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Abstract

Our objective was to examine associations between glucose metabolism, as measured by 18F-

fluorodeoxyglucose positron emission tomography (FDG PET), and age and to evaluate the 

impact of carriage of an apolipoprotein E (APOE) ε4 allele on glucose metabolism and on the 

associations between glucose metabolism and age. We studied 806 cognitively normal (CN) and 

70 amyloid-imaging-positive cognitively impaired participants (35 with mild cognitive 

impairment and 35 with Alzheimer’s disease [AD] dementia) from the Mayo Clinic Study of 

Aging, Mayo Alzheimer’s Disease Research Center and an ancillary study who had undergone 
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structural MRI, FDG PET, and 11C-Pittsburgh compound B (PiB) PET. Using partial volume 

corrected and uncorrected FDG PET glucose uptake ratios, we evaluated associations of regional 

FDG ratios with age and carriage of an APOE ε4 allele in CN participants between the ages of 30 

and 95 years, and compared those findings with the cognitively impaired participants. In region-

of-interest (ROI) analyses, we found modest but statistically significant declines in FDG ratio in 

most cortical and subcortical regions as a function of age. We also found a main effect of APOE 

ε4 genotype on FDG ratio, with greater uptake in ε4 noncarriers compared with carriers but only 

in the posterior cingulate and/or precuneus, lateral parietal, and AD-signature meta-ROI. The latter 

consisted of voxels from posterior cingulate and/or precuneus, lateral parietal, and inferior 

temporal. In age- and sex-matched CN participants the magnitude of the difference in partial 

volume corrected FDG ratio in the AD-signature meta-ROI for APOE ε4 carriers compared with 

noncarriers was about 4 times smaller than the magnitude of the difference between age- and sex-

matched elderly APOE ε4 carrier CN compared with AD dementia participants. In an analysis in 

participants older than 70 years (31.3% of whom had elevated PiB), there was no interaction 

between PiB status and APOE ε4 genotype with respect to glucose metabolism. Glucose 

metabolism declines with age in many brain regions. Carriage of an APOE ε4 allele was 

associated with reductions in FDG ratio in the posterior cingulate and/or precuneus, lateral 

parietal, and AD-signature ROIs, and there was no interaction between age and APOE ε4 status. 

The posterior cingulate and/or precuneus and lateral parietal regions have a unique vulnerability to 

reductions in glucose metabolic rate as a function both of age and carriage of an APOE ε4 allele.
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1. Introduction

Understanding the influence of aging on Alzheimer’s disease (AD) biomarkers is essential 

to our ongoing effort to model the pathophysiology of AD (Jack et al., 2013). For 18F-

fluorodeoxyglucose positron emission tomography (FDG PET), there has been controversy 

about whether brain glucose metabolism declines with aging in the absence of cognitive 

impairment. Early reports claimed that there were declines in glucose metabolism (Herholz 

et al., 2002; Loessner et al., 1995). Most subsequent studies but not all (Kalpouzos et al., 

2009) claimed that declines in glucose metabolism over the adult age spectrum were 

abolished by partial volume correction (Ibanez et al., 2004; Kantarci et al., 2010; Yanase et 

al., 2005). Any analysis of the role of age on glucose metabolism must also take 

apolipoprotein E (APOE) genotype into account. Reductions in glucose metabolism in 

regions known to be affected in AD dementia (Chetelat et al., 2008; Mosconi, 2005; Nestor 

et al., 2003; Rabinovici et al., 2010) have been shown in cognitively normal middle-aged 

carriers of the APOE ε4 allele (Reiman et al., 1996, 2001).

We examined associations between glucose metabolism, as measured by FDG PET and age 

in a large number of cognitively normal (CN) individuals. We also evaluated the impact of 

carriage of an APOE ε4 allele on glucose metabolic rate and whether the associations 
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between FDG and age differed among APOE ε4 carriers and noncarriers. A group of persons 

with cognitive impairment due to of AD were also studied for comparison purposes.

2. Methods

2.1. Participants

We studied 806 CN participants who had undergone structural MRI, FDG PET, and PiB 

PET and had available APOE genotype data. They were drawn from 2 sources. The first was 

the Mayo Clinic Study of Aging (MCSA). The MCSA is a population-based study in 

Olmsted County MN that originally enrolled persons between the ages of 70 and 89 years. 

The initial recruitment and description of baseline imaging has been described (Jack et al., 

2012; Roberts et al., 2008). After the initial wave of participants were recruited beginning in 

October 1, 2004, the group has subsequently been replenished with new participants in 

2008, 2009, 2010, and 2011. In 2012, the MCSA was expanded to include persons between 

the ages of 50 and 69 years. These participants were also drawn randomly from Olmsted 

County, MN, USA. In both the older than 70 and the 50 to 69-year-olds, every participant 

without contraindications to magnetic resonance (MR) scanning was offered the opportunity 

to undergo MR and PET imaging. The participants in both these groups were diagnosed as 

being CN through a consensus process that used information from 3 sources: a mental status 

examination performed by a study physician, a Clinical Dementia Rating completed by a 

trained study coordinator that included an interview of an informant as well as the 

participant and a psychometric battery previously described for the CN group (Petersen et 

al., 2010; Roberts et al., 2008, 2012) and for the Mayo Alzheimer’s Disease Research Center 

(Kantarci et al., 2008). The second source of participants was a convenience sample of 

Rochester, MN residents between the ages of 30 and 49 years who were specifically 

recruited via flyers and word of mouth to undergo brain imaging. This group of younger 

participants also received the same psychometric battery as the older cognitively normal 

persons; all scored in the normal range.

For purposes of comparison of the magnitude of the impact of APOE genotype versus being 

cognitively impaired on FDG ratios, we also included 35 individuals with AD dementia 

from the MCSA or the Mayo Clinic ADRC who were aged 70 years or older, APOE ε4 

carriers, and amyloid imaging positive. These AD dementia participants were matched on 

sex and age ±5 years to 35 mild cognitive impairment (MCI) participants from the MCSA or 

Mayo ADRC who were APOE ε4 carriers and positive on amyloid imaging from the MCSA. 

Both MCI and AD dementia participants were also age- and sex-matched with APOE ε4 

carrier CN participants. The MCI and AD dementia individuals were diagnosed via the same 

consensus process described previously. The diagnosis of MCI (Albert et al., 2011) and 

dementia because of AD (McKhann et al., 2011) followed standard criteria.

DNA extraction and APOE genotyping was performed for each subject using standard 

methods (Hixson and Vernier, 1990).

2.2. Human subjects protections

All study protocols were approved by the Mayo Clinic and Olmsted Medical Center 

Institutional Review Boards, and all cognitively normal participants provided signed 
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informed consent to participate in the study and in the imaging protocols. In participants 

with cognitive impairment, they and their accompanying family member jointly provided 

consent.

2.3. Imaging methods

Imaging methods for structural MR, FDG PET, and PiB PET were identical to those that 

have been described previously (Jack et al., 2008, 2012; Knopman et al., 2012). For FDG-

PET scanning, participants were injected with 366–399 MBq of FDG and imaged after 30–

38 minutes, for an 8-minute image acquisition consisting of four 2-minute dynamic frames. 

During the 30-minute uptake period, participants were left undisturbed in a darkened room 

and instructed to rest quietly without activity with their eyes open. The scans were 

performed with eyes open. A CT image was obtained for attenuation correction. Regional 

cerebral glucose uptake at the static time point 30 minutes after FDG injection was 

expressed as a ratio of each region’s FDG uptake to that of the pons, which we will refer to 

as the FDG ratio.

Quantitative image analysis for FDG PET was performed using our in-house fully 

automated image processing pipeline (Jack et al., 2008; Lopresti et al., 2005). Statistics on 

image voxel values were extracted from automatically labeled cortical regions of interest 

(ROIs) using an atlas (Tzourio-Mazoyer et al., 2002) modified in-house. There were 19 

regions of interest after combining the left and right regions from the atlas. In addition to 

atlas-defined regions, we also identified a meta-region of interest (ROI) that we have labeled 

as an “AD signature meta-ROI” that included pre-defined voxels in the angular gyrus, 

posterior cingulate, and inferior temporal cortical regions from both hemispheres combined 

(Landau et al., 2011). The pons was used as the reference region for the atlas-defined ROIs 

as well as for the AD signature region.

Amyloid PET images were acquired using a GE Discovery RX PET/CT scanner. Subjects 

are injected with 292–729 MBq 11C PiB. The PiB PETscan consists of four 5-minute 

dynamic frames and was acquired from 40 minutes after injection (McNamee et al., 2009; 

Price et al., 2005). PiB PET scans were obtained on the same day 1 hour before the FDG 

PET scan. In the current analyses, amyloid PET results were used only to define the MCI 

and dementia because of AD comparison groups. A cortical PiB PETstandardized uptake 

value ratio (SUVr) was formed by combining the prefrontal, orbitofrontal, parietal, 

temporal, anterior cingulate, and posterior cingulate and/or precuneus ROI values 

normalized by the cerebellar gray matter ROI of the atlas. We defined an abnormal PiB scan 

as an SUVr > 1.5 (Jack et al., 2012).

All participants underwent MR scanning at 3T with a standardized protocol that included a 

3D-MPRAGE sequence (Jack et al., 2008). MPRAGE images were corrected for image 

distortion and bias field (Gunter et al., 2009) as previously described (Jack et al., 2008). The 

MR scans were used for atrophy correction of the FDG images.

On MR scans we quantitated white matter hyperintensity volume and numbers of cortical 

and subcortical infarctions. The MR protocol included a fluid attenuated inversion recovery 

scan from which we assessed features of cerebrovascular disease. White matter hyper-
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intensity burden was measured quantitatively using an algorithm developed in-house (Jack 

et al., 2001). Supratentorial subcortical and cortical infarctions greater than 1 cm were 

ascertained visually by highly experienced image analysts and confirmed by a radiologist 

(Kejal Kantarci).

2.4. Atrophy correction

Given concerns that brain volume loss was likely to accentuate regional FDG ratio estimates 

(Ibanez et al., 2004; Kantarci et al., 2010; Yanase et al., 2005), we chose partial volume 

corrected analyses as our primary outcome measures. Nonpartial volume corrected data are 

presented in Appendix Table 2. In one variation of the automated ROI parcellation 

algorithm, partial volume correction was performed on the FDG images, using a 2-

compartment model. Each subject’s FDG images were co-registered with a 6 degrees of 

freedom affine registration to his or her MRI scan, which was then simultaneously spatially 

normalized and segmented into gray matter, white matter, and cerebrospinal fluid 

compartments, using the unified segmentation method of SPM5. The gray matter and white 

matter segmentations were saved in the subject’s native space and combined to form a brain 

tissue probability mask, which was then re-sampled to the resolution of the PET image, and 

smoothed with a 6 mm FWHM Gaussian filter, to approximate the point spread function of 

the PET camera. Finally, each FDG PET voxel was divided by the corresponding value in 

this smoothed brain mask, closely following a published method (Meltzer et al., 2000).

2.5. Statistical methods

Linear regression was used to assess the relationship between FDG ratio and age and APOE 

ε4 genotype. For each region of interest, we fit a model with age, APOE ε4 carrier versus 

noncarrier and the interaction between age and APOE ε4 genotype as predictors of FDG 

ratio. Restricted cubic splines with 3 knots at ages 45, 65, and 80 years were used to allow 

for nonlinearity in the relationship between FDG ratio and age. We report p-values based on 

Wald tests. A p-value for the association between FDG ratio and age was based on a joint 

test of all the coefficients involving age (i.e., main effects and interactions) while a p-value 

for the association between FDG and APOE ε4 genotype was based on a joint test of all the 

coefficients involving APOE ε4 genotype.

To estimate the APOE ε4 carrier effect on FDG ratios in CN subjects, we matched 209 

APOE ε4 carriers to noncarriers on sex and within the age of 5 years. t Tests were used to 

test for differences in FDG ratios between the carriers and noncarriers. To estimate the 

impact of cognitive impairment on FDG ratios, we compared FDG ratios across 3 diagnosis 

groups that had been matched for sex and age (as previously mentioned): CN (n = 70), MCI 

(n = 35), and AD dementia (n = 35). We used pairwise t tests to assess significant 

differences among the groups. FDG ratios were compared across the 3 diagnosis groups and 

pairwise t tests were used to assess significant differences.
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3. Results

3.1. Age and FDG ratio

Table 1 summarizes the demographic features of the participants. In ROI analyses, FDG 

ratio with partial volume correction declined with advancing age in many regions of the 

brain including the AD signature meta-ROI, putamen, insula, thalamus, anterior cingulate, 

supplementary motor, lateral temporal, caudate, orbital frontal, posterior cingulate and/or 

precuneus, prefrontal, rolandic operculum, lateral parietal, primary visual, precentral gyrus, 

occipital, and medial temporal regions (Figs. 1 and 2, Appendix Table 1). While FDG was 

associated with age in many regions, the associations were modest. For an example, the 

estimated mean FDG ratio in the lateral temporal region for a 40-year-old APOE ε4 carrier 

was 1.62 compared with 1.50 for an 85-year-old APOE ε4 carrier, a decrease of only 0.12 

SUVR over 45 years.

3.2. Cerebrovascular pathology

Because of the frontal predominance of the aging changes in FDG ratio, we speculated that 

some of the age differences might be related to the burden of cerebrovascular pathology. In 

a subset of 471 CN subjects who were over the age of 70 years and had available vascular-

lesion imaging data, we compared the FDG ratios in the orbito- frontal, prefrontal, and 

supplementary motor area among subjects by white matter hyperintensity burden quartiles, 

presence or absence of large cortical infarcts, and presence or absence of subcortical 

infarcts. None of the vascular features were significantly associated with differences in FDG 

ratio in these frontal cortical regions (data not shown).

3.3. APOE genotype and FDG ratio

APOE ε4 genotype was associated with lower FDG ratios in the cingulate and/or precuneus 

and lateral parietal regions and the AD-signature meta-ROI with partial volume correction. 

In partial volume uncorrected data, only the AD signature region difference remained 

marginally significant. (Figs. 1 and 2 and Appendix Tables 1 and 2). None of the age × 

APOE ε4 interactions was significant indicating that the effect of APOE ε4 genotype was 

similar across all age ranges. However, in examining the subgroup of participants who were 

between the ages of 30 and 60 years (n = 62), there were no significant regional differences 

between APOE ε4 carriers and noncarriers. We had too few APOE ε4 homozygotes (n = 14) 

among the CN group to analyze separately.

3.4. Amyloid status, APOE genotype, and FDG ratio

Only 6 of our 167 (3.6%) participants younger than 70 years had PiB SUVr > 1.5, while 200 

of the 639 (31.3%) older participants had PiB SUVr > 1.5. We examined the impact of high 

amyloid burden in our cognitive normal individuals older than 70 years. In Fig. 3, we show 

FDG ratio values from the AD signature meta-ROI for CN participants who had low (SUVr 

< 1.5) or high (SUVr ≥ 1.5) PiB retention, with or without APOE ε4 genotype. While the 

FDG ratio was lower in those with higher PiB SUVr (p = 0.03), the APOE ε4 carrier groups 

showed lower FDG ratios (p < 0.001) with no interaction between the 2 (p = 0.67).
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3.5. Comparison of the impact of APOE ε4 genotype and cognitive impairment on FDG 
ratios

We wished to characterize and contrast the impact of both the carriage of an APOE ε4 allele 

on reductions FDG ratio in CN participants and the magnitude of reductions in FDG ratio 

observed in persons with cognitive impairment. The mean reduction in FDG ratio in the AD-

signature meta-ROI between persons with AD dementia versus matched CN participants 

was nearly 4 times larger than the APOE ε4 allele effect in CN carriers versus noncarriers 

(Fig. 4 and Table 2). Reductions in FDG ratio in patients with MCI due to AD were similar 

to the magnitude of the APOE ε4 difference in CN carriers versus noncarriers (Kantarci et 

al., 2010).

4. Discussion

Our findings can be summarized in 4 points. First, we demonstrated statistically significant, 

though modest, age-related decrements in FDG ratio in a number of frontal and parietal 

regions even with partial volume correction. Second, carriage of at least one APOE ε4 allele 

was associated with reductions in FDG ratio in the posterior cingulate and/or precuneus and 

lateral parietal regions, including the AD-signature meta-ROI. The impact of carriage of one 

APOE ε4 allele versus none on FDG ratio in the AD signature region in cognitively normal 

individuals is about a quarter of the magnitude of that seen in AD dementia compared with 

age-matched normal. Third, FDG ratios in several regions including the AD signature meta-

ROI were lower in APOE ε4 carriers across the age spectrum and showed no interaction 

with age. Fourth, the regional pattern of age-related FDG changes, APOE ε4-related FDG 

changes, and the changes occurring in AD dementia patients with elevated PiB retention 

have 2 loci in common: the posterior cingulate and/or precuneus and lateral parietal, even 

while the age-related changes were seen much more broadly throughout the brain. Thus, the 

pivotal role of these regions in the pathogenesis of AD may relate to their unique 

susceptibility to both aging and APOE ε4-related effects.

Decrements in glucose uptake per unit brain volume occurred as a function of age. Our 

sample size of CN individuals was much larger than prior studies (Ibanez et al., 2004; 

Kalpouzos et al., 2009; Kantarci et al., 2010; Yanase et al., 2005), which enabled us to 

detect declines with aging in the presence of considerable between-subject variability (Fig. 

1). Declines in FDG ratio with age do not appear to be mediated by elevated brain amyloid 

levels, as the FDG declines appear to begin before the age of 60 years, well before there is 

appreciable accumulation of brain β-amyloid (Rodrigue et al., 2012; Rowe et al., 2010). The 

anatomic distribution of the age-related FDG declines was very broad but did not involve 

every region. The age-related pattern of regional declines in FDG ratio were widespread and 

therefore not simply a replica of that seen in AD. Further, the medial temporal lobe showed 

small age-related declines in FDG ratio. However, in contrast to a prior report (Kalpouzos et 

al., 2009), we found declines in the posterior cingulate and/or precuneus FDG ratios that 

were comparable to declines seen in the frontal regions. Cognitively normal individuals who 

have reduced FDG ratios in the AD signature regions, along with elevations of brain 

amyloid are at increased risk for cognitive decline (Knopman et al., 2012).
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There were notably large declines in FDG ratios in the putamen and thalamus with age, the 

relevance of which to cognitive aging or disease is not clear. In familial AD, volume loss 

occurs in the thalamus, suggesting that the region is involved in AD-related neuro-

degeneration (Cash et al., 2013). To the best of our knowledge, changes in glucose 

metabolism in subcortical structures have not been described before.

We found reductions in FDG ratio with the possession of at least one APOE ε4 allele in the 

posterior cingulate and/or precuneus, lateral parietal, and an AD-signature meta-ROI that 

were not age-dependent (Fig. 2: there was a main effect of APOE ε4 but no age nor age × 

APOE ε4 interaction). Although we could not demonstrate reduced FDG ratios in our 

younger participants separately, the absence of age × APOE ε4 interaction suggests that the 

FDG changes, in fact, begin at a young age. One group, working with participants (aged 50–

63 years) with a family history of AD dementia found the APOE ε4 heterozygotes exhibited 

declines over a 2 year interval in a number of cortical regions including ones in our AD 

signature meta-ROI (Reiman et al., 2001).

There was also no interaction between APOE ε4 carriage and PiB SUVr in our older 

participants, suggesting that the impact of APOE ε4 on FDG ratio was not simply mediated 

by β-amyloid burden. Rather, it appeared that amyloidosis and APOE ε4 carriage were 

additive in their impact on FDG hypometabolism. The separation in the mean FDG ratio 

values beginning in our youngest participants between ε4 carriers and noncarriers (as 

demonstrated by the lack of an age × APOE ε4 interaction) also suggests that brain 

amyloidosis was not mediating the impact of APOE ε4 carriage on FDG ratios. Some reports 

have found relative FDG hypermetabolism in association with amyloidosis in elderly normal 

individuals (Oh et al., 2014) or persons with MCI (Cohen et al., 2009). We did not observe 

absolute FDG hyper-metabolism in our elderly CN participants in relationship to amyloid 

status (Fig. 3). Such a phenomenon highlights the independence of the impact of APOE ε4 

from amyloid burden on FDG.

Our findings are consistent with the assertion (Jagust et al., 2012) that the impact of APOE 

ε4 on glucose hypometabolism in the AD meta-ROI is not entirely because of amyloid 

deposition. Hypometabolism in the posterior cingulate and/or precuneus or lateral parietal 

regions in some asymptomatic persons may be expression of the role of APOE ε4 in 

neuronal function that is independent of its well-established relationship to amyloid 

deposition (Kok et al., 2009; Morris et al., 2010). Eventually, β-amyloidosis promotes 

worsening metabolic function in critical cortical regions (Knopman et al., 2013; Landau et 

al., 2012), but in young people decades before brain amyloid levels become elevated 

(Rodrigue et al., 2012), APOE ε4 genotype has a unique impact on cortical metabolism.

The large FDG hypometabolic changes in temporal, parietal, and posterior cingulate cortices 

in persons with AD dementia are well established (Chetelat et al., 2008; Mosconi, 2005; 

Nestor et al., 2003; Rabinovici et al., 2010). The magnitude of the FDG ratio declines in the 

AD-signature meta-ROI attributable to APOE ε4 carriage was about a quarter of that 

attributable to having AD dementia. Thus, while the regional predilection for the lateral 

parietal, posterior cingulate and/or precuneus, and AD-signature meta-ROI conferred by 

APOE ε4 carriage is strikingly similar to that of AD dementia, the magnitude is much 
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smaller. The most parsimonious explanation is that excess decrement in metabolic efficacy 

in the AD signature regions caused by APOE ε4 carriage makes it that much easier for 

amyloid-related brain pathology to worsen cortical metabolism to a critical level and 

therefore confers risk for future cognitive decline.

Brain volume loss with advancing age in cognitively normal people is a consistently 

observed phenomenon (Bakkour et al., 2013; Fjell et al., 2013; Salat et al., 2004; Sowell et 

al., 2003). Structural imaging studies also show that some regions experience volume loss 

with aging, whereas the medial temporal lobe declines appear to be more specific for AD. 

Frontal and parietal cortex, in contrast, are susceptible to both aging and AD changes 

(Bakkour et al., 2013). Although brain atrophy and FDG ratio changes over the age 

spectrum are similar but not identical, it was beyond the scope of the current work to 

correlate structural imaging changes that occur with age to the metabolic changes. However, 

we were unable to ignore the confounding effect of brain volume loss in the current 

analyses, because the calculation of voxel-wise glucose metabolic rates are critically 

dependent upon excluding cerebro-spinal fluid in measured voxels.

The confluence of aging and genetic influences on the integrity of the precuneus and/or 

posterior cingulate cortex and its invariant involvement in AD (Minoshima et al., 1997; 

Nestor et al., 2003) is probably not a coincidence. The posterior cingulate has the highest 

rate of glucose metabolism at rest of any cortical region (Ivancevic et al., 2000), perhaps 

because of its role as one of the major hubs of the default mode network (Buckner et al., 

2008). One of the principles of posterior cingulate physiology is that it tends to be tonically 

active (Raichle et al., 2001) but deactivates when mental effort is required. APOE ε4 carriers 

may be less efficient in deactivation during cognitive activity (Filippini et al., 2009). In CN 

elders, deactivation with mental effort also failed to occur (Lustig et al., 2003). A hypothesis 

is that a failure to deactivate in AD signature regions puts additional metabolic strain on the 

region. An alternative hypothesis is that the metabolic inefficiency because of carriage of 

APOE ε4 contributed to failure to deactivate. Moreover, the posterior cingulate and lateral 

temporal regions are also sites of high amyloid load (Jack et al., 2008; Rowe et al., 2007; 

Wolk et al., 2009). Finally, the posterior cingulate and/or precuneus (and the lateral parietal 

and inferior temporal regions) are well positioned to initiate or facilitate trans-synaptic 

propagation of amyloid- or tau-related neurodegeneration (de Calignon et al., 2012; Liu et 

al., 2012) by virtue of their powerful interconnections with many other cortical regions.

In our prior work (Jack et al., 2012; Knopman et al., 2012) as well as in that of others 

(Landau et al., 2011), the cut-point for abnormal FDG PET was defined in relation to a 

demented group. There are advantages and disadvantages of that approach, the main 

disadvantage being that such a cut-point might be insensitive to pre-symptomatic alterations 

in brain glucose metabolism. The fact that a substantial fraction of AD dementia patients do 

not have abnormal FDG PET ratio (Lowe et al., 2013) raises another concern about defining 

a cut-point relative to dementia status. The discrepancy between a dementia-derived cut-

point and a young normal cut-point has been shown for amyloid imaging (Mormino et al., 

2012), for example. In young normal individuals, a cut-point for abnormal amyloid levels 

was far below the cut-point derived relative to AD dementia. Thus, one of the motivations 

for this analysis was to derive a cut-point for FDG ratio in some region or regions that was 
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based on deviation from healthy youthful brains. However, the great variability in FDG ratio 

combined with the modest age-related changes make it unlikely that an abnormal FDG ratio 

can be defined with reference to normal aging. Instead, abnormal FDG ratio in the AD 

signature meta-ROI might need to be defined by the levels seen in persons with amyloid-

positive AD dementia.
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Fig. 1. 
Scatterplots of FDG ratio with partial volume correction (PVCY) as a function of age in 

representative cortical regions. Estimated mean FDG ratio for each age is shown with a solid 

line for APOE ε4 carriers and a dashed line for APOE ε4 noncarriers. Estimates are from a 

linear regression model with age, APOE ε4 genotype, and their interaction. Age was fit with 

restricted cubic splines with 3 knots at ages 45, 65, and 80 years to allow for nonlinearity in 

the FDG-age relationship. The 7 regions depicted are medial temporal, lateral temporal, 

lateral parietal, prefrontal, primary visual cortex, posterior cingulate and/or precuneus, and 

the Alzheimer signature meta-ROI. Abbreviations: APOE, apolipoprotein E; FDG, 18F-

fluorodeoxyglucose; ROI, region of interest.
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Fig. 2. 
Graphic illustration (left) and tabular listing of p-values (right) of regional FDG ratios for an 

average 40-year-old APOE ε4 carrier and noncarrier, and 85-year-old APOE ε4 carrier and 

noncarrier, where the FDG ratio values were derived from regression analyses. On the right 

are the p-values for the main effects of age and APOE ε4 carriage, and the p-value for the 

interaction term. The actual ratio values are given in the Appendix Table 1. “+” signs 

indicate APOE ε4 carriers and “o” signs indicate APOE ε4 noncarriers. Blue symbols 

indicate the 85-year-olds and gold symbols the 40-year=olds. Abbreviations: APOE, 

apolipoprotein E; FDG, 18F-fluorodeoxyglucose.
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Fig. 3. 
Boxplots of the FDG ratio (partial volume corrected [PVCY]) in the AD-signature meta-

ROI among 639 elderly (age ≥70) CN participants, stratified by low (SUVr < 1.5) or high 

(SUVr ≥ 1.5) PiB retention and APOE ε4 carriers and noncarriers. The only pairwise 

comparisons that reached a nominal level of significance (uncorrected for multiple 

comparisons) were low PiB/APOE ε4 noncarrier versus high PiB/APOE ε4 carrier (p < 

0.001) and high PiB/APOE ε4 noncarrier versus high PiB/APOE ε4 carrier (p = 0.03). There 

were 365 low PiB/APOE ε4 noncarriers, 74 low PiB/APOE ε4 carriers, 115 high PiB/APOE 

ε4 noncarriers, and 85 high PiB/APOE ε4 carriers. Abbreviations: AD, Alzheimer’s disease; 

APOE, apolipoprotein E; CN, cognitively normal; FDG, 18F-fluorodeoxyglucose; PiB, 11C-

Pittsburgh compound B; ROI, region of interest; SUVr, standardized uptake value ratio.
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Fig. 4. 
Boxplots of the FDG ratio (partial volume corrected [PVCY]) in the AD-signature meta-

ROI among elderly (age ≥70 years) CN, MCI, and AD subjects and among CN APOE ε4 

carriers and noncarriers of all ages to demonstrate the relative AD dementia and APOE ε4 

effects. AD dementia subjects who were APOE ε4 carriers and amyloid positive were 

matched to APOE ε4 carrier, amyloid positive MCI subjects, and APOE ε4 carrier CN 

subjects on age and sex. CN APOE ε4 carriers were matched on age and sex to APOE ε4 

non-carriers. Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; CN, 

cognitively normal; FDG, 18F-fluorodeoxyglucose; MCI, mild cognitive impairment; ROI, 

region of interest.
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Table 1

Characteristics of participants

Characteristic Young normal (N 
=35)

MCSA 50 to 70-year-old 
normal (N = 143)

MCSA >70-year-old 
normal (N = 628)

All cognitively normal 
(N = 806)

Age, y

 Median (IQR) 39 (34, 44) 64 (61, 68) 78 (75, 83) 76 (72, 82)

 Min, max 30, 50 51, 71 71, 95 30, 95

Male gender, no. (%) 18 (51) 78 (55) 342 (54) 438 (54)

APOE ε4 positive, no. (%) 14 (40) 37 (26) 158 (25) 209 (26)

Education, y

 Median (IQR) 16 (14, 17) 16 (14, 18) 14 (12, 16) 14 (12, 16)

 Min, max 12, 20 12, 20 8, 20 8, 20

Key: APOE, apolipoprotein E; Max, maximum; MCSA, Mayo Clinic Study of Aging; Min, minimum.
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