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Abstract

Objective—We aimed to examine the association of apolipoprotein E (APOE) ε4 genotype with 

neuroimaging markers of Alzheimer’s disease: hippocampal volume, brain amyloid deposition and 

cerebral metabolism.

Methods—We performed a systematic review and meta-analysis of 14 cross-sectional studies 

identified in Pubmed from 1996 to 2014 (n=1628). The pooled standard mean difference (SMD) 

was used to estimate the association between APOE and hippocampal volume and amyloid 

deposition. Meta-analysis was performed using effect size signed differential mapping using 

coordinates extracted from clusters with statistically significant difference in cerebral metabolic 

rate for glucose between APOE ε4+ and ε4− groups.

Results—APOE ε4 carrier status was associated with atrophic hippocampal volume (pooled 

SMD: −0.47; 95% CI −0.82 to −0.13; p=0.007) and increased cerebral amyloid positron emission 
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tomography tracer (pooled SMD: 0.62, 95% CI 0.27 to 0.98, p=0.0006). APOE ε4 was also 

associated with decreased cerebral metabolism, especially in right middle frontal gyrus.

Conclusions—APOE ε4 was associated with atrophic hippocampal volume in MRI markers, 

increased cerebral amyloid deposition and cerebral hypometabolism. Theses associations may 

indicate the potential role of the APOE gene in the pathophysiology of Alzheimer’s disease.

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of age-related dementia, accounting for 

nearly 80% of all cases. The ε4 allele of the apolipoprotein E (APOE) gene is by far the 

major risk factor for dementia, especially AD. The ε4 allele has been confirmed as playing a 

pivotal role in AD because it is less effective in breaking down the peptide amyloid-β, which 

consequently leads to an increased risk of formation of the characteristic AD plaques. 

However, whether the ε polymorphism is also associated with the neuroimaging markers is 

unclear. Indeed, the advances in neuroimaging technologies have allowed us to investigate 

the relationship in detail between the APOE ε4 allele and certain neuroimaging markers of 

AD, such as structural MRI, fluorodeoxyglucose positron emission tomography (FDG-PET) 

and PET-amyloid tracers capable of delineating the extent and distribution of amyloid-β 

(Aβ) deposits in the brain. Thus, with the discovery of this common susceptibility gene for 

late onset AD, numerous explorers became engrossed in using the imaging techniques to 

detect and track brain changes associated with the predisposition to AD in carriers of the ε4 

allele of the APOE gene. Neuroimaging markers of AD, including hippocampal atrophy, Aβ 

burden and cerebral glucose hypometabolism, are important predictors of AD. Dissecting 

the relationship between the APOE ε4 allele and the neuroimaging markers of AD could 

give us new clues to the mechanisms underlying the association between APOE and risk of 

AD.

MRI morphological evaluation has been widely used to explore the effect of APOE on the 

brain in AD subjects. The close clinical/anatomical correlation between hippocampal 

atrophy and memory deficits makes hippocampal atrophy a candidate marker to monitor 

disease progression in clinical trials.1 Besides, according to a meta-analysis of MRI studies, 

a statistically significant volume reduction of about 12% can be detected even in the 

preclinical stage.2 A number of previous studies suggest that the APOE genotype has effects 

on the hippocampal size, atrophy and hemispherical lateralisation.34 FDG-PET 

measurements of the cerebral metabolic rate for glucose (CMRgl) provide a promising 

quantitative neuroimaging endo-phenotype of AD risk. To date, Aβ deposition is one of the 

main hallmarks of AD because it was thought to eventually cause neuronal death. The 

application of [11C]-Pittsburgh compound B (PiB) was regarded as an important tool in 

imaging Aβ fibrillar pathology in vivo,5 even if it is reported to be a non-specific marker of 

Aβ-peptide related cerebral amyloidosis.

The biological basis for the underlying effect of APOE ε4 as a risk factor for developing AD 

is unknown yet. It has been reported that the APOE ε4 allele was associated with a faster 

pathological progression of brain lesions, greater cerebral atrophy and lower regional 

CMRgl. To date, no meta-analysis of such studies has been conducted on the association 
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between the APOE ε4 allele and the neuroimaging markers. Thus, our aim is to provide a 

systematic review and meta-analysis of studies evaluating the relationship of the APOE ε4 

allele with the three neuroimaging markers of AD.

METHODS

Search strategy and selection criteria

The literature published from 1 January 1996 to 1 March 2014 was systematically screened 

in the PubMed, MEDLINE according to preferred reporting items for systematic reviews 

and meta-analyses (PRISMA) guidelines using the following terms in the title, abstract or 

descriptors: APOE, Apolipoprotein E, MRI, hippocampal, volume, PET, PiB, amyloid, 

glucose, Alzheimer disease, AD. We restricted the search to studies in humans.

We included studies testing the association of the APOE genotype with at least one of the 

neuroimaging markers of AD. The following were including criteria: (1) peer-reviewed; (2) 

original studies; (3) reported in English; (4) including at least 10 subjects; (5) mild cognitive 

impairment (MCI), AD (clinical diagnosis of AD was based on the National Institute of 

Neurologic and Communicative Disorders and Stroke-Alzheimer disease and Related 

Disorders Association criteria) or healthy normal were involved; (6) for MRI, only structural 

MRI of hippocampal volume was selected; (7) for FDG-PET studies, it used statistically 

significant thresholds for data that were either corrected for multiple comparisons or 

uncorrected with spatial extent thresholds.

Data extraction and quality assessment

Two authors independently extracted the following data from the studies: sample size, study 

population, mean age, MRI characteristics and sequences, PET characteristics and 

associated technical details. For measures of the association between APOE genotype and 

MRI markers, we recorded the mean, SD or SE for the continuous hippocampal volumes. If 

a study provided raw volume (ie, mm3) and normalised volume of the hippocampus,6 the 

latter would be chosen. Two studies provided left and right hippocampal volumes 

separately, and were all included in meta-analysis. For measures of the association between 

APOE genotype and florbetapir PET markers, the mean and SD on florbetapir standardised 

uptake values ratios (SUVRs) or the global [11C] Pittsburgh compound B non-displaceable 

binding potential were extracted for the included florbetapir [11C] and [18F] PET studies. 

For measures of the association between APOE genotype and FDG-PET marker, we 

recorded the coordinates and t values in each study independently according to the effect 

size signed differential mapping (ES-SDM) method.7 When none could be extracted, we 

contacted the authors to provide those via email.8 If measures of association remained 

unavailable thereafter, qualitative results were reported. Two authors extracted the above 

information from each study, resolving any disagreement by discussion.

Statistical analyses

Meta-analysis was performed when at least three studies were available for the same 

outcome. Associations of hippocampal atrophy with APOE ε4 genotype were summarised 

between APOE ε4 carriers (ε4+ group including ε4ε4, ε3ε4) and APOE ε4 non-carriers (ε4− 
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group including ε3ε3). For studies that provide three groups including APOE ε4 

homozygote genotype, heterozygote genotype (eg, ε3ε4, ε2ε4) and APOE ε4 non-carrier, we 

chose the APOE ε4 homozygote genotype to be the APOE ε4+ group first.

For hippocampal volume and PET-amyloid calculation, a meta-analysis of all statistics was 

performed using standard mean difference (SMD) methodology in Review Manager 

separately (V.5.2.3 for Windows Copenhagen: The Nordic Cochrane Centre, The Cochrane 

Collaboration, 2012). For hippocampal volume, we performed left hippocampal volume and 

right hippocampal volume analyses to explore the association between characteristics of 

studies and their results. A fixed-effects meta-analysis was used in the absence of 

heterogeneity and a random-effects model if the heterogeneity between studies was 

statistically significant. Overall heterogeneity was assessed using the Cochran Q (p value 

>0.10 on the Q test, which reflects a lack of heterogeneity among studies) and I2 (values of 

more than 50% was considered as ‘considerable heterogeneity’).910 We used the 95% CI to 

gauge the precision of the summary estimates. Publication bias was investigated using 

funnel plots, with a roughly symmetrical distributed on either side of the summary estimate 

suggesting a lack of bias.

Separate voxel-based morphometry (VBM) meta-analyses of CMRgl via FDG-PET were 

conducted with ES-SDM,79 which has already been used successfully to meta-analyse 

studies on neuropsychiatric disorders and AD.11–13 This method is based on using the peak 

coordinates to recreate, for each study, a map of the effect size of the differences between 

the two compared groups, and then conducting a standard random-effects variance-weighted 

meta-analysis in each voxel.7 Using the ES-SDM software, VBM was performed on the 

included studies to compare the CMRgl changes between the APOE ε4+ group and the 

APOE ε4− group. A systematic whole-brain voxel-based jackknife sensitivity analysis was 

carried out to test the replicability of the results. All these processes were referred to the ES-

SDM tutorial and publications. The statistical threshold for this analysis was set to a p value 

of <0.0001. Sensitivity analysis is conducted to ensure that no single study will bias the 

combined results by removing one study each time and recalculating the stability of the 

remaining studies.

RESULTS

The initial literature search identified 249 potentially relevant articles, of which 45 met the 

inclusion criteria. After screening the full text, 31 articles were excluded because of different 

reasons (figure 1). Finally, 14 articles that were published between 1996 and 2014 met the 

selection criteria and had accessible information to study the association between APOE and 

the three neuroimaging biomarkers (figure 1). A total of 620 APOE ε4 carriers (APOE ε4+ 

group) and 1008 APOE ε4 non-carriers (APOE ε4− group) were included. In each study, no 

statistically significant difference was found in age, gender and mini-mental-state 

examination score between the APOE ε4 + group and the APOE ε4− groups. Sensitivity 

analysis was first used and no outliers were found in this study. Upon removal of any study 

(each study from AD, MCI and healthy controls), there was no statistically significant 

change in the pooled SMD for hippocampal volume analysis (SMD was between −0.31 and 
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−0.56) or for the amyloid PET analysis (SMD was between 0.58 and 0.73). Thus, the overall 

results of this meta-analysis were statistically robust.

APOE ε4 and MRI marker of AD (hippocampal volume)

Description of studies—Fourteen studies investigated the association between APOE ε4 

and hippocampal volume. Of the excluded studies, three studies reported structural MRI 

data which conducted voxel-based analysis; one study focused on the segmented and 

constructed hippocampal surface morphometry statistics14; four studies’ data could not be 

used for analysis.3 Hence, a total of seven studies which met the inclusion criteria were 

entered into our meta-analysis,46815–18 including 171 APOE ε4 carriers (APOE ε4+ group) 

and 201 APOE ε4 non-carriers (APOE ε4− group). Of the six included studies, four studies 

reported the hippocampal volume was significantly smaller in APOE ε4+ subjects than in 

APOE ε4− subjects, whereas two studies didn’t find any statistically significant difference. 

The pooled subjects included healthy normal subjects, MCI subjects and subjects diagnosed 

with AD in Europe (one study), Asia (two studies), North America (two studies) and 

Oceania (one study). All the studies showed no statistically significant difference in age and 

mini-mental-state examination between APOE ε4 carriers and APOE ε4 non-carriers. Data 

details of the included studies are presented in table 1.

Hippocampal volume—As shown in the forest plots (figure 2), combining the six studies 

using continuous hippocampal volume and providing weighted mean differences (n=309 

APOE ε4+ population and n=451 APOE ε4− population), yielded a statistically significant 

association between the APOE ε4 allele and atrophic hippocampal volume: pooled 

standardised mean difference=−0.47 (95% CI −0.82 to −0.13) (I2=77%, Cochran’s Q=39.86, 

p<0.0001); the test for overall effect: Z=2.69, p=0.007. Four studies found a statistically 

significant association between the APOE ε4 allele and the hippocampal atrophy,681618 and 

one study16 found a statistically significant association between the APOE ε4 allele and 

right hippocampal atrophy, while other studies did not.

APOE ε4 and PET markers of AD

Description of included studies—The search strategy identified four papers819–21 met 

the inclusion criteria for the PET-amyloid tracer study and four papers for the FDG-PET 

study.22–25 No additional articles were found in the reference list of the selected studies. For 

the PET-amyloid tracer study, data from two studies2627 could not be used for analysis in 

this meta-analysis. The clinical, demographic and technical data of participants from all 

recruited studies and two excluded studies are presented in table 2. A total of 208 APOE ε4 

carriers and 345 APOE ε4 non-carriers were included. For the FDG-PET study, four studies 

met the selection criteria, including a total of 212 APOE ε4 non-carriers and 103 APOE ε4 

carriers. The detailed clinical and demographic data of participants from the four recruited 

studies are presented in table 3. The technical details of the included studies are shown in the 

table 4.

APOE ε4 and PET-amyloid tracers

When meta-analysing four studies, including the subgroups of the two included studies, in a 

sample size-weighted meta-analysis, the APOE ε4 allele was significantly associated with 
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increased amyloid deposition (test for overall effect: Z=3.44, p=0.0006). Combined analysis 

of the relationship between the cortical SUVR and APOE ε4 is shown in the forest plots 

(figure 3). The pooled SMD from a random-effects model was 0.14 (pooled SMD=0.62, 

95% CI (0.27 to 0.98), I2=69%; Cochran’s Q=19.29, p=0.004). Of note, this meta-analysis 

included a total of AD (n+=45; n− = 44), MCI (n+=106; n− =153) and healthy controls 

(n+=67; n−=148).

APOE ε4 and FDG-PET for cerebral hypometabolism

The four included studies reported CMRgl reductions at coordinates in APOE ε4 carriers. A 

group comparison of APOE ε4 carriers and APOE ε4 non-carriers was carried out. In 

patients with the APOE ε4 allele, CMRgl reductions were found in the right cluster, that is, 

right middle frontal gyrus. As shown in table 5, the whole brain jackknife sensitivity 

analysis indicated a CMRgl reduction in the right middle frontal gyrus, which was highly 

replicable because they were consistent through all the combinations of the four studies.

DISCUSSION

The main purposes of our study were to analyse the published literature and to attempt to 

clarify the role of the APOE ε4 genotype. In this systematic review and meta-analysis 

comprising 14 studies with 1628 participants, the APOE ε4+ (including APOE ε4ε4) 

genotypes were associated with atrophic hippocampus, increased amyloid deposition and 

decreased CMRgl, especially in the right middle frontal gyrus.

One previous meta-analysis had examined the hippocampal volume and asymmetry in 

patients with MCI and AD.2 In their asymmetry analysis, a left-less-than-right pattern is 

found consistently in all three groups (MCI, AD and controls). However, previous reviews 

did not examine the association of APOE ε4 with the hippocampal atrophy. Mechanisms 

underlying the associations of APOE genotypes with hippocampal atrophy are unclear. Our 

meta-analyses reported more severe hippocampal involvement in patients with the APOE ε4 

allele, which is compatible with the results of neuropathological and neurochemical 

studies.2829 An association between the APOE ε4 genotype with densities of senile plaques 

and neurofibrillary tangles has been demonstrated in patients with AD.29 It is reported that 

densities of senile plaques and neurofibrillary tangles were related to the APOE ε4 allele 

only in the hippocampus, but there is no significant correlation between the ε4 allele 

frequency and density of senile plaques or neurofibrillary tangles in the neocortex (frontal, 

temporal and parietal lobes). Besides, evidence from cellular research and animal research 

demonstrates the detrimental effect of APOE ε4, reduced effectiveness in clearance of Aβ 

and modulation of τ phosphorylation in the hippocampus.30–33 To date, a few studies have 

tried to investigate the APOE ε4 effect on the hippocampal atrophy at the subregional 

level,3435 however, these studies failed to detect an effect in regions not involved by the 

pathology. The result of the present meta-analysis supports previous investigations in 

showing that the regions most affected by AD pathology are more atrophic in carriers of the 

APOE ε4 allele. Whether the hippocampal atrophy is primarily due to the neuronal cell loss 

in the hippocampus or secondary to the degeneration of extra hippocampal fibres converging 

thereon remains to be determined. More and more studies on the association between APOE 
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ε4 carrier status and hippocampal volume have become available, the exact mechanism will 

be worked out soon.

To our knowledge, no meta-analysis has to date evaluated the relationship between APOE 

ε4 polymorphism and PET-defined amyloid deposition via brain [18F] FDG uptake ratio 

(SUVR) or [11C] PiB uptake. We found a statistically significant association between APOE 

ε4 and PET-amyloid tracers, suggesting its potential effects on cortical amyloid burden. In 

line with our results, many of those studies that did not meet the strict inclusion criteria for 

the meta-analysis also found a positive association between the amyloid deposition via PET-

amyloid tracers and AD. Grimmer et al27 reported that the cerebral [11C] PiB uptake ratio 

increased significantly in patients with AD during a relatively short interval of its clinical 

course, which was gene-dose-dependent to the number of APOE ε4 alleles. Another paper 

also identified the significant association between [11C] PiB uptake and the APOE ε4 allele 

in bilateral temporoparietal and frontal cortices.26 These studies were not directly 

comparable within our meta-analyses because of a lack of the associated original data or 

because they used a different method of calculation. In contrast, one of the included studies 

reported increased amyloid pathology in the frontal cortex in APOE ε4−patients.20 It seems 

rather paradoxical that a lack of the major genetic risk factor for AD is associated with 

increased pathological burden. It was elucidated that such inconsistent results might be 

related to confounding factors interfering with different assay protocols and demographic 

characteristics.

Amyloid plaques and τ neurofibrillary tangles, the pathological hallmarks of AD, begin 

accumulating in the healthy human brain decades before clinical dementia symptoms can be 

detected. In our analyses, a carrier of APOE ε4 was associated with increased amyloid load. 

It was hypothesised that APOE may function as an Aβ-binding protein that induces a 

pathological β sheet conformational change in Aβ,36 due to the strong association between 

APOE and Aβ in the brain. Initial histopathological studies investigating the relationship 

between amyloid plaques and APOE isoforms had demonstrated a positive correlation 

between plaque density and APOE ε4 allele dose.37 To explain the difference in amyloid 

plaque load between APOE ε4+ and APOE ε4− patients, it is speculated that the Aβ 

deposition may have been ongoing for a longer time in APOE ε4+ patients.20 This 

hypothesis was supported by data from studies in epidemiology and neuropathology, which 

demonstrated earlier onset of disease, or higher cerebral amyloid load in younger APOE ε4+ 

subjects with AD.38 Meanwhile, the second possible explanation may be found in a higher 

speed of amyloid accumulation in APOE ε4+ subjects over time during the course of 

disease. Additional studies are needed to explore this relationship further, including analyses 

in subgroups divided by diagnose from a more homogeneous population.

VBM results, which pooled VBM studies for a meta-analysis of CMRgl differences between 

APOE ε4+ and APOE ε4− subjects, also revealed robust cerebral glucose metabolite 

changes in the brain, especially the right middle frontal gyrus. Our analysis showed 

statistically significant reductions in metabolism in APOE ε4 carriers compared with non-

carriers. This result remained largely unchanged when jackknife sensitivity analysis was 

performed. Thus, our results were robust and highly replicable. Subjects included in our 

meta-analysis for FDG-PET were mostly cognitive normal subjects at increased genetic risk 
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for AD. This may be supported by the possibility that there is brain metabolic decrease in 

APOE carriers before the occurrence of AD. This voxelwise approach revealed a change in 

the medial surface, which is part of the default mode network. This network becomes 

disconnected in AD39 and was reported with evidence of Aβ deposition in normal older 

people.40 However, there was no obvious explanation as to why the right middle frontal 

gyrus was more affected in APOE ε4 carriers.

This is the largest systematic review and meta-analysis of the association of the APOE ε4 

polymorphism with three neuroimaging markers of AD. In contrast with previous reviews, 

we have also included voxel-based meta-analysis.

There are several limitations in our meta-analyses. One limitation is publication bias, 

because some relevant studies may not have been included in the MEDLINE database and 

were inevitably missed in this study. Second, subjects included were of three diagnostic 

categories, MCI, AD and healthy subjects. AD was recognised with the pathological change 

in hippocampal atrophy, amyloid deposition and cerebral hypometabolism; MCI was 

recognised as the closest to AD. In our meta-analyses, the number of subgroups divided by 

subjects was not sufficient to conduct a meta-analysis. Third, we were limited by the fact 

that most studies provided effect estimates for APOE ε4+ vs APOE ε4− only, with varying 

reference groups. Many studies have used APOE ε4ε4, ε3ε3 and other genotypes as 

reference groups, rather than APOE ε4+ and ε4−, which may have reduced our power to 

detect association. Fourth, the detection of hippocampal volume could be correlated with 

magnetic strength and some studies included in this meta-analysis were performed using 

MRI scanners <1.5 T; the analysis for hippocampal volume is different in different 

laboratories. This may have led to inaccuracy in hippocampal volume. Fifth, the FDG-PET 

meta-analysis was based on the pooling of stereotactic coordinates with statistically 

significant differences rather than on raw data from the included studies and this may lead to 

less accurate results. However, this is the same in all meta-analytical approaches. Finally, as 

in all systematic reviews and meta-analyses of published data, some degree of publication 

bias can’t be excluded. Thus, confirmation of our findings could be obtained in the future by 

meta-analyses with large consortia using more harmonised phenotypical criteria and 

analytical models.

In summary, these multiple meta-analyses not only identify the APOE ε4 allele to be 

associated with atrophic hippocampal volume, increased amyloid deposition and 

hypometabolism in the brain, but also corroborate that the APOE gene is correlated with 

neuron loss and deposition of amyloid plaques, which are characterised neuropathological 

features of AD. Future studies examining the association between neuropathology of AD 

and APOE genotypes could also help in understanding the pathophysiological role of APOE 

in AD. Finally, we suggest that the potential of PET and MRI has not been fully explored 

and future studies could contribute to standardising the neuroimaging techniques for wider 

applications.
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Figure 1. 
Flow chart of studies through screening, inclusion and exclusion. CMRgl, cerebral 

metabolic rates for glucose; FDG PET, flurodeoxyglucose positron emission tomography
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Figure 2. 
Meta-analysis of studies testing the association between APOE ε4+ and hippocampal 

volume. Data type: continuous, Effect measure: standard mean difference, Analysis model: 

random effects, Statistical method: inverse variance. Risacher 2013A, the early mild 

cognitive impairment (E-MCI) group; 2013B, the healthy control group.
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Figure 3. 
Meta-analysis of studies testing the association between APOE ε4+ and positron emission 

tomography-amyloid tracers. Data type: continuous, Effect measure: standard mean 

difference, Analysis model: random effects, Statistical method: inverse variance. (1) Fleisher 

2013A, AD with Dementia (DAT) group; 2013B, mild cognitive impairment (MCI) group; 

2013C, old healthy control group (2) Risacher 2013A, the early MCI (E-MCI) group; 

2013B, the healthy control group.
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