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Abstract

Research of the human brain metabolism in vivo has largely focused on total glucose use (via FDG 

PET) and, until recently, did not examine the use of glucose outside oxidative phosphorylation 

which is known as aerobic glycolysis (AG). AG supports important functions including 

biosynthesis and neuroprotection but decreases dramatically with aging. This multi-tracer PET 

study evaluated the relationship between AG, total glucose use (CMRGlc), oxygen metabolism 

(CMRO2), tau and amyloid deposition in 42 individuals, including those at preclinical and 

symptomatic stages of Alzheimer disease (AD). Our findings demonstrate that in individuals with 

amyloid burden, lower AG is associated with higher tau deposition. No such correlation was 

observed for CMRGlc or CMRO2. We suggest that aging related loss of AG leading to decreased 
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synaptic plasticity and neuroprotection may accelerate tauopathy in individuals with amyloid 

burden. Longitudinal AG and AD pathology studies are needed to verify causality.
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INTRODUCTION

Alzheimer disease (AD) is characterized by a long (~20 years) preclinical period during 

which pathology accumulates in the absence of overt clinical symptoms (Price et al., 2009). 

The neuropathological hallmarks of AD are amyloid-β (Aβ) plaques and neurofibrillary 

tangles, which primarily are composed of hyperphosphorylated tau protein. Disruptions in 

the balance of Aβ production and clearance are considered to be initiating events in a 

biological cascade that leads to Aβ plaque formation and neurodegenerative tau pathology 

(Jack et al., 2013). Metabolic dysfunction is another pathological feature that occurs early in 

the disease in humans (Langbaum et al., 2009).

Research on glucose metabolism in the brain has focused on total glucose use (CMRGlc) as 

measured by fluorodeoxyglucose (18F-FDG) positron emission tomography (PET) and, until 

recently (Vlassenko et al., 2010), did not examine the use of glucose outside of oxidative 

phosphorylation, known as aerobic glycolysis (AG). AG, a highly investigated feature of 

cancer metabolism (Lunt and Vander Heiden, 2011; Vlassenko et al., 2015), in the healthy 

brain may support metabolic functions which includes biosynthesis of glycogen, proteins, 

lipids and nucleic acids; neuroprotection by managing reactive oxygen species and 

apoptosis; production of lactate, a potential fuel and signaling molecule (Suzuki et al., 

2011); and fast local generation of energy for membrane pumps (Vlassenko and Raichle, 

2015). Recent studies indicate that AG supports synaptic and neurite formation and turnover 

(Goyal et al., 2014; Goyal et al., 2017; Shannon et al., 2016). However, total glucose use 

(CMRGlc) is largely driven by oxidative metabolism for synaptic activity and therefore may 

mask independent information provided by AG.

PET studies with multiple tracers allow measurements of AG, glucose (CMRGlc) and 

oxygen (CMRO2) metabolism in the same individual, and may deliver various important 

details otherwise missed by conventional 18F-FDG PET and MRI (Vlassenko et al., 2015). 

PET also affords in vivo measurements of Aβ and tau deposition, which, with quantitative 

estimates of CMRGlc, CMRO2 and AG, allows more explicit evaluation of the pathological 

progression in preclinical and symptomatic stages of AD. Here, we present preliminary 

findings with PET on the relationship between metabolism, including AG, and tau 

pathology. Specifically, we evaluate this relationship in a set of brain areas vulnerable to tau 

burden during preclinical AD.
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MATERIALS AND METHODS

Participants

A total of 42 individuals (21 men) aged 53–88 years were recruited from the Washington 

University Knight Alzheimer Disease Research Center (ADRC). Forty participants were 

cognitively normal. Two participants demonstrated very mild dementia due to AD at the 

time of the study. The 2 symptomatic individuals were newly diagnosed with dementia (~1 

year) but had demonstrated brain Aβ plaque burden for ~7 years.

All assessments and imaging procedures were approved by Human Research Protection 

Office and Radioactive Drug Research Committee at Washington University in St. Louis. 

Written consent was provided from each participant.

MRI

MRI scans were obtained on Biograph mMR or Trio 3T (Siemens, Erlangen, Germany) 

scanner using a 3D sagittal T1-weighted magnetization-prepared rapid gradient-echo 

(MPRAGE) sequence with 1 mm isotropic resolution.

FreeSurfer 5.3 (http://freesurfer.net) was used to segment the MRI into cortical and 

subcortical regions of interest (ROIs)(Su et al., 2013). These ROIs were used for regional 

estimation of all PET measures, including those for brain metabolism, tau and amyloid 

deposition. An average for each of PET measures was defined for a composite ROI that 

combines regions known to accumulate high levels of tau, which include bilateral entorhinal, 

amygdala, precuneus, inferior temporal, inferior and superior parietal, fusiform and lateral 

occipital cortex (Gordon et al., 2016; Johnson et al., 2016; Scholl et al., 2016) (Figure 1).

Partial volume correction (PVC) of PET data was performed for all PET measures using 

the regional spread function approach (Su et al., 2015).

AG, CMRGlc and CMRO2 PET imaging

In all individuals, 18F-FDG and 15O PET scans were performed on a Siemens model 962 

ECAT EXACT HR+ PET scanner as described previously (Vaishnavi et al., 2010; Vlassenko 

et al., 2010). All subjects underwent one FDG scan and two sets of 15O-CO, 15O-H2O, and 
15O-O2 scans.

FDG scans were performed after injection of ~5 mCi of FDG. Cerebral blood volume 

(CBV) was measured with a 5-min emission scan beginning 2 min after brief inhalation of 

~75 mCi of [15O]CO in room air. Dynamic scans of 3 min were acquired after injection of 

~50 mCi [15O]H2O in saline or inhalation of 60 mCi of [15O]O2 in room air. The CMRO2 

parametric image was derived from these 15O scans and corrected for CBV.

The local-to-global images obtained as described above for CMRGlc, CMRO2, and CBF 

were summarized to the FreeSurfer ROIs. These were then multiplied by age-specific 

literature-based whole brain estimates for each of the metabolic parameters (Goyal et al., 

2014; Goyal et al., 2017).
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AG was defined by subtracting the oxidative fraction of CMRGlc, calculated by dividing 

molar CMRO2 by six, from total molar CMRGl (Goyal et al., 2017):

AG = [CMRGlc − (CMRO2 ÷ 6)] .

Tau PET Imaging

Tau PET imaging was performed using 18F-AV-1451. Participants received a bolus injection 

of between 7.2 and 10.8 mCi of AV-1451. Data were acquired on a Biograph 40 PET/CT 

scanner and converted to standardized uptake value ratios (SUVRs) using a cerebellar cortex 

reference.

Amyloid PET imaging

Amyloid-β PET imaging was performed using either florbetapir (n = 35) or 11C-Pittsburgh 

compound B (PIB, n = 7) on a Siemens Biograph mMR. For PIB and florbetapir scans, data 

were converted to SUVRs using a cerebellar cortex reference. A PIB mean cortical binding 

potential of 0.18 has been used to denote amyloid positivity (Mintun et al., 2006; Vlassenko 

et al., 2016), and PVC equivalent PIB SUVR (1.42) and florbetapir SUVR (1.22) was used 

(Gordon et al., 2016). Using these cutoffs the individuals were classified as either amyloid-

positive (Aβ+, n=13) or amyloid-negative (Aβ−, n=29).

Statistical analysis

Demographic parameters and PET measures were evaluated with Student t tests or Chi-

Square test as appropriate. Stratifying our cohort into Aβ+ and Aβ− groups, we used a linear 

regression model, adjusted for age, with metabolic parameters (AG, CMRGlc, CMRO2) 

predicting tau deposition. All analyses were performed using IBM SPSS Statistics v. 24 

(IBM Corp., Armonk, NY). Probability values < 0.05 indicated statistical significance.

RESULTS

Participant demographics and PET results for all 42 participants are shown in the Table 1. 

The Aβ+ (n=13) group was older (t=2.612, p=0.013) and exhibited significantly higher tau 

deposition (t=3.246, p=0.006).

There was a significant interaction with Aβ status in the entire cohort, such that the 

relationship between AG and tau deposition was different between Aβ+ (n=13) and Aβ− 

(n=29) individuals (F1,37=7.062, p=0.012; Figure 2). Aβ+ and Aβ− individuals did not differ 

in the relationship between tau deposition and CMRGlc (F1,37=2.047, p=0.161) and CMRO2 

(F1,37=0.146, p=0.704). In Aβ+ individuals (n=13), there was a significant relationship 

between tau deposition and AG (F1,10=6.402, p=0.030), but not CMRGlc (F1,10=0.615, 

p=0,.451) nor CMRO2 (F1,10=1.892, p=0.199) (Figure 2). No significant correlation between 

any of the three metabolic parameters and tau deposition was demonstrated in the Aβ− 

group.

When restricting analyses to the subset with florbetapir (n=35) to examine continuous levels 

of Aβ, no significant differences were found between Aβ+ and Aβ− groups in the 
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relationship between AG, CMRGlc or CMRO2, and Aβ deposition; and no significant 

association was found between amyloid burden and metabolic PET measures in any group.

Similar findings were demonstrated after excluding the two symptomatic AD individuals 

from the analysis. There was a significant interaction between Aβ status and the relationship 

between AG (but not CMRGlc nor CMRO2) and tau deposition (F1,35=7.135, p=0.011). 

Preclinical AD (Aβ+ cognitively normal) individuals (n=11) demonstrated significant 

relationship between AG (F1,8=6.799, p=0.031) but not CMRGlc (F1,8=0.073, p=0.794) nor 

CMRO2 (F1,8=1.913, p=0.204) and tau deposition. After excluding the symptomatic 

individuals there were still no significant correlation between florbetapir uptake and AG, 

CMRGlc or CMRO2 in any group, and no significant differences were found between Aβ+ 

and Aβ− groups in these relationships.

DISCUSSION

Our findings demonstrate that in preclinical and very mildly symptomatic AD individuals, 

lower AG is associated with higher tau deposition in vulnerable regions of the brain. This 

finding is unaffected by adjusting for age (which itself correlates with AD pathology and 

lower AG) and by removing the 2 symptomatic AD individuals in our cohort. No such 

relationship was observed for CMRGlc nor CMRO2. While the relationship between tau and 

metabolism may be specific to AG in this cohort, our modest sample size may be insensitive 

to more subtle relationships between tau and CMRGlc or CMRO2. Further research in a 

larger cohort is needed to explore these relationships and to pursue more detailed regional 

analysis.

With aging, AG decreases dramatically (especially in functionally important areas, including 

those with high accumulation of Aβ and where AG is the highest in young adulthood) 

presumably resulting in loss of the biosynthetic and neuroprotective functions AG normally 

supports (Goyal et al., 2017). We believe that ongoing neuronal activity in the aging brain, 

deprived of proper AG-related synaptic maintenance and protection, might in part be 

responsible for the acceleration of neurodegeneration including tau pathology. However, it 

should be noted that aging-related decrease in AG can occur unaccompanied by AD 

pathology suggesting that other, presently unknown, elements may also be playing a role in 

the causal chain of events.

The relationship between AG and tau deposition in the presence of Aβ burden warrants 

more research in AD as well as in other primary tauopathies (not associated with 

accumulation of Aβ plaques). Our findings highlight the importance of measuring AG, as 

this relationship was not evident for total glucose use (CMRGlc) alone. One possible 

explanation for the relationship between AG and tau deposition is that tau, among its various 

toxic effects (Shi et al., 2017), might impair processes that demand AG, such as synaptic 

plasticity. Alternatively, AG loss could potentially accelerate tauopathy. Our findings suggest 

that longitudinal studies of AG and AD pathology will help to further define this 

relationship.
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HIGHLIGHTS

• Aerobic glycolysis delivers important information missed by conventional 

FDG study

• Aging related loss of aerobic glycolysis may accelerate AD pathology

• Low aerobic glycolysis is associated with high tau deposition in preclinical 

AD

Vlassenko et al. Page 8

Neurobiol Aging. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Region of interest combining FreeSurfer tau-prone regions, which includes precuneus, 

amygdala (not shown), entorhinal, inferior temporal, inferior and superior parietal, fusiform 

and lateral occipital cortex.
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Figure 2. 
Relationship between AG (A), CMRGlc (B) and CMRO2 (C) and tau deposition defined for 

composite ROI (see Figure 1) in Aβ− (opened circles; n=29) and Aβ+ (triangles; n=13) 

individuals. Of note, whereas AG correlates with CMRGlu (D) because it is derived from 

total glucose consumption measurements, CMRGlu does not perfectly predict AG; thus, as 

shown in our study, AG may provide independent information on the relationship between 

the levels of AD biomarkers and brain physiology. There is no correlation between AG and 

CMRO2 (not shown).
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Table 1

Demographics and PET data.

Characteristic Amyloid-
positive

Amyloid-
negative

P-value

No. 13 29

Age, yrs (±SD) 74.1 ± 7.8 67.4 ± 7.5 0.013

Gender, M, % 53.8 48.3 0.739

APOE ε4, positive, % 46.1 10.3 0.009

MMSE (±SD) 29.6 ± 0.7 29.2 ± 1.4 0.173

Symptomatic AD, No. 2 0

Interval, AG and tau PET, months (±SD) 7.6 ± 11.7 11.3 ± 9.0 0.268

Interval, AG and amyloid PET, months (±SD) 4.6 ± 12.1 11.8 ± 11.7 0.072

AG, µmol/100g/min 2.5 ± 1.8 3.0 ± 1.2 0.341

CMRGlc, µmol/100g/min 34.3 ± 1.7 35.1 ± 1.6 0.192

CMRO2, µmol/100g/min 198.0 ± 7.3 203.0 ± 8.2 0.058

Tau (AV-1451), SUVR 1.4 ± 0.2 1.1 ± 0.1 0.006

Amyloid (florbetapir), SUVR (No.) 1.6 ± 0.3 (12) 0.9 ± 0.1 (23) <0.0001
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