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Abstract
Purpose The ε4 allele of the apolipoprotein E (APO-E4)
gene, a genetic risk factor for Alzheimer’s disease (AD), also
modulates brain metabolism and function in healthy subjects.
The aim of the present study was to explore cerebral metabo-
lism using FDG PET in healthy APO-E4 carriers by compar-
ing cognitively normal APO-E4 carriers to noncarriers and to
assess if patterns of metabolism are correlated with perfor-
mance on cognitive tasks. Moreover, metabolic connectivity
patterns were established in order to assess if the organization
of neural networks is influenced by genetic factors.
Methods Whole-brain PET statistical analysis was performed
at voxel-level using SPM8 with a threshold of p<0.005,
corrected for volume, with age, gender and level of education
as nuisance variables. Significant hypometabolism between
APO-E4 carriers (n=11) and noncarriers (n=30) was first

determined. Mean metabolic values with clinical/
neuropsychological data were extracted at the individual level,
and correlations were searched using Spearman’s rank test in
the whole group. To evaluate metabolic connectivity from
metabolic cluster(s) previously identified in the intergroup
comparison, voxel-wise interregional correlation analysis
(IRCA) was performed between groups of subjects.
Results APO-E4 carriers had reduced metabolism within the
left anterior medial temporal lobe (MTL), where neuropatho-
logical changes first appear in AD, including the entorhinal
and perirhinal cortices. A correlation between metabolism in
this area and performance on the DMS48 (delayed matching
to sample-48 items) was found, in line with converging evi-
dence involving the perirhinal cortex in object-based memory.
Finally, a voxel-wise IRCA revealed stronger metabolic con-
nectivity of the MTL cluster with neocortical frontoparietal
regions in carriers than in noncarriers, suggesting compensa-
tory metabolic networks.
Conclusion Exploring cerebral metabolism using FDG PET
can contribute to a better understanding of the influence of
genetic factors on cerebral metabolism at both the local and
network levels leading to phenotypical variations of the
healthy brain and selective vulnerability.
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Introduction

The ε4 allele of the apolipoprotein E (APO-E4) gene is con-
sidered as a major genetic risk factor for Alzheimer’s disease
(AD) [1, 2]. There is also increasing evidence from studies in
healthy subjects with normal cognitive function that the APO-
E4 has an impact on brain structure. AnMRI study conducted
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in children and adolescents has shown cortical thinning of the
left entorhinal cortex in APO-E4 carriers, suggesting that the
alleles of the APO-E gene may modulate regional cortical
thickness in the developing brain, but also raising the question
as to whether reduced volumes of the entorhinal cortex in
healthy individuals carrying the ε4 allele might contribute to
the risk of AD [3]. Similarly, MRI studies in healthy adults
who carry the ε4 allele have confirmed reduced volumes of
the entorhinal cortex and the subiculum [4, 5].

Functional changes may be detected earlier than structural
changes. In particular, changes in synaptic function probably
precede degeneration and cell death, processes that ultimately
result in tissue atrophy, as can be measured using structural
MRI. In this regard, brain 18F-FDG PET can be used to mea-
sure changes in cerebral metabolic rate of glucose (CMRGlc)
that is thought to reflect synaptic function [6]. Studies using
FDG PET according to APO-E status in healthy adults have
shown contradictory findings. While one study showed no
evidence for hypometabolism [7], most have shown that
healthy APO-E4 carriers display parietal, cingulate, and tem-
poral hypometabolism [8–13], which is the metabolic pattern
of hypometabolism in AD. More recently, hypometabolism
restricted to the posterior cingulate, as classically found in
prodromal AD, has been reported in healthy APO-E4 carriers
aged 49 to 67 years [14].

Recently developed neuroimaging methods can also be
used to explore neuronal networks in vivo. Changes in meta-
bolic connectivity can be assessed by FDG PET using voxel-
wise interregional correlation analysis (IRCA) [15]. Whether
there are changes in interregional metabolic connectivity in
healthy APO-E4 carriers, which could indicate processes that
compensate for potential pathological changes in asymptom-
atic subjects, especially in younger subjects, remains un-
known. It is also unclear how metabolic changes on FDG
PET in APO-E4 carriers relate to cognitive function, in partic-
ular in younger healthy subjects. APO-E4 has been found to
affect cognitive performance in elderly healthy APO-E4 car-
riers compared with noncarriers in some studies [16–19], but
not in others [20]. Few studies have investigated the influence
of APO-E4 on the relationship between data derived from
brain imaging and cognition. Recently, a correlation between
entorhinal white matter integrity and memory performance
was found in healthy APO-E4 carriers using functional anisot-
ropy on MRI [21], suggesting that APO-E4 carriers are more
vulnerable to a relative disconnection within the medial tem-
poral lobe (MTL) than noncarriers.

The aim of the present study was to explore cerebral
metabolism further using FDG PET in healthy APO-E4
carriers by comparing cognitively normal APO-E4 car-
riers with noncarriers. We also assessed if patterns of me-
tabolism are correlated with performance on cognitive
tasks. Finally, metabolic connectivity patterns were
established in order to study neural networks that could

be implicated in both dysfunction and compensatory
activities.

Materials and methods

Subjects

A total of 60 consecutive healthy subjects with strictly normal
brainMRI, no cognitive complaints and no personal history of
systemic disorders (especially treated diabetes or hyperten-
sion), or mental or neurological disorders, and without a fam-
ily history of dementia were recruited by advertisement in the
framework of a research programme. Subjects underwent an
extensive neuropsychological assessment followed by FDG
PET. APO-E genotype was also determined.

Neurocognitive assessment

General cognitive function was assessed using the Mini
Mental State Examination (MMSE) [22] and the Mattis de-
mentia rating scale (Mattis-DRS) [23]. Sustained attention
was assessed using the Trail Making Test form A [24, 25].
Executive functions were evaluated using the Trail Making
Test form B [24, 25], the Stroop test [25, 26], verbal fluency
tasks [27], and the Frontal Assessment Battery [28]. Working
memory was evaluated using the digit span-backwards and
short term memory using the digit span forward subtest from
the Wechsler Memory Scale (WMS-III) [29]. Anterograde
memory was assessed using the French version of the Free
and Cued Selective Reminding test (FCSRT) [30, 31], logical
memory subtest of the WMS-III [29], delayed recall of the
Rey-Osterrieth Complex Figure [32] and the DMS48, a visual
recognition memory task [33]. Semantic memory concerning
knowledge of famous events and people was evaluated using
the Short-EVE test and TOP30 [34], respectively. Naming
was assessed using the DO80 [35]. Visuoperceptive abilities
were assessed using Benton’s facial recognition test [36] and
visuospatial skills using the Copy condition of the Rey-
Osterrieth Complex Figure test [32] and the Benton
Judgement of Line Orientation test [37].

Memory was evaluated with the intensity scale of memory
complaint (EIPM) [38], a ten-item scale developed in-house
with a maximum score of 30 points. Normative data came
from a population of 105 healthy subjects (mean EIPM score,
m=3.45±3,0).

APO-E genotyping

Isotyping of amplified APO-E sequences was performed by
Hha1 digestion and electrophoresis [39]. Eight units of
Invitrogen Hha1 enzyme (cat no. 25212-010) were added to
each 50 µl PCR mixture after amplification, without any
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specific restriction buffer added. The mixture was then heated
for at least 3 h at 37 °C. After digestion, the samples were
loaded onto an 8 % polyacrylamide gel contained between
two 25 cm long glass plates 1.5 mm apart. Electrophoresis
was run for 2 h under a constant current of 45 mA. The gel
was then stained with ethidium bromide and the restriction
fragments were visualized by UV transillumination. Their
sizes were obtained by comparison with the GeneRuler
100 bp DNA ladder (Fermentas) loaded onto the gel.

PET study

CMRGlc was determined using FDG PET in all subjects un-
der the same conditions. The PET scan was performed using
an integrated PET/CT camera (Discovery ST, GE Healthcare,
Waukesha, WI) with an axial resolution of 6.2 mm allowing
47 contiguous transverse sections of the brain of 3.27 mm
thickness. FDG (150 MBq) was injected intravenously with
the subject in an awake and resting state with eyes closed in a
quiet environment. Image acquisition was started 30 min after
injection and was ended 15 min later. Images were recon-
structed using the ordered subsets expectation maximization
algorithmwith five iterations and 32 subsets, and corrected for
attenuation using a CT transmission scan.

Data analysis

Clinical differences between subject groups were analysed
using the chi-squared and Mann-Whitney tests. Whole-brain
PETstatistical analysis was performed at the voxel level using
SPM8 software (Wellcome Department of Cognitive
Neurology, University College, London, UK). The PET im-
ages were spatially normalized onto the Montreal
Neurological Institute (MNI) atlas. The dimensions of the
resulting voxels were 2×2×2 mm. The images were then
smoothed with a Gaussian filter (8 mm full-width at half-max-
imum) to blur individual variations in gyral anatomy and to
increase the signal-to-noise ratio. The Bproportional scaling^
routine was used to check for individual variations in global
brain metabolism. Significant hypometabolism between
APO-E4 carriers and noncarriers was determined using a
threshold of p<0.005, uncorrected, for the volume of the clus-
ter (p<0.05), with age, gender and level of education level as
nuisance variables. Uncorrected thresholds were chosen at
both the voxel level and cluster level (p<0.005 and p<0.05,
respectively) to avoid type II errors, as previously recom-
mended [40]. These analyses were nevertheless completed
using small volume correction. This correction was based on
a sphere with a volume equal to that of the anatomical region
including the most significant voxel of the cluster [41]. The
anatomical localization of the most significant voxels was
then identified using Talairach Daemon (http://ric.uthscsa.
edu/projects/talairachdaemon.html). The mean values of

CMRGlc were extracted at the individual level, and
c o r r e l a t i o n w a s s e a r c h e d w i t h c l i n i c a l /
neuropsychological data using Spearman’s rank test in
the whole group. Individual Z-scores were finally calcu-
lated from the extracted cluster by subtracting individual
values from mean values of noncarriers and dividing by
the standard deviation of this group.

To evaluate metabolic connectivity from metabolic clus-
ter(s) previously identified in the intergroup comparison,
IRCAwas performed using SPM8 according to the procedure
validated by Lee et al. [42]. Briefly, the mean extracted
CMRGlc values were used as covariates to find regions show-
ing significant voxel-wise interactions across subjects and be-
tween groups. This allowed a voxel-wise evaluation of the
correlations between variables of interest and brain metabo-
lism as assessed by PETcomparing the two groups of subjects
to determine stronger or weaker metabolic connectivity based
on differences in the regression slopes. Contrasts were evalu-
ated using inclusive mask within brain areas of positive cor-
relations found in the group tested for presenting stronger
metabolic connectivity (p<0.005, uncorrected), in order to
limit the analysis to existing significant correlations at the
group level. SPM-T maps were displayed using a threshold
of p<0.005, uncorrected, for the volume of the cluster
(p<0.05), as described above, and secondarily completed by
small volume correction.

Results

Of the 60 subjects investigated, 11 were APO-E4 carriers, all
carrying one single APO-E4 allele. We secondarily selected a
control group of 30 normal subjects who did not carry the
APO-E4 allele, similar in age, gender and level of education.
APO-E status was not disclosed to the participants.

Demographics and neuropsychological evaluation

The performance of all subjects on the neuropsycholog-
ical assessment was within normal limits. APO-E4 car-
riers did not differ from noncarriers in terms of age,
gender or level of education (Table 1), performance on
the global cognitive assessment or any of the cognitive
tasks (Table 2). The mean MMSE score was 29.45 for
APO-E4 carriers and 29.57 for noncarriers. The mean
age of the APO-E4 carriers was 48 years (range
20 – 73 years) and of the non-carriers was 47 years
(range 25 – 74 years). According to the inclusion
criteria, none of the APO-E4 carriers had a family histo-
ry of dementia. Demographic data are summarized in
Table 1 and neuropsychological features in Table 2.
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PET findings

In comparison with noncarriers (p<0.005, uncorrected),
APO-E4 carriers showed significant hypometabolism within
the left anterior MTL, including the entorhinal and the
perirhinal cortices (T score=5.20; k=345; BA38, BA28,
BA36; Fig. 1, Table 3). This cluster was statistically signifi-
cant after small-volume correction (p=0.017, corrected). At
the individual level, in APO-E4 carriers, the Z-score of this
cluster varied from −0.31 (in a 44-year-old subject) to −2.53
(in a 54-year-old subject). It is of note that a Z-score of −2.13
was found in a 25-year-old APO-E4 carrier.No significant
hypometabolism was found with the opposite contrast.

The cluster of hypometabolism in the left anterior MTL
was significantly correlated with performance on the
DMS48 (rho=0.34; p=0.03) in the whole group of subjects.
No significant correlations were found between this left tem-
poral lobe cluster and other neuropsychological variables.

Metabolic connectivity was finally studied comparing car-
riers with noncarriers (p<0.005, uncorrected). In APO-E4 car-
riers, the metabolic connectivity of the left anterior MTL clus-
ter was stronger with the left middle and superior frontal gyri
(BA8, BA9, BA10; correlation coefficient 0.77 in APO-E4
carriers, p=0.005, vs. −0.30 in noncarriers, p=0.11), with
the left inferior parietal lobule (BA40; correlation coefficient
0.85 in APO-E4 carriers, p<0.001), vs. −0.20 in non-carriers,
p=0.29), and with the medial frontal/cingulate cortex bilater-
ally (BA24, BA8, BA6; correlation coefficient 0.80 in APO-
E4 carriers, p=0.003, vs. 0.06 in noncarriers, p=0.76; Table 3,
Fig. 2). These clusters were statistically significant after small-
volume correction (p=0.010 to 0.023, corrected). No signifi-
cant weaker connectivity for this cluster was found in APO-E4
carriers with the opposite contrast.

Discussion

In this study, we compared cognitive performance and cere-
bral metabolism using FDG PET in healthy APO-E4 carriers
and noncarriers, and tried to establish if there is a correlation
between metabolism and performance on cognitive tasks. We

also studied metabolic connectivity patterns to determine if
APO-E4 affects the organization of neural networks. The
main findings of this study are that healthy APO-E4 carriers
had reduced PET metabolism within a region of the left ante-
rior MTL when compared with noncarriers. This
hypometabolismwas not only found in older subjects, but also
at an individual level in younger subjects. Moreover, this
hypometabolism within the left MTL correlated with perfor-
mance on the DMS48, a visual recognition memory task.
Finally, a voxel-wise IRCA showed that the metabolic con-
nectivity of this MTL cluster was stronger with neocortical
frontoparietal regions in carriers than in noncarriers, in favour
of a distinct organization of metabolic connectivity, and sug-
gesting compensatory networks.

Mesiotemporal hypometabolism in healthy APO-E4
carriers

The APO-E4 carriers in this study were found to have reduced
metabolism within a region of the left anterior MTL. This
region, where cortical thinning has been reported in children
and adolescents carrying the APO-E4 allele [3], is the site of
neuropathological changes in the earliest stages of AD [43].
Thus, one interpretation could be that healthy APO-E4 car-
riers are at a presymptomatic stage of AD. An alternative
hypothesis may be that individuals carrying the APO-E4 allele
have increased vulnerability of theMTLwhich, in the event of
a pathological insult related to AD, may lead to the expression
of an amnestic phenotype of AD [44].

The topographic distribution of hypometabolism is, how-
ever, not in line with the findings of previous PET studies in
healthy subjects, although significant MTL hypometabolism
has been reported in patients with AD with more severe ab-
normalities in APO-E4 carriers than in noncarriers [45–47].
While one study found no changes on FDG PET in healthy
adult APO-E4 carriers [7], several whole-brain studies have
shown widespread hypometabolism in the parietal, cingulate
and temporal regions, similar to the metabolic FDG PET pro-
file of AD [8–12]. An BAD-signature^ of hypometabolism in
a large sample of APO-E4 carriers has also recently been
reported in a study involving regions of interest (ROI) [13].

Table 1 Demographic data
APO-E4 carriers APO-E4 noncarriers p value

No. of subjects 11 30

Age (years)

Mean (SD) 48 (19.00) 47 (17.44) 0.86

Range 25 – 74 20 – 73

Sex (male/female) 9/2 20/10 0.34

Education level (French AFPA classification),
mean (SD)

3.00 (0.95) 3.40 (0.99) 0.19

Family history of dementia 0/10 0/30
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Fig. 1 PET imaging in an APO-E4 carrier shows significant
hypometabolism in the left anterior medial temporal lobe, including the
entorhinal and perirhinal cortices. In comparison to noncarriers, the voxel
level significance was p<0.005, uncorrected, and the cluster level signif-
icance was p<0.05, small-volume corrected

Table 2 Neuropsychological performance

Test

APO-E4 carriers (n=11) APO-E4 noncarriers (n=30) p value

Mean SD Mean SD

Mattis Dementia Rating Scale
141.00 2.45 141.57 2.31 0.50

MMSE
29.45 0.82 29.57 0.94 0.73

IADL
0.00 0.00 0.00 0.00 1

EIPM
5.09 5.22 4.60 4.99 0.78

Hamilton depression scale
5.91 4.13 7.67 5.61 0.35

Executive functions

FAB
17.64 0.81 17.90 0.31 0.13

TMTA
41.15 24.46 34.92 15.87 0.34

TMTA errors
0.00 0.00 0.10 0.31

TMT B
94.55 72.30 75.60 41.92 0.30

TMT B errors
0.64 1.29 0.17 0.46 0.09

Verbal fluency "animals" in 2 min
36.27 4.78 34.03 9.71 0.47

Verbal fluency letter Bp^ in 2 min
23.09 3.88 23.27 7.75 0.94

Stroop 1
58.91 12.61 59.70 10.92 0.84

Stroop 2
41.73 3.88 42.00 10.61 0.93

Stroop 3
98.18 29.72 101.47 38.68 0.80

Memory: verbal tasks

FCSRT

Immediate recall
15.64 0.92 15.43 0.90 0.53

Total free recall
33.09 5.03 31.60 4.82 0.39

Total cued recall
13.36 3.59 14.63 4.63 0.42

Free delayed recall
12.09 3.48 11.40 3.09 0.54

Total delayed recall
15.82 0.40 15.97 0.18 0.11

Logical memory

Immediate recall of logical memory test
11.09 1.81 10.93 1.72 0.80

Top30
55.64 20.74 60.77 17.44 0.43

Short-EVE test
67.50 18.73 73.35 16.26 0.33

Table 2 (continued)

Test

APO-E4 carriers (n=11) APO-E4 noncarriers (n=30) p value

Mean SD Mean SD

Memory: visual tasks

DMS48 immediate recall
96.09 5.28 97.23 2.98 0.39

DMS48 delayed recall
94.64 7.38 96.67 4.63 0.30

Immediate recall of Rey’s figure
18.27 10.36 20.17 6.79 0.50

Delayed recall of Rey’s figure
16.45 9.91 18.88 6.53 0.37

Visuospatial functions

Rey’s figure Copy
32.27 10.75 35.40 1.19 0.12

Judgement of line orientation
26.00 4.07 24.43 4.01 0.28

Visuoperceptive functions

Benton’s facial recognition test
40.36 13.69 44.40 5.88 0.19

Naming

DO80
80.00 0.00 77.13 14.58

MMSE Mini Mental State Examination, EIPM Echelle d’Intensité de
Plainte Mnesique (Intensity Scale of Memory Complaint), IADL Instru-
mental Activities of Daily Living (four-item version), FAB Frontal As-
sessment Battery, TMT Trail Making Test, FCSRT Free and Cued Selec-
tive Reminding Test, DMS48 Delayed Matching to Sample 48
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More recently, hypometabolism in the posterior cingulate,
similar to that in prodromal AD, has also been reported using
an a-priori hypothesis [14].

There are several explanations for the discrepancy between
previous and the present findings. While only APO-E4 het-
erozygotes were included into the present study, both Reiman
et al. [11] and Protas et al. [14] also included APO-E4 homo-
zygotes, which might have influenced the results, especially
since APO-E4 load is correlated with the pattern of
hypometabolism in AD [11]. Besides methodological expla-
nations (whole-brain vs. ROI a-priori analysis), these different
findings may also be related to subject age, as it has beenT

ab
le
3

Ta
la
ir
ac
h
co
or
di
na
te
s
of

si
gn
if
ic
an
tP

E
T
fi
nd
in
gs

(v
ox
el
le
ve
ls
ig
ni
fi
ca
nc
e
of

p
<
0.
00
5,
un
co
rr
ec
te
d;

cl
us
te
r
le
ve
ls
ig
ni
fi
ca
nc
e
of

p
<
0.
05
,u
nc
or
re
ct
ed
)

A
PO

-E
4
ca
rr
ie
rs
in

co
m
pa
ri
so
n

to
no
nc
ar
ri
er
s

C
lu
st
er

k
va
lu
ea

C
lu
st
er

p
va
lu
es

Pe
ak

T-
sc
or
e

Pe
ak

p
va
lu
e,

un
co
rr
ec
te
d

Ta
la
ir
ac
h
co
or
di
na
te
s
(m

m
)

L
oc
at
io
n

U
nc
or
re
ct
ed

Sm
al
l-
vo
lu
m
e
co
rr
ec
te
db

x
y

z

H
yp
om

et
ab
ol
is
m

54
7

0.
02
6

0.
01
7

5.
20

<
0.
00
1

−3
6

18
−2

9
L
ef
ts
up
er
io
r
te
m
po
ra
lg

yr
us

B
A
38

2.
77

0.
00
4

−2
6

−7
−3

2
L
ef
tu

nc
us

B
A
36

St
ro
ng
er

m
et
ab
ol
ic
co
nn
ec
tiv

ity
w
ith

th
e
le
ft
m
ed
ia
lt
em

po
ra
lc
lu
st
er

57
1

0.
02
6

0.
01
9

5.
22

<
0.
00
1

−3
0

23
38

L
ef
tm

id
dl
e
fr
on
ta
lg

yr
us

B
A
8

3.
60

<
0.
00
1

−3
8

38
20

L
ef
tm

id
dl
e
fr
on
ta
lg

yr
us

B
A
10

3.
44

0.
00
1

−2
4

34
28

L
ef
ts
up
er
io
r
fr
on
ta
lg

yr
us

B
A
9

66
2

0.
01
8

0.
01
0

4.
20

<
0.
00
1

−4
4

−3
8

50
L
ef
ti
nf
er
io
r
pa
ri
et
al
lo
bu
le

B
A
40

56
7

0.
02
6

0.
02
3

4.
03

<
0.
00
1

0
2

48
L
ef
tc
in
gu
la
te
gy
ru
s

B
A
24

3.
27

0.
00
1

14
36

53
R
ig
ht

su
pe
ri
or

fr
on
ta
lg

yr
us

B
A
8

3.
16

0.
00
2

8
30

52
R
ig
ht

su
pe
ri
or

fr
on
ta
lg

yr
us

B
A
6

R
es
ul
ts
fr
om

S
P
M
8
ar
e
lis
te
d
in

de
cr
ea
si
ng

or
de
r
of

pe
ak

T-
sc
or
e
w
ith

in
ea
ch

cl
us
te
r

a
N
um

be
r
of

si
gn
if
ic
an
tv

ox
el
s
in

th
e
pa
rt
ic
ul
ar

cl
us
te
r

b
B
as
ed

on
a
sp
he
re
th
e
vo
lu
m
e
of

w
hi
ch

w
as

eq
ua
lt
o
th
at
of

th
e
an
at
om

ic
al
re
gi
on

in
cl
ud
in
g
th
e
m
os
ts
ig
ni
fi
ca
nt
vo
xe
lo
ft
he

cl
us
te
r[
41
]f
or

th
e
fo
ur

cl
us
te
rs
fo
un
d
to
ha
ve

st
ro
ng
er
m
et
ab
ol
ic
co
nn
ec
tiv

ity
w
ith

th
e
le
ft
M
T
L
:s
up
er
io
r
te
m
po
ra
lg

yr
us

(4
0
cm

3
),
m
id
dl
e
fr
on
ta
lg

yr
us

(5
7
cm

3
),
in
fe
ri
or

pa
ri
et
al
lo
bu
le
(3
9
cm

3
),
an
d
ci
ng
ul
at
e
gy
ru
s
(1
5
cm

3
)

Fig. 2 Stronger metabolic connectivity in APO-E4 carriers than in non-
carriers (voxel level significance p<0.005, uncorrected; cluster level sig-
nificance p<0.05, corrected for small volume). In APO-E4 carriers, met-
abolic connectivity of the left anterior MTL cluster was stronger with the
left middle and superior frontal gyrus, with the left inferior parietal lobule,
and with the bilateral medial frontal/cingulate cortex
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shown that APO-E genotype influences changes in brain func-
tion induced by ageing [48–50]. Except for one study [10], the
subjects of the present report were nearly 10 years younger
than those included into most previous studies (54 % of sub-
jects were below the age of 40 years), while also including
subjects over the age of 47 years. The only study in very
young APO-E4 carriers with, unlike the present study, a nar-
row age range (20 – 39 years) showed hypometabolism in the
parietal, cingulate and temporal regions, which might also
have been related to a different whole-brain voxel-based
methodology using 3D-SSP [10, 51], and not SPM. Finally,
it is likely that the distinct findings in these FDG PET studies
may have been a result of differences in the proportions of
healthy subjects with preclinical AD among healthy APO-E4
carriers. Like many studies in the field, almost all APO-E4
carriers included in the study by Reiman et al. [10] had a
family history of dementia and a very high level of education,
which may have led to the inclusion of a high proportion of
APO-E4 carriers with early-stage AD but normal cognition
through compensatory mechanisms, while none of the sub-
jects in the present study had a family history of dementia.
For future FDG PET studies in APO-E4 carriers, it will there-
fore be crucial to assess markers of AD using CSF biomarkers
or amyloid PET imaging to assess the likelihood of intracere-
bral amyloid or tau in APO-E4 carriers.

Another issue is the finding of hypometabolism in the left
MTL only. Among the plausible explanations to account for
this asymmetry is that it may be related to differences in syn-
aptic organization between the left and the right hemisphere
(e.g. in the hippocampus of mice [52]). A further possibility is
that this asymmetry could reflect, at the preclinical stage, pre-
dominantly left hemisphere structural and metabolic changes
previously reported in AD [53–55].

Relationship between metabolic changes and cognitive
function

At the cognitive level, the positive correlation between the
metabolism in the anterior MTL and performance on an
object-based visual recognition memory task found in the
present study is in line with evidence that the perirhinal cortex
plays a crucial role in familiarity-based visual recognition
memory [56, 57] and context-free memory [58]. The present
findings therefore extend the results obtained in experimental
animals [56] and in patients with focal brain lesions [33]
concerning the relationship between the perirhinal cortex
and visual recognition memory. At the network level, the pres-
ent findings are also concordant with those of a resting-state
fMRI study that suggested a functional relationship between
object-based visual recognition memory and an anterior MTL
network composed of the perirhinal and entorhinal cortices,
the anterior hippocampus and the anterior temporal lobe [38,
59].

Using an extensive neuropsychological assessment, no dif-
ference in memory performance between carriers and noncar-
riers was found, a finding that has been reported previously in
younger individuals [10, 20, 48, 50], while studies in older
subjects have identified APO-E4 as a factor accounting for
cognitive decline in normal ageing [60–62], with the largest
effect in late life [63, 64]. However, because of the functional
relationship between metabolism and performance on an
object-based visual recognition memory task, it remains to
be established if a more challenging task assessing object-
based visual recognition memory would be likely to differen-
tiate healthy APO-E4 carriers from noncarriers.

Early AD in healthy APO-E4 carriers?

In the most frequent form of AD, the MTL is where neurofi-
brillary tangles (NFT), related to Tau protein pathology and
associated with clinical deficits [66, 67], initially develop.
These neuropathological changes first appear in the
subhippocampal region, the medial portion of the perirhinal
cortex – the transentorhinal cortex (TERC, or BA35) – and
then progress to the entorhinal cortex [43]. NFTs within the
MLT have recently been described in young individuals, even
those under the age of 30 years [68]. In AD, lesions are
thought to appear years before the development of overt cog-
nitive changes that can be revealed using standardized cogni-
tive tasks, and it is currently unknown whether this patholog-
ical change is associated with more subtle cognitive dysfunc-
tion. The present findings of perirhinal hypometabolism in
APO-E4 carriers, correlated with performance on a memory
task assessing context-free memory, also raise the question as
to whether these subjects are at a preclinical stage of AD.
However, more challenging neuropsychological tasks are
more likely to reveal deficits and should ideally assess the
function of the perirhinal cortex, such as familiarity-based
recognition memory tasks that are thought to contribute to
the preclinical diagnosis of AD [69, 70] and tasks assessing
visual short-termmemory binding that is altered in asymptom-
atic mutation carriers in familial AD [71].

Organization of metabolic connectivity in APO-E4
carriers

We here specifically studied the connectivity of an anterior
MTL region which was hypometabolic in APO-E4 carriers.
The functional connectivity of this region was first explored in
healthy subjects by Kahn et al. [72] who identified two
neuroanatomically dissociable, large-scale cortical memory
networks, referred to as the anterior and posterior MTL net-
works using resting-state fMRI. Changes in connectivity of
theMTLwere recently reported in subjects at risk of AD, such
as those with subjective memory impairment and mild cogni-
tive impairment [59, 73]. In the present study, the metabolic
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connectivity of the left anterior MTL cluster in APO-E4 car-
riers was stronger with the left middle and superior frontal
gyri, with the left inferior parietal lobule, and with the bilateral
medial frontal/cingulate cortex. Correlation coefficients re-
vealed that correlations between these regions were only sig-
nificant in APO-E4 carriers, favouring distinct organization of
metabolic connectivities in APO-E4 carriers and noncarriers.
MTL connectivity differences could thus be interpreted as
reduced MTL function in the left hemisphere being compen-
sated for through recruitment of additional regions belonging
to a frontoparietal network, as previously demonstrated using
memory paradigms with functional MRI in healthy APO-E4
carriers [74–77]. These results are also in line with those of
studies showing increased prefrontal activation in memory-
related functional MRI studies in subjects with MCI [78]
and patients with mild AD [79]. Finally, evidence for compen-
satory neural networks involving the right dorsolateral pre-
frontal cortex in highly educated patients with prodromal
AD, thought to be related to cognitive reserve, has also been
found in a study using FDG PET [15].

Limitations

The main limitation of the present study was the small
number of APO-E4 carriers. The present findings need
to be replicated in a larger population of APO-E4 carriers,
if possible combined with markers of AD using CSF bio-
markers or amyloid PET imaging. Also, particular fea-
tures of this study population, for example their relatively
young age, their wide age range and the fact that they
included only heterozygote APO-E4 carriers, may have
affected the findings. Finally, no physical correction was
performed for the partial volume effect and we therefore
cannot exclude the possibility that the findings reflect the
combined effects of atrophy and hypometabolism, and not
exclusively hypometabolism.

Conclusion

This PET study showed reduced metabolism in healthy APO-
E4 carriers in a region of the left anterior MTL when com-
pared with APO-E4 noncarriers, and at the individual level
espec ia l ly in younger subjec t s . Moreover, th i s
hypometabolism correlated with performance on the
DMS48, a visual recognition memory task, corroborating the
findings of previous studies in experimental animals and in
patients with focal brain lesions, and suggesting that future
studies in healthy APO-E4 carriers should use more sensitive
cognitive tasks to assess the function of the perirhinal region.
Finally, a voxel-wise IRCA showed that the hypometabolic
MTL cluster was more correlated with neocortical
frontoparietal regions in carriers than in noncarriers, in favour

of distinct organization of metabolic connectivity, and sug-
gesting compensatory networks.
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