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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 protocol to quantify and compare regional
cerebral metabolic rates for glucose and the ketone, acetoacetate. Twenty healthy young adults (mean
age, 26 years) and 24 healthy older adults (mean age, 74 years) were studied. In comparison with
younger adults, older adults had 8  6% (mean  SD) lower cerebral metabolic rates for glucose in gray
matter as a whole (p ¼ 0.035), speciﬁcally in several frontal, temporal, and subcortical regions, as well as
in the cingulate and insula (p  0.01, false discovery rate correction). The effect of age on cerebral
metabolic rates for acetoacetate in gray matter did not reach signiﬁcance (p ¼ 0.11). Rate constants (min
1
) of glucose (Kg) and acetoacetate (Ka) were signiﬁcantly lower (11  6%; [p ¼ 0.005], and 19  5%;
[p ¼ 0.006], respectively) in older adults compared with younger adults. There were differential effects of
age on Kg and Ka as seen by signiﬁcant interaction effects in the caudate (p ¼ 0.030) and post-central
gyrus (p ¼ 0.023). The acetoacetate index, 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
acetoacetate relative to glucose. The acetoacetate index was higher in the caudate of young adults when
compared with older adults (p  0.05 false discovery rate 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.
Ó 2014 Elsevier Inc. All rights reserved.

Keywords:
Aging
Positron emission tomography
Magnetic resonance imaging
Acetoacetate
Brain
FDG
Ketones

1. Introduction
In cognitively normal older adults, glucose uptake measured by
positron emission tomography (PET) using 18F-ﬂuorodeoxyglucose (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
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et al., 2005). However, after correction for partial volume effects
(PVE) mainly because of regional brain atrophy with age, either
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
FDG uptake remains signiﬁcantly lower is in the frontal cortex
(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 (Chetelat et al., 2013; 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
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virtue of carrying the apolipoprotein E ε4 allele (Reiman et al.,
2004, 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, acetoacetate [AcAc], and b-hydroxybutyrate 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 2e3 mM during 3e6 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 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 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 because of a problem
related to glucose transport or usage (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, that is 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 carbon-11 acetoacetate (11C-AcAc) as a
PET ketone tracer (Tremblay et al., 2007) to use in parallel with
FDG in studying brain energy metabolism during aging. Our
objective was to assess the extent to which the regional pattern of
brain 11C-AcAc uptake resembles that of FDG in healthy, cognitively normal young and older adults. We established a brain PET
protocol in which 11C-AcAc is the ﬁrst tracer injected because of its
shorter half-life of 11C (20 minutes), followed by a wash-out period
and then injection of 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 3 ways: (1) cerebral
metabolic rate (mmol/100 g/min) of glucose (CMRg), and AcAc
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(CMRa); (2) rate constants (min1) of glucose (Kg) and AcAc (Ka),
and; (3) the 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 the metabolite in question. 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 potentially 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 11C-AcAc relative to FDG.
2. Methods
2.1. Participants
Ethical approval for this study was obtained from the Research
Ethics Committee of the Health and Social Services CentereUniversity of Sherbrooke Geriatrics Institute, which oversees all
human research at the Research Center on Aging. All participants
provided written informed consent before study entry. Participants were between either 18e30 years old (young group; n ¼ 20),
or 65e85 years old (older adult group; n ¼ 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 MiniMental State Examination (MMSE; Folstein et al., 1975) score <26/
30, smoking, diabetes, or glucose intolerance (elevated fasting
plasma glucose, insulin or glycated hemoglobin), evidence of overt
heart, liver or renal disease, and untreated hypertension, dyslipidemia, or thyroid disease. None of the young participants were
medicated. Ten of the 24 older adult participants were medicated,
7 for hypertension (irbesartan, ramipril, or telmisartan), 2 for
osteoporosis (risedronate), and 2 with a gastric acid secretion
inhibitor (pantoprazole).
2.2. Magnetic resonance 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 mm3 isotropic reconstructed voxel size,
256  240  192 mm3 ﬁeld of view, matrix size of 256  256  164,
number of averages of 1, and an acquisition time of 9.14 minutes. A
set of 20 ﬂuid attenuated inversion recovery 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 mm2 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 minutes. Fluid attenuated inversion recovery 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.
2.3. 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-ofﬂight enabled, an isotropic voxel size of 2 mm3, ﬁeld-of-view of
25 cm, and an axial ﬁeld of 18 cm. For 11C-AcAc, the time frames
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Table 1
Characteristics of the study participants
Characteristics

Young
adults
(n ¼ 20)

Age (y)
Sex (M/F)
Blood pressure (mm/Hg)
Systolic
Diastolic
Heart rate (beats/min)
Height (cm)
Weight (kg)
Body mass index (kg/m2)
Mini mental state exam (/30)
Fasting plasma measurements
Glucose (mM)
Acetoacetate (mM)
b-Hydroxybutyrate (mM)
Cholesterol (mM)
Triglycerides (mM)
Free fatty acids (mM)
Insulin (IU/L)
Hemoglobin A1c (%)
Albumin (g/L)
Aspartate aminotransferase (IU/L)
Alanine aminotransferase (IU/L)
Thyroid stimulating hormone (mIU/L)
HDL cholesterol (mmol/L)
LDL cholesterol (mmol/L)
Creatinine (mmol/L)

Older
adults
(n ¼ 24)

Mean

SD

Mean

SD

p

26
11/9

4
-

74
8/16

5
-

*

110
70
63
174
71
23
29.8

12
10
9
9
14
3
0.6

134
81
67
164
71
26
29.1

17
14
10
10
16
4
1.0

*

5.0
0.15
0.32
4.4
0.8
0.8
4.4
5.2
46
24
20
2.2
1.5
2.3
73

0.4
0.10
0.26
1.1
0.4
0.2
2.2
0.2
3
12
9
0.7
0.3
0.8
12

5.2
0.12
0.21
4.7
0.8
0.9
5.2
5.8
43
25
22
2.4
1.5
2.9
71

0.5
0.04
0.10
1.2
0.4
0.2
2.3
0.3
2
4
8
0.8
0.3
0.9
18

*
*

*
*

Values are mean and SD, p-values were calculated using unpaired t-test and a c2 test
was used to evaluate sex differences between age groups, uncorrected for multiple
comparisons, * p  0.05.
Key: HDL, high-density lipoprotein; LDL, low-density lipoprotein; SD, standard
deviation.

were 12  10 seconds, 8  30 seconds, and 1  4 minutes, for a total
scan length of 10 minutes, which was followed by a 50- minute
wash-out period. For FDG, time frames were allocated according to

Fig. 1. Axial slices showing patterns of

11

12  10 seconds, 8  30 seconds, 6  4 minutes, and 3  10 minutes,
for a total scan length of 60 minutes. After breakfast, each participant fasted for 6e7 hours 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 for the injection of 5 mCi of tracer, which was infused
over 20 seconds using an infusion pump. Blood samples were
obtained at 3, 6, and 8 minutes after 11C-AcAc infusion and at 3, 8,
16, 24, 35 and 55 minutes after 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
PVE 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 images as previously validated in humans (Zhou et al., 2011).
The calculated activity within the ROI was corrected using 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 mmol/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 11C-AcAc that is catabolized to 11CO2 during the
11
C-AcAc PET scan (Blomqvist et al., 1995).

C-acetoacetate (A) and

18

F-ﬂuorodeoxyglucose (B) uptake in a young adult.
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Using SPM8, each participant’s parametric CMRg and CMRa PET
images were linearly and nonlinearly deformed into the Montreal
Neurological Institute (MNI) standard coordinate space using his
or her MR images to estimate the spatial normalization parameters. Separate analyses were then performed for CMRg and CMRa
using both ROIs 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 according to the Anatomical Automatic
Labeling (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., 1995, 2002). 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 voxelwise linear regression of glucose on ketone uptake (Glucose ¼
k  AcAc þ 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. Because of the established statistical
equivalent relationship between the ratio of AcAc/glucose and the
linear regression residuals and ratio artifact for voxels with close
to zero counts, we followed the approach of Vaishnavi et al. (2010)
for AI computation.
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signiﬁcantly higher whereas height and plasma albumin was
signiﬁcantly lower in the older adults (all p  0.05). All participants had MMSE scores 29/30 and there was no difference in
global cognitive status between the 2 groups as assessed by the
MMSE.
Fig. 1 provides a representative example of an axial view of brain
11
C-AcAc and FDG uptake. In gray matter taken as a whole and
compared with the young group, older adults had signiﬁcantly lower
CMRg (8  6% [mean  SD]; p ¼ 0.035) but not signiﬁcantly lower
CMRa (p ¼ 0.11) (Fig. 2A). In gray matter as a whole, Kg and Ka were
both signiﬁcantly lower for older adults (11  6%; p ¼ 0.005, and 19
 5%; p ¼ 0.006, respectively; Fig. 2B). On a regional basis, CMRg in the
older group was 9%e15% 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%e38% lower mean values in older adults,
CMRa did not differ signiﬁcantly with age in any brain region (Table 3).

A

2.4. 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 mmltilabel plate reader (Perkin Elmer,
Woodbridge, Ontario, Canada).
2.5. 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 used if Levene’s test was signiﬁcant. Brain
regions refer to gray matter only, with white matter being
identiﬁed separately. Two-factor analysis of variance was used to
determine interaction effects between age and brain tracer uptake. Independent Student t tests were used to separately
compare CMR and K between the young and older groups. These
comparisons underwent a p  0.01 false discovery rate (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
(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 FDR correction and displayed as SPMs in standard anatomic space, with a minimum
cluster size of 50 voxels.
3. 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

B

Fig. 2. Mean cerebral metabolic rate of glucose (CMRg; mmol/100 g/min) and acetoacetate (CMRa; mmol/100 g/min  102); (A) as well as rate constant (min1; 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 ¼ 0.035)
but not CMRa (p ¼ 0.11) when compared with young adults. Kg and Ka were both
signiﬁcantly lower for older adults (11%; [p ¼ 0.005], and 19%; [p ¼ 0.006],
respectively) when compared with young adults. Abbreviations: CMRa, cerebral
metabolic rate of acetoacetate; CMRg, cerebral metabolic rate of glucose; Ka, rate
constant for acetoacetate; Kg, rate constant for glucose.
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Table 2
Cerebral metabolic rate of glucose (CMRg; mmol/100 g/min) and the rate constant for glucose (Kg; min1) by brain region in young and older adults
CMRg

Kg

Young

Cortical
Frontal
Frontal superior
Frontal medial
Frontal inferior
Precentral gyrus
Rectus gyrus
Supplementary motor
Temporal
Superior/middle/inferior
Para/hippocampus
Fusiform
Parietal
Superior/inferior
Supramarginal gyrus
Postcentral gyrus
Precuneus
Angular gyrus
Occipital
Calcarine
Cuneus
Lingual
Cingulate
Anterior
Middle
Posterior
Rolandic operculum
Insula
Subcortical
Caudate
Putamen
Thalamus
Cerebellum
White matter

Older adults

Mean

SD

Mean

41
42
40
44
34
41

6
6
5
6
5
6

35
36
36
42
29
39

32
22
27

4
3
3

29
21
26

42
38
41
39
42
38
38
41
33

7
5
6
5
7
5
5
6
4

41
35
43
37
40
37
37
42
32

30
36
43
34
31

5
4
7
7
4

26
34
41
31
28

36
41
38
24
15

7
6
6
4
2

31
36
32
23
14

Young
SD

Older adults

Mean

SD

Mean

SD

8a
8
7
9
5a
8

0.080
0.081
0.079
0.085
0.066
0.079

0.013
0.013
0.011
0.013
0.010
0.013

0.066
0.068
0.066
0.079
0.053
0.074

0.011a
0.011a
0.009a
0.012
0.009a
0.013

4a
3
3

0.062
0.041
0.053

0.008
0.005
0.006

0.052
0.037
0.047

0.007a
0.006
0.006

0.080
0.073
0.079
0.074
0.082
0.073
0.074
0.078
0.064

0.016
0.010
0.012
0.012
0.013
0.008
0.009
0.011
0.007

0.074
0.064
0.082
0.067
0.072
0.068
0.067
0.077
0.059

0.012
0.009a
0.014
0.011
0.013
0.011
0.011
0.014
0.008

4a
5
9
6
3a

0.058
0.070
0.087
0.063
0.060

0.010
0.010
0.015
0.012
0.008

0.045
0.062
0.075
0.057
0.051

0.008a
0.010a
0.016
0.009
0.007a

6
6a
5a
3
2

0.072
0.081
0.074
0.046
0.026

0.011
0.013
0.011
0.007
0.007

0.058
0.068
0.059
0.041
0.023

0.011a
0.009a
0.011a
0.006
0.006

8
6
10
6
7
6
5
8
5

Mean and SD, n ¼ 20 (young) and n ¼ 24 (older adults).
Key: CMRg, cerebral metabolic rate of glucose; FDR, false discovery rate; Kg, rate constant for glucose; SD, standard deviation.
a
Statistically signiﬁcant difference between young and older adults after p  0.01 FDR correction for multiple comparisons.

There was a signiﬁcant interaction between Kg and Ka with age
in 2 brain regionsdthe caudate (p ¼ 0.030) and post-central gyrus
(p ¼ 0.023), with interactions approaching signiﬁcance in the
gyrus rectus (p ¼ 0.086), putamen (p ¼ 0.094), and thalamus (p ¼
0.084). In most brain regions, signiﬁcantly lower Kg matched well
with lower CMRg in older adults (Table 2). Ka was 9%e26% 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 2 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 ¼ þ0.96; p 
0.0001) and older adults (r ¼ þ0.84; p  0.0001), with no statistically signiﬁcant difference between the slopes of the 2 regression
lines (p ¼ 0.75; Fig. 3A). Ka was not signiﬁcantly correlated with
plasma AcAc (Fig. 3B). CMRa and CMRg were signiﬁcantly positively correlated across gray matter ROIs in both the young and
older adult groups (r ¼ þ0.64 and r ¼ þ0.73, respectively; both p 
0.0001), and the slopes of their regression lines were not signiﬁcantly different (p ¼ 0.09; Fig. 4A). The equation - CMRg ¼ 38.30 
CMRa þ 22.54 (p  0.001; r ¼ þ0.62) 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 ¼ 1.09x þ
0.03; r ¼ þ0.64) and older adults (y ¼ 1.5x þ 0.01; r ¼ þ0.73;
Fig. 4B).

In the young group, 9 clusters of signiﬁcantly higher AI were
found that encompassed mainly the bilateral caudate, putamen,
precuneus, calcarine, and frontal regions (p  0.01 FDR correction;
Fig. 5A; Supplementary Table 1). Older adults had signiﬁcantly
higher AI localized in just 2 clusters; bilaterally in the putamen
and the right caudate (p  0.01 FDR correction; Fig. 5B;
Supplementary Table 2). Subtraction of the AI map of the older
adults (Fig. 5B) from that of the younger adults (Fig. 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; Fig. 5C; Supplementary Table 3). No regions had statistically higher (negative) AI in older adults compared with
younger adults.
There was no statistically signiﬁcant relationship between
CMRg, CMRa, Kg or Ka, and other parameters that differed
between the 2 groups, that is body mass index, systolic blood
pressure, hemoglobin A1c, or albumin (data not shown).
4. Discussion
This is the ﬁrst report of brain uptake of 11C-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
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Table 3
Cerebral metabolic rate of acetoacetate (CMRa; mmol/100 g/min  102) and the rate constant for acetoacetate (Ka; min1) by brain region in young and older adults
CMRa

Ka

Young

Cortical
Frontal
Frontal superior
Frontal medial
Frontal inferior
Precentral gyrus
Rectus gyrus
Supplementary motor
Temporal
Superior/middle/inferior
Para/hippocampus
Fusiform
Parietal
Superior/inferior
Supramarginal gyrus
Postcentral gyrus
Precuneus
Angular gyrus
Occipital
Calcarine
Cuneus
Lingual
Cingulate
Anterior
Middle
Posterior
Rolandic operculum
Insula
Subcortical
Caudate
Putamen
Thalamus
Cerebellum
White matter

Older adults

Young

Older adults

Mean

SD

Mean

SD

Mean

SD

Mean

SD

56
58
57
62
45
64

51
51
49
53
40
56

36
38
38
42
31
43

17
18
18
19
17
21

0.041
0.042
0.041
0.045
0.032
0.046

0.010
0.010
0.009
0.010
0.008
0.011

0.030
0.032
0.032
0.035
0.028
0.036

0.009a
0.009a
0.009a
0.008a
0.011
0.011a

54
38
49

44
29
42

37
30
36

17
15
16

0.039
0.028
0.036

0.008
0.007
0.009

0.031
0.026
0.031

0.008a
0.007
0.008

65
62
65
66
61
57
66
70
60

56
54
56
54
53
47
56
57
49

43
39
44
45
45
42
46
54
44

19
16
23
21
21
20
22
27
21

0.047
0.045
0.046
0.048
0.045
0.041
0.048
0.051
0.044

0.010
0.011
0.010
0.010
0.010
0.008
0.010
0.010
0.010

0.037
0.033
0.038
0.038
0.038
0.036
0.039
0.046
0.037

0.011a
0.008a
0.012
0.010a
0.009
0.009
0.011
0.012
0.010

46
58
64
49
45

39
52
60
38
37

29
39
44
32
30

14
19
23
16
14

0.033
0.042
0.048
0.035
0.033

0.007
0.010
0.022
0.007
0.008

0.025
0.033
0.037
0.028
0.025

0.007a
0.009a
0.016
0.009a
0.007a

32
47
53
45
25

31
43
46
39
20

23
36
38
32
18

12
18
19
17
8

0.024
0.034
0.038
0.033
0.019

0.008
0.010
0.011
0.007
0.004

0.020
0.030
0.032
0.027
0.015

0.006
0.009
0.009
0.007
0.004a

Mean and SD, n ¼ 20 (young) and n ¼ 24 (older adults).
Key: CMRa, cerebral metabolic rate of acetoacetate; FDR, false discovery rate; Ka, rate constant for acetoacetate; SD, standard deviation.
a
Statistically signiﬁcant difference between young and older adults after p  0.01 FDR correction for multiple comparisons.

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 (Fig. 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 and 3).
Despite these similarities in the aging-associated changes in
regional AcAc and 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 and 3). Relative to
FDG, 11C-AcAc uptake was less inﬂuenced by age in the caudate,
leading to proportionally higher AI in the caudate of young
adults (Fig. 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 elderly
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 aged >70 years 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 (Kalpouzos et 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, 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 11C-AcAc
and FDG tracers are injected about 1 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 usage by the tricarboxylic acid cycle
(Cunnane et al., 2011).
Two previous PET studies of brain ketone uptake with the
tracer, 11C-b-hydroxybutyrate, have been reported (Blomqvist
et al., 1995, 2002), 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., 1971; Lying-Tunell et al., 1981) suggesting that ketones
contribute to 2%e3% of the brain’s total energy consumption when
plasma ketones are 0.3e0.5 mM (Courchesne-Loyer et al., 2013).
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A

B

B

Fig. 3. 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 (C) and older (,)
participant. The regression lines for the young (; y ¼ 3.49x þ 0.04) and older adults
(LL; y ¼ 3.32x  0.01) were not signiﬁcantly different (p ¼ 0.75). Abbreviations: AcAc,
acetoacetate; CMRa, cerebral metabolic rate of acetoacetate; Ka, rate constant for
acetoacetate.

Our brain 11C-AcAc PET scans were acquired after 6 hours fasting
when the sum of plasma AcAc and b-hydroxybutyrate averaged
0.45 mM. We therefore plan to repeat this experimental design
before and after the participants have experienced a period of
several days of mild, controlled, experimental ketonemia in which
plasma ketones are raised to 1e2 mM, when brain ketone uptake
should contribute up to 10%e15% 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. To control for
the variability in plasma ketones, we also expressed tracer uptake in
terms of the rate constants for both FDG and 11C-AcAc, Kg and Ka,
respectively. Age-related differences in brain FDG uptake were
minimally affected depending on whether the 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 2 groups (Table 3). Hence, somewhat higher plasma AcAc

Fig. 4. Cerebral metabolic rate of acetoacetate (CMRa) plotted against the cerebral
metabolic rate of glucose (CMRg). Symbols represent the mean value of each ROI (n ¼
28) for young (C) or older (,) adults. CMRa and CMRg were signiﬁcantly positively
correlated in both young and older adults (r ¼ þ0.64 and r ¼ þ0.73, respectively). The
regression lines for the young (L; y ¼ 47.16x þ 16.12) and older adults (LL; y ¼
79.54x þ 14.88) were not signiﬁcantly different (p ¼ 0.09). Linear regression of the
pooled data was represented by y ¼ 38.30x þ 22.54 (p  0.001; r ¼ þ0.62). Ka and Kg
were signiﬁcantly positively correlated in both young and older adults (r ¼ þ0.64 and
r ¼ þ0.73, respectively). The regression lines for the young (L; y ¼ 1.09x þ 0.03) and
older adults (LL; y ¼ 1.5x þ 0.01) were not signiﬁcantly different (p ¼ 0.26). Linear
regression of the pooled data was represented by y ¼ 1.22x þ 0.02 (p  0.001;
r ¼ þ0.72). Abbreviations: CMRa, cerebral metabolic rate of acetoacetate; CMRg, cerebral metabolic rate of glucose; ROI, region of interest.

in older adults is needed in brain regions with a lower Ka 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 usage 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, that is 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.
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Fig. 5. Cortical surface maps of the acetoacetate index (AI) with p  0.01 false discovery rate (FDR) correction. In young adults (A; n ¼ 20), 9 signiﬁcant clusters of high AI were
present encompassing mainly the bilateral caudate, putamen, precuneus, calcarine, and frontal regions. In older adults (B; n ¼ 24), there were 2 signiﬁcant clusters of high AIethe
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 adult group (C; p  0.05 FDR correction). For purposes of illustration, voxel-wise statistics surviving p  0.05 are displayed unadjusted for multiple
comparisons.

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 agingrelated 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 (Fig. 5A) is similar to the
glycolytic index map reported by Vlassenko et al. (2010), suggesting
that measuring brain ketone metabolism by PET with 11C-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, FDG is a relatively
long-lived tracer that binds to hexokinase for which corrections are
made to estimate CMRg. In contrast, 11C-AcAc is not metabolically
trapped but is catabolized to 11CO2, a process that consumes about
5.9% of the tracer during the 10 minutes 11C-AcAc PET scan
(Blomqvist et al.,1995). This difference in metabolic fate between the
2 tracers suggests that the absolute magnitudes of the agingassociated difference in brain uptake of these 2 fuels are not necessarily directly comparable except on a relative basis, which is why we
also expressed the results as AI (Fig. 5). Finally, PET does not have the
spatial resolution to distinguish whether some of the aging-related
differences we observed were more because of 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 (6e12 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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