphate isomerase because of 

the missing oxygen (Phelps et al., 1979).  

In steady state, the net rate of glucose through any step in the metabolic pathway is equal to 

the net rate through the overall pathway (Sokoloff, 1977; Sokoloff et al., 1977; Sokoloff, 

1984). Therefore, the measurement of the net rate of glucose phosphorylation using in vivo 

PET yields the net rate of the entire glycolytic pathway. However, the real fate of glucose 

cannot be known. It could be converted to glycogen or lactate, taken up by the pentose 

phosphate pathway (PPP) or oxidatively phosphorylated (Sokoloff and Clarke, 1999).  
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18
F-FDG measures are dependent on an accumulation of events, including blood flow, the 

transport of glucose, and phosphorylation by hexokinase. In order to be in steady state 
18

F-

FDG PET studies are normally performed after a patient has fasted. This results in a rather 

stable plasma glucose level of ~5 mM. Under these conditions blood flow and glucose 

transport are also relatively stable leaving the phosphorylation rate of 
18

F-FDG being the 

most important determining factor in the calculation of glucose uptake (Mosconi, 2013). 

2.2.2.3 What is the 
18

F-FDG PET signal measuring? 

After the development of 
18

F-FDG PET, it was questioned what was actually being 

measured by this method. Shen et al. (1999) studied glutamate to glutamine cycling during 

resting state using 
13

C-NMR in humans. This study was based on earlier work performed 

by Sibson et al. (1998), in the rat brain. The authors found that resting-state 

glutamate/glutamine cycle is a major metabolic flux that accounted for 80% of glucose 

oxidation (Shen et al., 1999). These findings are also consistent with earlier work from 

Pellerin and Magistretti (1994) who showed that glucose consumption is coupled with 

glutamate neurotransmitter release.  

Rocher et al. (2003) used 
18

F-FDG PET to calculate CMRg in five baboons and established 

the relationship with synaptophysin levels in seven regions of the brain. Synaptophysin is a 

presynaptic protein used to assess synaptic density using the Western blot technique. There 

were significant correlations in all seven brain regions between CMRg and synaptophysin 

levels. It was concluded that resting state CMRg reflects synaptic activity (Rocher et al., 

2003). At this point, it is established that the uptake of 
18

F-FDG in the brain is closely 

coupled to excitatory neuronal function due to the extensive energy requirement of 

glutamate neurotransmission in the brain (Herholz, 2003; Weiner et al., 2013). The 

assessment of synaptic dysfunction and neuronal degeneration is of particular interest in the 

context of normal aging and Alzheimer’s disease. Given this, lower cerebral glucose 

metabolism measured in Alzheimer’s disease presumably represents a reduction in neuronal 

glucose availability induced by neuronal synaptic dysfunction and loss (Herholz, 2003).  
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2.2.2.4 Measuring brain ketone metabolism with PET 

Blomqvist et al. (1995) were the first to measure ketone metabolism using PET. Previously, 

ketone metabolism in the brain had only been measured using the A-V difference 

technique. 
11

C-β-Hb was synthesized from 
11

C-cyanide and propylene oxide. A bolus 

injection of 300-400 MBq was administered to five healthy participants after an overnight 

fast of twelve hours. Scanning ensued for a period of ten minutes. A catheter was placed in 

the left brachial artery for arterial blood sampling and radioactivity in the arterial blood was 

sampled in one second intervals by an automatic blood-sampling system. A total of seven 

manual blood samples were taken during the scan and their activity was measured in a NaI 

well counter cross calibrated with the scanner. Concentrations of ketones as well as glucose 

were measured. The ratio between radioactivity in plasma and that in blood was found to be 

1.21. Approximately 55% of whole blood radioactivity was present in plasma and 45% was 

present in red blood cells. This ratio was used to calculate the time course of 
11

C-β-Hb in 

plasma from the whole blood measurements obtained by the blood sampler. Glucose 

averaged across participants was 5.5±0.8 µmol/ml and β-Hb was 0.043±0.029 µmol/ml. 

Three different kinetic models to calculate the cerebral metabolic rate of 
11

C-β-Hb were 

compared. These included, a one-compartment model with CBV and Kket as parameters, a 

two compartment model with CBV, K1, k2, and k3 as parameters, and finally the Patlak plot 

model (Patlak et al., 1983). The authors did not find any significant differences in the 

results yielded between the three kinetic models.  

The tracer used for our ketone PET studies was 1-[
11

C]acetoacetate
 
(
11

C-AcAc). The 

synthesis involved the reaction of 
11

C-CO2 with methyl magnesium chloride in 

tetrahydrofuran, followed by hydrolysis and purification by ion-exchange chromatography. 

Methyl magnesium chloride was replaced by the enolate anion of acetone produced by the 

reaction of isopropenyl acetate with methyllithium or butyllithium, following the methods 

of Straatmann et al. (1974) and Prenen et al. (1990). The cryogenic trap for 
11

C-CO2 

capture was replaced by a gas chromatographic trapping method using a molecular sieve to 

prevent moisture condensation (Figure 10). Quality assurance included testing tracer 

osmolality, pH (5.5) and assuring no contamination by bacteria. Gas chromatography was 

used to test for unwanted solvents and assure a purity of at least 95%. The permitted limit 
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for the injection of solvents (ethanol and THF) into humans in Canada is 20 000 ppm (50 

mg). 

 

Figure 10 : 
11

C-AcAc preparation 

The synthesis of 
11

C-AcAc as a ketone tracer for positron emission tomography. The 

reaction of isopropenyl acetate with methyllithium or butyllithium. Reprinted from Applied 

Radiation and Isotopes (Tremblay et al., 2007), Copyright (2007), with permission from 

Elsevier. 

2.2.2.5 What is the 
11

C-AcAc PET signal measuring? 

Unlike the tracer 
18

F-FDG,
 11

C-AcAc is not metabolically trapped but is catabolized to 
11

C-

CO2. Once 
11

C-AcAc gets converted to 
11

C-acetyl CoA and enters the Krebs’ cycle. Both 

carbons will eventually be oxidized to 
11

C-CO2, but only after acetate has taken its second 

turn through the cycle. Studies in rats have shown that less than 5% of an intravenous dose 

of labelled 
14

C-β-Hb is expired in the form of 
14

C-CO2 (Bianchi and Davis, 1996), over a 

ten minute period. Blomqvist et al. (1995) found that the loss of 
11

C-CO2 accounted for an 

underestimation of the CMR of β-Hb by 5.9% during the 10 min PET scan.  

The degree to which 
11

C-AcAc uptake in the brain as measured by PET is a reliable 

indicator of neuronal function is not known. AcAc has a direct connection to the Krebs’ 

cycle following its entry into a cell. Hawkins et al. (1971) studied the effects of AcAc 

infusion in rats. AcAc blood concentrations were increased to levels of 2-3 mM in fed and 

fasted-for-48-hours rats. AcAc infusion caused a decrease in blood glucose concentrations 

in fed rats but no change in starved rats. Thus, when glucose is readily available and the 

brain is not lacking energy the administration of ketones results in the negative regulation 

of plasma glucose concentrations. Ketones are meeting the energetic requirements of the 

brain and are passing through oxidative phosphorylation like the majority of glucose. 

Therefore, similarly to glucose, ketone uptake by the brain should be a reliable indicator of 
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synaptic density. There was also an increase in plasma insulin concentrations and a 

decrease in plasma FFA concentrations following infusion. The effects were always much 

larger in fed than starved rats (Hawkins et al., 1971). Therefore, there is an important 

feedback regulation of ketone plasma concentrations that involves increases in insulin in 

order to decrease FFA concentrations. 

2.2.2.6 Quantification of tracer kinetics 

Quantitative and semi-quantitative methods are commonly applied to measure tracer 

kinetics. Currently, brain metabolism using PET is most commonly expressed semi-

quantitatively using the Standardized uptake value (SUV). The SUV is easy to calculate, 

does not require dynamic images and negates the need for any blood sampling. SUV can be 

calculated on a voxel-wise basis according to the following formula: 

Formula 5: 

                                                                     

Quantitative analysis using kinetic models can also be used to determine the movement of a 

marked molecule between "compartments," which are generally separated by membranes or 

metabolic reactions (Gunn et al., 2002). This requires a dynamic PET acquisition in order 

to measure changes in tracer tissue concentrations with time, as well as the input function 

which defines the rate of arrival in blood of the tracer to the brain. Dynamic PET 

acquisitions allow the quantitative modeling of 
18

F-FDG in the brain. Modeling techniques 

commonly used include the region of interest (ROI) method and voxel based methods, 

including Statistical parametric mapping (SPM) analysis. The two-tissue compartment 

model (plasma, un-phosphorylated 
18

F-FDG in brain tissue and phosphorylated 
18

F-FDG in 

brain tissue) is widely used to calculate CMRg from 
18

F-FDG uptake. This calculation 

requires the use of a correction factor, the "lumped constant," because GLUT transport 

favors 
18

F-FDG and hexokinase activity favors glucose (Graham et al., 2002; Huang, 2000; 

Krohn et al., 2007; Lear and Ackerman, 1992). Measuring CMRg also requires the 

derivation of an input function (Thie, 2004). The one tissue compartment model explains 

the passage of a tracer, with time, from the blood into the brain is shown in Formula 6.  
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Formula 6: 

 

After tracer injection it is assumed that the arterial tracer concentration is the same 

throughout the body. This allows blood sampling to be measured from a peripheral artery 

or arterialized venous blood. Venous blood arterialization can be achieved by warming the 

arm with a heating pad (Phelps et al., 1979). CP is the concentration of tracer in plasma 

which is determined by calculating the input function. Here, t represents time after tracer 

injection. Following tracer injection the concentration of tracer in tissue C1(t) will increase 

with time due to the extraction of tracer from arterial plasma. Parallel to the uptake of the 

tracer (K1), the tracer in tissue will also transfer back to the plasma compartment (k2). Both 

of these processes compete. The change over time is the net tracer concentration in tissue 

dC1(t)/dt, or simply expressed as Ki, which can be calculated from Formula 7.  

Formula 7: 

      

  
                 

K1 has units of milliliter per minute per milliliter of brain tissue (ml/min/ml tissue) whereas 

k2 (min
–1

) indicates the fraction of tracer transferred per unit time, thus, if k2 equals 0.05 

min
–1

, this indicates that tracer is leaving the tissue compartment at a rate of 5% per minute.  

The two-tissue compartment model in the case of 
18

F-FDG involves the uptake of tracer 

from the plasma compartment into C1 in the un-phosphorylated form. Subsequently 
18

F-

FDG is trapped as 
18

F-FDG-P once phosphorylated in C2. This process explains the passage 

of a tracer from the blood, then into a non-metabolized tissue compartment and finally into 

a metabolized tissue compartment and is shown in Formula 8. 
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Formula 8: 

 

CP(t), is the concentration of tracer in plasma. Here, k3 is the rate of phosphorylation of the 

tracer in tissue while k4 is the rate of de-phosphorylation of tracer in the tissue. This process 

is represented by the following differential equations as seen in Formula 9. 

Formula 9: 

      

  
                              

      

  
                 

Next, Patlak analysis assumes that the tracer is irreversible and that the slope of the input 

function approaches zero with time. Here, R(t) is the concentration of tracer in the tissue, 

Cp(t) is the concentration of tracer in plasma, K is the rate of entry of the tracer into the 

irreversible compartment, and Vo is the distribution volume of the tracer. This model uses 

linear regression to determine the amount of tracer in a ROI according to Formula 10. 

Formula 10: 

      ∫                
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The division of both sides of the equation by Cp(t) results in Formula 11. 

Formula 11: 

    

     
  

∫        
 

 

     
    

The two unknown constants, K and Vo can then be obtained from the linear regression of 

the ratio of the concentration in tissue divided by the concentration in plasma plotted 

against the ratio between the time integral of Cp and Cp(t) as seen in Formula 12.  

Formula 12: 

    

     
         ∫              

 

 

 

Once equilibrium is reached the plasma curve will descend slow enough for tissue 

compartments to follow. The slope of this linear phase represents the net transfer rate, Ki, 

which represents the amount of accumulated tracer in relation to the amount of tracer that 

has been available in plasma (ml tissue/ml plasma/min). The y axis of the plot represents 

apparent distribution volumes, i.e. the ratio of tracer concentrations in tissue and in plasma. 

On the x axis is the normalized plasma integral, i.e. the ratio of the integral of plasma 

concentration and the plasma concentration. 

2.2.2.7 Measuring non-oxidative glucose metabolism 

Fox et al. (1988), were among the first to study non-oxidative glucose metabolism in the 

brain using imaging techniques. PET imaging was used to measure CMRg, CMRO2 and 

CBF under resting conditions and after activation. During the resting-state the molar ratio 

of oxygen to glucose consumption was 4.1:1. Resting-state measurements were made with 

the participant’s eyes closed and neuronal-activation states were measured when the 

participant was exposed to a visual stimulus. Following neuronal activation the authors 

observed a 51% increase in glucose uptake and a 50% increase in cerebral blood flow but 

only a 5% increase in oxygen consumption. This meant 91% of the increase in glucose 
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uptake, due to neuronal activation, was used for non-oxidative metabolism. These findings 

indicate that when an individual is administered a task, the brain regions required to 

execute that task switch to non-oxidative glucose metabolism (Phelps and Barrio, 2010). As 

noted by the authors, despite this relatively large increase in glucose uptake, the difference 

in ATP production is not that great. The maximum possible increase in ATP production 

during activation is only 8% due to the limited production of ATP from glycolysis (Fox et 

al., 1988). 

Ogawa et al. (1996), used single photon emission computed tomography and the A-V 

difference technique in groups of Alzheimer’s and cognitively normal older adults. They 

determined that CBF was lower in the temporoparietal region in Alzheimer’s disease. 

CMRg, calculated by the A-V difference technique, was also lower in the Alzheimer’s 

disease group (11.6 vs. 24.9 µmol/100 g/min). CMRO2 was not significantly different 

between the two groups but due to the lower CMRg values there was a significantly higher 

oxygen/glucose ratio in the Alzheimer’s disease group (9.86 vs 5.63) (Ogawa et al., 1996). 

It appears possible that the brains’ capacity for non-oxidative phosphorylation activity is 

hindered in healthy aging and to a greater extent in Alzheimer’s disease. If there is a 

problem with non-oxidative phosphorylation, then ketones may serve as an alternative fuel 

for the brain that bypasses the glycolytic pathway. An increase in ketone uptake would 

allow more glucose to pass by non-oxidative phosphorylation pathways and may alleviate 

glucose hypometabolism problems. In infants, 35% of glucose is consumed outside of 

oxidative phosphorylation (Settergren et al., 1976). This is compared with 12–15% in 

adults (Powers et al., 2007; Raichle, 2010). Interestingly, non-oxidative phosphorylation 

increases throughout the day and decreases during the night (Boyle et al., 1994).  

Experiments by Vaishnavi et al. (2010) aimed to expand knowledge of non-oxidative 

metabolism in the brain using PET. The authors wanted to determine whether regional 

variations in aerobic glycolysis exist and how these variations might relate to variations in 

overall brain energy consumption.  The term, aerobic glycolysis, as defined by the authors, 

refers to “glucose utilization in excess of that used for oxidative phosphorylation despite 

sufficient oxygen to completely metabolize glucose to carbon dioxide and water.” This 

includes all glucose that is non-oxidatively metabolised, i.e. glucose providing substrates 
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for the synthesis of glycogen, glutamate, lactate, or entry into the PPP (Brunengraber and 

Roe, 2006). 

The authors measured CMRO2, CMRg, and CBF. Aerobic glycolysis is traditionally 

expressed as the ratio of oxygen consumption over glucose metabolism and is referred to as 

the oxygen - glucose index (OGI). The OGI is 6 when all glucose is converted to carbon 

dioxide and water. A number less than 6 indicates that aerobic glycolysis is present. 

Vaishnavi et al. (2010) first estimated aerobic glycolysis through the simple voxelwise 

division of CMRO2 parametric images by CMRg parametric images and scaling the 

resulting quotient images to obtain a whole-brain molar ratio of 5.323. The whole-brain 

molar ratio estimate of 5.323 is based on previous studies (Boyle et al., 1994; Powers et al., 

2007; Raichle et al., 1970). However, OGI images tend to be noisy in areas of low 

metabolism due to voxelwise division. For this reason, Vaishnavi et al. (2010) developed 

another measure of glycolysis in the brain which they referred to as the glycolytic index 

(GI). The GI was based on a linear regression model of CMRg onto CMRO2 and exhibiting 

the residuals scaled by 1000 (Figure 11).  

Vaishnavi et al. (2010) found that aerobic glycolysis was significantly higher, in 33 normal 

young adults, in the prefrontal cortex, lateral parietal cortex, posterior cingulate, precuneus, 

lateral temporal gyrus, and caudate nucleus. Lower aerobic glycolysis was found in the 

inferior temporal gyrus and throughout the cerebellum. There was also a striking similarity 

between brain regions showing higher rates of aerobic glycolysis and the default mode 

network (DMN) in combination with the task control network. The authors combined 

regions typically found in the DMN, including the posterior cingulate, lateral temporal and 

medial prefrontal cortex with areas associated with cognitive control and working memory, 

which included the prefrontal and anterior parietal cortices. Together these two systems 

showed high correlations with aerobic glycolysis.  
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Figure 11 : CMRg onto CMRO2 

The expression of the residuals of the linear regression of CMRg onto CMRO2 yields the 

glycolytic index (GI). Reprinted from Proceeding of the Nation Academy of Science 

(Vaishnavi et al., 2010), Copyright (2010) with permission from National Academy of 

Sciences, USA. 

Studies have suggested that the energy required for the removal of glutamate from the 

synapse and entry into astrocytes is derived from aerobic glycolysis (Magistretti and 

Chatton, 2005; Pellerin and Magistretti, 1996). The use of aerobic glycolysis produces less 

net ATP when compared with oxidative phosphorylation. Glycolysis produces only two 

ATP from glucose whereas thirty six ATP are produced from the complete oxidation to 

carbon dioxide and water. However, glycolysis produces ATP at a much faster rate than 

oxidative phosphorylation (Phelps and Barrio, 2010). This may be key for providing readily 

available energy in order to quickly remove glutamate from the synapse and alleviate 

glutamate neurotoxicity. 
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Table 2: Correlations between metabolic parameters 

 
Vaishnavi et al. (2010) calculated the cerebral metabolic rate of glucose and oxygen as well 

as cerebral blood flow and aerobic glycolysis expressed as the residuals of the linear 

regression of oxygen metabolism on glucose metabolism (GI) as well as the ratio of oxygen 

consumption over glucose consumption (OGI). Reprinted from Proceeding of the Nation 

Academy of Science (Vaishnavi et al., 2010), Copyright (2010) with permission from 

National Academy of Sciences, USA. 

Previous studies have noted that the regions comprising the DMN in normal subjects are 

those most heavily affected in Alzheimer’s disease. Moreover, Buckner et al. (2005) found 

increased [N-methyl-
11

C]2-(4'-methylaminophenyl)-6-hydroxybenzothiazole
 

(
11

C-PIB) 

deposition in the DMN. Vaishnavi et al. (2010) showed that GI was well correlated with 

DMN regions. An accompanying paper was published, in which the aerobic glycolysis 

pattern in young participants was compared with amyloid beta deposition patterns, using 

the tracer 
11

C-PIB, in eleven Alzheimer’s disease (Vlassenko et al., 2010). Vlassenko et al. 

(2010) found several regions with significant correlations between GI patterns in young 

adults and 
11

C-PIB patterns in Alzheimer’s disease (Figure 12). Similar, but less significant 

correlations were observed with cognitively normal individuals who were 
11

C-PIB positive. 

Correlations were also compared between CMRg and 
11

C-PIB patterns for the Alzheimer’s 

disease group as well as the cognitively normal 
11

C-PIB positive group. There was a 

significant correlation between the parameters but the relationships were less significant 

than for GI. The correlations between 
11

C-PIB and parameters of CMRO2, oxygen 

extraction fraction (OEF), and CBF were not significant. The lack of correlation between 

OEF and 
11

C-PIB in consideration of  the significant correlation between GI and 
11

C-PIB is 

surprising since OEF and GI were very highly correlated (r=-0.986) (Vaishnavi et al., 

2010). The authors concluded that aerobic glycolysis is an import aspect to consider in 

regards to Alzheimer’s disease. The high GI and 
11

C-PIB accumulation correlation is in line 
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with studies suggesting that PPP activity is accentuated in neurons introduced to low 

concentrations of amyloid beta (Yankner et al., 1990). Conversely, Shin et al. (2011) 

determined that 
18

F-FDG PET images were more highly correlated with the DMN than 
11

C-

PIB  PET images. 

 

Figure 12 : Glycolytic index 

(Vlassenko et al., 2010) calculated a glycolytic index based on a linear regression model of 

oxygen onto glucose uptake and compared it with 
11

C-PIB accumulation. The GI 

corresponds to the amount of glucose consumption above or below that predicted by the 

amount of oxygen consumed. Reprinted from Proceeding of the Nation Academy of 

Science (Vlassenko et al., 2010), Copyright (2010) with permission from National 

Academy of Sciences, USA. 

2.2.2.8 The default mode network (DMN) 

The DMN was discovered as a result of many functional imaging studies which noticed that 

specific regions were predictably more active during the rest  condition than the active task 

condition (Mazoyer et al., 2001; McKiernan et al., 2003; Shulman et al., 1997). The DMN 

is also referred to as the task-negative network and is an assembly of regions that are 

metabolically more active when individuals are not focused on the external environment. 

These regions deactivate once an individual performs a task. DMN mapping of young 
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healthy adults using the PET tracer, 
15

O-H2O, revealed that the most active regions 

included the precuneus, with extension to the posterior cingulate and retrosplenial cortex as 

well as the lateral posterior parietal regions. Commonly the frontal regions along the 

midline were also activated as well as the medial temporal lobe (Shulman et al., 1997). 

There is a strong similarity between DMN regions and regions that are predominantly 

affected by neuronal dysfunction and atrophy in Alzheimer’s disease.  

Buckner et al. (2005) studied the associations between the DMN and various imaging 

biomarkers important in Alzheimer’s disease, including amyloid deposition using 
11

C-PIB 

PET, cerebral atrophy from MR images, and glucose metabolism using 
18

F-FDG PET. PET 

images were compared between cognitively normal older adults and early Alzheimer’s 

disease. There were two different patterns of 
11

C-PIB PET accumulation in healthy older 

adults. Of the eight participants imaged, six had very little 
11

C-PIB accumulation, while two 

others showed significant 
11

C-PIB accumulation. The early Alzheimer’s disease group had 

notable 
11

C-PIB accumulation in the medial and lateral posterior parietal regions, the 

precuneus, posterior cingulate, and retrosplenial cortex, as well as the medial frontal cortex. 

Buckner et al. (2005) also revealed, using MR imaging maps of atrophy, a clear 

acceleration in the rate of atrophy as Alzheimer’s disease severity increased. Regions 

affected by atrophy included the medial temporal cortex and precuneus. These regions were 

detected in Alzheimer’s disease and in non-demented individuals who later developed 

Alzheimer’s disease. As dementia severity increased, atrophy rates accelerated and 

expanded to widespread cortical regions. These included the posterior cingulate, 

retrosplenial cortex, and lateral posterior parietal regions (Buckner et al., 2005). These 

findings are consistent with Scahill et al. (2002). Glucose hypometabolism was related to 

dementia severity and was most notable in the precuneus and extended into the 

retrosplenial  cortex as well as the lateral posterior parietal regions.  

Taken together, these results suggest that the posterior cortex is affected by each of the 

measures of functional and metabolic disruption in Alzheimer’s disease and are also key 

regions in the DMN. Research has still not eluded to the significance of the DMN in 

Alzheimer’s disease. It has been suggested that the higher metabolic activity of the DMN, 
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over many years, may exacerbate a metabolic cascade that predisposes individuals to 

Alzheimer’s disease pathology.  

2.2.2.9 The acetoacetate index  

In order to more specifically compare glucose and ketone uptake we calculated the 

acetoacetate index (AI). Parametric maps of AI were calculated based on the work by 

Vaishnavi et al. (2010). The AI was calculated as the residuals of the voxel-wise linear 

regression of glucose on ketone uptake based on the following formula where Yi is CMRg 

uptake, β0 is the y-intercept, β1 the slope, Xi the CMRa uptake and εi the residual error as 

illustrated in Figure 13. 

Formula 11: 

              

The parameter εi corresponds to the error term and results in the AI term. 

Formula 12: 
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Figure 13 : Acetoacetate index 

We calculated acetoacetate index (AI) parametric maps based on a linear regression model 

of CMRg on AcAc uptake. Highlighted regions indicate areas in which the uptake of 

glucose is increased relative to AcAc. Reprinted from Neurobiology of Aging (Nugent et 

al., 2014b), Copyright (2014), with permission from Elsevier. 

2.3 Aging related changes in brain structure and metabolism 

Several structural and metabolic changes occur during the normal aging process. These 

changes are associated with, and can track cognitive decline (Mosconi, 2013). Much 

research is attempting to differentiate normal and pathogenic aging. Some brain regions 

appear to be integral for determining who is at risk of developing cognitive decline, and 

who is most likely to develop dementia. Once dementia sets in there is a strict decline in 

cognitive status that has so far proven irreversible.  

2.3.1 Structure  

2.3.1.1 Age-related changes in brain structure 

Several studies have examined age-associated changes in brain atrophy, a feature that is 

strikingly apparent from MR images. It appears inevitable that individuals will develop 

reductions in brain volume during the course of normal aging.  
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Using MR imaging in normal volunteers between the ages of 30 and 90 years, Jernigan et 

al. (2001) found that age-related losses in the hippocampus and prefrontal lobes were 

significantly accelerated relative to the remainder of the cortex. Between the ages of 30 and 

90 there was a loss of volume in the order of 14% across the entire cerebral cortex and up 

to 35% loss in the hippocampus (Jernigan et al., 2001).  

There are several reasons for the decreases in brain volume with age. (Pakkenberg and 

Gundersen, 1997) used stereological studies in 94 individuals between the ages of 18 and 

93 to calculate atrophy. Atrophy appeared to be the result of about 10% loss of neurons in 

the cerebral cortex. The average number of glial cells in six older adults, with a mean age 

of 89 years, was not significantly different from that of six young individuals with a mean 

age of 26 years (Pakkenberg et al., 2003). The authors also found that the total myelinated 

fiber length was significantly less in older individuals when compared with younger 

individuals and represented a 40 to 50% loss with age (Pakkenberg et al., 2003). There 

appears to be many modifications to neurons with aging but glial cells appear to be less 

affected.  

Fjell et al. (2009) presented one of the first detailed longitudinal studies of brain atrophy in 

healthy older adults. The study included 142 normal older adults assessed with a one year 

follow-up scan and 89 continued with a two year follow-up scan using data obtained from 

the Alzheimer's Disease Neuroimaging Initiative (ADNI) database. Atrophy rates in the 

older adult sample were then compared with rates of change in a group of 122 mild-

moderate Alzheimer’s disease. The authors found that the rate of atrophy in healthy older 

adults was 0.5% annually, both in the frontal and temporal cortex. Alzheimer’s patients’ 

had atrophy rates exceeding 1% in the frontal lobe and almost 3% for the temporal lobe. 

Atrophy rates are greater for Alzheimer’s disease but more confined to the temporal cortex. 

Areas most prominently affected in the older group included medial parts of the superior 

frontal cortex as well as the temporal cortex, specifically the hippocampus and entorhinal 

cortex. The inferior lateral ventricule demonstrated an increase in volume of over 5% 

annually in the 1 year follow-up scan and over 12% annually in the two year follow-up 

scan. Rates of atrophy also accelerated with time as observed by increased rates of loss in 

the second follow-up scan.  
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A cross-sectional study assessed cortical thickness in 1022 cognitively normal older adults 

who were 60 years of age or older (mean 68 ± 7 years). Cortical thickness decreased by 

0.2% each year, with the greatest decreases observed in the occipital and temporal lobes 

(van Velsen et al., 2013). Fjell et al. (2009) performed a longitudinal study of 142 normal 

older adults over the age of 60 years. The largest declines were observed in the prefrontal 

and temporal cortex. Annual decline was estimated to be 0.5% per year. Fjell et al. (2010) 

compared cortical thickness between groups of normal older adults (n=105), mild cognitive 

impairment (n=175) and Alzheimer’s disease (n=90). The authors determined that 

differences in cortical thickness between the normal older group and mild cognitive 

impairment groups were greatest in the hippocampus and entorhinal cortex, both exceeding 

7%.  

Ziegler et al. (2010) compared groups of younger (n = 36, mean age 22 ± 3 years) and older 

(n = 38, mean age 70 ± 7 years) adults. The largest declines in cortical thickness were 

present in the precentral gyrus, orbitofrontal cortex, calcarine sulcus of the occipital lobe, 

and the prefrontal cortex. Long et al. (2012) found the largest declines in the parietal lobe. 

Thambisetty et al. (2010) found the largest declines in the frontal and parietal lobes. 

Therefore, there still remains relative disagreement on which regions are most affected by 

declines in cortical thickness during aging.   

There is also a marked decrease in the number of synapses with aging, with an estimated 

loss of 20% (Anderton, 2002; Masliah et al., 1993). Specific layers of the cortex suffer 

from synaptic loss to different degrees. Studies using electron microscopy in Brodmann’s 

area (BA) 46 of the dorsolateral prefrontal cortex have shown that synapse loss in layer 1 

reaches 30 to 60%. Layer 3 synapse loss is estimated to be 30 to 35% (Ames et al., 1993; 

Terry et al., 1991). Cognitive dysfunction is more closely related to synaptic loss than 

volume loss, specifically in the hippocampus and prefrontal cortex (Morrison and Baxter, 

2012). There appears to be an important loss of neuropil rather than actual neurons and it is 

likely the loss of synapses that contributes the most to regional brain volume loss. 
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2.3.1.2 Mild cognitive impairment and Alzheimer’s disease-related changes in brain 

structure 

Neurodegeneration in Alzheimer’s disease is estimated to begin 20 to 30 years before any 

clinical manifestations of the disease become evident (Jack et al., 2009; Weiner et al., 

2013). Thus, it becomes important at a very early stage to be able to differentiate 

individuals demonstrating normal brain anatomical changes from those with pathogenic 

changes which are likely to lead to Alzheimer’s disease (Braak and Braak, 1991; Braak and 

Braak, 1996; Delacourte et al., 1999; Morris et al., 1996). There is a general consensus that 

the first structurally affected regions in Alzheimer’s disease are in the medial temporal lobe 

(Barta et al., 1997; Convit et al., 1997; Jack et al., 1998). Regions making up the medial 

temporal lobe play a key role in memory, these include the entorhinal cortex (Du et al., 

2004; Jessen et al., 2006; Killiany et al., 2002), perirhinal cortex, and the hippocampus 

(Ball et al., 1985; Basso et al., 2006). In general, information is fed into the perirhinal 

cortex, which in turn projects to the entorhinal cortex and then to the hippocampus. It has 

been suggested that there is a disruption of the pyramidal neurons in the perforant path 

which is responsible for the disconnect between the hippocampus and the rest of the brain. 

The consequence is a decline in memory capacities commonly observed in early 

Alzheimer’s disease (Morrison and Hof, 1997).  

2.3.2 Brain energy/fuel metabolism 

2.3.2.1 Age-related brain glucose metabolism changes 

Many studies have examined the changes in glucose metabolism associated with aging and 

in Alzheimer’s disease. Perhaps due to the magnitude of the observable differences, there 

appears to be less consensus on hypometabolism associated with normal aging than there is 

for Alzheimer’s disease. Experimental design varies considerably between studies. Some 

studies use distinct groups of older and younger adults. Studies sometimes apply an 

arbitrary cut-off to differentiate groups while other studies use a continuous age range. 

Correction for PVE is not always employed which leads to an underestimation of 

metabolism in regions that are adjacent to areas with lower metabolism (Mazziotta et al., 

1981). Estimations of glucose metabolism without PVE correction include the combined 
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effect of atrophy along with any reductions in brain metabolism within tissue. Atrophy is 

widely present during normal aging. Comparison of a younger group of participants with an 

older group, while neglecting PVE correction, will exaggerate metabolic differences 

observed with the younger group. 

Several papers have studied the effects of aging on glucose metabolism in the brain using 

18
F-FDG PET, with some of the earliest studies dating to the eighties. PET scanners at this 

time were not of sufficient resolution to allow specific segmentation of brain regions and 

would simply report global brain metabolism or mean metabolism for each of the four 

lobes. Still, almost all of these papers did find frontal lobe hypometabolism (de Leon et al., 

1987; McGeer et al., 1990; Salmon et al., 1991; Yoshii et al., 1988). Some also reported 

parietal and temporal hypometabolism (McGeer et al., 1990; Yoshii et al., 1988) as well as 

caudate nucleus and putamen hypometabolism (McGeer et al., 1990). 

Studies in the nineties were of sufficient resolution to allow determination of 

hypometabolism in more specific cortical ROI. De Santi et al. (1995) performed a 
18

F-FDG 

PET study of young (mean age 28 years) and healthy older adults (mean age 68 years). 
18

F-

FDG PET images showed age-related metabolic reductions in several frontal and temporal 

regions. The reductions ranged from 13 to 24%, with the greatest changes occurring in the 

frontal lobes, especially the dorsal lateral prefrontal region (De Santi et al., 1995).  

Moeller et al. (1996) performed another 
18

F-FDG PET study in which the authors 

calculated global and regional CMRg values. The study included 130 normal participants 

between 21 and 90 years of age. The sample was divided into young (<50 years) and older 

(>50 years) age groups. Analysis revealed that the older group had glucose 

hypometabolism in the frontal operculum and medial frontal cortex. There were also 

significant negative correlations between CMRg and age, which in addition to the frontal 

operculum and medial frontal cortex, also included the paracentral, later frontal, lateral 

temporal, and inferior parietal regions.  

Petit-Taboue et al. (1998) performed a 
18

F-FDG PET study of 24 healthy, un-medicated 

participants between the ages of 20 and 67 years. Parametric CMRg images were compared 

using the newly developed Statistical parametric mapping (SPM) software. The authors 
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found that global CMRg showed a significant decline during normal aging (6% per decade, 

p<0.05). The most significant effects (p<0.001 uncorrected) were found in the 

temporoparietal and anterior temporal cortex, insula, inferior and posterior-lateral frontal 

cortex, anterior cingulate, head of caudate nucleus, and the anterior thalamus.  

Participants in a study by Garraux et al. (1999) included 22 healthy young participants with 

a mean age of 23 years (range 19-28 years) and healthy older adults with a mean age of 63 

years (range 47-75 years). When 
18

F-FDG PET non-PVE-corrected images were compared 

between the two groups, the authors observed glucose hypometabolism in the medial and 

dorsolateral prefrontal cortex, frontal inferior gyrus, anterior cingulate, left lateral premotor 

area, and the left insula. 

A large multicenter study which compared regional patterns of hypometabolism and age-

related decline in healthy older adults agreed with previous studies showing prefrontal 

hypometabolism but showed that normal aging patterns are quite distinct from Alzheimer’s 

disease patterns (Herholz et al., 2002). The authors found that within the frontal cortex, 

normal aging appears to have its largest negative effect in the medial frontal cortex, while 

Alzheimer’s disease hypometabolism affects mostly the lateral frontal cortex (Herholz et 

al., 2002). This has led researchers to suggest that Alzheimer’s disease is a process separate 

from normal aging. This raises the possibility that there may also be a difference in the 

underlying pathophysiology of these two processes (Herholz et al., 2002). 

Zuendorf et al. (2003) used principal component analysis in a 
18

F-FDG PET study which 

included 74 healthy adults with a mean age of 57 years (range 21-80 years). Analysis 

revealed two principal components significantly correlated with age. The first principal 

component represented volume differences between the groups since it included regions 

adjacent to the ventricles. The second principal component represented hypometabolism 

and was significant in the prefrontal cortex, posterior parietal cortex and posterior 

cingulate. 

Kalpouzos et al. (2009) later examined 
18

F-FDG PET following PVE correction in normal 

aging and confirmed earlier reports of structural and functional deterioration in the frontal 

cortex (Figure 14), whereas the hippocampus, thalamus, and posterior cingulate were the 
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least affected (Kalpouzos et al., 2009). Across several studies, the most consistent finding 

with 
18

F-FDG PET in normal aging is frontal cortex glucose hypometabolism. As suggested 

by Kalpouzos et al. (2009), relative preservation of the posterior cingulate cortex and 

hippocampal regions appears to indicate a distinction between normal aging and 

Alzheimer’s disease, due to the fact that Alzheimer’s disease is often characterized by early 

and prominent deterioration in both of these structures. 

 

Figure 14 : Glucose hypometabolism during aging 

Kalpouzos et al. (2009) found the most significant regions of glucose hypometabolism to be 

located in the frontal lobe. Reprinted from Neurobiology of Aging (Kalpouzos et al., 2009), 

Copyright (2014), with permission from Elsevier. 

Hsieh et al. (2012) performed another 
18

F-FDG PET study on healthy aging which included 

100 participants with a mean age of 58 years. Due to the absence of MR images, the 

authors were not able to perform PVE correction. Lower brain glucose metabolism was 

associated with aging in the ventromedial prefrontal cortex and the right anterior cingulate 

(Hsieh et al., 2012). 

Baker et al. (2011) studied glucose metabolism in twenty three older adults (mean age, 74 

years) who were cognitively normal but met criteria for pre-diabetes (n=11) or diabetes 

Age 

Frontal cortex 
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(n=12). A control group (mean age, 74 years) with normal fasting glucose and glucose 

tolerance was also included. Greater insulin resistance, as assessed by the homeostasis 

model assessment for insulin resistance (HOMA-IR), was associated with hypometabolism 

in the frontal cortex, temporoparietal, and the medial and posterior cingulate regions in the 

diabetic and pre-diabetic groups when compared with the control group. Thus, older adults 

with pre-diabetes or diabetes, who are cognitively normal, show a hypometabolic pattern 

similar to that commonly seen in Alzheimer’s disease. The effect of insulin on brain 

glucose uptake was also studied between groups of insulin-sensitive (HOMA-IR=1.3, n=7) 

and insulin-resistant (HOMA-IR=6.3, n=7) individuals. Brain glucose uptake was 

compared before and after insulin infusion. Insulin infusion significantly increased whole 

brain glucose uptake in both groups. The insulin sensitive groups rose by 17% while the 

insulin resistant group rose by 7%. The effect of insulin stimulation on glucose uptake was 

less in the ventral striatum and prefrontal cortex in the insulin-resistant group when 

compared with the insulin sensitive group (Anthony et al., 2006).  

2.3.2.2 Mild cognitive impairment and Alzheimer’s disease-related brain glucose 

metabolism changes 

There is a general consensus that regions exhibiting the first signs of glucose 

hypometabolism in Alzheimer’s disease include the temporoparietal cortex and posterior 

cingulate (Alexander et al., 2002; De Santi et al., 2001; Herholz et al., 2002; Landau et al., 

2011; Langbaum et al., 2009; Maldjian and Whitlow, 2012; Minoshima et al., 1997; 

Mosconi et al., 2005; Nestor et al., 2003). Later, as the disease progresses, the prefrontal 

cortex becomes affected (Herholz, 2010; Mosconi et al., 2005). Studies have also found 

hypometabolism extension to the medial temporal lobe (de Leon et al., 2001; Mosconi et 

al., 2006; Mosconi et al., 2008a; Mosconi et al., 2008b; Sun et al., 2007). Medial temporal 

lobe hypometabolism is consistent with post-mortem and in vivo MR imaging observations 

of neuronal dysfunction in these regions. The medial temporal lobe is critically involved in 

the neural control of memory functions. Later in the course of the disease, atrophy and 

neuronal dysfunction spread to the posterior cingulate, temporoparietal and frontal cortices 

(Herholz et al., 2011; Mosconi, 2013).  
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2.3.2.3 Age-related brain ketone metabolism changes 

Very few studies have looked at the changes in brain ketone metabolism associated with 

aging and those that did used the A-V difference approach. Lying-Tunell et al. (1980) 

performed a study looking at differences in ketone brain metabolism with age. Participants 

had fasted overnight for an average of 15 hours before beginning the experimental protocol. 

A-V differences were measured in a similar fashion to the study of Owen et al. (1967). 

Lying-Tunell et al. (1980) determined that the metabolism of ketones was not significantly 

different between the group of five younger participants (aged 21-24 years) and a group of 

five older participants (aged 55-65 years). The ability of individuals to produce ketones is 

also not different when compared with younger individuals. If neurons are not able to 

efficiently use glucose but are able to use ketones, this represents a potential therapeutic 

approach for Alzheimer’s disease. An increase in the uptake of ketones by the brain would 

indicate that neurons are not dead, but are simply starved for energy. Providing the brain 

with an alternative source of energy should return cells to normal function. This is an 

important aspect of brain integrity that must be further explored in the context of aging and 

in Alzheimer’s disease. 

2.3.2.4 Mild cognitive impairment and Alzheimer’s disease-related cerebral ketone 

metabolism changes 

Two studies have looked at brain ketone metabolism in mild cognitive impairment or 

Alzheimer’s disease. The first study to examine ketone metabolism in Alzheimer’s disease 

was Lying-Tunell et al. (1981). The authors compared CBF and the cerebral metabolic rate 

of oxygen, glucose, lactate, pyruvate, and ketones using the A-V difference technique. 

Participants included a group of twelve suspected Alzheimer’s disease and ten healthy 

controls. The authors found that the Alzheimer’s disease group had lower CBF, CMRg and 

CMRO2, but there was no difference in brain ketone uptake (Lying-Tunell et al., 1981). 

There was also a significant negative correlation between CMRO2 and the degree of 

cognitive deterioration. This suggests that the impaired brain function in Alzheimer’s 

disease is accompanied by lower cerebral glucose metabolism and not ketone metabolism. 
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Ogawa et al. (1996) also studied brain metabolism using the A-V technique in addition to 

measuring CBF using single photon emission computed tomography. They calculated the 

metabolic rates for each metabolite as well as the oxygen/glucose ratio in seven patients 

with Alzheimer’s disease and seven age-matched controls. When the Alzheimer’s disease 

groups was compared with the control group, there was no significant difference for the 

uptake of AcAc (0.09 vs 0.18 µmol/100 g/min) nor β-Hb (0.14 vs 0.11 µmol/100 g/min) 

(Ogawa et al., 1996). Alzheimer’s disease patients’ did not show any difference in oxygen 

uptake but CBF  was lower in the temporoparietal region (Ogawa et al., 1996).  

2.4 Cognitive testing 

The silent structural and metabolic changes associated with normal aging have no 

noticeable effect on cogitation. Individuals are able to continue daily living relatively 

normally despite the loss in brain volume and synaptic integrity. The brain uses various 

coping mechanisms to compensate for anatomical and metabolic changes. It has also been 

suggested that individuals with larger brain volumes are less likely to develop Alzheimer’s 

disease. This may be because they have more brain volume to compensate for synaptic loss 

and are able to tolerate more damage before clinical symptoms appear. However, in some 

individuals, the gradual cognitive decline associated with normal aging begins to accelerate 

and quickly impacts daily living as dementia sets in; the enduring problem is to be able to 

predict those in whom this decline is imminent.  

Different types of memory are affected at different stages in the progression from normal 

aging to Alzheimer’s disease. The cognitive processes that are mediated by the 

hippocampus (episodic memory) and the dorsolateral prefrontal cortex (working memory) 

are those that are most vulnerable to aging. Studies in both humans and non-human 

primates suggest that the dorsolateral prefrontal cortex is more vulnerable to aging than the 

hippocampus. Those functions performed by the prefrontal cortex, such as the 

establishment of  frequently changing rules to guide goal-directed behavior, require an 

extraordinary level of synaptic plasticity, perhaps more than in any other brain region. The 

requirement for extensive synaptic plasticity might explain why the cognitive functions that 

are mediated by BA 46 are so vulnerable to aging.  
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3. RATIONALE 

Functional and anatomical neuroimaging studies have revealed that metabolic and 

structural changes in the brain are clearly affected in Alzheimer’s disease. The extent to 

which they are associated with normal aging is still not clear. Nor is it clear whether they 

are contributing to, or are the consequence of Alzheimer’s disease, or perhaps both? A 

better understanding of the brain changes associated with aging is required in order to 

distinguish normal from abnormal brain aging. Due to methodological considerations and 

fast-paced advances in PET technology, studies over the past four decades have revealed a 

number of different glucose metabolism patterns in the aging brain. Some of the latest 

research on normal aging suggests that if brain glucose metabolism is decreased, this 

problem is principally in the frontal cortex. Several studies report no hypometabolism while 

others report near global hypometabolism. Brain glucose metabolism has received much 

attention due to the widespread availability and familiarity with the tracer, 
18

F-FDG.  

Conversely, ketone metabolism has received very limited attention and, so far, none in the 

context of measuring regional brain energy metabolism and normal aging using PET. 

Ketones are the main back-up fuel used when glucose concentrations decrease in blood and 

become less available for uptake by the brain. It is important to establish how these fuels 

are affected during aging and also in the context of Alzheimer’s disease.  

In addition to global brain metabolism, studies have revealed differences in the relative 

amount of glucose used for oxidative phosphorylation between brain regions. These brain 

regions also appear to be associated with the DMN, a network of regions commonly 

associated with Alzheimer’s disease. All of these changes appear to lead to the subtle 

declines in cognitive function during normal aging and probably play a key role in 

progression to Alzheimer’s disease. It is important to quantify these changes during normal 

aging in order to more clearly gauge their magnitude and allow differentiation from 

Alzheimer’s disease. 
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The three manuscripts are included next in this thesis. They will be followed by a general 

discussion of the results and conclusions. Atrophy will be discussed first, followed by 

glucose metabolism and finally ketone metabolism. 
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4. HYPOTHESES/OBJECTIVES 

Manuscript #1  

Glucose hypometabolism is highly localized but lower cortical thickness and brain 

atrophy are widespread in cognitively normal older adults (Nugent et al., 2014a). 

Hypothesis 

Brain glucose metabolism will be lower in the frontal regions of cognitively normal older 

adults, when compared with younger participants after correction for partial volume effects.  

Objectives 

To determine the extent of brain glucose hypometabolism relative to regional brain atrophy 

and changes in cortical thickness during cognitively healthy normal aging. 

Rationale 

Aging is the main risk factor for Alzheimer’s disease so it is important to determine 

whether brain glucose hypometabolism could be present in individuals who do not have 

any cognitive decline. Most reports of brain glucose metabolism suffer from a number of 

limitations that make it difficult to be certain whether hypometabolism was present in 

cognitively normal older adults.  

Manuscript #2  

Brain glucose and acetoacetate metabolism: A comparison of younger and older 

adults (Nugent et al., 2014b). 

Hypothesis 

Brain glucose metabolism but not ketone metabolism will be lower in normal older adults 

when compared with younger adults. 
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Objectives 

To determine if brain ketone metabolism is lower relative to brain glucose metabolism 

during normal aging. 

Rationale 

Brain ketone metabolism does not appear to be lower in Alzheimer’s disease. The ability of 

older individuals to produce ketones is not different when compared with younger 

individuals. If neurons can use ketones more effectively than glucose this would indicate 

that they are not dead but are simply starved of glucose. Providing brain cells with another 

fuel should return them to normal function. If neurons are able to use ketones this 

represents a potential therapeutic approach for Alzheimer’s disease. 

Manuscript #3 

Lower brain 
18

F-fluorodeoxyglucose uptake but normal 
11

C-acetoacetate metabolism 

in mild Alzheimer’s disease (Castellano et al., 2014). 

Hypothesis 

Medial temporal lobe glucose hypometabolism will be present in Alzheimer’s disease when 

compared with age matched controls. There will not be any differences in ketone uptake 

between the two groups.  

Objectives 

To determine whether the established pattern of lower regional brain glucose 

hypometabolism in Alzheimer’s disease is specific to glucose or also involves ketones. 

Rationale 

If brain ketone uptake is not disrupted in Alzheimer’s disease this would imply that the 

transport and oxidation of these metabolites are not affected. This suggests that therapeutic 

strategies can be implemented to safely induce mild ketonemia in an effort to supply more 
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energy to the brain and help maintain normal brain function and delay cognitive 

deterioration and Alzheimer’s disease. 
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5. MANUSCRIPT #1 

Glucose hypometabolism is highly localized but lower cortical thickness and brain 

atrophy are widespread in cognitively normal older adults 

 

Article authors: Nugent S, Castellano CA, Goffaux P, Whittingstall K, Lepage M, Paquet 

N, Bocti C, Fulop T, Cunnane SC 

 

Article status: Published in the American Journal of Physiology – Endocrinology and 

Metabolism, doi:10.1152/ajpendo.00067.2014. 

Contribution: I was involved in the design of the project. I was responsible for the 

collection and subsequent analysis of PET and MR images. I prepared the tables and 

figures and wrote the first draft of the manuscript. I then responded to reviewer comments 

and made appropriate revisions to the manuscript.  
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Résumé : 

L’hypométabolisme du glucose pourrait être présent dans des régions spécifiques du 

cerveau de personnes âgées ayant une cognition normale et augmenterait du fait même le 

risque de développer un déclin cognitif. Cependant, en raison de plusieurs lacunes 

méthodologiques comme l’absence de correction de l’effet du volume partiel (PVE) ou 

l’évaluation insuffisante des fonctions cognitives, il n’existe aucun consensus clair sur ce 

sujet. En combinant les techniques d’imagerie comme la tomographie par émission de 

positons avec le radiotraceur 18F-fluorodeoxyglucose (
18

F-FDG) et la résonnance 

magnétique (MR), cette étude avait pour but de quantifier le taux métabolique cérébral du 

glucose (CMRg), le volume cérébral et l’épaisseur corticale de 43 régions anatomiques du 

cerveau chez des jeunes adultes (25±3 ans; n=25) et des personnes âgées (71±9 ans; n=31). 

Après correction pour le PVE, il a été observé chez le groupe de personnes âgées une 

diminution de 11-17% du CMRg dans trois régions spécifiques du cerveau : le cortex 

frontal supérieur, le cortex caudal moyen et le noyau caudé (p≤0.01 corrigé pour les 

comparaisons multiples). Le groupe de personnes âgées présentait également une 

diminution de 13-33% du volume cérébral et 7-18% de l’épaisseur corticale de plusieurs 

régions (p≤0.01 corrigé pour les comparaisons multiples). Le CMRg n’était pas modifié 

chez les personnes prenant une médication contre l’hypertension. Aucune corrélation n’a 

été trouvée entre les mesures de CMRg, les performances cognitives et les paramètres 

métaboliques mesurés dans le plasma à jeun. En conclusion, l’hypométabolisme du glucose 

dans des régions spécifiques du cerveau et la diminution plus globale du volume cérébral et 

de l’épaisseur corticale sont observés chez des personnes âgées ayant une cognition 

normale. 
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Abstract 

Glucose hypometabolism may be present in specific brain regions in cognitively normal 

older adults and could contribute to the risk of subsequent cognitive decline. However, 

certain methodological shortcomings including a lack of partial volume effect (PVE) 

correction or insufficient cognitive testing confound the interpretation of most studies on 

this topic. We combined 18F-fluorodeoxyglucose (
18

F-FDG) positron emission tomography 

(PET) and magnetic resonance (MR) imaging to quantify cerebral metabolic rate of glucose 

(CMRg) as well as cortical volume and thickness in 43 anatomically-defined brain regions 

from a group of cognitively normal younger (25±3 y old; n=25) and older adults (71±9 y 

old; n=31). After correcting for PVE, we observed 11-17% lower CMRg in three specific 

brain regions of the older group - the superior frontal cortex, caudal middle frontal cortex, 

and the caudate (p≤0.01 false discovery rate-corrected). In the older group, cortical volumes 

and cortical thickness were 13-33% and 7-18% lower respectively in multiple brain regions 

(p≤0.01 FDR correction). There were no differences in CMRg between individuals who 

were or were not prescribed antihypertensive medication. There were no significant 

correlations between CMRg and cognitive performance or metabolic parameters measured 

in fasting plasma. We conclude that highly localized glucose hypometabolism and 

widespread cortical thinning and atrophy can be present in older adults who are cognitively 

normal as assessed using age-normed neuropsychological testing measures.  
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Key words 

Aging, positron emission tomography, cerebral glucose metabolism, cortical volume, 

cortical thickness. 

Abbreviations 

PET (positron emission tomography), 
18

F-FDG
 
(2-deoxy-2-[

18
F]fluoro-D-glucose), CMRg 

(cerebral metabolic rate of glucose), MR (magnetic resonance), PVE (partial volume 

effect), MMSE (mini-mental state examination), GM (gray matter), WM (white matter), 

ROI (region of interest), HbA1c (glycated hemoglobin), FDR (false discovery rate) 
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Introduction 

Glucose uptake in the brain is determined by synaptic function and neuronal activity (35, 

41). Thus, cortical gray matter areas have higher glucose uptake because they have higher 

neuronal density than white matter areas (2). In Alzheimer’s disease, the parietal and 

temporal cortex exhibit lower glucose uptake that is proportional to the severity of the 

disease (7, 26). A common interpretation of this regionalized decline in brain glucose 

uptake is that it is a consequence of neuronal deterioration and death (6). While neuronal 

death would certainly reduce glucose consumption, several studies suggest that regional 

brain glucose hypometabolism can be present in those at genetic or familial risk of 

Alzheimer’s disease who do not yet show clinical evidence of cognitive decline (27, 32, 34) 

and as early as in young adulthood (33). The implication is that regional brain glucose 

hypometabolism may not simply be the result of neuropathology and neuronal death but 

could also be contributing to the risk of subsequent aging-related cognitive decline and 

Alzheimer’s disease (9).  

Aging is the main risk factor for Alzheimer’s disease so it is important to determine 

whether brain glucose hypometabolism could be present before or only after the onset of 

aging-associated cognitive decline. Most reports on brain glucose metabolism in older 

adults have one or more of the following limitations that make it difficult to be certain 

whether regional brain glucose hypometabolism was present in individuals who do not 

present with cognitive decline (9) – (i) brain glucose uptake was not corrected for partial 

volume effects (PVE) in positron emission tomography (PET) with 2-deoxy-2-[
18

F]fluoro-

D-glucose (
18

F-FDG), (ii) brain glucose uptake was not quantified, i.e. the cerebral 

metabolic rate of glucose (CMRg; µmol/100 g/min) of the global or regional differences in 

glucose uptake were not shown, (iii) cognitive evaluation was insufficient to be certain all 

the older participants were definitely cognitively normal for age, or (iv) whether the older 

participants were medicated for conditions that may affect brain glucose metabolism and 

their risk of cognitive decline was unclear (25).  
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PVE is an important potential confounder because estimates of the true radioactivity of 

PET radiotracers in small brain regions are influenced by the radioactivity in adjacent 

regions (14, 31). PVE is particularly marked when cortical atrophy is present, which is a 

common feature of the aging brain (1). Thus, accurate quantification of CMRg in the aging 

brain requires PVE correction (9, 36, 48). Three PET studies in older adults reported that no 

age-related differences in brain glucose metabolism were present after correction for PVE 

(10, 22, 48). Two other studies found that after PVE correction, brain glucose 

hypometabolism was indeed present in the frontal cortex alone (24) or principally in the 

frontal cortex but also in specific temporal and subcortical regions (28). 

Of the aforementioned studies, only (22) and (24) also administered an in-depth battery of 

cognitive tests sufficient to fully evaluate the cognitive status of their young and older 

participants undergoing 
18

F-FDG PET. Others did not report having performed any 

assessment of cognition (10), or only administered the mini-mental state examination 

(MMSE; (19)) which provides only a rudimentary evaluation of global cognitive status (28, 

48). If regional brain glucose hypometabolism is truly a feature of normal aging in 

cognitively healthy adults, it seems most likely to be present in the frontal cortex (24) but 

the actual magnitude of this deficit remains unclear. The inclusion of a measure of the 

actual magnitude of glucose hypometabolism would be useful because it would provide a 

potential therapeutic target for treatment using alternative brain fuels that could potentially 

compensate for brain glucose hypometabolism (9).  

The primary aim of the present study was therefore to quantify the magnitude of regional 

CMRg (µmol/100 g/min), including PVE correction, in young and older adults who are 

cognitively normal for their age. Participants were screened for normal cognition by a 

comprehensive battery of neurocognitive tests. Scaled age-corrected scores were compared 

between the two groups to determine whether cognitive deficits were present in the older 

participants. We are not aware of any papers in which these three attributes have been 

reported in a single 
18

F-FDG PET study during aging. Magnetic resonance (MR) images 

were acquired in order to correct for PVE but also to permit the reporting of regional brain 

volumes and cortical thickness. Cortical thickness declines on the order of 0.2%/year in 

individuals over 55 years of age, particularly in the temporal and occipital cortex (43). 
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Hypertension and mild metabolic dysregulation are common in the elderly and are 

important risk factors for the development of Alzheimer’s disease (20, 50). The secondary 

aims of the present study were therefore to compare CMRg between older participants who 

were and were not taking antihypertensive medication and to determine if there was an 

association between blood parameters associated with glucose metabolism and global or 

regional CMRg.  

Experimental Procedure  

Participants 

Ethical approval for this study was obtained from the appropriate university (Centre de 

santé et de services sociaux – Institut universitaire de gériatrie de Sherbrooke) and hospital 

(Centre hospitalier universitaire de Sherbrooke) ethics committees. All participants 

provided written informed consent prior to study entry. Participants were between either 18-

30 years old (young group; n=25), or 65-85 years old (older group; n=31). They all 

underwent a pre-screening visit, which included analysis of a blood sample collected after 

an overnight fast and completion of a medical history questionnaire. Exclusion criteria 

included a Mini-Mental State Examination (MMSE score <26), smoking, diabetes or 

glucose intolerance (elevated fasting plasma glucose according to World Health 

Organization (47) recommendations (≥6.1 mM) or glycated hemoglobin [HbA1c; ≥6.5%]), 

and evidence of overt heart, liver or renal disease, and untreated hypertension, 

dyslipidemia, or thyroid disease. None of the young participants were medicated. Thirteen 

of the 31 older adult participants were taking prescription medication for hypertension 

(Irbesartan, Ramipril or Telmisartan). Five had prescriptions for statins (Atorvastatin and 

Rosuvastatin) and five were taking a synthetic form of the thyroid hormone thyroxine 

(Levothyroxine).  

Cognitive tests 

Tasks for which response time was the primary measure or those which were highly 

dependent on processing speed were classified as being in the processing speed domain 

(Table 2). These tasks included conditions 1-3 of the Trail Making Test and conditions 1-2 
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of the Color-Word interference test from the Delis–Kaplan Executive Function System (D-

KEFS; (12)), as well as Symbol Search and Coding tests from the Wechsler Adult 

Intelligence Scale (WAIS-IV; (44)). Tasks related to executive function included Letter-

Number Sequencing from the Wechsler Memory Scale (WMS-III; (45)) condition 4 of the 

Trail Making Test, conditions 3-4 of the Color-Word interference test D-KEFS, and 

conditions 1-3 of the Verbal Fluency Test from the D-KEFS. Memory tests were classified 

into two domains - immediate and delayed. Immediate recall memory was assessed using 

the Logical Memory I, Verbal Paired Associates I, and Spatial Span tests from the WMS-III 

(45), as well as the Digit Sequence test from the WAIS-IV, and immediate recall test from 

the Rey Complex Figure Test (RCFT; (40)). Delayed memory was assessed using the 

Logical Memory II and Verbal Paired Associates II from the WMS-III (45), and delayed 

recall from the RCFT (40). 

MR images 

For each participant, T1-weighted MR images were acquired on a 1.5 Tesla scanner 

(Magnetom Symphony, Siemens Medical Solutions, Erlangen, Germany). The parameters 

of the gradient echo sequence were: repetition time/echo time - 16.00/4.68 ms, 20° flip 

angle, 1 mm
3
 isotropic voxel size, 256 × 240 × 192 mm field of view, matrix size of 256 × 

256 × 164.  A set of 20 FLAIR images were also acquired in the axial direction. The 

parameters were: repetition time/echo time - 8500/91 ms, 2400 ms inversion time, echo 

train length of 17, matrix size of 256 × 192, for a 230 × 172.5 mm
2
 field of view, slice 

thickness of 6 mm, spacing between slices of 1.2 mm. FLAIR and T1 MR images of the 

brain were reviewed by a neurologist and no evidence of structural abnormality was found 

in any young or older participant. 

Volume and cortical thickness 

 Gray matter volumes and cortical thickness were determined using FreeSurfer 

pipeline Suite 5.0 (Martinos Center for Biomedical Imaging, Massachusetts General 

Hospital, Harvard Medical School, Cambridge, MA). The cortex was automatically 

parcellated into 43 regions of interest (ROI) which were averaged for the left and right 



 

67 

 

hemispheres. Briefly, this processing included the removal of non-brain tissue using a 

hybrid watershed/surface deformation procedure (37), automated Talairach transformation, 

segmentation of white and gray matter (16, 17), intensity normalization (42), and topology 

correction (15, 38). Then the surface deformation was used to form tissue boundaries (11). 

Next the cerebral cortex was parcellated using a sulcal depth-based anatomical parcellation 

method (13). Regional brain volumes were then normalized using intracranial volumes 

(46).  

PET and cerebral metabolic rate of glucose 

Brain PET scans were performed on a Philips Gemini TF PET/CT scanner (Philips Medical 

System, Eindhoven, The Netherlands) using a dynamic list mode acquisition, 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. Time frames were allocated according to 12 × 10 s, 8 × 30 s, 6 × 4 min, and 3 × 

10 min, for a total scan length of 60 min. After breakfast, each participant fasted for 6-7 h 

before scanning which was performed at around 3 pm. Each participant’s head was 

positioned in the headrest and gently restrained with straps in a dark quiet environment. An 

indwelling venous catheter was introduced into a forearm vein which was placed in a hand 

warmer at 44°C (30). A second catheter was placed in the contralateral forearm vein for the 

injection of 5 mCi of 
18

F-FDG, which was infused over 20 s using an infusion pump. Blood 

samples were obtained at 3, 8, 16, 24, 35 and 55 min after 
18

F-FDG infusion. Radioactivity 

in plasma samples was counted in a gamma counter (Cobra, Packard, United States) cross-

calibrated with the PET scanner.   

PET images underwent a series of preprocessing steps to produce quantitative images of 

brain glucose uptake. First, PET images were automatically co-registered to each 

participant’s respective MR image using a cross-modality 3D image fusion tool 

implemented in PMOD 3.3 (PMOD Technologies Ltd., Zurich, Switzerland). Co-registered 

PET images were then corrected for PVE using the modified Müller-Gartner method (31), 

which is fully implemented in the PVElab software (http://nru.dk/downloads/software).   
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Quantification of CMR requires an arterial input function, which is defined as the rate of 

arrival of the PET tracer to the tissue of interest.  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 (49). The calculated activity within the ROI was corrected 

to the radioactivity of the plasma samples obtained during PET image acquisition. The 

lumped constant used to calculate CMRg was set to 0.80 (21). CMRg was expressed as 

µmol/100 g/min using the graphical Patlak model (29). CMRg is calculated as the product 

of the rate constant (K) for the tracer uptake multiplied by the plasma concentration of 

glucose. CMRg data were averaged within each ROI defined by FreeSurfer Suite 5.0.  

Plasma metabolites 

All metabolites were measured using an automated clinical chemistry analyzer (Dimension 

Xpand Plus; Siemens Healthcare Diagnostics, Deerfield, IL, USA). Plasma insulin was 

analyzed by commercial enzyme-linked immunosorbent assay (Alpco, Salem, NH, USA) 

with a Victor X4 multilabel plate reader (Perkin Elmer, Woodbridge, ON, Canada). 

Data presentation and statistical analysis 

Data are presented as mean ± SD. Levene's test was used to assess the normality of data 

(p≤0.05) and t-tests with unequal variance were employed if Levene’s test was significant. 

Brain regions refer to gray matter only with white matter being identified separately. 

Independent Student’s t-tests were used to compare CMRg between the young and older 

groups. All statistical analyses were carried out using SPSS 17.0 software (SPSS Inc, 

Chicago, IL, USA). The GLM procedure from SPSS with education introduced as a 

covariate was used to compare cognitive test scores of the younger and older adults. 

Percent difference between the two groups was expressed as ([Young-Older]/Young X 100). 

These comparisons underwent a p≤0.01 FDR correction (5). Pearson correlations were 

performed to assess associations between CMRg and regional gray matter volume or 

cortical thickness.  

Results 
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Metabolic parameters  

 The older adults were 5% shorter (p=0.001), had 4% lower plasma albumin 

(p=0.001), 13% higher body mass index (p=0.022), and 12% higher hemoglobin (Hb)A1c 

(p≤0.0001) when compared with the younger participants (Table 1). 

Cognitive battery 

 There were several differences between the young and older participants regarding 

raw cognitive test scores corrected for education (Table 2). In order to evaluate 

performance in comparison with age-matched peers and to determine if participants in our 

older group presented with cognitive deficits, raw cognitive scores were corrected for age 

in addition to education and were presented as scaled scores. Statistical analysis of scaled 

scores showed no difference between the two groups in either the speed processing or 

executive function domains (p≥0.20). However, older participants scored 9-10% higher 

than the young group in immediate and delay recall tasks from the RCFT (p=0.001). 

CMRg 

After PVE correction, whole brain gray or white matter CMRg was not significantly 

different between the two groups (p=0.312). False discovery rate (p≤0.01 FDR) corrected 

CMRg was significantly lower in the older adults in the superior frontal cortex (-12%, 

p=0.005), caudal middle frontal cortex (-11%, p=0.005) and the caudate nucleus (-17%, 

p≤0.0001; Table 3; Figure 1). 
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Figure 1 : Glucose hypometabolism in aging 

Brain regions with significantly lower glucose uptake in the older group when compared 

with the younger group, include the superior frontal cortex (orange), caudal middle frontal 

cortex (red) and caudate (yellow). All results were FDR corrected for multiple 

comparisons, p≤0.01. 

Cortical volume and thickness 

Gray matter volume was 13-33% lower in many brain regions in the older group (all p≤0.01 

FDR corrected, Table 4). In the older participants, the lateral ventricles were more than 

twice the volume of those in the younger adults. Cortical thickness was 7-18% lower in 

many brain areas in the older group (all p≤0.01 FDR corrected, Table 5).  

Antihypertensive medication 

There were no significant differences in regional CMRg when older adults on 

antihypertensive medication (n=13) were compared with older adults not on 

antihypertensive medication (n=18). 

Metabolic parameters in blood and regional CMRg 
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There were no statistically significant correlations between any of the measured metabolic 

parameters and CMRg in any region of the brain, including HbA1c, which was significantly 

higher in the older group (Table 1). 

Cognitive function and regional CMRg  

Correlations were tested between raw cognitive test scores and CMRg in the two frontal 

regions and caudate which exhibited glucose hypometabolism in the older group. No 

significant correlations were observed between any of the regions exhibiting glucose 

hypometabolism and raw cognitive test scores (all p>0.05). 

Discussion 

The main outcome of this study is that our older group had significant regional brain 

glucose hypometabolism in the order of 11-17% in gray matter of the superior frontal 

cortex, caudal middle frontal cortex, and caudate (Table 3; Figure 1). When cognitive status 

was assessed using scaled scores, the older group had similar scores to age-matched 

individuals and no evidence of cognitive deficit. Hence, regional brain glucose 

hypometabolism can be present in older individuals with no cognitive deficit. Whether this 

degree of glucose hypometabolism in these regions is predictive of increased risk of 

Alzheimer’s disease remains to be seen. In addition to demonstrating localized brain 

glucose hypometabolism relative to younger participants, we show that the volume of 

multiple brain regions was 13-33% lower and that widespread cortical thinning on the order 

of 7-18% were both present in our older group (Tables 4, 5). This suggests that individuals 

averaging 71 y old can be cognitively normal despite widespread declining gray matter 

volume, extensive cortical thinning and localized glucose hypometabolism. Thus, we add to 

the emerging evidence that several changes are occurring in the brain of older individuals 

who do not present with cognitive deficit and who are considered to not be impaired when 

compared relative to age-matched peers (27, 32-34). Regional cortical atrophy and cortical 

thinning were more widespread and were generally of a greater magnitude in the older 

group than was regional brain glucose hypometabolism, indirectly suggesting that cortical 

thinning and atrophy may be occurring before glucose hypometabolism as has been 
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reported in previous longitudinal studies (4, 23). Furthermore, glucose metabolism was 

relatively normal and little atrophy was present in regions commonly vulnerable to 

Alzheimer’s disease pathogenesis, including the entorhinal, parahippocampal and cingulate 

regions. This suggests that regional brain atrophy during normal aging is distinct from that 

of Alzheimer’s disease. Fjell et al. (18) performed a longitudinal study and found that 

entorhinal atrophy was significantly greater in mild cognitive impairment when compared 

with a cognitively normal age-matched group. Kalpouzos et al. (24)  also reported that the 

hippocampus and posterior cingulate demonstrated the least deterioration in glucose 

metabolism during aging and suggested that alterations in these regions appear to reflect the 

separation between normal aging and Alzheimer’s disease. 

The older group had normal age-corrected results on an extensive cognitive battery of tests, 

including the evaluation of various cognitive domains including processing speed, 

executive function and memory. Indeed, the older group actually performed better than the 

younger group in delayed recall tasks from the RCFT after adjustment for age and 

education (data not shown), underlining their relatively healthy overall cognitive status. 

Since lower CMRg was observed in cortical areas responsible for higher cognitive 

functions (as opposed to primary sensory areas such as auditory, motor and visual cortex), 

it is possible that glucose hypometabolism in these regions may be linked to a risk of future 

cognitive decline. Nevertheless, we did not observe a significant association between 

glucose hypometabolism in any of the three regions affected in the older group and raw 

cognitive test scores. Hence, the mild stage of brain glucose hypometabolism in our older 

participants did not appear to be linked directly to cognitive outcomes. 

Global or regional CMRg was not affected by whether or not the older group was taking 

antihypertensive medication. Whether untreated hypertension is associated with lower 

CMRg remains to be established. There was also no significant association between 

metabolic parameters measured in the blood and CMRg in any brain region. A study by 

Baker et al. (3) found that greater insulin resistance was related to lower CMRg in the 

frontal, temporoparietal and cingulate regions in older adults newly diagnosed as pre-

diabetic or type 2 diabetic. However, Baker et al. (3) did not apply a PVE correction to their 

18
F-FDG PET data. The relatively large variability in their plasma insulin values may also 
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have permitted them to detect an inverse correlation with CMRg, a relationship which was 

precluded in our study by the narrow and normal range of fasting insulin found in our two 

groups. HbA1c was 12% higher in the older group but was still <6.0% which is the 

suggested upper limit of normal for older non-diabetic adults (39). Although we did not 

find any significant correlations between CMRg and HbA1c, previous studies have found 

that higher fasting serum glucose levels are associated with glucose hypometabolism in 

regions commonly affected in Alzheimer’s disease (8).  

Limitations of this study include the inability to determine whether glucose 

hypometabolism does in fact appear before any measurable cognitive deficits since we did 

not have a longitudinal design. We are presently reevaluating the group of older 

participants with a 2 year follow-up scan which will help determine whether decreasing 

brain volume or cortical thickness precedes or follows decreasing CMRg. It is also possible 

that metabolic and structural differences in our older group were influenced by cohort 

effects rather than age effects per se, however, we made an effort to thoroughly define the 

cognitive and physical status of the groups, including an extensive cognitive battery and 

plasma metabolite evaluation. 

In conclusion, when expressed quantitatively and with PVE and statistical correction for 

multiple comparisons, CMRg was 11-17% lower in the superior and caudal middle frontal 

cortex and in the caudate of our cohort of cognitively normal older adults. This aging-

associated brain glucose hypometabolism was highly localized in contrast to cortical 

thinning and gray matter atrophy which were both widespread. 
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Table 1 

Characteristics of the study participants. 

 Young  Older adults  
 

 Mean SD  Mean SD  P* 

No. of subjects 25   31    

Age (y) 25 3  71 9  ≤0.0001 

Sex (M/F) 11/14 -  14/17 -   

Height (cm) 172 11  164 10  0.001 

Weight (kg) 69 13  72 16   

Body mass index (kg/m
2
) 23 3  26 4  0.022 

Fasting plasma measurements        

Glucose (mM) 5.0 0.5  5.1 0.5   

Acetoacetate (mM) 0.15 0.09  0.12 0.05   

β-hydroxybutyrate (mM) 0.32 0.25  0.23 0.12   

Cholesterol (mM) 4.4 1.1  4.6 1.2   

Triglycerides (mM) 0.8 0.3  0.9 0.4   

Free fatty acids (mM) 0.8 0.2  0.9 0.3   

Insulin (IU/L) 4.1 2.1  5.2 2.2   

Hemoglobin A1c (%) 5.2 0.2  5.8 0.3  ≤0.0001 

Albumin (g/L) 45 3  43 2  0.001 

Aspartate aminotransferase (IU/L) 23 11  24 5   

Alanine aminotransferase (IU/L) 19 9  22 7   

Thyroid stimulating hormone (mIU/L) 2.3 0.7  2.7 1.0   

HDL cholesterol (mmol/L) 1.5 0.3  1.4 0.3   

LDL cholesterol (mmol/L) 2.2 0.7  2.8 0.8   

Creatinine (µmol/L) 72 13  74 17   

Values are mean and SD, p-values were calculated using unpaired t-test and a chi-square 

test was used to evaluate sex differences between age groups, uncorrected for multiple 

comparisons, *p≤0.05. 



Table 2 

Cognitive test scores in the younger and older participants. 

  Young adults  Older adults  

    Mean SD  Mean SD 
 

Processing speed          

  D-KEFS Trail Making Visual Scanning 15.6 4.3  26.2 9.2 * 

  D-KEFS Trail Number Sequence 21.0 6.4  49.1 23.9 * 

  D-KEFS Trail Letter Sequence 23.1 5.8  48.8 20.0 * 

  D-KEFS Stroop Color naming 27.2 4.0  33.5 6.8  

  D-KEFS Stroop Word reading 20.8 2.8  24.6 4.9  

  WAIS-IV Symbol Search 37.6 7.2  22.7 6.3 * 

  WAIS-IV Code 82.7 13.0  54.4 11.7 * 

Executive function           

  D-KEFS Trail Number-Letter Sequence 52.3 13.3  118.5 50.9 * 

  D-KEFS Stroop Inhibition 43.2 10.0  70.3 17.9 * 

  D-KEFS Stroop Inhibition/Switching 56.3 12.5  76.6 17.0 * 

  D-KEFS Verbal Fluency Letter Fluency 37.5 10.1  34.1 10.5  

  D-KEFS Verbal Fluency Category Fluency 45.1 7.7  35.3 7.2 * 

  WMS-III Letter-Number Sequencing score 12.1 2.2  8.9 1.8 * 

Immediate memory           

  WMS-III Logical Memory Total Recall 57.3 6.0  43.9 9.4 * 

  WMS-III Verbal Paired Associates Total Recall  24.4 5.8  18.2 9.0  

  WMS-III Spatial Span Total 18.7 4.2  15.0 4.1  

  WAIS-IV Digit Sequence Total 29.3 4.6  22.6 5.4 * 

  RCFT Immediate recall 29.3 5.5  21.7 6.7 
 

Delayed memory           

  WMS-III Logical Memory Total Delay Recall 39.9 4.1  28.0 7.1 * 

  

WMS-III Verbal Paired Associates Total Delay 

Recall 

7.6 0.7 
 

5.6 2.5 

 

  RCFT Delay recall 29.8 4.9  21.5 6.2 * 

n=18 young and n=26 older adults.  All results are expressed as the mean raw score  ± SD 

with education included as a statistical covariate, * p≤0.01 FDR correction for multiple 

comparisons. 

D-KEFS: Delis–Kaplan Executive Function System (Delis et al., 2001); WAIS-IV: 

Wechsler Adult Intelligence Scale-IV (Wechsler, 2008).; WMS-III: Wechsler Memory 

Scale-III (Wechsler, 1997); RCFT: Rey Complex Figure Test (Shin et al., 2006). 
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Table 3 

Cerebral metabolic rate of glucose (CMRg; μmol/100 g/min) in young and older adults. 

 

Young  Older adults   

  Mean SD  Mean SD % Difference  

Frontal        

Superior 40 7  35 5 -12 * 

rostral middle 43 8  39 5 -8  

caudal middle 42 7  37 5 -11 * 

parsopercularis 40 7  37 4 -7  

parstriangularis 41 8  38 5 -8  

parsorbitalis 42 10  40 7 -4  

lateral orbital 38 7  35 5 -7  

medial orbital 36 6  34 4 -6  

precentral 37 6  35 4 -5  

paracentral 33 6  35 4 4  

Pole 45 9  42 9 -7  

Temporal        

Superior 32 5  31 4 -2  

Middle 35 6  33 4 -7  

Inferior 34 7  32 5 -7  

Fusiform 29 4  29 4 0  

entorhinal 24 5  24 3 1  

transverse 38 6  40 5 4  

Pole 27 5  25 4 -7  

hippocampus 21 3  21 2 -2  

parahippocampus 26 4  26 3 -2  

Parietal        

Superior 36 6  35 5 -3  

Inferior 38 6  35 5 -8  

supramarginal 37 6  35 5 -4  

precuneus 38 6  40 5 3  

Occipital        

Lateral 34 6  31 6 -8  

Lingual 32 5  33 4 2  

Cuneus 38 6  38 5 1  

Cingulate        

rostral anterior 31 5  30 4 -4  

caudal anterior 30 5  30 4 0  

Posterior 35 6  34 5 0  

Isthmus 36 6  35 5 -2  

Subcortical 29 4  27 3 -4  

Thalamus 27 5  26 3 -3  
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Caudate 34 5  28 4 -17 * 

Putamen 31 5  29 3 -7  

Pallidum 21 4  21 2 -2  

Amygdala 19 3  19 3 -2  

Insula 29 4  27 3 -4  

Pericalcarine 36 6  36 5 -1  

White matter 23 3  22 3 -2  

Mean ± SD, n=25 (young) and n=31 (older adults) 

Difference column is Young-Older/Young × 100% 

* Statistically significant difference between young and older adults after p≤0.01 FDR 

correction for multiple comparisons. 
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Table 4  

Regional gray matter volumes (ml) in young and older adults. 

 

Young  Older adults   

  Mean SD  Mean SD % Difference  

Frontal        

superior 45 6  35 7 -23 * 

rostral middle 33 3  27 6 -18 * 

caudal middle 13 2  10 2 -20 * 

parsopercularis 10 2  7 2 -29 * 

parstriangularis 9 1  6 1 -33 * 

parsorbitalis 5 1  4 1 -23 * 

lateral orbital 17 1  13 3 -18 * 

medial orbital 11 1  9 2 -15 * 

precentral 24 3  20 4 -16 * 

paracentral 7 1  6 2 -10  

pole 2 0  2 1 -26 * 

Temporal        

superior 25 2  20 4 -22 * 

middle 25 2  19 5 -22 * 

inferior 24 2  19 4 -21 * 

fusiform 21 3  17 4 -19 * 

entorhinal 3 1  4 1 1  

transverse 2 0  2 0 -22 * 

pole 5 1  4 1 -16 * 

parahippocampal 5 1  4 1 -12  

Parietal        

superior 27 5  22 5 -16 * 

inferior 29 4  24 6 -19 * 

supramarginal 22 3  17 4 -22 * 

precuneus 20 3  16 4 -17 * 

Occipital        

lateral 23 3  21 4 -10  

lingual 15 5  12 2 -21 * 

cuneus 6 1  5 1 -11  

Cingulate        

rostral anterior 5 1  4 1 -9  

caudal anterior 4 1  4 1 -11  

posterior 7 1  6 1 -14  

isthmus 5 1  4 1 -17 * 

Insula 15 1  13 3 -14 * 

Pericalcarine 5 4  4 1 -23  

Lateral ventricle 6 3  12 5 +123 * 



 

87 

 

Mean ± SD, n=25 (young) and n=31 (older adults); all data are corrected for intracranial 

volumes. 

Difference column is Young-Older/Young × 100% 

* Statistically significant difference between young and older adults after p≤0.01 FDR 

correction for multiple comparisons.  
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Table 5  

Cortical thickness (mm) in young and older adults. 

 

Young  Older adults   

  Mean SD  Mean SD Difference  

Frontal        

Superior 2.8 0.3  2.3 0.3 -18 * 

rostral middle 2.6 0.2  2.2 0.2 -15 * 

caudal middle 2.6 0.3  2.2 0.3 -15 * 

parsopercularis 2.8 0.2  2.4 0.3 -16 * 

parstriangularis 2.7 0.2  2.3 0.3 -17 * 

parsorbitalis 3.0 0.2  2.5 0.3 -17 * 

lateral orbital 2.9 0.2  2.5 0.3 -12 * 

medial orbital 2.7 0.2  2.4 0.3 -10 * 

precentral 2.3 0.3  2.0 0.3 -15 * 

paracentral 2.1 0.4  1.9 0.3 -11  

Pole 3.1 0.3  2.7 0.4 -13 * 

Temporal        

Superior 2.9 0.2  2.5 0.3 -12 * 

Middle 3.1 0.2  2.7 0.3 -13 * 

Inferior 3.0 0.2  2.7 0.3 -11 * 

Fusiform 2.7 0.2  2.5 0.3 -9 * 

entorhinal 3.4 0.3  3.1 0.4 -9 * 

transverse 2.4 0.4  2.1 0.4 -13  

Pole 3.6 0.4  3.3 0.5 -8  

parahippocampal 2.9 0.3  2.7 0.3 -6  

Parietal        

Superior 2.2 0.3  2.0 0.3 -10  

Inferior 2.6 0.2  2.3 0.3 -13 * 

supramarginal 2.7 0.2  2.3 0.3 -14 * 

precuneus 2.4 0.2  2.1 0.3 -11 * 

Occipital        

Lateral 2.3 0.2  2.1 0.2 -7 * 

Lingual 2.1 0.2  1.9 0.2 -11 * 

Cuneus 1.8 0.2  1.7 0.2 -8  

Cingulate        

rostral anterior 2.9 0.2  2.8 0.4 -3  

caudal anterior 2.7 0.2  2.6 0.3 -4  

Posterior 2.6 0.2  2.4 0.3 -8 * 

Isthmus 2.6 0.2  2.3 0.2 -12 * 

Insula 3.1 0.1  2.8 0.4 -10 * 

Pericalcarine 1.6 0.3  1.4 0.1 -11 * 
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Mean ± SD, n=25 (young) and n=31 (older adults) 

Difference column is Young-Older/Young X 100% 

* Statistically significant difference between young and older adults after p≤0.01 FDR 

correction for multiple comparisons.  
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Résumé : 

Il n’existe actuellement aucune information sur le fait que la diminution de l’utilisation du 

glucose dans des régions spécifiques du cerveau concerne également d’autres carburants 

énergétiques. Ainsi afin d’évaluer si l’utilisation cérébrale des cétones, qui sont le carburant 

alternatif principal du cerveau, est diminuée comme celle du glucose, un protocole basé sur 

l’imagerie par émission de positons a été développé. L’objectif de cette étude était de 

quantifier les taux métaboliques cérébraux du glucose (CMRg) et d’une cétone comme 

l’acétoacétate (CMRa) de 20 jeunes adultes (âge en moyen de 20 ans) et de 24 personnes 

âgées (âge moyen de 74 ans). En comparaison aux jeunes adultes, les personnes âgées 

démontraient une diminution globale du CMRg de 8±6% (moy. ± SD) (p=0.035); 

régionalement, cette diminution affectait les régions frontale, temporale et sous-corticale 

ainsi que le cortex cingulaire et insulaire (p≤0.01 corrigé pour les comparaisons multiples). 

Aucune différence significative en ce qui concerne le CMRa n’était en revanche notée 

(p=0.11). Les constantes de vitesse de transfert du glucose (Kg) et de l’acétoacétate (Ka) 

étaient significativement réduites (Kg = -11±6%; [p=0.005], et Ka= -19±5%; [p=0.006]) 

chez les personnes âgées en comparaison aux jeunes adultes. En outre, une relation entre 

l’âge, le Kg et le Ka était observée au niveau du  noyau caudé (p=0.030) et du gyrus 

postcentral (p=0.023). Le calcul de l’index d’acétoacétate (AI) basé sur l’analyse des 

résidus des régressions linéaires de l’utilisation des deux carburants du cerveau a permis de 

déterminer que comparativement aux personnes âgées, la région du noyau caudé chez les 

jeunes adultes utilisée plus d’acétoacétate que de glucose (p≤0.05 corrigé pour les 

comparaisons multiples). Cette étude nous renseigne sur les différences et les changements 

entre le métabolisme du glucose et  celui des cétones observés dans le cerveau humain au 

cours du vieillissement normal.    
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Abstract  

The extent to which the age-related decline in regional brain glucose uptake also applies to 

other important brain fuels is presently unknown. Ketones are the brain’s major alternative 

fuel to glucose, so we developed a dual tracer positron emission tomography (PET) 

protocol to quantify and compare regional cerebral metabolic rates for glucose (CMRg) and 

the ketone, acetoacetate (CMRa), in 20 healthy young adults (mean age, 26 years) and 24 

healthy older adults (mean age, 74 years). In comparison with younger adults, older adults 

had 8±6% (mean±SD) lower CMRg in gray matter as a whole (p=0.035), specifically in 

several frontal, temporal and subcortical regions, as well as in the cingulate and insula 

(p≤0.01, FDR correction). The effect of age on CMRa in gray matter did not reach 

significance (p=0.11). Rate constants (min
-1

) of glucose (Kg) and AcAc (Ka) were 

significantly lower (-11±6%; [p=0.005], and -19±5%; [p=0.006], respectively) in older 

compared to younger adults. There were differential effects of age on Kg and Ka as seen by 

significant interaction effects in the caudate (p=0.030) and post-central gyrus (p=0.023). 

The acetoacetate index (AI), which expresses the scaled residuals of the voxel-wise linear 

regression of glucose on ketone uptake, identifies regions taking up higher or lower 

amounts of AcAc relative to glucose. The AI was higher in the caudate of young adults 

when compared to older adults (p≤0.05 FDR correction). This study provides new 

information about glucose and ketone metabolism in the human brain and a comparison of 

the extent to which their regional use changes during normal aging. 
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Key words:  
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18
F-FDG; ketones.  

Abbreviations: 
 

11
C (carbon-11), 

18
F-FDG

 
(2-deoxy-2-[

18
F]fluoro-D-glucose), AcAc (Acetoacetate), AI 

(acetoacetate index), CMRa (cerebral metabolic rate of acetoacetate), CMRg (cerebral 

metabolic rate of glucose), HbA1c (glycated hemoglobin), MMSE (Mini-mental state 

examination), MR (magnetic resonance), PET (positron emission tomography). 
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Introduction 

In cognitively normal older adults, glucose uptake measured by PET using 2-deoxy-2-

[
18

F]fluoro-D-glucose (
18

F-FDG) has been reported to be lower in several brain regions 

relative to young adults, particularly in the precuneus, posterior cingulate, and parietal, 

temporal and frontal cortex (De Santi, et al., 1995,Marano, et al., 2012,Willis, et al., 

2002,Yanase, et al., 2005). However, after correction for partial volume effects (PVE) due 

mainly to regional brain atrophy with age, either 
18

F-FDG uptake is no longer significantly 

different (Curiati, et al., 2011,Ibanez, et al., 2004,Yanase, et al., 2005), or the only region in 

which 
18

F-FDG uptake remains significantly lower is in the frontal cortex (Chetelat, et al., 

2013, Kalpouzos, et al., 2009). Lower regional glucose uptake is more pronounced in 

Alzheimer’s disease, and may be of some use in the differential diagnosis of specific forms 

of aging-associated cognitive impairment (Kantarci, et al., 2010,Li, et al., 2008,Mosconi, et 

al., 2009,Scheef, et al., 2012). Lower regional brain glucose uptake is also present in young 

adults with a maternal family history of Alzheimer’s disease (Mosconi, et al., 2007) or with 

a genetic predisposition to Alzheimer’s disease by virtue of carrying the apolipoprotein E 

ε4 allele and who are cognitively normal (Reiman, et al., 2004,Reiman, et al., 2005).  

Glucose is the brain’s predominant fuel under normal conditions but it is not the brain’s 

only fuel (Cunnane, et al., 2011,Gottstein, et al., 1971,Owen, et al., 1967). The ketones, 

AcAc and β-Hb, are the brain’s main alternative fuels to glucose in adult humans and are 

essential brain fuels during infant development (Cremer, 1982,Nehlig, 2004,Robinson and 

Williamson, 1980). In adult humans, plasma ketones commonly reach 2-3 mM during 3-6 

days fasting, prolonged exercise, or on a very high fat ketogenic diet (Balasse and Fery, 

1989,Cahill, 2006,Mitchell, et al., 1995,Owen, et al., 1967). The ketogenic response to 

fasting is essential to preserve muscle protein which would otherwise be depleted in order 

to produce glucose for the brain from amino acids via gluconeogenesis (Veech, et al., 

2001). Indeed, during starvation, ketones can provide up to 70% of the brain’s fuel 

requirements (Cahill, 2006,Hasselbalch, et al., 1995,Owen, et al., 1967,Robinson and 

Williamson, 1980). Normal brain function can be maintained by ketone infusion during 
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acute, controlled experimental plasma glucose depletion (Amiel, et al., 1991,Page and 

Williamson, 1971,Veneman, et al., 1994).  

Ketones use a different transport system to enter the brain (monocarboxylic acid 

transporters) than glucose (Morris, 2005,Pierre and Pellerin, 2005), and are catabolized to 

acetyl CoA independently of glycolysis (Mamelak, 2012,Veech, et al., 2001). Unlike 

glucose, ketones are taken up and metabolized by the brain in direct proportion to their 

arterial concentration (Blomqvist, et al., 2002,Cunnane, et al., 2011,Hasselbalch, et al., 

1996). Glucose metabolism is largely separate from ketone metabolism but some carbon 

from glucose can be incorporated into ketones via acetyl CoA (Laffel, 1999). However, 

conditions that increase plasma glucose generally also increase plasma insulin which is the 

main inhibitor of ketone synthesis, thereby usually insuring that acetyl CoA from glucose 

goes either to the Krebs’ cycle or to amino acid synthesis but not to ketogenesis.  

Without measuring uptake of at least one other fuel that is taken up by the brain 

independently of glucose, it remains unclear as to whether lower brain glucose uptake in 

healthy older adults or in those at risk of Alzheimer’s disease can be interpreted as being a 

generalized marker of deteriorating brain energy metabolism or could possibly be specific 

to glucose. Some brain regions taking up less glucose in older adults might still be 

functional but cannot obtain or metabolize enough glucose due to a problem related to 

glucose transport or utilization (Cunnane, et al., 2011,Maalouf, et al., 2009,Mamelak, 

2012,Swerdlow, 2009). If that were the case, a fuel accessing the tricarboxylic acid cycle 

independently of glycolysis, i.e. ketones, would not necessarily display the same pattern of 

brain hypometabolism as glucose. Equally importantly, brain regions that apparently take 

up glucose normally during aging may not necessarily be able to adequately take up 

ketones, yet both are important for optimal brain function.  

We therefore developed 1-[
11

C]acetoacetate (
11

C-AcAc) as a PET ketone tracer (Tremblay, 

et al., 2007) to use in parallel with 
18

F-FDG in studying brain energy metabolism during 

aging. Our objective was to assess the extent to which the regional pattern of brain 
11

C-

AcAc uptake resembles that of 
18

F-FDG in healthy, cognitively normal young and older 

adults. We established a brain PET protocol in which 
11

C-AcAc is the first tracer injected 
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due to its shorter half-life of 
11

C (20 min), followed by a wash-out period and then injection 

of 
18

F-FDG. PET images were co-registered to each participant’s respective magnetic 

resonance (MR) images, and brain regions were segmented for quantitative PET tracer 

uptake analysis after PVE correction (Quarantelli, et al., 2004).  

The tracer uptake data was expressed in three ways; (i) cerebral metabolic rate (µmol/100 

g/min) of glucose (CMRg) and AcAc (CMRa), (ii) rate constants (min
-1

) of glucose (Kg) 

and AcAc (Ka), and the (iii) acetoacetate index (AI). CMR is the traditional measure for 

quantifying brain fuel uptake and is the product of K multiplied by the plasma 

concentration of glucose or AcAc. Plasma ketones vary markedly even under well-

controlled conditions and so directly influence CMRa variability, thereby potentially 

masking differences with age (Lying-Tunell, et al., 1981). Reporting the Ka considerably 

reduces this variability and reveals differences in brain AcAc uptake not otherwise 

detectable. The AI is based on the approach of Vaishnavi, et al. (2010) in which the scaled 

residuals of the voxel-wise linear regression of glucose on ketone uptake identify regions of 

the brain taking up higher or lower amounts of 
11

C-AcAc relative to
18

F- FDG. 

Materials and methods  

Participants 

Ethical approval for this study was obtained from the Research Ethics Committee of the 

Health and Social Services Center – University of Sherbrooke Geriatrics Institute, which 

oversees all human research at the Research Center on Aging. All participants provided 

written informed consent prior to study entry. Participants were between either 18-30 years 

old (young group; n=20), or 65-85 years old (older group; n=24). They all underwent a pre-

screening visit which included blood analysis based on a blood sample collected after an 

overnight fast, and completion of a medical history questionnaire. Exclusion criteria 

included a Mini-Mental State Examination (MMSE; Folstein, et al, 1975) score <26/30, 

smoking, diabetes or glucose intolerance (elevated fasting plasma glucose, insulin or 

glycated hemoglobin [HbA1c]), evidence of overt heart, liver or renal disease, and untreated 

hypertension, dyslipidemia, or thyroid disease. None of the young participants were 
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medicated. Ten of the twenty-four older adult participants were medicated, seven for 

hypertension (Irbesartan, Ramipril or Telmisartan), two for osteoporosis (Risedronate), and 

two with a gastric acid secretion inhibitor (Pantoprazole).  

MR imaging 

For each participant, three-dimensional T1-weighted MR images were acquired on a 1.5 

Tesla scanner (Sonata, Siemens Medical Solutions, Erlangen, Germany). The parameters of 

the gradient echo sequence were: repetition time/echo time - 16.00/4.68 ms, 20° flip angle, 

1 mm
3
 isotropic reconstructed voxel size, 256 × 240 × 192 mm

3
 field of view, matrix size 

of 256 × 256 × 164, number of averages of 1, and an acquisition time of 9.14 min. A set of 

20 FLAIR images were also acquired in the axial direction. The parameters were: repetition 

time/echo time - 8500/91 ms, 2400 ms inversion time, echo train length of 17, matrix size 

of 256 × 192, for a 230 × 172.5 mm
2
 field of view, slice thickness of 6 mm, spacing 

between slices of 1.2 mm, number of acquisitions of 1, and an acquisition time of 3.09 min. 

FLAIR MR images of the brain were reviewed by a neurologist and no evidence of 

structural abnormality was found in any young or older adult participant. 

PET and cerebral metabolic rates 

11
C-AcAc was synthesized as described previously (Tremblay, et al., 2007). Brain PET 

scans were performed on a Philips Gemini TF PET/CT scanner (Philips Medical System, 

Eindhoven, The Netherlands) using a dynamic list mode acquisition, 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. For 
11

C-AcAc, the time frames were 12 × 10 s, 8 × 30 s, and 1 × 4 min, for a total scan 

length of 10 min which was followed by a 50 min wash-out period. For 
18

F-FDG, time 

frames were allocated according to 12 × 10 s, 8 × 30 s, 6 × 4 min, and 3 × 10 min, for a 

total scan length of 60 min. After breakfast, each participant fasted for 6-7 h before 

scanning which was performed at around 2 pm. Each participant’s head was positioned in 

the headrest and gently restrained with straps in a dark quiet environment. An indwelling 

venous catheter was introduced into a forearm vein which was placed in a hand warmer at 

44°C (Phelps, et al., 1979). A second catheter was placed in the contralateral forearm vein 
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for the injection of 5 mCi of tracer, which was infused over 22 s using an infusion pump. 

Blood samples were obtained at 3, 6, and 8 min after 
11

C-AcAc infusion and at 3, 8, 16, 24, 

35 and 55 min after 
18

F-FDG infusion. Radioactivity in plasma samples was counted in a 

gamma counter (Cobra, Packard, United States) cross-calibrated with the PET scanner.   

PET images underwent a series of preprocessing steps to produce quantitative images of 

brain glucose and AcAc uptake. First, PET images were automatically co-registered to each 

participant’s respective MR image using a cross-modality 3D image fusion tool 

implemented in PMOD 3.3 (PMOD Technologies Ltd., Zurich, Switzerland). Co-registered 

PET images were then corrected for partial volume effect using the modified Müller-

Gartner method (Quarantelli, et al., 2004), which is fully implemented in the PVElab 

software (http://nru.dk/downloads/software).  

Using the PMOD 3.3 pixel-wise kinetic modeling tool (PXMOD), parametric images of 

CMRg and CMRa were produced for each participant. Quantification of CMR requires an 

arterial input function which was determined by tracing regions of interest (ROIs) on the 

internal carotid arteries with the aid of co-registered MR imaging scans as previously 

validated in humans (Zhou, et al., 2011). The calculated activity within the ROI was 

corrected to the radioactivity of the plasma samples obtained during PET image acquisition. 

The lumped constant used for the CMRg calculation was set to 0.80 (Graham, et al., 2002). 

CMRg and CMRa were expressed as µmol/100 g/min using the graphical Patlak model 

(Patlak, et al., 1983). CMRa was corrected for the loss of 5.9% of the initial dose of 
11

C-

AcAc that would have been catabolized to 
11

CO2 during the 
11

C-AcAc PET scan 

(Blomqvist, et al., 1995).  

Using SPM8, each participant’s parametric CMRg and CMRa PET images were linearly 

and nonlinearly deformed into MNI standard coordinate space using his/her MR images to 

estimate the spatial normalization parameters. Separate analyses were then performed for 

CMRg and CMRa using both ROI and voxel-based SPM8 

(http://www.fil.ion.ucl.ac.uk/spm/) analysis. For the ROI-based analysis, the data were 

extracted directly from the un-smoothed images for each ROI which were predefined 
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according to the AAL template. For the voxel-based analysis, the images were smoothed by 

a Gaussian kernel with a full width at half-maximum of 8 mm.  

CMR is the product of the rate constant (K) for the tracer uptake multiplied by the plasma 

concentration of glucose or AcAc (Blomqvist, et al., 2002,Blomqvist, et al., 1995). Since 

the plasma concentration of AcAc was relatively variable (Table 1), we report the CMR 

and K for both tracers. The AI was calculated as the residuals of the voxel-wise linear 

regression of glucose on ketone uptake (Glucose=k × AcAc + b) based on the work by 

Vaishnavi, et al. (2010). Conventionally, the AI could be calculated as the voxel-wise ratio 

of AcAc/glucose uptake. Due to the established statistical equivalent relationship between 

AcAc/glucose and the linear regression residuals and ratio artefact for voxels with close to 

zero counts, we followed the approach of Vaishnavi et al, (2010) for AI computation. 

Plasma metabolites 

Plasma parameters were measured using an automated clinical chemistry analyzer 

(Dimension Xpand Plus; Siemens Healthcare Diagnostics, Deerfield, IL, USA). Plasma 

insulin was analyzed by commercial enzyme-linked immunosorbent assay (Alpco, Salem, 

NH, USA) with a Victor X4 multilabel plate reader (Perkin Elmer, Woodbridge, ON, 

Canada). 

Data presentation and statistical analysis 

Data are presented as mean ± SD. Levene's test was used to assess homogeneity of variance 

(p≤0.05) and t-tests with unequal variance were employed if Levene’s test was significant. 

Brain regions refer to gray matter only with white matter being identified separately. Two-

factor ANOVA was used to determine interaction effects between age and brain tracer 

uptake. Independent Student’s t-tests were used to separately compare CMR and K between 

the young and older groups. These comparisons underwent a p≤0.01 FDR correction 

(Benjamini, et al., 2001), as reported elsewhere in studies of brain glucose uptake in older 

adults (Esposito, et al., 2008,Kalpouzos, et al., 2009). Pearson correlations were performed 

to assess associations between CMRa or Ka and plasma AcAc, between CMRg and CMRa, 

and between Ka and Kg. All statistical analyses were carried out using SPSS 17.0 software 
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(SPSS Inc, Chicago, IL, USA) except for the voxel-wise SPM8-based analysis. For the 

voxel-wise analysis and unless otherwise indicated, the resulting statistics at each voxel 

were corrected for multiple comparisons with a p≤0.01 false discovery rate (FDR) 

correction and displayed as SPMs in standard anatomic space, with a minimum cluster size 

of 50 voxels. 

Results 

The older adults were 48 years older than the young group (p≤0.001; Table 1). All 

anthropometric and plasma measures for both groups were within the normal range for age. 

However, systolic blood pressure, body mass index, and hemoglobin A1c were significantly 

higher whereas height and plasma albumin was significantly lower in our older adults (all 

p≤0.05). All participants had MMSE scores ≥29/30 and there was no difference in global 

cognitive status between the two groups as assessed by the MMSE.  

Figure 1 provides a representative example of an axial view of brain 
11

C-AcAc and 
18

F-

FDG uptake.  

 

 

Figure 1 : Acetoacetate and glucose tracer uptake 

Axial slices showing patterns of 11C-acetoacetate (A) and 18F-fluorodeoxyglucose (B) 

uptake in a young adult. 

A B 



 

101 

 

In gray matter taken as a whole and compared to the young group, older adults had 

significantly lower CMRg (-8±6% [mean±SD]; p=0.035) but not significantly lower CMRa 

(p=0.11) (Figure 2A). In gray matter as a whole, Kg and Ka were both significantly lower 

for older adults (-11±6%; p=0.005, and -19±5%; p=0.006, respectively; Figure 2B). On a 

regional basis, CMRg in the older group was 9-15% lower specifically in the superior 

frontal cortex, rectus gyrus, temporal cortex, anterior cingulate, insula, putamen and 

thalamus (p≤0.01 with FDR correction; Table 2). There was no significant difference in 

regional CMRg between men and women in our older adults, but in the young group, 

women had a 27% higher CMRg specifically in the posterior cingulate (p≤0.001; data not 

shown). Despite 20-38% lower mean values in older adults, CMRa did not differ 

significantly with age in any brain region (Table 3).   

 

Figure 2 : Brain acetoacetate and glucose uptake 

Mean cerebral metabolic rate of glucose (CMRg; μmol/100 g/min) and acetoacetate 

(CMRa; µmol/100 g/min×10-2; A) as well as rate constant (min-1; B) for glucose (Kg) and 

acetoacetate (Ka) for gray matter in young (black bars) and older (white bars) adults. Older 

adults had significantly lower global CMRg (-8%; p=0.035) but not CMRa (p=0.11) when 

compared to young adults. Kg and Ka were both significantly lower for older adults (-11%; 

[p=0.005], and -19%; [p=0.006], respectively) when compared to young adults. 

There was a significant interaction between Kg and Ka with age in two brain regions - the 

caudate (p=0.030) and post-central gyrus (p=0.023), with interactions approaching 

significance in the gyrus rectus (p=0.086), putamen (p=0.094) and thalamus (p=0.084). In 

most brain regions, significantly lower Kg matched well with lower CMRg in older adults 

B A 
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(Table 2). Ka was 9-26% lower in older adults in several areas of the frontal, temporal, 

parietal cortex, and cingulate, as well as in the rolandic operculum, insula, and white matter 

(p≤0.01 FDR correction), but was not different between the two groups in the occipital 

cortex, subcortical regions (caudate, putamen, thalamus) or cerebellum (Table 3).  

Plasma AcAc concentration was significantly positively correlated with CMRa for the 

whole brain in the young (r=+0.96; p≤0.0001) and older adults (r=+0.84; p≤0.0001), with 

no statistically significant difference between the slopes of the two regression lines 

(p=0.75; Figure 3A). Ka was not significantly correlated with plasma AcAc (Figure 3B).  

 

Figure 3 : Plasma acetoacetate concentration and brain acetoacetate uptake 

Plasma acetoacetate (AcAc) plotted against mean cerebral metabolic rate of acetoacetate 

(CMRa; A) and the rate constant for acetoacetate (Ka; B) in gray matter. Symbols represent 

the mean cortical uptake for each young (●) and older (□) participant. The regression lines 

for the young (─; y=3.49x + 0.04) and older adults (−−; y=3.32x -0.01) were not 

significantly different (p=0.75). 

CMRa and CMRg were significantly positively correlated across gray matter ROIs in both 

the young and older adults (r=+0.64 and r=+0.73, respectively; both p≤0.0001), and the 

slopes of their regression lines were not significantly different (p=0.09; Figure 4A). CMRg 

= 38.30 × CMRa + 22.54 (p≤0.001; r=+0.62) describes the linear regression of the pooled 

CMRg and CMRa data. Kg and Ka were also significantly positively correlated across brain 

regions, as expressed by the following regression lines; young (y=1.09x + 0.03; r = +0.64) 

and older adults (y=1.5x + 0.01; r = +0.73; Figure 4B). 

A B 
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 Figure 4 : Brain acetoacetate and glucose uptake correlations 

Cerebral metabolic rate of acetoacetate (CMRa) plotted against the cerebral metabolic rate 

of glucose (CMRg). Symbols represent the mean value of each ROI (n=28) for young (●) 

or older (□) adults. CMRa and CMRg were significantly positively correlated in both young 

and older adults (r = +0.64 and r = +0.73, respectively). The regression lines for the young 

(─; y=47.16x + 16.12) and older adults (−−;  y=79.54x + 14.88) were not significantly 

different (p=0.09). Linear regression of the pooled data was represented by y=38.30x + 

22.54 (p≤0.001; r=+0.62). Ka and Kg were significantly positively correlated in both young 

and older adults (r = +0.64 and r = +0.73, respectively). The regression lines for the young 

(─; y=1.09x + 0.03) and older adults (−−;  y=1.5x + 0.01) were not significantly different 

(p=0.26). Linear regression of the pooled data was represented by y=1.22x + 0.02 

(p≤0.001; r=+0.72). 

In the young group, nine clusters of significantly higher AI were found that encompassed 

mainly the bilateral caudate, putamen, precuneus, calcarine and frontal regions (p≤0.01 

FDR correction; Figure 5A; supplementary Table 1). Older adults had significantly higher 

AI localized in just two clusters; bilaterally in the putamen and the right caudate (p≤0.01 

FDR correction; Figure 5B; supplementary Table 2). Subtraction of the AI map of the older 

adults (Figure 5B) from that of the younger adults (Figure 5A) revealed that our younger 

adults had significantly higher AI when compared with the older adults only in the caudate 

(p≤0.05 FDR correction; Figure 5C; supplementary Table 3). No regions had statistically 

higher (negative) AI in older compared to younger adults. 
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Figure 5 : Acetoacetate index 

Cortical surface maps of the acetoacetate index (AI) with p≤0.01 FDR correction. In young 

adults (A; n=20), nine significant clusters of high AI were present encompassing mainly the 

bilateral caudate, putamen, precuneus, calcarine and frontal regions. In older adults (B; 

n=24), there were two significant clusters of high AI - the right caudate and the right and 

left putamen. The difference between A and B shows that the caudate is the only cluster in 

which higher AI in the young group significantly exceeded higher AI in the older group (C; 

p≤0.05 FDR correction). For purposes of illustration, voxel-wise statistics surviving p≤0.05 

are displayed unadjusted for multiple comparisons with the arrow indicating the statistical 

cut-off used in A and B. 

There was no statistically significant relationship between CMRg, CMRa, Kg or Ka and 

other parameters that differed between the two groups, i.e. BMI, systolic blood pressure, 

hemoglobin A1c or albumin (data not shown).  

 

0.05                             unadjusted p-value                           10-08 

A 

B 
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Discussion 

This is the first report of brain uptake of 
11

C-AcAc in humans and the first comparison of 

brain glucose and ketone uptake using PET in healthy older and young adults. This 

comparison of the uptake of the brain’s two main fuels is central to the question of whether 

lower regional brain glucose uptake in healthy older adults is also observed with ketones 

which are the brain’s main alternative fuel to glucose. Our results show that there were both 

similarities and differences in the way the aging brain uses glucose and AcAc. For instance, 

the rate of uptake of both fuels (CMRg and CMRa) was highly correlated across brain 

regions (Figure 4). Similarly, after correction for PVE and multiple comparisons, aging was 

associated with lower rate constants (Kg and Ka) for uptake of both fuels in gray matter 

taken as a whole. Regional analysis showed that lower Kg and Ka in the older group were 

limited in both cases mostly to the frontal, temporal and parietal cortex, as well as to the 

anterior and middle cingulate and the insula (Tables 2, 3).  

Despite these similarities in the aging-associated changes in regional 
11

C-AcAc and 
18

F-

FDG uptakes, certain differences were also observed. There was a significant age by tracer 

interaction for K analysis in the caudate (p<0.030) and post-central gyrus (p<0.023), with 

interactions approaching significance in the putamen, thalamus and gyrus rectus (Tables 2, 

3). Relative to 
18

F-FDG, 
11

C-AcAc uptake was less influenced by age in the caudate, 

leading to proportionally higher AI in the caudate of young adults (Figure 5). Interestingly, 

the caudate appears to be relatively spared from synaptic loss and resulting symptoms in 

Alzheimer’s disease (Langbaum, et al., 2009,Yuan, et al., 2010). There were no sex 

differences in brain glucose or AcAc uptake in the older adults but, as previously reported 

(Andreason, et al., 1994), young women had 27% higher CMRg in the posterior cingulate 

when compared with young men. Hence, not only is lower brain glucose uptake in those 

>70 years of age clearly a regional phenomenon, but the present data show that these 

regional changes in brain energy metabolism with age have a certain degree of fuel 

specificity.  

Our CMRg results agree with previous studies reporting glucose hypometabolism in frontal 

brain regions of older adults after correction for PVE (Chetelat, et al., 2013,Kalpouzos, et 
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al., 2009). In addition to the commonly reported glucose hypometabolism in the frontal 

cortex, our older adults also had lower CMRg in the temporal cortex, anterior cingulate, 

insula, putamen and thalamus. We also confirm the lack of aging-associated change in 

CMRg previously reported for white matter, cerebellum and occipital cortex (Ibanez, et al., 

1998,Ibanez, et al., 2004). It is not clear why there are regional differences in brain fuel 

uptake in cognitively healthy older adults, nor why they differ for glucose and AcAc. The 

11
C-AcAc and 

18
F-FDG are injected about one hour apart on the same day, so the reason for 

these differences is unlikely to be methodological. We have previously drawn attention to 

the fact that pyruvate dehydrogenase declines with age, which would affect glucose more 

than ketone utilization by the tricarboxylic acid cycle (Cunnane, et al., 2011).  

Two previous PET studies of brain ketone uptake with the tracer, 
11

C-β-Hb, have been 

reported (Blomqvist, et al., 2002,Blomqvist, et al., 1995), but they made no comparison 

with glucose metabolism nor with age. Our results agree with Blomqvist et al, (1995) and 

with arterio-venous difference studies (Gottstein et al, 1970; Lying-Tunell et al, 1981) 

suggesting that ketones contribute to 2-3% of brain energy consumption when plasma 

ketones are 0.3-0.5 mM (Courchesne-Loyer, et al., 2013). Our brain 
11

C-AcAc PET scans 

were acquired after 6 h fasting when the sum of plasma AcAc and β-Hb averaged 0.45 mM. 

We therefore plan to repeat this experimental design with both PET tracers before and after 

the participants have experienced a period of several days of mild, controlled, experimental 

ketonemia in which plasma ketones are raised to 1-2 mM, when brain ketone uptake should 

contribute up to 10-15% of brain fuel requirements (Cunnane, et al., 2011).  

Brain ketone uptake varies as a function of plasma ketone concentration (Blomqvist, et al., 

1995,Cunnane, et al., 2011,Hasselbalch, et al., 1995,Owen, et al., 1967), so normal inter- 

and intra-individual variations in plasma ketones increase the variability of CMRa. This 

variability in plasma ketones probably prevented us as well as previous groups that used the 

arterio-venous difference approach (Gottstein, et al., 1971,Lying-Tunell, et al., 1981) from 

finding a significant difference in whole brain CMRa in older adults. In order to control for 

the variability in plasma ketones, we also expressed tracer uptake in terms of the rate 

constants for both 
18

F-FDG and 
11

C-AcAc, Kg and Ka, respectively. Age-related 

differences in brain 
18

F-FDG uptake were minimally affected depending on whether the 
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data were expressed as Kg or CMRg. However, the Ka revealed that lower regional brain 

CMRa in older adults is more a function of a lower rate constant than of plasma AcAc, 

because the latter did not differ significantly between the two groups (Table 3). Hence, 

somewhat higher plasma AcAc in older adults is needed in brain regions with a lower Ka in 

order to achieve the same net brain AcAc uptake as in younger adults.   

Diets or supplements that induce mild ketosis are reportedly therapeutically beneficial in 

both mild cognitive impairment and Alzheimer’s disease, at least on a short-term basis 

(Henderson, 2008,Krikorian, et al., 2012,Reger, et al., 2004). The present dual tracer PET 

protocol has potential application in assessing regional brain fuel utilization in mild 

cognitive impairment and in Alzheimer’s disease. Our present results suggest that higher 

ketone availability in the blood might provide a viable alternative fuel to glucose in brain 

regions in which glucose uptake alone was lower in older adults, i.e. in the rectus gyrus, 

caudate, putamen and thalamus (Table 2). We have recently reported that raising plasma 

ketones in the rat by fasting or by a very high fat ketogenic diet increases not only brain 

AcAc uptake (Bentourkia, et al., 2009) but also increases brain glucose uptake (Pifferi, et 

al., 2011,Roy, et al., 2012), so these results can now be tested in humans as well.  

This study has several limitations. First, it did not include PET measurements of brain 

oxygen metabolism, so we were unable to determine the extent to which our findings could 

be linked to aging-related changes in aerobic glycolysis as reported elsewhere (Vaishnavi, 

et al., 2010,Vlassenko, et al., 2010). Ketone metabolism is aerobic and our AI map in 

young adults (Figure 5A) is similar to the glycolytic index map reported by Vlassenko, et 

al. (2010), suggesting that measuring brain ketone metabolism by PET with 
11

C-AcAc may 

be useful in assessing whether aerobic energy metabolism in the brain changes with age. 

Additional studies are needed to further explore the relationships between the rates of 

ketone, glucose and oxygen metabolism in young adults, as well as how these rates are 

affected during aging and in those predisposed to AD, and whether they are modified by 

ketogenic agents. Second, 
18

F-FDG is a relatively long-lived tracer that binds to hexokinase 

for which corrections are made to estimate CMRg. In contrast, 
11

C-AcAc is not 

metabolically trapped but is catabolized to 
11

CO2, a process that consumes about 5.9% of 

the tracer during the 10 min 
11

C-AcAc PET scan (Blomqvist, et al., 1995). This difference 
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in metabolic fate between the two tracers suggests that the absolute magnitudes of the 

aging-associated difference in brain uptake of these two fuels are not necessarily directly 

comparable except on a relative basis, which is why we also expressed the results as AI 

(Figure 5). Finally, PET does not have the spatial resolution to distinguish whether some of 

the aging-related differences we observed were due more to changing energy metabolism in 

neurons or astrocytes. Astrocytes can synthesize ketones but, to our knowledge, this has 

only been shown in vitro and depends on exogenous medium chain (6-10 carbon) fatty 

acids being added in the astrocyte culture medium (Auestad, et al., 1991). Although PET 

would not be able to evaluate ketone synthesis within astrocytes per se, under our 

experimental conditions, it seems unlikely that this would significantly affect our results 

because the ketogenic medium chain fatty acids are essentially undetectable in human 

plasma except in infants consuming mother’s milk.  

In conclusion, when expressed quantitatively and with PVE and statistical correction for 

multiple comparisons, the regional pattern of changing brain fuel uptake with age differs 

between glucose and AcAc, especially in the caudate. This study provides new information 

about regional glucose and ketone metabolism in the human brain and a comparison of the 

extent to which their use changes during normal aging. 
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Table 1 

Characteristics of the study participants. 

 Young   Older adults  P* 

No. of subjects 20   24    

Age (y) 26 4  74 5  ≤0.001 

Sex (M/F) 11/9 -  8/16 -   

Blood pressure (mm Hg)             

Systolic           110 12  134 17  ≤0.001 

Diastolic  70 10  81 14   

Heart rate (beats/min) 63 9  67 10   

Height (cm) 174 9  164 10  0.001 

Weight (kg) 71 14  71 16   

Body mass index (kg/m
2
) 23 3  26 4  0.022 

Mini mental state exam ( /30) 29.8 0.6  29.1 1.0   

Fasting plasma measurements        

Glucose (mM) 5.0 0.4  5.2 0.5   

Acetoacetate (mM) 0.15 0.10  0.12 0.04   

β-hydroxybutyrate (mM) 0.32 0.26  0.21 0.10   

Cholesterol (mM) 4.4 1.1  4.7 1.2   

Triglycerides (mM) 0.8 0.4  0.8 0.4   

Free fatty acids (mM) 0.8 0.2  0.9 0.2   

Insulin (IU/L) 4.4 2.2  5.2 2.3   

Hemoglobin A1c (%) 5.2 0.2  5.8 0.3  ≤0.001 

Albumin (g/L) 46 3  43 2  0.001 

Aspartate aminotransferase (IU/L) 24 12  25 4   

Alanine aminotransferase (IU/L) 20 9  22 8   

Thyroid stimulating hormone (mIU/L) 2.2 0.7  2.4 0.8   

HDL cholesterol (mmol/L) 1.5 0.3  1.5 0.3   

LDL cholesterol (mmol/L) 2.3 0.8  2.9 0.9   

Creatinine (µmol/L) 73 12  71 18   

Values are mean and SD, p-values were calculated using unpaired t-test and a chi-square 

test was used to evaluate sex differences between age groups, uncorrected for multiple 

comparisons, *p≤0.05. 
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Table 2 

Cerebral metabolic rate of glucose (CMRg; μmol/100 g/min) and the rate constant for 

glucose (Kg; min
-1

) by brain region in young and older adults. 

 

CMRg  Kg 

 

Young  Older adults   Young  Older adults  

  Mean SD  Mean SD   Mean SD  Mean SD  

Cortical              
Frontal              

Frontal superior 41 6  35 8 *  0.080 0.013  0.066 0.011 * 

Frontal medial 42 6  36 8   0.081 0.013  0.068 0.011 * 

Frontal inferior 40 5  36 7   0.079 0.011  0.066 0.009 * 

Precentral gyrus 44 6  42 9   0.085 0.013  0.079 0.012  
Rectus gyrus 34 5  29 5 *  0.066 0.010  0.053 0.009 * 

Supplementary motor 41 6  39 8   0.079 0.013  0.074 0.013  
Temporal              

Superior/middle/inferior 32 4  29 4 *  0.062 0.008  0.052 0.007 * 

Para/Hippocampus 22 3  21 3   0.041 0.005  0.037 0.006  
Fusiform 27 3  26 3   0.053 0.006  0.047 0.006  

Parietal              
Superior/inferior 42 7  41 8   0.080 0.016  0.074 0.012  
Supramarginal gyrus 38 5  35 6   0.073 0.010  0.064 0.009 * 

Postcentral gyrus 41 6  43 10   0.079 0.012  0.082 0.014  
Precuneus 39 5  37 6   0.074 0.012  0.067 0.011  
Angular gyrus 42 7  40 7   0.082 0.013  0.072 0.013  

Occipital 38 5  37 6   0.073 0.008  0.068 0.011  
Calcarine 38 5  37 5   0.074 0.009  0.067 0.011  
Cuneus 41 6  42 8   0.078 0.011  0.077 0.014  
Lingual 33 4  32 5   0.064 0.007  0.059 0.008  

Cingulate              
Anterior 30 5  26 4 *  0.058 0.010  0.045 0.008 * 

Middle 36 4  34 5   0.070 0.010  0.062 0.010 * 

Posterior 43 7  41 9   0.087 0.015  0.075 0.016  
Rolandic operculum 34 7  31 6   0.063 0.012  0.057 0.009  
Insula 31 4  28 3 *  0.060 0.008  0.051 0.007 * 

Subcortical              
Caudate 36 7  31 6   0.072 0.011  0.058 0.011 * 

Putamen 41 6  36 6 *  0.081 0.013  0.068 0.009 * 

Thalamus 38 6  32 5 *  0.074 0.011  0.059 0.011 * 

Cerebellum 24 4  23 3   0.046 0.007  0.041 0.006  
White matter 15 2  14 2   0.026 0.007  0.023 0.006  

Mean and SD, n=20 (young) and n=24 (older adults) 
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* Statistically significant difference between young and older adults after p≤0.01 FDR 

correction for multiple comparisons. 
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Table 3 

Cerebral metabolic rate of acetoacetate (CMRa; μmol/100 g/min X 10
-2

) and the rate 

constant for acetoacetate (Ka; min
-1

) by brain region in young and older adults. 

 
CMRa  Ka  

 
Young  Older adults   Young  Older adults   

  Mean SD  Mean SD   Mean SD  Mean SD   
Cortical               

Frontal               
Frontal superior 56 51  36 17   0.041 0.010  0.030 0.009  * 

Frontal medial 58 51  38 18   0.042 0.010  0.032 0.009  * 

Frontal inferior 57 49  38 18   0.041 0.009  0.032 0.009  * 

Precentral gyrus 62 53  42 19   0.045 0.010  0.035 0.008  * 

Rectus gyrus 45 40  31 17   0.032 0.008  0.028 0.011   
Supplementary motor 64 56  43 21   0.046 0.011  0.036 0.011  * 

Temporal               
Superior/middle/inferior 54 44  37 17   0.039 0.008  0.031 0.008  * 

Para/Hippocampus 38 29  30 15   0.028 0.007  0.026 0.007   
Fusiform 49 42  36 16   0.036 0.009  0.031 0.008   

Parietal               
Superior/inferior 65 56  43 19   0.047 0.010  0.037 0.011  * 

Supramarginal gyrus 62 54  39 16   0.045 0.011  0.033 0.008  * 

Postcentral gyrus 65 56  44 23   0.046 0.010  0.038 0.012   
Precuneus 66 54  45 21   0.048 0.010  0.038 0.010  * 

Angular gyrus 61 53  45 21   0.045 0.010  0.038 0.009   
Occipital 57 47  42 20   0.041 0.008  0.036 0.009   

Calcarine 66 56  46 22   0.048 0.010  0.039 0.011   
Cuneus 70 57  54 27   0.051 0.010  0.046 0.012   
Lingual 60 49  44 21   0.044 0.010  0.037 0.010   

Cingulate               
Anterior 46 39  29 14   0.033 0.007  0.025 0.007  * 

Middle 58 52  39 19   0.042 0.010  0.033 0.009  * 

Posterior 64 60  44 23   0.048 0.022  0.037 0.016   
Rolandic operculum 49 38  32 16   0.035 0.007  0.028 0.009  * 

Insula 45 37  30 14   0.033 0.008  0.025 0.007  * 

Subcortical               
Caudate 32 31  23 12   0.024 0.008  0.020 0.006   
Putamen 47 43  36 18   0.034 0.010  0.030 0.009   
Thalamus 53 46  38 19   0.038 0.011  0.032 0.009   

Cerebellum 45 39  32 17   0.033 0.007  0.027 0.007   
White matter 25 20  18 8   0.019 0.004  0.015 0.004  * 

Mean and SD, n=20 (young) and n=24 (older adults) 
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* Statistically significant difference between young and older adults after p≤0.01 FDR 

correction for multiple comparisons. 
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Résumé : 

Mise en contexte : une diminution du taux métabolique cérébral du glucose (CMRg) dans 

des régions spécifiques du cerveau est observée chez les personnes atteintes de la maladie 

d’Alzheimer et celles qui ont un risque élevé de la développer. Les cétones, comme 

l’acétoacétate et le bêta-hydroxybutyrate constituent la principale source d’énergie 

alternative au glucose au niveau du cerveau. Objectifs : évaluer l’amplitude du 

dysfonctionnement énergétique du cerveau observé au début de la maladie d’Alzheimer en 

déterminant si le patron cérébral régional du métabolisme de l’acétoacétate (CMRa) suit 

celui du CMRg. Méthodes : En se basant sur un protocole d’imagerie TEP et IRM, des 

patients atteints de la maladie d’Alzheimer à un stade léger (MA léger; n=10, âge = 76 ans), 

ont été comparés à des personnes âgées en bonne santé de même genre et de même âge 

(Témoins; n=29, âge = 75 ans). Les images TEP ont été évaluées suivant deux méthodes 

d’analyse, l’une par régions d’intérêt (ROI) et l’autre par blocs de voxels. Résultats : la 

méthode d’analyse par ROI montre que les MA léger comparativement aux Témoins ont 

une diminution globale du CMRg (34.2 ± 5.0 contre 38.3 ± 4.7 µmol/100g/min; p = 0.015); 

cette baisse du CMRg est particulièrement marquée au niveau du cortex temporal, pariétal, 

postérieur cingulaire et du thalamus (p ≤ 0.022). Aucune différence au niveau du CMRa n’a 

été trouvée entre les deux groupes (p ≥ 0.188). La méthode d’analyse par blocs de voxels 

confirme les résultats obtenus avec celle par ROI. Ainsi, le groupe MA léger présentait une 

diminution du CMRg dans sept blocs de voxels localisés dans le cortex temporo-pariétal. 

Conclusions : aucune différence globale ou régionale n’a été trouvée au niveau du 

métabolisme cérébral des cétones entre les personnes ayant la maladie d’Alzheimer à un 

stade léger et des personnes âgées en bonne santé de même âge et de même genre. Ainsi, 

l’hypométabolisme régional observé au cours de la maladie pourrait être spécifique à un 

défaut de capture et/ou d’utilisation du glucose 
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Abstract  

Background: The cerebral metabolic rate of
 
glucose (CMRg) is lower in specific brain 

regions in Alzheimer’s disease and in those at elevated risk of Alzheimer’s disease. The 

-hydroxybutyrate, are the brain’s main alternative energy 

substrates to glucose. Objective: To gain insight into brain fuel metabolism in mild 

Alzheimer’s disease 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 Alzheimer’s disease 

dementia (Mild AD; n=10, age 76 y) patients’ were compared with gender- and age-

matched cognitively normal older adults (Controls; n=29, age 75 y) using a PET/MRI 

protocol. PET images were analyzed using both ROI- and voxel-based methods. Results: 

ROI-based analysis showed 13% lower global CMRg in the gray matter of mild AD 

dementia vs. Controls (34.2 ± 5.0 vs. 38.3 ± 4.7 µmol/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 that encompassed mainly the temporal and parietal cortices (uncorrected p ≤ 0.005) 

but with no difference in CMRa. Conclusion: In comparison with cognitively normal age-

matched controls, lower CMRg present in specific brain regions in mild AD dementia was 

not observed for global or regional CMRa, the equivalent measure for brain ketone uptake 

and metabolism. Regional brain energy substrate hypometabolism in mild AD dementia 

may be specific to impaired glucose uptake and/or utilisation. This suggests a potential 

avenue for compensating brain energy deficit in AD dementia by providing an alternative 

fuel such as ketones. 

Key Words 

Acetoacetate; β-hydroxybutyrate; Alzheimer’s disease; cerebral metabolic rate; energy 

metabolism; glucose; ketones. 
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Introduction 

 Positron emission tomography (PET) with the glucose tracer, 2-[18F]-fluoro-2-

deoxy-D-glucose (
18

F-FDG), demonstrates that brain glucose uptake is impaired in 

Alzheimer’s disease (AD) at the level of glucose transport and/or phosphorylation by 

hexokinase (Dehghan et al., 2014; Marcus and Freedman, 1997; Piert et al., 1996). The 

pattern of brain 
18

F-FDG hypometabolism in AD is present initially in the parietal and 

temporal cortex and posterior cingulate, with extension to the frontal cortex as the disease 

progresses (Nordberg et al., 2010). Lower thalamic 
18

F-FDG uptake can be also be present 

many years before the onset of clinical symptoms in Presenilin-1 carriers (Scholl et al., 

2011). Suboptimal brain 
18

F-FDG uptake is also present in individuals at risk of developing 

AD, i.e. in mild cognitive impairment (Mosconi et al., 2013), and in asymptomatic healthy 

individuals with a maternal family history of AD (Mosconi et al., 2007a) or carrying the 

apolipoprotein epsilon 4 allele (Langbaum et al., 2010; Reiman et al., 2005).  

 The brain’s primary fuel is glucose but it also readily uses ketones, particularly 

during periods of energy deficit and/or hypoglycemia (Cahill, 2006; Cunnane et al., 2011; 

Mamelak, 2012). During prolonged fasting, the two ketones, acetoacetate and β-

hydroxybutyrate, can supply up to 60% of the human brain’s energy requirements (Cahill, 

2006; Owen et al., 1967; Veech et al., 2001). The arterio-venous difference method has 

shown that brain uptake of ketones in AD may be less disrupted than that of glucose 

(Lying-Tunell et al., 1981; Ogawa et al., 1996). 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 the glucose transporter (Halestrap, 2013; Simpson et al., 

2007). Ketone entry into the tricarboxylic acid cycle is also independent of glycolysis 

(Cahill, 2006; Cunnane et al., 2011; Mamelak, 2012; Veech et al., 2001). 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 glucose uptake/utilisation to access the tricarboxylic acid 
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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 glucose or is also seen 

with ketones. To address this question, a double tracer PET protocol was used to 

sequentially assess brain uptake of [11C]-acetoacetate (
11

C-AcAc) and 
18

F-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 pattern of 

brain ketone uptake in healthy young and older adults (Nugent et al., 2014b) and in rats 

(Pifferi et al., 2011; Roy et al., 2012) 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 University Geriatrics Institute and the Centre hospitalier 

universitaire de Sherbrooke). Patients with mild AD dementia (n=10) were identified from 

newly diagnosed cases at the Memory Disorders Clinic at Health and Social Services 

Center – Sherbrooke University 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 Disorders and Stroke (NINCDS) and the Alzheimer’s Disease and 

Related Disorders Association (ADRDA) criteria (McKhann et al., 2011).  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 (Nugent 

et al., 2014a). Fasting blood samples were collected for analysis. A medical history 

questionnaire was also administered. Exclusion criteria included drug addictions, 
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psychiatric diseases, smoking, diabetes, evidence of overt heart, liver or renal disease, and 

untreated hypertension, dyslipidemia, 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 dyslipidemia 

(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 acquisition, T1-weight image, TE 4.68 ms, TR 16.0 ms, T1 9.14 

min,  flip angle 20 degrees, 1 mm
3
 isotropic reconstructed voxel size, FOV 256 × 240 × 

192 mm
3
, (ii) axial FLAIR image, TE 91 ms, TR 8500 ms, T1 3.09 min, FOV 230 × 172.5 

mm
2
; 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 acquisition, 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 6-7 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 radiotracers. A computed tomography image was obtained for attenuation 

correction. Each participant was first injected with 5 mCi of 
11

C-AcAc, due to the shorter 

20 min half-life for [
11

C]. At the end of the 
11

C-AcAc scan, there was a 50 min rest period 

for tracer wash-out. For 
11

C-AcAc, the time frames were 12 × 10 s, 8 × 30 s, and 1 × 4 min, 
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for a total scan length of 10 min. Participants were subsequently injected with 5 mCi of 
18

F-

FDG. For 
18

F-FDG, time frames were allocated according to 12 × 10 s, 8 × 30 s, 6 × 4 min, 

and 3 × 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 
11

C-AcAc injection 

and at 3, 8, 16, 24, 35 and 55 min post 
18

F-FDG injection. Plasma was separated from red 

blood cells by centrifugation and 300 µL of plasma was counted in a gamma counter 

(Cobra, Packard, United States) that was cross-calibrated with the PET scanner. Blood 

plasma parameters were measured using an automated clinical chemistry analyzer 

(Dimension Xpand Plus; Siemens Healthcare Diagnostics, 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 
18

F-FDG and 
11

C-AcAc PET images were analyzed by both 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 (Tzourio-Mazoyer et al., 2002). 

Region of interest (ROI) 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. 

(Nugent et al., 2014b). Brain PET images for each participant were automatically co-
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registered to their respective MR images. PET counts were extracted from ROIs defined 

using the Automated Anatomic Labelling atlas. The modified Müller-Gartner method was 

applied for partial volume effect (PVE) correction 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 (Zhou et al., 2011). The 

multiple-time graphical analysis technique of Patlak et al. (Patlak et al., 1983) was used to 

calculate the cerebral metabolic rate (CMR; µmol/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 concentration 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 (Blomqvist et al., 1995; Graham et al., 2002). CMRa was 

corrected for the loss of 5.9% of the initial injected dose of 
11

C-AcAc that would have been 

catabolized to
 11

C-CO2 during the 
11

C-AcAc PET scan (Blomqvist et al., 1995). 

Voxel-based analysis 

 Using the PMOD 3.3 pixel-wise kinetic modeling tool (PXMOD), parametric 

images of CMRg and CMRa were produced for each participant. Using SPM8 (Wellcome 

Trust, London, UK), 
11

C-AcAc and 
18

F-FDG images from each participant were normalized 

to the Montreal Neurological Institute space and corrected for PVE using the modified 

Müller-Gartner method, which is fully implemented in the PVElab software 

(http://nru.dk/downloads/software).  

Statistical methods 

 Data are presented as mean ± SD. All statistical analyses were carried out using 

SPSS 17.0 software (SPSS Inc, Chicago, IL, USA), except for the voxel-based analysis. 

Grey matter differences between groups for 
11

C-AcAc and 
18

F-FDG images were then 

assessed using a two-sided t-test within the general linear model framework of SPM8 

software performed in Matlab (MathWorks, Natick, Massachusetts, USA). Dichotomous 

variables were compared with the Pearson’s chi-squared test. Brain regions reported in the 

tables include only gray matter with white matter being identified separately. Group 
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differences in continuous variables (CMR and K) were examined using Mann–Whitney U-

tests. All ROI-based comparisons underwent a p ≤ 0.05 false discovery rate (FDR) 

correction for multiple comparisons. The power to detect a between-group difference of 

1.05 SD in mean regional CMR was 79% (nQuery statistical software, Statistical 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 dementia 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, sex 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 vs. 38.5 ± 4.5 µmol/100 g/min, respectively; p = 

0.015), but no differences in CMRa (p = 0.412) or in the rate constants for glucose (Kg) or 

ketones (Ka) (p = 0.105 and p = 0.676, respectively; Figure 1).  
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Figure 1 : Brain glucose and acetoacetate uptake 

(A) Cerebral metabolic rate of glucose (CMRg) and acetoacetate (CMRa) and (B) mean 

rate constant for glucose (Kg; min
-1

) and acetoacetate (Ka; min
-1

) for global gray matter in 

healthy older persons (Controls) and mild Alzheimer’s disease dementia (Mild AD 

dementia).  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). 

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

CMRg (p ≤ 0.016) in the superior, middle and inferior temporal regions, supramarginal 

gyrus, precuneus, angular gyrus, cuneus, posterior cingulate and thalamus (all p ≤ 0.05 

FDR 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 thalamus 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. 
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 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 Figure 2). There 

were no statistically significant clusters for CMRa between the two groups (p > 0.01; data 

not shown). 

  

  

Figure 2 : Brain glucose hypometabolism in mild Alzheimer’s disease 

Brain areas in red had lower regional cerebral metabolic rate of glucose (µmol/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. 

Plasma ketones and cerebral glucose and ketone uptake  

 Depending on the brain region, ketone uptake represented 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 correlated to CMRa in both Controls and mild AD 
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dementia (r = +0.907 and r = +0.865, respectively, all p ≤ 0.003; Figure 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; Figure 3B).  

 

Figure 3 : Brain acetoacetate and glucose uptake correlations 

(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 

cognitively 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 glucose (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 negatively correlated in the mild Alzheimer’s disease dementia 
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group (Mild AD; r = -0.922, p ≤ 0.001) but not in healthy older group (Controls; r = -0.060, 

p = 0.762). 

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 dementia. 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 
18

F-FDG findings agree with previous reports showing 

characteristic parietal-temporal hypometabolism for glucose in the early stages of AD 

(Bokde et al., 2005; Duara et al., 1986; Friedland et al., 1989; Hoffman et al., 2000; Ibanez 

et al., 1998; Mosconi, 2005). Thus, in mild AD dementia, brain regions with a decreased 

ability to acquire and/or consume glucose still appear able to take up and use ketones 

normally. This suggests that brain glucose hypometabolism in mild AD dementia is not 

necessarily 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 
18

F-FDG PET studies now report regional brain Kg in AD (Friedland et al., 1989; 

Jagust et al., 1991; Mosconi et al., 2007b). Our results support the suggestion by Mosconi 

and colleagues (Mosconi et al., 2007b), that lower Kg closely mimics neuropathological 

changes observed during the progression 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 demonstrating no statistically significant difference in brain ketone 

metabolism in AD (Lying-Tunell et al., 1981; Ogawa et al., 1996) 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 µM – 8 mM) (Blomqvist et 

al., 1995; Courchesne-Loyer et al., 2013; Hasselbalch et al., 1995; Nugent et al., 2014b; 

Owen et al., 1967). In the present study, there were no significant differences in plasma 

ketone concentrations between the two groups at the time of the PET scans, nor in the slope 
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of the linear relationship between plasma acetoacetate concentrations and brain 
11

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 possible 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 

correlation between CMRg and CMRa uptake in the mild AD dementia group. The patients 

with mild AD dementia who exhibited the lowest global CMRg (25.1 ± 6.9 µmol/100 

g/min, which is 32% below the mean uptake of age matched normal controls), had a CMRa 

of 0.8 µmol/100 g/min (Fig. 3B). Hence, under our study conditions, higher CMRa did not 

fully compensate for a deficit in CMRg in our mild AD dementia group. As previously 

reported in a transgenic mouse model of  AD (Yao et al., 2009), plasma β-hydroxybutyrate 

commonly reaches 0.5 mM in humans in nutritional ketosis, a level that theoretically could 

largely compensate for the deficit in brain glucose uptake (Cunnane et al., 2011).  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 who are 

receiving dietary ketogenic interventions in an attempt to improve cognitive outcomes 

(Henderson et al., 2009; Krikorian et al., 2012; Reger et al., 2004). Older persons 

consuming a ketogenic diet over two to twelve months experience improved cognitive 

performance, particularly working memory and processing speed (Brinkworth et al., 2009; 

Halyburton et al., 2007). Following a 3-week ketogenic diet, blood ketones can increase to 

0.5 mM in non-diabetic persons (Noakes et al., 2006) and 2-3 mM in non-insulin dependent 

diabetics (Gumbiner et al., 1996), an amount that could support 10-30% of total brain 

energy metabolism (Courchesne-Loyer et al., 2013; Cunnane et al., 2011).  

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 (Nugent et al., 2014b). The 8% value masks somewhat the more important 

deficit in CMRg localized principally to the frontal cortex (-15%) and to some subcortical 

nuclei  
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(-14%). Glucose hypometabolism in AD is reported in regions that are generally not 

affected during the normal aging process (Herholz et al., 2002). However, Dukart and 

colleagues recently showed an overlap in the pattern of regional brain glucose 

hypometabolism in healthy aging and in AD,  suggesting regional similarity between AD 

pathology and aging-related processes (Dukart et al., 2013).  

 We have previously reported that raising plasma ketones with a ketogenic diet in the 

rat not only increases brain ketone uptake but also increases brain 
18

F-FDG uptake (Pifferi 

et al., 2011; Roy et al., 2012). Ketones also reportedly improve mitochondrial ATP 

generation and synaptic function in an ex vivo rat hippocampal preparation (Kim et al., 

2010). Taken together, these results suggest that increasing energy availability to glucose-

deficient brain regions by increasing glucose (
18

F-FDG) uptake or by providing 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 optimize 
18

F-FDG PET (Willis et al., 2002). The two tracers were injected 

sequentially during the same afternoon to minimize biological variability and improve 

comparability between the two brain fuels. PVE correction was also applied to the PET 

images to yield a more accurate quantification of cerebral glucose/ketone uptake. 

Nevertheless, this study has several limitations, including the 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 anticholinesterase, which could potentially have improved brain 

metabolic activity (Keller et al., 2011; Potkin et al., 2001; Shimada et al., 2011). Both 

groups included participants who were on medications for hypertension, 

hypercholesterolemia or thyroid replacement but, in our experience, these medications do 

not affect brain glucose uptake (Nugent et al., 2014a). PET provides relatively 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 normally remains open to speculation. Whether the brain cells that 

have abnormal glucose transporters (Liu et al., 2008), neuronal mitochondrial dysfunction 
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(Hirai et al., 2001), or different energy substrate preference (glucose in neurons vs. ketones 

in astrocytes) (Yudkoff et al., 2008) are the same as those that can still use ketones is also 

unknown.  All participants were fasted for 6-7 hours which induces a degree of mild ketosis 

that varies significantly between individuals, making brain ketone uptake values more 

variable than for glucose. Under the conditions of the present 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 
18

F-FDG and 
11

C-AcAc uptake 

during nutritional ketosis in which plasma ketones are somewhat closer to the postulated 

therapeutic concentration of 0.5 mM (Cunnane et al., 2011; Henderson, 2013). 

 We conclude that lower regional brain glucose (
18

F-FDG) uptake in mild AD 

dementia is not observed for 
11

C-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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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) 72 ± 5 
 

76 ± 4 0.059 

Sex, female (%) 66  60 0.761 

MMSE score (30) 29 ± 1 
 

26 ± 2 <0.001* 

Weight (kg) 71 ± 16 
 

66 ± 11 0.365 

Height (cm) 163 ± 10 
 

167 ± 12 0.475 

Body Mass Index 26 ± 4 
 

24 ± 3 0.060 

Glucose (mM) 5.2 ± 0.5 
 

5.2 ± 0.6 0.677 

Hemoglobin A1c (%) 5.8 ± 0.3 
 

6.0 ± 0.3 0.142 

Insulin (IU/L) 5.7 ± 4.1 
 

3.5 ± 2.3 0.084 

Acetoacetate (µM) 109 ± 54 
 

106 ± 76 0.759 

β-Hydroxybutyrate (µM) 197 ± 112 
 

206 ± 154 0.985 

Albumin (g/L) 43 ± 2 
 

44 ± 2 0.239 

Cholesterol (mM) 4.6 ± 1.0 
 

4.8 ± 1.5 0.893 

HDL cholesterol (mM) 1.5 ± 0.3 
 

1.5 ± 0.4 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) 0.9 ± 0.3 
 

1.0 ± 0.4 0.954 

Lactate (mM) 1.2 ± 0.4 
 

1.3 ± 0.3 0.397 

Creatinine (µmol/L) 71.5 ± 17 
 

81.1 ± 11 0.079 

TSH (mIU/L) 2.5 ± 0.8   2.2 ± 1.2 0.222 

TSH: Thyroid stimulating hormone. 

* Indicates significance at p ≤ 0.05 
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Table 2: Cerebral metabolic rate of glucose (µmol/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 41.2  ± 7.4 
 

37.5  ±  6.0 0.145  

Frontal medial 43.1  ± 6.6 
 

37.9  ± 6.3   0.031  

Frontal inferior 42.2  ± 4.1 
 

38.3  ±  6.1 0.105  

Precentral gyrus 50.4  ± 6.9 
 

48.3  ±  7.4 0.558  

Rectus 33.8  ± 5.2 
 

32.3  ±  4.5 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 30.0  ± 3.4 
 

27.9  ±  5.1 0.185  

Parietal cortex 

 
 

  

 

Superior/inferior 48.3  ± 7.6 
 

41.2  ±  9.7 0.079  

Supramarginal gyrus 41.1  ± 5.0 
 

34.6  ±  6.8 0.011 * 

Postcentral gyrus 52.4  ± 7.2 
 

50.9  ±  7.7 0.678  

Precuneus 43.0  ± 6.0 
 

35.7  ±  5.5 0.002 * 

Angular gyrus 45.7  ± 6.9 
 

34.5  ±  8.4 0.001 * 

Occipital cortex 

 
 

  

 

Calcarine 42.6  ± 6.4 
 

39.1   ±  6.1 0.145  

Cuneus 49.2  ± 7.8 
 

41.8  ±  6.7 0.016 * 

Lingual 37.7  ± 5.5 
 

36.1  ±  6.2 0.669  

Cingulate cortex 

 
 

  

 

Anterior 29.9  ± 5.1 
 

27.7  ±  4.8 0.185  

Middle 39.6  ± 5.0 
 

37.2  ±  5.2 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   ± 3.2 
 

17.4  ±  2.4 0.136  

Insula 32.6  ± 3.6 
 

31.7  ±  4.5 0.558  

Caudate 35.7  ± 7.1 
 

31.6  ±  5.8 0.069  

Putamen 42.9  ± 5.6 
 

39.6  ±  6.3 0.185  

Thalamus 36.4  ± 5.8 
 

31.0  ±  7.1 0.011 * 

Cerebellum 25.9  ± 4.0 
 

25.4  ±  4.2 0.962  

White matter 15.4  ± 1.8   14.0  ±  2.3 0.164  

* Statistically significant difference between the Control and Mild AD groups after p ≤ 0.05 

false discovery rate correction for multiple comparisons. 
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Table 3: Cerebral metabolic rate of acetoacetate (µmol/100 g/min; mean ± SD) in healthy 

older persons (Controls, n=28) and in mild Alzheimer’s disease dementia (Mild AD, n=9). 

Brain regions Controls   Mild AD p-value 

Frontal cortex 
    

Frontal superior 0.33  ± 0.19 
 

0.30  ± 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 
 

0.25  ± 0.20 0.286 

Supplementary motor 0.40  ± 0.22 
 

0.33  ± 0.26 0.188 

Temporal cortex 

 
 

  Superior/middle/inferior 0.34  ± 0.17 
 

0.32  ± 0.25 0.542 

Para/hipoccampus 0.27  ± 0.14 
 

0.26  ± 0.22 0.433 

Fusiform 0.33  ± 0.17 
 

0.30  ± 0.24 0.475 

Parietal cortex 

 
 

  Superior/inferior 0.40  ± 0.21 
 

0.36  ± 0.29 0.433 

Supramarginal gyrus 0.37  ± 0.18 
 

0.33  ± 0.26 0.355 

Postcentral gyrus 0.41  ± 0.23 
 

0.38  ± 0.30 0.412 

Precuneus 0.41  ± 0.20 
 

0.37  ± 0.29 0.412 

Angular gyrus 0.41  ± 0.21 
 

0.37  ± 0.30 0.453 

Occipital cortex 

 
 

  Calcarine 0.42  ± 0.21 
 

0.37  ± 0.28 0.379 

Cuneus 0.49  ± 0.26 
 

0.42  ± 0.31 0.392 

Lingual 0.40  ± 0.20 
 

0.35  ± 0.25 0.519 

Cingulate cortex 

 
 

  Anterior 0.27  ± 0.14 
 

0.24  ± 0.20 0.240 

Middle 0.35  ± 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 0.23  ± 0.14 
 

0.19  ± 0.14 0.433 

Insula 0.28  ± 0.15 
 

0.26  ± 0.22 0.542 

Caudate 0.21  ± 0.13 
 

0.17  ± 0.15 0.240 

Putamen 0.33  ± 0.19 
 

0.29  ± 0.26 0.336 

Thalamus 0.34  ± 0.19 
 

0.28  ± 0.20 0.302 

Cerebellum 0.29  ± 0.16 
 

0.27  ± 0.23 0.453 

White matter 0.16  ± 0.08   0.15  ± 0.12 0.336 

* Statistically significant difference between the Control and Mild AD groups after p ≤ 0.05 

false discovery rate correction for multiple comparisons. 
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Table 4: Rate constant for glucose (Kg; min
-1 

×10
-2

) and acetoacetate (Ka; min
-1

× 10
-2

; both 

mean ± SD) in healthy older persons (Controls, n=28) and mild Alzheimer’s disease 

dementia (Mild AD, n=9).  

Brain regions 
Kg    Ka 

Controls Mild AD     Controls Mild AD  

Frontal cortex 
  

 
   

Frontal superior 6.7 ± 1.3 6.2 ± 0.9  
 

3.0 ± 1.0 3.1 ± 0.6 

Frontal medial 7.0 ± 1.2 6.2 ± 1.0  
 

3.1 ± 0.9 3.1 ± 0.6 

Frontal inferior 6.8 ± 1.0 6.3 ± 1.0  
 

3.1 ± 0.8 3.2 ± 0.6 

Precentral gyrus 8.1 ± 1.4 7.9 ± 1.2  
 

3.5 ± 0.8 3.5 ± 0.5 

Rectus 5.4 ± 0.9 5.3 ± 0.9  
 

2.7 ± 1.1 2.7 ± 0.7 

Supplementary motor 7.5 ± 1.3 7.1 ± 0.9  
 

3.6 ± 1.0 3.5 ± 1.1 

Temporal cortex 

  

 
 

  Superior/middle/inferior 5.4 ± 0.8 4.8 ± 0.9  
 

3.1 ± 0.8 3.3 ± 0.7 

Para/hippocampus 3.8 ± 0.6 3.6 ± 0.6  
 

2.5 ± 0.6 2.6 ± 0.6 

Fusiform 4.8 ± 0.7 4.6 ± 0.9  
 

3.0 ± 0.8 3.1 ± 0.5 

Parietal cortex 

  

 
 

  Superior/inferior 7.8 ± 1.4 6.7 ± 1.5  
 

3.7 ± 1.1 3.6 ± 0.6 

Supramarginal gyrus 6.6 ± 1.0 5.7 ± 1.1  
 

3.3 ± 0.8 3.4 ± 0.6 

Postcentral gyrus 8.5 ± 1.4 8.3 ± 1.1  
 

3.7 ± 1.2 3.8 ± 0.6 

Precuneus 6.9 ± 1.1 5.9 ± 0.9 * 
 

3.7 ± 1.0 3.8 ± 0.6 

Angular gyrus 7.4 ± 1.3 5.7 ± 1.5 * 
 

3.7 ± 0.9 3.8 ± 0.7 

Occipital cortex 

  

 
 

  Calcarine 6.9 ± 1.2 6.4 ± 1.0  
 

3.8 ± 1.0 3.9 ± 0.7 

Cuneus 7.9 ± 1.4 6.9 ± 1.1 * 
 

4.4 ± 1.1 4.5 ± 0.9 

Lingual 6.1 ± 1.0 5.9 ± 0.9  
 

3.6 ± 0.9 3.8 ± 0.7 

Cingulate cortex 

  

 
 

  Anterior 4.8 ± 0.9 4.5 ± 0.6  
 

2.5 ± 0.6 2.4 ± 0.7 

Middle 6.4 ± 1.0 6.1 ± 0.8  
 

3.2 ± 0.8 3.3 ± 0.7 

Posterior 7.6 ± 1.5 6.2 ± 1.1 * 
 

3.5 ± 1.3 4.2 ± 1.1 

Rolandic operculum 5.7 ± 0.9 5.4 ± 0.6  
 

2.6 ± 0.9 2.6 ± 0.5 

Amygdala 3.1 ± 0.6 2.9 ± 0.4  
 

2.1 ± 0.9 2.0 ± 0.7 

Insula 5.2 ± 0.01 5.2 ± 0.7  
 

2.5 ± 0.7 2.6 ± 0.4 

Caudate 5.7 ± 1.2 5.2 ± 0.7  
 

1.9 ± 0.6 1.5 ± 0.9 

Putamen 6.9 ± 1.0 6.5 ± 1.1  
 

2.9 ± 0.9 2.8 ± 0.7 

Thalamus 5.9 ± 1.0 5.1 ± 1.0 * 
 

3.0 ± 1.0 2.9 ± 0.8 

Cerebellum 4.2 ± 0.7 4.2 ± 0.8  
 

2.6 ± 0.7 2.8 ± 0.6 

White matter 2.5 ± 0.4 2.3 ± 0.4    1.4 ± 0.4 1.5 ± 0.3 
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* Statistically significant difference between the Control and Mild AD groups after 

P ≤ 0.05 false discovery rate correction for multiple comparisons. 
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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 47.5 564 1.1 3141 

   

Right inferior parietal 22.7 564 1.2 1345 

   

Right angular gyrus 4.3 564 0.2 1752 

   

Right middle temporal 1.4 564 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 5.4 408 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 × 1 × 1 mm. Cluster size threshold was 100 

voxels,  uncorrected p ≤ 0.005 threshold. 



8. DISCUSSION 

The three manuscripts included in this thesis report on structural and metabolic brain 

alterations in cognitively normal older adults and in mild Alzheimer’s disease. Our findings 

confirm earlier reports of widespread cortical atrophy and specific glucose hypometabolism 

patterns during normal aging. However, we provide quantification of the extent of glucose 

hypometabolism. We also show that our older group was definitely cognitively normal, a 

point that is not always clear in the literature. We report for the first time that 

hypometabolism with normal aging is not limited to the main brain fuel, glucose, but has 

some elements that affect brain ketone metabolism. Brain ketone uptake was not different 

between normal older adults and early Alzheimer’s disease. Significant glucose metabolism 

was present in several medial temporal regions, consistent with previous studies in 

Alzheimer’s disease. 

8.1 Brain atrophy 

Our findings indicate that regional brain atrophy was widespread in the older group when 

compared with the younger group. Gray matter volume was 13 to 33% lower in many brain 

regions in the older group [Table 4, all p≤0.01 FDR corrected (Nugent et al., 2014a)]. The 

greatest volume differences were noted in the frontal regions and included the pars 

triangularis (-33%), pars opercularis (-29%) and pars orbitalis (-24%). These are three 

regions that make up the inferior frontal gyrus. Also, in the older participants the lateral 

ventricles were more than twice the volume of those measured in the younger adults. Fjell 

et al. (2009) performed a longitudinal study which determined changes in brain atrophy 

with aging. Similarly to our results, the authors noted that the prefrontal cortex was one of 

the first regions affected by volume loss (Fjell et al., 2009).  
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Figure 15 : Brain regions 

Lateral surface of the brain showing regions of interest segmented with the FreeSurfer 

pipeline showing regions of the frontal cortex which are commonly affected during aging. 

Our findings indicate that cortical thickness was 7 to 18% lower in many brain regions in 

the older group [Table 5, all p≤0.01 FDR corrected (Nugent et al., 2014a)]. Percent 

differences between the younger and older adults revealed that the average volume 

differences for the cortex (-19%) were almost twice the magnitude of the cortical thickness 

differences (-11%). Brain volume is the product of surface are and cortical thickness. Thus, 

the three parameters are related. Studies have suggested that, during aging, there is an effort 

to retain surface area and gyrification (Ribas, 2010). Thus, of the three parameters, volume 

is generally the most affected, followed by cortical thickness then surface area. The regions 

affected by volume loss revealed proportionally similar changes in cortical thinning (Figure 

16; r=0.72, p≤0.0001). Interestingly, regions that are often highlighted in normal aging or 

Alzheimer’s appeared furthest from the correlation line. These included the entorhinal 

cortex (A) and the superior frontal cortex (D), which had proportionally more cortical 
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thickness loss than volume loss. Fjell et al. (2010), have previously noted that the 

entorhinal cortex undergoes an increased rate of cortical thinning in mild cognitive 

impairment when compared with the rate of thinning in normal aging.  Regions that show a 

preferential loss of cortical thickness are also the regions that are critically involved in the 

development of Alzheimer’s disease. Conversely, regions that had proportionally more 

volume loss than cortical thickness loss included the rostral (B) and caudal (C) anterior 

cingulate. These regions are generally less affected by Alzheimer’s disease.  

 

Figure 16 : Percent difference correlation 

Percent difference between the young and older adults for regional volume and cortical 

thickness revealed a significant positive correlation (r=0.72, p<0.0001). Data points that 

were furthest from the line of regression included the entorhinal (A), rostral anterior 

cingulate (B), caudal anterior cingulate (C), and the superior frontal cortex (D). 

Several regions of the medial temporal cortex were relatively spared of atrophy in our older 

group [Table 4 (Nugent et al., 2014a)]. These regions are generally the most affected in 

Alzheimer’s disease. This supports the view that normal brain aging is a distinct process 
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from Alzheimer’s disease. These regions appear to be indicative of the separation of normal 

aging and pathogenic aging leading to Alzheimer’s disease. 

When compared with older adults, global grey matter volume in mild Alzheimer’s disease 

was 13% lower. Regions that were most affected by atrophy included the entorhinal cortex 

(-33%), fusiform gyrus (-17%), inferior (-16%), middle (-16%) and superior (-11%) 

temporal cortex as well as the hippocampal formation (-21%) (all FDR corrected p≤0.01). 

These results are in accordance with studies on Alzheimer’s disease which have shown 

atrophy in the medial temporal lobe structures (Barta et al., 1997; Convit et al., 1997; Jack 

et al., 1998). These include the entorhinal (Du et al., 2004; Jessen et al., 2006; Killiany et 

al., 2002) and perirhinal cortex, as well as the hippocampus (Ball et al., 1985; Basso et al., 

2006). 

8.2 Brain energy metabolism in aging 

8.2.1 Brain glucose metabolism 

The spatial resolution of PET scanners has evolved rapidly since the first studies of in vivo 

glucose metabolism. It is difficult to compare results from the earliest PET studies on aging 

to those from more recent studies. PET images generally require a correction for PVE, 

especially in studies comparing different age groups. PVE helps correct for differences in 

brain matter volumes between young and older age groups. No PVE correction was 

available for first PET studies on aging and still today the correction is not always applied. 

PVE correction requires MR images which are not always readily available. The 

extremities of the earliest PET images had especially poor  resolution. It was often 

necessary to completely remove the top most portion of the image as well as the cerebellum 

and brainstem from analysis (Garraux et al., 1999; Herholz et al., 2002). Table 3 shows the 

results from several PET studies showing brain glucose hypometabolism during aging. 
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Table 3: Brain glucose hypometabolism, 
18

F-FDG PET aging studies  

Reference 
Sample size and age 

Transaxial 

res. (mm) 

PVE 

correction 

Most significant differences in glucose 

metabolism for elderly 

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

10-20 y old 

(Kuhl et al., 1982) n=40, 20-74 y old 16 No 24% ↓ in elderly 

(De Santi et al., 1995) n=40, 28 y old 

n=31, 68 y old 

7 No 12-24% ↓ in frontal & temporal lobes 

for elderly 

(Loessner et al., 1995) n=91 young, <40 y old 

n=29 older, >40 y old 

5.5 No ↓ in frontal lobes for elderly over 6
th

 

decade 

(Moeller et al., 1996) n=58 young, <50 y old  

n=72 older, >50 y old 

8.5 No 13% ↓ from 20 to 80 y; 

↓ in medial frontal and frontal 

operculum 

(Petit-Taboue et al., 1998) n = 24, 20-67 y 5.5 No 6% ↓ per decade in several cortical 

regions and anterior thalamus 

(Garraux et al., 1999) n=22 young, <28 y old 

n=21 older, >47 y old 

8 No ↓ in medial and dorsolateral prefrontal 

and anterior cingulate cortex 

(Bentourkia et al., 2000) n=10, 26 y old  

n=10, 65 y old 

5 No
 

13% ↓ for elderly 

(Willis et al., 2002) n=20-69 y  No 14% ↓ in elderly,  

↓ in cingulate, frontal, temporal 

cortices from 20 to 60 y old 

(Herholz et al., 2002) n=110 - No ↓ in superior and inferior frontal and 

anterior cingulate cortex 

(Zuendorf et al., 2003) n=74, 21-80 y old 4.6 No ↓ in dorsolateral and medial 

prefrontal cortex 

(Kalpouzos et al., 2009) n=45, 20-83 y old 4.2 Yes ↓ in superior medial frontal cortex for 

elderly 

(Hsieh et al., 2012) n=100, mean 58 y old - No ↓ in lateral orbital prefrontal cortex 

and anterior cingulate cortex 

(Chetelat et al., 2013) n=40 young, <40 y old 

n=57 older, >50 y old 

4.9 No ↓ in pars triangularis of inferior frontal 

cortex 

(Nugent et al., 2014a) n=25 young, <30 y old 

n=31 older, >65 y old 

4.8 Yes ↓ in superior and middle frontal 

cortex, and caudate 

(Nugent et al., 2014b) n=20 young, <30 y old 

n=24 older, >65 y old 

4.8 Yes ↓ in superior frontal and temporal 

cortex, anterior cingulate, insula, 

putamen and thalamus 
a
 Used arteriovenous difference technique. Partial volume effect (PVE). Adapted from 

Nutrition (Cunnane et al., 2011), Copyright (2011), with permission from Elsevier. 

Following PVE correction, CMRg in the whole brain was significantly lower in the older 

group when compared with the young group [-8±6%, p=0.035; Figure 2A (Nugent et al., 

2014b)]. Chetelat et al. (2013) also found significantly lower global glucose metabolism, in 
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older adults, in PVE corrected 
18

F-FDG PET data. Petit-Taboue et al. (1998) likewise 

demonstrated that global CMRg declined significantly at a rate of 6% per decade. However, 

data from the Petit-Taboue et al. (1998) study was not PVE corrected. The significant 

negative correlation they observed in global CMRg across the ages of 20 to 67 must have 

included volumetric effects which would have exaggerated the measured functional 

decline.  

Global gray matter Kg was lower in the older group when compared with the younger 

group [-11±6%, p=0.005; Figure 2B (Nugent et al., 2014b)]. Ka and Kg indicate the tracer 

rate uptake independent of plasma metabolite concentration. In general Kg were are about 

twice the values of Ka. In our second manuscript, regional CMRg was 9 to 15% lower in 

the older group. Specifically, in the superior frontal cortex, rectus gyrus, temporal cortex, 

anterior cingulate, insula, putamen and thalamus [Table 2, p≤0.01 FDR corrected (Nugent 

et al., 2014b)]. There was no significant difference in regional CMRg between men and 

women in older adults. However, women in the young group had 27% higher CMRg in the 

posterior cingulate (p≤0.001; data not shown). In our first manuscript, whole brain CMRg 

was not significantly different between the groups of younger and older adults [p=0.312; 

(Nugent et al., 2014a)]. On a regional basis, CMRg was significantly lower in the older 

adults in the superior frontal cortex (-12%, p≤0.01 FDR corrected), caudal middle frontal 

cortex (-11%, p≤0.01 FDR corrected) and the caudate nucleus [-17%, p≤0.01 FDR 

corrected; Table 3, Figure 1 (Nugent et al., 2014a)]. Both papers, (Nugent et al., 2014a; 

Nugent et al., 2014b), were consistent with reports of lower CMRg in older adults in the 

prefrontal cortex (Garraux et al., 1999; Herholz et al., 2002; Hsieh et al., 2012; Kalpouzos 

et al., 2009; Moeller et al., 1996; Petit-Taboue et al., 1998; Zuendorf et al., 2003). Nugent 

et al. (2014b) found additional hypometabolic regions in the superior, middle and inferior 

temporal cortex and the insula that were lower in the older adults. Other studies have also 

revealed glucose hypometabolism in these regions. In general, the effects are less 

pronounced than in the frontal regions and may not survive the significance threshold in 

many studies. Differences in study sample sizes, participant screening measures and 

scanner resolution may all contribute to whether regions beyond the frontal lobe suffer 

from hypometabolism in older adults.  
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There are a number of possible explanations for why our two papers do not find significant 

effects of age in the same regions. First, the mean age of the older group in the first study 

(Nugent et al., 2014a), was less than the mean age of the older group in the second study 

(Nugent et al., 2014b), 71 vs 74 years old. The younger mean age of the participants in 

Nugent et al. (2014a) may have contributed to the differences between the two papers, if 

only to a limited extent. Second, with regards to Nugent et al. (2014b), data was extracted 

from ROI predefined according to the automated anatomical labeling (AAL) template. 

Meanwhile data in Nugent et al. (2014a) were extracted from ROI predefined using 

FreeSurfer Suite 5.0. Certain differences regarding the delineation of ROI between the two 

methods likely contributed to the slightly different results. FreeSurfer would be expected to 

more precisely define ROI than the AAL method since ROI remain in the native patients’ 

space and do not require normalization.  

Mild Alzheimer’s disease patients’ had 16 to 33% lower CMRg in the superior, middle and 

inferior temporal regions, supramarginal gyrus, precuneus, angular gyrus, cuneus, posterior 

cingulate and thalamus [Table 2, all p≤0.05 FDR corrected (Castellano et al., 2014)]. These 

findings are consistent with earlier reports of temporoparietal and posterior cingulate 

hypometabolism (Alexander et al., 2002; De Santi et al., 2001; Friedland et al., 1989; 

Herholz et al., 2002; Landau et al., 2011; Langbaum et al., 2009; Maldjian and Whitlow, 

2012; Minoshima et al., 1997; Mosconi et al., 2005; Nestor et al., 2003). Voxel-based 

analysis revealed significant clusters of hypometabolism in the Alzheimer’s disease 

patients’ when compared with older adults (Table 5, min 100 voxel clusters, p≤0.001 

uncorrected (Castellano et al., 2014)]. These included five clusters encompassing mainly 

the right superior temporal and inferior parietal cortex, bilateral thalamus along with the left 

hippocampus, bilateral caudate, left inferior temporal cortex and left precuneus.  

Nugent et al. (2014b), highlighted superior frontal and caudal middle frontal 

hypometabolism. These results are in excellent agreement with results from Kalpouzos et 

al. (2009), who also found glucose hypometabolism after PVE correction in the superior 

medial frontal region. In addition to the prefrontal cortex, Hsieh et al. (2012) found anterior 

cingulate glucose hypometabolism in older adults. We also observed hypometabolism in 

the anterior cingulate in the older group [Table 2 (Nugent et al., 2014b)]. Similarly to the 
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aforementioned studies, Zuendorf et al. (2003) and Garraux et al. (1999) found that the 

most significant age-related differences included the dorsolateral and medial prefrontal 

cortex. Moeller et al. (1996), found that the medial frontal cortex and frontal operculum 

were the most significantly affected with age. Chetelat et al. (2013) determined that the pars 

triangularis of the inferior frontal cortex was the most affected regions with age. The frontal 

operculum includes various parts of the inferior frontal gyrus. These include the opercular 

(pars opercularis), triangular (pars triangularis), and orbital (pars orbitalis) frontal cortex. In 

our study, the pars opercularis, pars triangularis and pars orbitalis were not significantly 

lower in the elderly group. However, they were among the regions exhibiting the greatest 

differences but did not manage to survive FDR correction for multiple comparisons [Table 

3 (Nugent et al., 2014a)]. The operculum does cover the insula, which was found to be 

lower in the older group [Table 2 (Nugent et al., 2014a)]. Therefore, the aforementioned 

studies generally agree that the regions most affected by glucose hypometabolism in normal 

aging are in the prefrontal cortex.   

Fewer studies have identified aging-related glucose hypometabolism in subcortical regions. 

Zuendorf et al. (2003) did observe significant differences with age in the caudate, which is 

in accordance with results from Nugent et al. (2014a). Caudate hypometabolism in Nugent 

et al. (2014b) did not survive FDR correction for multiple comparisons, but was 

significantly different when expressed as Kg rate constant. Unlike our study, which found 

putamen and thalamus hypometabolism [Table 2 (Nugent et al., 2014b)], Zuendorf et al. 

(2003) and Kalpouzos et al. (2009) found relative preservation in the putamen and 

thalamus. Both the Zuendorf et al. (2003) and Kalpouzos et al. (2009) studies used a 

continuous age sample which included healthy adults between 20 to 80 years of age. Our 

study focused on recruitment of a group of older (>65 years) and younger (<30 years) 

individuals. This may have given our study more power due to the removal of all middle-

aged participants.  

Curiously, Zuendorf et al. (2003) found that glucose metabolism in the posterior parietal 

and posterior cingulate was inversely related to age. These regions are normally associated 

with hypometabolism in Alzheimer’s disease rather than during normal aging. The anterior 

cingulate is often found to be lower during normal aging but very seldom the posterior 
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cingulate. Similarly, the anterior parietal cortex is sometimes found to be lower during 

normal aging but rarely the posterior parietal cortex. The authors claim that 

neuropsychological age-corrected test scores revealed that all participants were normal but 

they did not elaborate on which tests were used. They also admitted that some participants 

made claims of subjective memory impairments. It remains possible that mild cognitive 

impairment or mild Alzheimer’s disease were included in their sample. This may have led 

to the overestimation of metabolic differences in the older adult group. Another potential 

limitation of the study by Zuendorf et al. (2003) is that the 
18

F-FDG PET images were 

taken from five different PET scanners. Also, they were not able to quantify changes in 

glucose metabolism as was possible in our study. 

Several regions commonly affected in Alzheimer’s disease were minimally affected by 

changes in glucose metabolism with age. Both Nugent et al. (2014a) and Nugent et al. 

(2014b), found similar results regarding regions that were the least affected by aging. These 

included the hippocampal formation and the posterior cingulate. Kalpouzos et al. (2009) 

concluded that the hippocampus, thalamus, and posterior cingulate cortex were the least 

affected by hypometabolism during aging. Glucose hypometabolism displays a 

differentiating pattern between the prefrontal cortex and medial temporal regions during 

aging. Many studies have noted that hypometabolism during normal aging appears to 

involve anterior regions, commonly the prefrontal cortex and sometimes the anterior 

cingulate. Alzheimer’s disease affects posterior regions, namely, the medial temporal lobe 

and posterior cingulate (Garraux et al., 1999; Herholz et al., 2002; Hsieh et al., 2012).   

In light of these studies, there is a general consensus that medial prefrontal regions are the 

first to be significantly affected by age-associated glucose hypometabolism. 

Hypometabolism in the prefrontal cortex remains after both PVE and multiple comparison 

corrections (Kalpouzos et al., 2009; Nugent et al., 2014a; Nugent et al., 2014b). The 

dorsolateral prefrontal cortex and anterior cingulate are likely the next regions to be 

significantly affected in the older population. The difference between studies that only find 

prefrontal hypometabolism versus those that also find dorsolateral and anterior cingulate 

hypometabolism may be due to sample size, PET scanner spatial resolution or the inclusion 

of older participants with cognitive deficit. Studies that report glucose hypometabolism in 
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the temporoparietal and posterior cingulate may be including mild cognitive impairment 

and/or mild Alzheimer’s patients’ in the sample. This highlights the importance of 

administering a battery of neuropsychological tests to define the cognitive status of older 

persons.  

In summary, the early stages of normal aging appear to be associated with significant 

medial prefrontal hypometabolism which extends to dorsolateral and anterior cingulate at 

more advanced ages. Medial temporal lobe hypometabolism is likely the separation point 

between normal aging and Alzheimer’s disease.  

8.2.2 Brain acetoacetate metabolism 

The pairing of our FDG and 
11

C-AcAc PET scans and the knowledge that our results with 

18
F-FDG match well with the literature, both help to validate our novel results on aging-

related changes in brain ketone uptake measured by PET. CMRa in the whole brain 

following PVE correction was not significantly different (p=0.11) between the young and 

older adults [Figure 2 (Nugent et al., 2014b)]. CMRa was not significantly different 

between the two groups because of the large inter-subject variability in plasma ketone 

concentrations. When represented as net AcAc uptake, Ka, gray matter as a whole was 

lower in the older group when compared with the younger group [-19±5%, p=0.006; Figure 

2B (Nugent et al., 2014b)]. The large variation in ketone concentrations is likely due to 

differences in diet and exercise between the participants (Fery and Balasse, 1986; 

Kemppainen et al., 2005; Shibakusa et al., 2007). AcAc and β-Hb plasma concentrations 

were not significantly different between the young (0.15±0.10 and 0.32±0.26 mM) and 

older (0.12±0.04 and 0.21±0.10 mM) participants, respectively. One way to eliminate the 

plasma ketone variation would be to use a constant infusion of non-labelled ketones during 

the PET scan in order to maintain plasma ketone concentrations at a constant level. This 

technique has been used in preceding studies in which β-Hb concentrations were 

maintained at 1 mM (Blomqvist et al., 2002). If we had been able to control plasma ketone 

concentrations, we may well have found differences in CMRa.  
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CMRa and Ka did not differ between mild Alzheimer’s disease patients’ and normal older 

adults in any brain regions [Table 3 and 4, p ≥ 0.05 FDR corrected (Castellano et al., 

2014)]. Voxel-based analysis also did not reveal any significant clusters of hyper or hypo 

AcAc metabolism between the two groups. Previous A-V studies did not observe any 

difference in global brain ketone uptake with age (Lying-Tunell et al., 1980). Lying-Tunell 

et al. (1980) only included five younger participants (aged 21-24 years) and five older 

participants (aged 55-65 years) in their study. The sample size may not have been sufficient 

to detect any significant differences. Also, the participants included in their older group 

were below the lower age threshold that we used to recruit participants. We are not aware 

of any previous PET study that has examined age-related changes in ketone metabolism. 

Blomqvist et al. (2002) did examine ketone metabolism differences between a group of six 

healthy young (mean age 30 years) participants and six type 1 diabetics (mean age 32 

years). The authors used 
11

C-β-Hb as their PET ketone tracer. Their results indicated that 

there was no significant difference in the uptake of β-Hb between the two groups.  

In accordance with previous studies that have examined ketone metabolism on a regional 

basis, we also observed a preferential metabolism of ketones in gray matter when compared 

with white matter (Blomqvist et al., 1995). Average white matter uptake of AcAc was 0.25 

μmol/100 g/min while average grey matter uptake of AcAc was 0.51 μmol/100 g/min. As 

shown in Figure 17, the Patlak plot for 
11

C-AcAc yields a straight line over the entire 10 

minute acquisition period. Also, the distribution volume (DVapp) was close to zero for all 

participants. This indicates that the pool of un-metabolized 
11

C-AcAc is very low and 

equilibrium is reached very early following tracer injection and there is an equal 

concentration of tracer in the blood and in the cell.   
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Figure 17 : Patlak plot 

The y-variable, Ctiss(t)/Cpla(t), is plotted against the x-variable, Cpla(x)dx/Cpla(t), 

“normalized time.” Regression line obtained by fitting the 2 distributions in the interval one 

to ten min is displayed. 

On a regional basis, CMRa was also not significantly different between the young and older 

adults [Table 3 (Nugent et al., 2014b)]. When expressed as Ka there were several regions 

expressing significant hypometabolism. Regions expressing AcAc hypometabolism were 

similar to those with significant brain volume loss. Most of the frontal lobe was affected by 

AcAc hypometabolism (-21 to -25%), as well as the superior, middle and inferior temporal 

cortex (-20%). AcAc hypometabolism was present in the superior and inferior parietal lobe 

(-22%), supramarginal gyrus (-26%) and precuneus (-20%). The anterior and middle 

cingulate also expressed AcAc hypometabolism (-21 and -25%). However, no AcAc 

hypometabolism was present in the occipital lobe nor hippocampal formation. Finally, 

white matter AcAc uptake was significantly lower in the older group [-20%, Table 3, 

p≤0.01 FDR corrected (Nugent et al., 2014b)]. These results indicate that AcAc 

hypometabolism is likely present in the brain of older persons due to the widespread 

differences in Ka. This means higher concentrations of ketones would be required in the 

blood of the older participants in order to attain the same uptake as the younger 

participants. Still, ketone uptake in the six hour fasted state only contributes 1 to 3% of the 

brains’ energy requirements. Plasma ketones can be safely increased by supplementation to 

Cpla(x)dx/Cpla(t) 

Ctiss(t)/Cpla(t) 
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reach levels of one mM. Ketones would contribute 10 to 15% of the brains’ energy 

requirements at these plasma concentrations (Cunnane et al., 2011). Due to the variability 

in plasma ketone concentrations we were not able to detect any differences when uptake 

was expressed as CMRa. Future studies must aim to reduce the variability introduced into 

the calculation of CMRa by plasma ketone concentrations. Further studies are currently 

underway in our laboratory to determine brain AcAc uptake in an elevated plasma ketone 

condition.   

8.3 Relationship between brain glucose and ketone uptake 

On a regional basis, interactions were tested between age and tracer. No significant 

interactions were present when uptake was represented as CMR. When uptake was 

represented as K there was a significant interaction in two brain regions - the caudate 

(p=0.030) and the post-central gyrus (p=0.023). Interactions approached significance in the 

gyrus rectus (p=0.086), putamen (p=0.094) and thalamus (p=0.084). The interaction 

observed in the caudate was present because glucose metabolism was significantly lower 

while AcAc metabolism was non-significantly different in the older group. Concerning the 

postcentral gyrus, the interaction was significant because glucose uptake had a tendency to 

be higher (+5%), while AcAc uptake had a tendency to be lower (-18%) in the older group. 

Despite a significant tracer-age interaction, there remained a significant correlation when 

mean ROI uptake for CMRg was plotted against CMRa [Figure 4 (Nugent et al., 2014b)]. 

Significant correlations were also observed when Kg was plotted against Ka. The 

correlations were not significantly different between the young and older groups. Regions 

that use more glucose also use more AcAc, regardless of age.  

No significant correlation was observed when Ka was plotted against plasma AcAc 

concentrations [Figure 3B (Nugent et al., 2014b)]. This indicates that irrespective of plasma 

concentrations, there is no change in the rate of brain uptake for AcAc. The result is a 

strong positive correlation between CMRa and plasma AcAc concentrations, since CMRa is 

simply Ka×[AcAc]. Previous PET studies have noted that there is a significant positive 

correlation between brain ketone metabolism and plasma concentrations (Blomqvist et al., 
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1995; Blomqvist et al., 2002). As ketones become increasingly available in the blood they 

are taken up and metabolized by the brain in a linear relationship.  

Blomqvist et al. (1995) calculated the ratio of regional ketone metabolism divided by whole 

brain ketone metabolism. The authors noted that different regions used ketones to different 

degrees. We noted that basal ganglia used less ketones than average whole brain uptake 

(Table 4). The frontal and occipital cortex had the highest ratio. The ratio of regional over 

global CMRa is very similar in the older participants when compared with the young 

participants because CMRa has a tendency to be lower throughout the entire brain rather 

equally. 

Table 4: Ratio of regional CMRa over global CMRa 

 
Blomqvist et al., 

(1995) 

Nugent et al., 

(2014b) 

Frontal cortex 1.09 1.35 

Basal ganglia 0.83 0.77 

Thalamus 1.06 1.00 

Temporal cortex 1.13 0.90 

Parietal cortex 1.09 1.12 

Occipital cortex 1.16 1.22 

Cerebellum 1.09 0.84 

Data are represented as the ratio of regional/global CMRa for results from Blomqvist et al. 

(1995) and young participants from Nugent et al. (2014b). Adapted from The American 

Journal of Physiology-Endocrinology and Metabolism (Blomqvist et al., 1995), Copyright 

(1995), with permission from The American Physiological Society. 

It appears that both brain glucose and ketone uptake are lower in the older group in specific 

regions. The significance of this hypometabolism is not understood. The older group 

included in our studies was cognitively normal. The possibility remains that lower glucose 

and ketone uptake in certain brain regions is a protective strategy. Less metabolism and 

ATP production would result in less ROS production. Lower energy uptake may allow the 
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brain to negate further damaged by free radicals while maintaining a normal cognitive 

status. A longitudinal study is necessary in order to differentiate the two possibilities. 

8.3.1 Acetoacetate index (AI) 

To further explore differences in glucose and ketone uptake with age using voxel-based 

analysis we calculated the AI. The AI was calculated as the residuals of the voxel-wise 

linear regression of glucose on AcAc uptake. SPM8 was used to explore hyper- and hypo-

activation for the young and older adult AI parametric maps. The voxel-wise analysis was 

corrected for multiple comparisons with a p≤0.05 FDR correction and displayed as SPMs in 

standard anatomic space, with a minimum cluster size of 50 voxels. 

When AI parametric maps for young adults were analyzed, nine significant clusters of high 

AI were present. These encompassed mainly the prefrontal cortex, the caudate, putamen, 

precuneus, calcarine, cingulate regions [Figure 5A, p≤0.01 FDR correction (Nugent et al., 

2014b)]. These results indicate that when CMRg is plotted against CMRa, there are several 

regions that use proportionally more glucose than would be expected for the observed rate 

of AcAc uptake. Generally, these regions include the same ones that exhibit glucose 

hypometabolism with aging, i.e. the frontal regions and the caudate [Table 2 (Nugent et al., 

2014b)]. Clusters of low AI were found in white matter. Unfortunately, Vlassenko et al. 

(2010) did not report on white matter GI so we are not able to compare these results  

In the older adults, there were two significant clusters of high AI. These included the right 

caudate and the bilateral putamen [Figure 5B, p≤0.01 FDR correction (Nugent et al., 

2014b)]. Significant clusters of low AI were still found in white matter in the older group. 

When regions expressing AI differences were compared between the two groups, the 

caudate was the only region in which higher AI in the young group significantly exceeded 

higher AI in the older group [Figure 5C, p≤0.05 FDR correction (Nugent et al., 2014b)]. 

Thus, although there were many fewer regions that exhibited higher AI in the older group, 

the only region that was significantly higher in the younger group was the caudate. This 

suggests that high AI regions are lost with aging, but only significantly in the caudate 

nucleus. The significance of these results must be further explored. 
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Ketones enter directly into the Krebs’ cycle once converted to acetyl-CoA in the 

mitochondria. Unlike glucose, they only undergo aerobic metabolism. In addition to 

expressing regions that use more or less ketones, the AI may potentially be able to highlight 

regions that rely to a greater or lesser extent on aerobic glycolysis. If ketones are increased 

in plasma they may be taken up by brain cells, converted to acetyl-CoA in mitochondria 

and enter the Kreb’s cycle. An increase in brain ketone uptake would theoretically allow 

more glucose to become available for glycolysis, which appears to be an important function 

of glial cells.  

Qualitatively, images of AI appear quite similar to images of GI (Vlassenko et al., 2010). 

Vaishnavi et al. (2010) found that GI was significantly higher in normal young adults in 

several regions. These included the prefrontal cortex, lateral parietal cortex, precuneus, 

posterior cingulate, lateral temporal gyrus, and caudate. In young adults, we found higher 

AI in several of the same regions. These included the prefrontal cortex, cingulate, 

precuneus, caudate, putamen, and the calcarine fissure of the occipital lobe. There appears 

to be good agreement between regions of high AI and high GI. We may speculate that high 

AI regions use glucose proportionally more for aerobic glycolysis instead of simply for the 

production of ATP. Future studies will be required to determine whether the two maps 

significantly overlap.  

8.4 The fate of glucose 

Much more work is needed before we can adequately understand how energy substrates are 

being used by the brain. There is a general consensus that the major contributor to glucose 

uptake is glutamatergic neurotransmission. It is believed that up to 70% of the energy from 

oxidative phosphorylation is used for the conversion of glutamate to glutamine (Attwell and 

Iadecola, 2002; Shulman et al., 2004). As we have shown in (Nugent et al., 2014b), and 

previous studies have shown (Vlassenko et al., 2010), there are differences across brain 

regions with regards to the fate of glucose. Some regions prefer to use glucose oxidatively 

while others use glucose non-oxidatively.  
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During resting state it has been estimated that the OGI is 5.3. Thus, 5.3 molecules of 

oxygen are used for the metabolism of one molecule of glucose. Around 90% of glucose 

passes through the Krebs’ cycle and subsequent oxidative phosphorylation. The remaining 

glucose may be converted to lactate, glycogen, enter the pentose phosphate pathway, used 

for the synthesis of glutamate, as well as number of other processes (Figure 18). Studies 

have alluded to the possibility that during neuronal activation glucose may be taken up by 

astrocytes and converted to lactate (Magistretti and Pellerin, 1999). This results in a very 

quick production of energy from glycolysis. Lactate could then enter neurons and be 

converted to pyruvate, before entering the Krebs’ cycle and undergoing oxidative 

phosphorylation. Alternatively, lactate may simply be transported out of the brain. This 

process has been named the astrocyte neuron lactate shuttle hypothesis (ANLSH). The idea 

is that lactate is the preferential substrate used by neurons during periods of activation 

(Magistretti and Pellerin, 1999). There is still considerable debate as to whether this is the 

case (Chih et al., 2001). 

 

Figure 18 : Fate of brain glucose 

Once in the brain glucose may be converted to glycogen, lactate, glutamate, or enter the 

pentose phosphate pathway for the synthesis of lipids, proteins and nucleic acids.. 

Reprinted from Trends in Cognitive Sciences (Raichle, 2010), Copyright (2010), with 

permission from Elsevier. 
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8.4.1 The prefrontal cortex 

The prefrontal cortex is an important region for higher order cognitive processing. 

Including, problem solving, working memory and emotion regulation (Fuster, 2002). With 

respect to phylogeny, the prefrontal cortex of humans has increased in volume 

disproportionally more than in any other species. Ontogenetically, it is the last region of the 

brain to develop. Prefrontal myelinisation is not complete until the third decade of life 

(Fuster, 2002). Regions that make up the prefrontal cortex include the dorsolateral cortex, 

orbitofrontal cortex, frontal pole, and anterior cingulate. Divisions between these regions 

are based on both cytoarchitecture and functional characteristics. They are all characterised 

by a prominent granular layer IV (Phillips et al., 2008).  

The dorsolateral prefrontal cortex  is commonly composed of BA 9 and 46. These regions 

are highly implicated in working memory. Working memory is required to maintain 

decision goals, consider the options, and to predict future outcomes of those options 

(Krawczyk, 2002). The dorsolateral prefrontal cortex  is commonly attributed to higher 

cognitive functions (Fuster, 2002). These regions send connections to the basal ganglia, 

including the caudate, as well as association areas in the temporal, parietal and occipital 

lobes. Inter-cortical connections are believed to be required for complex processing and 

new goal directed behavior (Fuster, 2002).  

The orbitofrontal cortex is composed of the posterior portions of BA 10 along with BA 11 

and 47. It covers most of the underside of the prefrontal cortex and is referred to as the 

orbital surface because it is positioned above the eye sockets. This region can also be 

divided into lateral (BA 47) and medial (BA 11) portions and is most often attributed to 

decision making based on rewards (Krawczyk, 2002). The orbitofrontal cortex develops 

much faster than the dorsolateral prefrontal cortex. It has numerous connections with the 

limbic system, including the hypothalamus and amygdala, with some connections passing 

through the thalamus (Fuster, 2002). The anterior cingulate includes BA 24, 32 and 33 and 

appears to be involved in conflict processing and has a strong emotional element. This 

regions develops early, similarly to the orbitofrontal cortex (Krawczyk, 2002). The frontal 

pole consists of the anterior part of BA 10 is involved in rule-based decision making 
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(Krawczyk, 2002). Concerning the regions in which we observed significant 

hypometabolism, generally,  regions which are the latest to develop phylogenetically and 

ontogenetically are the most vulnerable to the effects of aging. Glucose hypometabolism 

was lowest in the dorsolateral regions, including the superior and middle frontal cortex, 

while inferior frontal regions were relatively less affected by aging.  

As suggested by results from Vlassenko et al. (2010), and our own study (Nugent et al., 

2014b), the proportion of glucose passing through non-oxidative pathways is higher in the 

prefrontal cortex. Vlassenko et al. (2010) also found a high co-localization between regions 

that exhibit high GI and regions with typically high 
11

C-PIB accumulation in Alzheimer’s 

disease. The increased reliance on non-oxidative phosphorylation may be for quick access 

to energy from glycolysis during neuronal transmission, or it may be for PPP activity and 

NADPH production. Increased PPP activity would help combat reactive oxygen species 

(ROS) accumulation due to the high metabolic nature of these regions. If this is the case, 

then AcAc would most likely be taken up by less metabolically active regions that do not 

have a need for quick glycolytically-derived energy. The presence of ketones in the brain 

would likely allow more glucose to be used in aerobic glycolysis pathways. Future studies 

will be needed to address this question.  

8.4.2 Neural and glial density in the prefrontal cortex 

The prefrontal cortex appears to be unusual when compared with other brain regions. It has 

high AI and GI, high basal activity, and is the first region of the brain to express 

hypometabolism during normal aging. Ribeiro et al. (2013) studied the relationship 

between neuron and glial density across the brain. The authors found that the cerebral 

cortex had a common neuron to glial cell relationship across all regions except the occipital 

lobe. The occipital lobe has a higher density of neurons when compared with the rest of the 

brain. When the authors looked at the connectivity through white matter they found that the 

prefrontal cortex and the occipital cortex were differentiated from the rest of the brain. The 

prefrontal cortex had two fold more neurons that were connected through white matter. 

This illustrates its key position in the integration of information from a broad range of 

networks. In contrast, the occipital lobe had a two-fold smaller fraction of neurons that 
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were connected through white matter. This is likely because of its more local processing of 

information (Ribeiro et al., 2013). It does not appear that any specific differences in 

neuronal densities can explain the increased GI (Vaishnavi et al., 2010) and AI (Nugent et 

al., 2014b) in the prefrontal cortex.  

Under the ANLSH, regions that have proportionally more neurons than glial cells would be 

expected to have more oxidative phosphorylation. According to Ribeiro et al. (2013), the 

occipital cortex is the only region that has proportionally more neurons when compared 

with the rest of the cortex. The primary visual cortex was shown to exhibit a glial to neuron 

ratio of close to 1:1. This would dictate that under the ANLSH there should be more 

oxidative phosphorylation in this region. Vaishnavi et al. (2010) found a tendency for BA 

17 and 18 of the occipital lobe to have lower GI, with the lowest levels of GI being 

observed in the inferior temporal cortex and cerebellum. Though there is no suggestion that 

the ratio of neuron to glial numbers is distinctive in the inferior temporal lobe there is an 

important difference concerning the cerebellum. There are up to 10 neurons for one glial 

cell in the cerebellum, in fact the cerebellum accounts for 80% of all of the brains neurons 

(Herculano-Houzel, 2012). This may be indirect support of the ANLSH since the brain 

region with the highest proportion of neurons also has the highest levels of oxidative 

phosphorylation. Cortical regions that have the usual one to five glial cells for each neuron, 

which only excludes the occipital cortex, appear to place increased importance on non-

oxidative phosphorylation. It may be that the preferred fate of glucose in neurons is 

oxidative phosphorylation while in glial cells glucose is passing more readily through non-

oxidative phosphorylation pathways.  

Interestingly, Vaishnavi et al. (2010) noted that the regions with highest GI showed a 

significant correlation with regions of two cortical networks. These included the DMN 

regions and task control processing regions; including the dorsolateral prefrontal cortex and 

parietal cortex. The task control processing network includes the prefrontal cortex which is 

the first area affected by glucose hypometabolism. The DMN is includes a number of 

regions that are involved in Alzheimer’s disease, including the posterior cingulate and the 

medial temporal lobe.       
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8.4.3 Resistance from oxidative stress  

Glycolysis is normally regulated by negative feedback of phosphofructokinase by ATP and 

citrate. An accumulation of glucose-6-phosphate will subsequently inhibit hexokinase. 

Increased concentrations of glucose inside the cell will then prevent the entry of further 

glucose. This system maintains intracellular concentrations and the transport of glucose at 

normal levels. This feedback mechanism is also in place to limit the production of lactate 

and prevent acidosis. During periods of hypoxia the rate of glycolysis is greatly increased 

due to the lack of negative feedback from ATP and citrate. Importantly, inhibition of 

oxidative phosphorylation and an increase in glycolysis leads to increased resistance from 

oxidative stress (Brand and Hermfisse, 1997; Soucek et al., 2003). Brand and Hermfisse 

(1997) noted that proliferating cells relied on a ten-fold increase in glycolysis to meet 

energy needs. They also found that pyruvate is an effective scavenger of ROS and was 

localized mainly at Complex III of the oxidative pathway. Studies suggest that most ROS 

are produced by Complex I of the electron transport chain (Lui et al., 2011). It has been 

suggested that an increase in glycolysis may be a type of coping mechanism used by highly 

energy demanding cells to more effectively eliminate ROS (Schubert, 2005). In order to 

eliminate ROS, reducing agents have to be produced by the cell. These include NADH 

which is produced by glycolysis, and NADPH which is a product of the PPP. NADH and 

NADPH then reduce glutathione via glutathione reductase which is then responsible for the 

conversion of H2O2 to H2O.  

Soucek et al. (2003) showed that amyloid beta asserted changes in glucose metabolism 

through activation of the hypoxia-inducible factor 1 (HIF-1). The result of HIF-1 activation 

is increased glycolysis. The authors found increased expression of hexokinase as well as 

glyceraldehyde-3-phosphate dehydrogenase which phosphorylates glyceraldehyde-3-

phosphate and generates NADH. They also found that amyloid resistant cells or cells that 

were exposed to non-toxic levels of amyloid beta had lower concentrations of intracellular 

ROS. However, a result of increased glycolysis was that they were more sensitive to 

glucose deprivation. These results are in line with previous studies which have observed 

neurotrophic effects of amyloid beta at low concentrations in differentiating neurons 

(Yankner et al., 1990). Amyloid beta has the capacity to increase glycolysis and PPP 



 

174 

 

activity, both of which result in increased antioxidant activity. Studies have also shown that 

amyloid beta density is not strongly correlated with neuronal loss and cognitive decline. 

Thus, it may be possible that its production, at least at an early stage and at low 

concentrations, is for the purposes of neuroprotection.  

Epidemiological studies have noted a correlation between type two diabetes and 

Alzheimer’s disease (Werner and Leroith, 2014). Increased concentrations of amyloid beta 

inhibit the transport of insulin into the brain (Craft et al., 2013). Lower concentrations of 

insulin in the brain may inhibit the uptake of glucose. Insulin receptors are present 

throughout the cortex but are mainly localized in the olfactory bulbs, amygdala, 

hippocampus, and thalamus (Unger et al., 1989). Localized glucose hypometabolism in 

these regions may be the result of impaired insulin transport. In addition to amyloid beta 

exerting negative effects on insulin in the brain, impaired peripheral insulin regulation is 

associated with increased amyloid burden in the brain (Craft et al., 2013). Insulin has also 

been linked to a number of processes relevant to neuronal survival (Mielke et al., 2006). 

8. 5 Correlations between plasma parameters and brain fuel metabolism 

There were no statistically significant correlations between any of the measured metabolic 

parameters measured and CMRg in any region of the brain, including HbA1c which was 

found to be significantly higher in the older group, but still within the normal range 

(Nugent et al., 2014a). We did not find any significant correlations between plasma 

parameters and CMRg nor CMRa. Thus, plasma parameters associated with metabolism do 

not appear to be directly associated with CMRg or CMRa. However, the participants 

included in our study were intentionally chosen because they were relatively healthy. It is 

possible that if a sample more representative of the general population were chosen it 

would be possible to find associations between plasma parameters and brain metabolism. 

This type of study should be performed in the future.  

8.6 Influence of synaptic density loss 

MR imaging does not have the resolution to decipher changes at the cellular level but 

several studies have addressed the question of what is causing the atrophy observed during 
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normal aging. The prefrontal cortex is one of the regions most affected by atrophy during 

aging and this region is much larger in humans than in other mammals. It is believed to be 

involved in some of the most complicated and demanding of tasks undertaken by the brain. 

One of the primary functions of this region is working memory, executive functions and 

goal-directed behavior (Morrison and Baxter, 2012). These processes are also believed to 

require a large amount of synaptic plasticity due to their complex nature. Studies in humans 

and non-human primates have aimed to elucidate the neurobiological alterations at the root 

of the declines in working memory during aging. Haug (1985) used morphometric analyses 

in more than 120 human brains to determine changes in neuronal density with age. The 

authors showed that during aging there does not appear to be a significant decrease in the 

actual number of neurons in the cortex. In fact they found increases in neuronal density in 

BA 6 and 11 of the frontal cortex. This was attributed to the age-dependent volume loss 

(Haug, 1985).  

Studies of aging-associated volume loss have more recently focused on synaptic loss, as 

most studies have suggested there is not any significant loss in the total number of neurons 

with age. Peters et al. (2008) were the first to perform quantitative electron microscopic 

studies on synaptic loss in the prefrontal cortex of rhesus monkeys. The authors examined 

the density of excitatory and inhibitory synapses in different layers of the frontal cortex. 

They looked specifically at BA 46, which translates approximately to the dorsolateral 

prefrontal cortex. There was a 30% loss of synapses in layers 2/3 of the cortex, with both 

excitatory and inhibitory synapses displaying the same rate of loss. Layer 5 displayed a 

different pattern of synaptic loss. First, there was less loss, estimated at 20%. Second, there 

was only loss of excitatory synapses and not inhibitory (Peters et al., 2008). The authors 

also correlated synaptic density with cognitive impairment and found strong correlations 

for excitatory synapses and weaker correlations for inhibitory synapses in layers 2/3. There 

were no correlations between synaptic density and cognitive impairment for layer 5 (Peters 

et al., 2008).  As noted by the authors, it is not surprising that synapse loss in layers 2/3, but 

not in layer 5, correlates with cognitive performance. This is because layers 2/3 contain 

cortico-cortical pyramidal cells that are thought to play a key role in the performance of 
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cognitive tasks mediated by the prefrontal cortex, while layer 5 contains subcortical 

projecting cells.  

Peters et al. (1998) demonstrated that there was significant synaptic loss in layer 1 of the 

cerebral cortex estimated at 30 to 60%. They also observed significant correlations between 

synaptic loss in layer 1 and cognitive impairment. The greatest loss of synapses with age 

appears to come from layer 1 when compared with deeper layers of the cortex. Layer 1 is 

generally responsible for the arrival of stimuli from afferent neurons while layers 2/3 for 

the projection of efferent neurons to other cortical areas. These are the regions that appear 

to be most affected with aging and may contribute the most to cognitive decline and 

hypometabolism. Layer 5, which is responsible for the projection of efferent neurons to 

subcortical regions, seems less affected by aging and may play a less important role in 

determining cognitive potential.  

In addition to synaptic loss, there appears to be several alterations in myelin sheath 

formation. Myelin provides insulation to axons and makes the propagation of action 

potentials possible. Common alterations observed included the splitting of myelin sheath to 

accommodate dense cytoplasm and the doubling of myelin sheath. The authors observed 

correlations between age and the number of myelin sheath abnormalities in the frontal 

cortex. They also found that there were significant correlations between cognitive decline 

and the percentage of nerve fibers that displayed myelin sheath abnormalities (Peters and 

Sethares, 2002). Due to these abnormalities it is probable that there would be a decrease in 

the rate of conduction along nerve fibers which may contribute to cognitive decline. 

Bloss et al. (2011) characterized the morphology of dendritic spines and examined how 

different types of spines were affected by aging in the rat cortex. The authors revealed that 

the spines most susceptible to aging were characterized as the thin and stubby spines, which 

are highly plastic and dynamic, whereas mushroom spines were mostly resistant (Morrison 

and Baxter, 2012). As thin spines make up the majority of spines in the prefrontal cortex 

this may highlight the reason why this region is preferentially affected by synaptic loss. 

This region is also heavily dependent on synaptic plasticity. Meanwhile, the medial 

temporal lobe contains numerous mushroom synaptic spines. During normal aging the 
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medial temporal lobe does not display any significant atrophy. De Leon et al. (1997) noted 

that atrophy of the hippocampal formation was relatively preserved in older adults of 60 

years of age. The authors also demonstrated that hippocampal formation atrophy increased 

linearly with age in older adults and that there was significantly more atrophy in mild 

cognitive impairment and Alzheimer’s disease groups when compared with cognitively 

normal older adults. They also showed that hippocampal formation atrophy was associated 

with memory and cognitive impairments (De Leon et al., 1997).   

In summary, atrophy and synaptic changes during normal aging appear to differ between 

regions of the cortex. It has been suggested that the reason for these differences may be due 

to the different types of synapses present in each region. The prefrontal cortex contains 

many thin synaptic spines of which up to 50% are lost during the normal aging process 

(Morrison and Baxter, 2012). These synapses are dynamic and are constantly forming new 

connections and eliminating old ones. This process is necessary to accomplish complex 

tasks which require a high degree of cognitive flexibility. Meanwhile, the medial temporal 

lobe contains numerous mushroom synaptic spines which appear more resilient and do not 

decrease in number during normal aging (Morrison and Baxter, 2012). During aging the 

prefrontal cortex appears to be preferentially affected by hypometabolism, likely as a result 

of synaptic loss.  

In addition to region-specific changes associated with aging there are also specific atrophy 

and synaptic changes associated with Alzheimer’s disease. Despite the fact that there does 

not appear to be a loss of neuronal numbers with age, this is not the case for Alzheimer’s 

disease. The loss of synaptic density and plasticity during normal aging is instead replaced 

by extensive  neuronal degeneration and loss, leading to cognitive deficits and dementia. 

8.7 Ketone supplementation  

In response to a ketogenic meal, the production of ketones is similar in older adults relative 

to younger adults (Freemantle et al., 2009). Ketones have several therapeutic benefits and 

may be used as an alternative substrate in disorders where glucose metabolism is impaired 

(Cunnane et al., 2011; Henderson, 2008; Henderson et al., 2009; Krikorian et al., 2012; 
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Reger et al., 2004; Reger et al., 2008). Ketones may be easily produced following the 

ingestion of medium chain triglycerides (Courchesne-Loyer et al., 2013).  

In a pilot study, Reger et al. (2004) demonstrated that a one-time dose of MCT improved 

test scores on the Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-Cog) 

in a sample of Alzheimer’s disease patients’ who did not have an APOE-ε4 allele. Medium 

chain triglycerides are readily metabolized to ketones with a peak in plasma ketone 

concentrations two hours post supplementation (Henderson, 2004). The oral dose of MCTs 

succeeded in elevating β-hB levels an average of 7.7-fold, 90 min after MCT treatment 

(Reger et al., 2004). In a ninety day trial, Henderson et al. (2009) demonstrated, in a sample 

of 152 mild to moderate Alzheimer’s disease patients,’ that MCT supplementation resulted 

in improvement on the ADAS-Cog test. The Alzheimer’s disease patients’ were able to 

continue with their normal diet and take their approved Alzheimer’s disease medications 

throughout the study. These studies suggest that neurons may simply be starved of energy 

and are still capable of using non-glucose derived energy. Studies using PET should further 

explore MCT supplementation in Alzheimer’s patients. A decrease in glucose metabolism 

when ketones are taken up by the brain would indicate that sufficient energy is being 

supplied to the brain by glucose itself. However, if glucose uptake does not decrease when 

ketones are supplied to the brain, this would indicate that the brain is in a starved state. 

In a sample of 23 older adults with mild cognitive impairment, Krikorian et al. (2012) 

randomly assigned a six week intervention of either a high carbohydrate (50% of calories) 

or very low carbohydrate (5% to 10% of calories) diet. Following the 6-week intervention 

period, improved performance was observed on the verbal paired associate learning test for 

the low carbohydrate participants (p=0.01) while the high carbohydrate participants did not 

demonstrate any differences. The diet also resulted in decreases in weight (-5%, p<0.0001), 

fasting glucose (-10%, p<0.009), and fasting insulin (-18%, p<0.005). 

Page et al. (2009) tested the effects of a MCT supplementation in a sample of eleven severe 

type 1 diabetics while during hypoglycemia. Hypoglycemia resulted in impaired 

performance in tests of attention, short-term and delayed verbal memory, as well as 

working memory. The ingestion of MCTs prevented the decline in cognitive performance 
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during hypoglycemia in tests of immediate verbal memory (p<0.009), delayed verbal 

memory (p<0.001), and verbal memory recognition (p<0.0008). Thus, the effects of MCT 

supplementation were most notable in the verbal memory domain which involves to a large 

extent the hippocampus, a region that is highly metabolically active and vulnerable to 

hypoglycemia (Hershey et al., 1997). These results suggest that the affected brain regions in 

Alzheimer’s disease are still functional but at least partially starved for an energetic 

substrate. This is supported by the fact that once provided with alternative sources of 

energy cognition is improved.  

Pifferi et al. (2011) reported that in a rodent model induced to either a two week ketogenic 

diet or to a forty eight hour fasting period there was a resultant two-fold increase in ketone 

uptake by the brain. Moreover, following the ketogenic diet there was also a two-fold 

increase in MCT1 expression, demonstrating the brain’s ability to accommodate ketone 

metabolism (Pifferi et al., 2011). Glucose uptake also increased following the ketogenic 

diet (1.9 fold) as well as following the fasting period (2.6 fold). In another rodent model, 

Roy et al. (2012) subjected aged rats (21 months) to a 2 week ketogenic diet. Ketone uptake 

increased 28% and glucose uptake increased 44% when compared with controls. A study 

on ex vivo hippocampal preparation from rat demonstrated the protective action of ketones 

on mitochondrial ATP generation and synaptic function (Kim do et al., 2010). 

It is interesting that both glucose  and ketone metabolism increases in the rodent models, as 

clinical studies have suggested there is a concomitant decrease in glucose metabolism when 

ketones are made available to the brain. It has been suggested that increases in glucose 

metabolism may be necessary to replenish the catalytic intermediates in the Krebs’ cycle, a 

process referred to as anaplerosis. Cataplerosis balances anaplerotic processes by removing 

excess intermediates from the Kreb’s cycle (Brunengraber and Roe, 2006; Owen et al., 

2002). Thus, glucose is anaplerotic since it refills the Kreb’s cycle through pyruvate, while 

ketones are cataplerotic as they do not refill the cycle.   
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8.8 Metabolic phenotype of the cognitively healthy elderly 

Taken together, data from these manuscripts allows us to describe a certain metabolic 

phonotype for normal aging. Grey matter volume is 13 to 33% lower across a broad range 

of regions in older adults, when compared with younger adults. White matter volume 

remains unchanged during aging. Cortical thickness is 7 to 18% lower in older adults when 

compared with younger adults. Glucose hypometabolism is present in the prefrontal cortex 

and is just over 10% lower in older individuals when compared to healthy younger 

individuals. AcAc metabolism is 20 to 26% lower in older adults when compared with 

younger adults, when represented as the net rate constant (Ka). White matter AcAc 

metabolism is 20% lower in the older adults when compared with the younger adults. Due 

to the variability of plasma AcAc concentrations, there were no differences between the age 

groups when represented as CMRa. Peripheral parameters remained relatively normal in the 

older group. Hemoglobin was higher and albumin levels were lower in the older adults 

when compared with the younger adults.      

8.9 Conclusions  

Our results indicate that glucose and ketone hypometabolism can be present in cognitively 

normal older individuals. Glucose hypometabolism is quite specific and includes primarily 

the prefrontal cortex and the caudate. Meanwhile, ketone hypometabolism is a more general 

event that only neglects the occipital lobe and subcortical regions. Interestingly, ketone 

hypometabolism is present in white matter while glucose hypometabolism is never reported 

in this region. Cortical volume loss is present in all regions and to a greater extent than 

cortical thickness loss. Cortical shrinking and volume loss is the result of synaptic loss 

instead of neuronal loss (Peters et al., 2008). These changes may increase the chances of 

later developing Alzheimer’s disease. Alternative energy sources may be beneficial, at least 

early in the disease process, in order to maintain neurons and limit synaptic loss. 

Alzheimer’s disease had characteristic hypometabolism in the temporoparietal cortex but 

did not have any differences in ketone uptake when compared with normal older adults. 

This indicates that there is no impairment in the uptake of ketones in Alzheimer’s disease 

when compared with age-matched controls.     
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8.10 Limitations 

The main limitation of these studies was the use of a cross-sectional design. A longitudinal 

design would allow us to determine the rate of metabolism and volume decline. It would 

also allow us to determine how metabolic and structural changes progress in association 

with cognitive decline and determine whether hypometabolism is indeed present before 

cognitive decline. We are presently re-evaluating the group of cognitively normal older 

participants and the Alzheimer’s disease group with a 2 year follow-up scan which will 

help determine whether decreasing brain volume or cortical thickness precedes or follows 

decreasing CMRg and cognitive decline. Measurements of brain oxygen metabolism would 

have been very valuable in the double PET study. Because we were lacking oxygen uptake 

we were not able to calculate a glycolytic index, as was reported elsewhere (Vaishnavi et 

al., 2010; Vlassenko et al., 2010). Finally, PET does not have the spatial resolution to 

distinguish energy metabolism in neurons and astrocytes. NMR spectroscopy would be 

necessary to determine neuronal and glial cell metabolic relationships. 

It remains possible that the differences between young and older groups might reflect 

cohort effects rather than age effects. That is, while they have shown age differences, these 

differences may be due to uncontrolled factors related to the different life histories and 

environments of the younger and older participants. 

8.11 Future directions 

Future studies should compare the AI and GI maps in young adults in order to see if the two 

are correlated. Both methods suggest the same regions that exhibit high GI also exhibit high 

AI, but a direct comparison will be necessary. AI should also be assessed in an Alzheimer’s 

disease group in order to determine whether the pattern of fewer significant AI regions 

extends past older adults to Alzheimer’s disease. This data is currently being processed by 

our lab. Due to the established relationship between GI and the DMN it would also be of 

interest to explore the relationship between AI and the DMN.  

Our results indicated specific cortical glucose hypometabolism during normal aging and in 

Alzheimer’s disease. Future studies should look at connectivity between regions that 



 

182 

 

express glucose hypometabolism to assess whether there is also impairment of nerve fiber 

connections through white matter. Diffusing MRI data for healthy young and older adults 

as well as Alzheimer’s disease is currently being analyzed by our research team. 

Correlations of resting-state blood-oxygen-level dependent imaging are also being 

processed to give an indication of the extent of communication between various brain 

regions affected by aging and in Alzheimer’s disease. 

Our results also indicated that ketone hypometabolism was not present in Alzheimer’s 

disease when compared with cognitively normal older adults. This raises the possibility that 

ketones could be used as a therapeutic treatment for Alzheimer’s disease. If ketones could 

be increased in plasma they could be used by the brain as an alternative fuel. If the transport 

of glycolysis was hindered in Alzheimer’s disease it may be possible for ketones to be 

transported independently with MCT transporters and enter directly into the Kreb’s cycle 

for ATP production. Future studies should explore the effects of elevated plasma ketone 

concentrations in Alzheimer’s disease.  
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