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Abstract.

Background: The E4 isoform of the APOE genotype is the most significant genetic risk factor for sporadic Alzheimer’s disease
(AD) and has recently been found to modulate disease expression in patients with AD.

Objective: To investigate APOE-dependent cognitive and structural phenotypes in subjects with mild cognitive impairment who
converted to AD within the following three years.
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Methods: Subjects converting to AD (n=63) were compared to a control group with stable mild cognitive impairment (n=131).
Clinical, neuropsychological, and MRI data were obtained by the German Dementia Competence Network. Subgroups of con-
verting and stable APOE E4 carriers and non-carriers were investigated longitudinally with MRI to examine structural correlates
of conversion. Voxel-based morphometry was applied to investigate gray matter distribution.

Results: At baseline, executive performance correlated with global and bilateral prefrontal gray matter volume and predicted
conversion only among non-carriers. Converting carriers and non-carriers presented distinct patterns of brain atrophy on lon-
gitudinal analysis, in line with a dissociation between more pronounced occipital atrophy in carriers and more frontoparietal
volume loss in non-carriers at follow-up.

Conclusions: The current findings suggest that in APOE E4 non-carriers with AD, executive dysfunction is closely linked to
frontal gray matter atrophy and predictive of progression to dementia. The results are consistent with APOE genotype-dependent
profiles of structural damage and cognitive decline in patients with imminent conversion to AD.

Keywords: APOE, Alzheimer’s disease, magnetic resonance imaging, mild cognitive impairment, phenotypes, voxel-based

morphometry

INTRODUCTION

Patients with Alzheimer’s disease (AD) typically
present with impairment of episodic memory, accom-
panied by structural changes of medial temporal
regions. But other cognitive deficits, such as execu-
tive dysfunction or visuospatial impairment may occur
as initial symptoms of the disease and reflect early
neocortical pathology. The phenotypic heterogeneity
of the disease has increasingly been recognized and
is addressed in the new diagnostic guidelines recom-
mended by the National Institute on Aging and the
Alzheimer’s Association [1, 2].

Though multiple genetic risk factors for AD have
been identified, it remains unclear to what extent the
phenotype of the disease is genetically determined.
Evidence has emerged that the E4 isoform of the
apolipoprotein E (APOE) gene, which represents the
most significant risk factor for sporadic AD, may also
modulate its cognitive and structural phenotype. In two
recent studies of patients with early AD, distinct pat-
terns of gray matter (GM) atrophy occurred dependent
on the APOE genotype, with carriers of the APOE E4
allele exhibiting medial temporal and occipital foci of
atrophy, and non-carriers showing more pronounced
frontoparietal volume loss [3, 4]. Moreover, memory
deficits in carriers were observed in conjunction with
predominant atrophy in medial temporal and other
limbic regions, whereas more pronounced executive
dysfunction in non-carriers was found to be concomi-
tant with more severe atrophy in superior frontal gyrus
[4]. Earlier studies of patients with AD have been
less consistent regarding dissociable effects of the
APOE-genotype on cognitive and structural phenotype
[3, 5-7].

Less is known about the impact of the APOE-
genotype on brain atrophy and cognitive deficits
in patients with mild cognitive impairment (MCI)
and subsequent conversion to AD. Patients with
early or prodromal AD and a dysexecutive focus of
cognitive impairment were recently found to show
reduced frontoparietal cortical thickness compared
to patients with memory-predominant deficits; more-
over, non-carriers of the E4 allele were significantly
overrepresented among patients with dysexecutive-
predominant impairment. In contrast, hippocampal
volume was not significantly associated with cognitive
phenotype [8]. In a longitudinal magnetic resonance
imaging (MRI) study using voxel-based morphom-
etry (VBM), carriers of the APOE E4 allele with
MCI developed atrophy in hippocampus, insula, tem-
poral, and parietal cortex before converting to AD,
while structural changes underlying the conversion to
dementia in non-carriers did not become apparent [9].

The purpose of the current longitudinal VBM study
was to conduct a combined analysis of cognitive and
structural phenotype in AD patients prior to their con-
version to dementia. We hypothesized that there would
be a closer link between executive dysfunction and pre-
frontal atrophy in non-carriers of the APOE E4 allele
than in carriers and that patterns of atrophy would differ
according to APOE E4 carrier status.

MATERIAL AND METHODS
Subjects
One-hundred and thirty-one patients with MCI who

remained clinically stable over a follow-up period of
2.1 0.9 years (44 carriers of the APOE E4 allele and
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87 non-carriers) and 63 patients with MCI who con-
verted to AD within a follow-up period of 2.1 +0.7
years (34 carriers and 29 non-carriers) were included in
the study. Data was used from a prospective multicenter
trial conducted by the German Dementia Competence
network [10]. Patients selected for the current study
were recruited in nine German centers and fulfilled
the criteria of MCI according to Petersen [11] and
the International Working Group on Mild Cognitive
Impairment [12]. Further inclusion criteria were clin-
ical follow-up after a minimum of one year and the
availability of at least a baseline set of neuropsycho-
logical test results as well as a baseline high resolution
3D Tl1-weighted sequence. Moreover, patients were
only included after quality control of the MRI images,
which consisted of a test of image homogeneity covari-
ance and noise estimation (VBMS toolbox: Gaser,
http://dbm.neuro.uni-jena.de/author/admin/) as well as
visual inspection. Exclusion criteria were stroke, motor
symptoms associated with other neurodegenerative
diseases such as Lewy body dementia, and cogni-
tive impairment secondary to recognizable diseases
such as head injury, multiple sclerosis, or normal
pressure hydrocephalus. Subjects with clinically rel-
evant depression, defined as a score of 4 or more on
the depressive symptom subscale of the Neuropsychi-
atric Inventory [13] were also excluded. Eight patients
with stable MCI and three patients who converted
to AD had to be excluded because of motion or
susceptibility artifacts. Characteristics of the remain-
ing 131 stable MCI and 63 converting subjects are
listed in Table 1. MCI was classified as amnestic or
non-amnestic and the cutoff used to classify memory
test performance as impaired was 1.5 SD below age
norms [11, 12]. Fifty-eight MCI converters (92.1%)
fulfilled the criteria of amnestic MCI (aMCI) and 5
had non-amnestic MCI (naMCI, 7.9%). In the group
with stable MCI, there were 81 subjects with aMCI
(61.8%) and 50 with naMCI (38.2%). Subgroups of
17 APOE E4 carriers and 17 non-carriers matched
for age, gender, education, and clinical status (Clinical
Dementia Rating [CDR] Scale [14]) were investigated
longitudinally on MRI to examine structural corre-
lates of their conversion to AD. Moreover, matched
subgroups of 24 carriers and 24 non-carriers, who
remained clinically stable at follow-up were analyzed
longitudinally on MRI. Clinical evaluation of patients
included a complete neurological and psychiatric eval-
uation. Cognitive status overall was assessed with the
Mini Mental Status Examination (MMSE) [15] and the
CDR scale during a semi-structured interview with the
patient and caregiver. In addition to the global CDR

score, the CDR sum of boxes (CDR SOB) [16] was
determined by assigning a severity score in six domains
(memory, orientation, judgment and problem solv-
ing, community affairs, home, and hobbies). Because
global CDR scores in patients with MCI lack variabil-
ity, we used the CDR SOB for group comparisons.

The study was approved by the Ethics Review Board
of the Erlangen medical faculty (coordinating center)
and by the Ethics Committees at each individual center.
All subjects gave informed consent.

Neuropsychological testing

Psychometric tasks included immediate and delayed
recall of ‘word lists, the Boston Naming Test (BNT,
test of word retrieval), drawing of increasingly com-
plex figures (constructional praxis), and free recall of
drawings from the cognitive battery designed by the
Consortium to Establish a Registry for AD [17]. The
MMSE [15] was used to assess the overall severity of
cognitive impairment. Subjects were also tested with
the Trail Making Test (TMT) B, which is sensitive to
speed of information processing, mental flexibility and
executive function.

Structural image parameters

MRI examinations were performed on 1.5 T whole
body units. Siemens scanners (Siemens Magnetom
Vision, Symphony or Sonata; Erlangen, Germany)
were used at seven centers and Philips Scanners
(Gyroscan and Intera; Eindhoven, Netherlands) at the
remaining two centers. Scans were performed with
a sagittal magnetization prepared rapid gradient echo
(MPRAGE) sequence on the Siemens scanners and a
3D fast T1-weighted gradient echo sequence on the
Philips scanners. Between the centers, the TR var-
ied between 9.3 and 20 ms and the TE between 3.93
and 4.38 ms. The flip angle was approximately 15°,
slice thickness 1-1.2 mm, matrix between 256 x 256
and 512 x 512, field of view between 250 x 250 and
300 x 300 mm.

Voxel-based morphometry with T1-weighted MRI

High-resolution T1-weighted images were pro-
cessed according to the unified segmentation model
[18] with SPMS (Statistical Parametric Mapping, Well-
come Department of Cognitive Neurology, London,
UK, http://www.fil.ion.ucl.ac.uk/spm/) and Matlab 8b
software (The Mathworks, MA, USA). This method
involves an iterated scheme of bias correction, segmen-
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tation into white matter (WM), GM, and cerebrospinal
fluid and warping of prior images in stereotactic space
to the data, which is repeated until no significant
change occurs anymore. During normalization, images
were interpolated to isotropic 1 x 1 x 1 mm voxels.
The VBMS-toolbox extends this model with a par-
tial volume estimation to account for partial volume
effects and the application of a spatially adaptive non-
local Means (SANLM) filter [19] for bias-correction.
Normalization to stereotactic space consisted of a
linear affine registration and a linear deformation
corresponding to a high-dimensional DARTEL nor-
malization [20] implemented in VBMS. The resulting
gray matter probability maps were modulated, i.e.,
intensity-corrected for local volume changes during
normalization, to make them more sensitive to the dis-
tribution of GM and WM volume. The modulated GM
maps were smoothed with a 12-mm FWHM kernel.
For the longitudinal analyses, preprocessing of T1-
weighted images was conducted as implemented in the
longitudinal preprocessing tool of the VBMS toolbox.
First, the follow-up MRI was registered to the baseline
image for each subject. Then the realigned follow-
up images were corrected for signal inhomogeneities
with regard to the baseline image. Subsequently, spa-
tial normalization was estimated using segmentations
of the baseline image and applied to the follow-up
image.

APOE E4 genotyping

Leukocyte DNA was isolated with the Qiagen blood
isolation kit according to the instructions of the man-
ufacturer (Qiagen, Hilden, Germany). The APOE
genotype was determined with restriction isotyping by
gene amplification and Hhal cleavage as described by
Hixson and Vernier [21]. Carriers of at least one APOE
E4 allele were compared to non-carriers.

Statistical analysis

Statistical analysis of clinical, neuro-
psychological, and genetic data

Main effects of conversion and APOE carrier status
on structural and neuropsychological measures were
examined with a univariate analysis of variance model
including age, gender, and education level as covari-
ates of no interest. A partial correlation analysis was
conducted to investigate associations between neu-
ropsychological performance and global GM volume;
because of potential center-effects on MR measures,
centers were included as covariates in addition to age,

gender, and education (SPSS for Windows, Version
18.0.1, 2009. Chicago: SPSS Inc.).

Statistical analysis of regional GM volume

We used SPM8 to investigate group differences
(with one-way ANOVA) and perform multiple regres-
sion analyses (corrected for age, gender, education
level, total intracranial volume, and site) on a voxel-
by-voxel basis. To evaluate the degree of GM atrophy
in APOE E4 allele carriers and non-carriers who con-
verted to AD, we performed a baseline comparison of
each APOE-subgroup with the entire group of stable
MCI patients; we also compared converting carri-
ers and non-carriers cross-sectionally at baseline and
follow-up. To examine the progression of GM atro-
phy between baseline and follow-up, we performed
paired t-tests for each individual subgroup (carriers
and non-carriers with or without progression to AD).
Finally, to investigate the relationship between GM
atrophy pattern and executive dysfunction, we corre-
lated performance on the TMT-B with GM volume
at baseline. Effects were reported as significant when
whole-brain cluster-level family-wise error (FWE)-
corrected p<0.05. To adjust for variations in local
smoothness of the probability maps, we conducted
a correction for non-stationarity with SPM8. Addi-
tional voxel-based region-of-interest (ROI) analyses
were performed for the hippocampus, which is known
to be affected at early stages of AD and to be essential
for memory consolidation, as well as for regions previ-
ously shown to be differentially affected in APOE E4
carriers and non-carriers converting to AD, i.e., medial
occipital cortex, superior frontal, and posterior parietal
cortex at p <0.05 voxel-level FWE-corrected [3, 4, 22].
FWE-corrections based on Gaussian random field the-
ory were applied as implemented in SPM8. Masks were
created with the Harvard Oxford probabilistic atlas of
human cortical and subcortical areas [23]. A medial
occipital mask was created by adding individual masks
of occipital pole, cuneus and lingual gyrus; masks of
superior and inferior parietal lobule were combined to
obtain a mask of posterior parietal cortex.

RESULTS

Baseline analyses

Comparison of carriers and non-carriers of the
APOE FE4 allele regarding clinical status and
neuropsychological test results

The TMT-B was the only neuropsychological
test that indicated a significant difference between
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carriers and non-carriers subsequently converting
to AD [F(1, 57)=4.5, p<0.05]. Tests of verbal
learning [F(1, 57)=0.59, p=0.45], verbal delayed
recall [F(1, 57)=3.4, p=0.07], constructive praxia
[F(1, 57)=0.27, p=0.60], BNT [F(=14, p=0.24],
MMSE [F=(1,57)=3.9, p=0.06], CDR SOB [F=(1,
57)=1.6, p=0.21], and age [F(1, 58)=0.02, p=0.88]
did not reveal significant differences. Results were sim-
ilar for the subgroup comparison of E4 carriers and
non-carriers who were scanned longitudinally on MRI
[TMT B: F(1, 36)=5.4, p=0.027; verbal learning:
F(1, 36)=0.86, p=0.36; verbal delayed recall: F(I,
36)=4.0, p=0.06; constructive praxia: F(1,36)=0.56,
p=0.46; BNT: F(1, 36)=0.51, p=0.48; MMSE: F(1,
36)=2.9,p=0.10; CDR SOB: F(1,36)=1.4, p=0.71;
age: F(1, 37)=0.05, p=0.82]. Within the group
of stable MCI patients, there were no significant
APOE-dependent effects on neuropsychological test
performance.

Predictive factors of conversion included age, APOE
E4 carrier status, aMCI, CDR-SOB, and neuropsy-
chological test performance and are reported in detail
in Wagner et al. (unpublished results). Of note, per-
formance on the TMT B predicted conversion to AD
only in non-carriers of the APOE E4 allele, whereas
performance on tests of verbal learning and delayed

Table 2
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recall predicted conversion in E4 carriers and non-
carriers.

Group differences in GM volume

The subgroups of converting carriers (n=34) and
non-carriers (n=29) of the APOE E4 allele showed
a similar pattern of GM atrophy compared to stable
MCI patients (n=131) at baseline. In both groups of
converters, reduced volume was measured in bilat-
eral hippocampi and insula as well as superior frontal
gyrus, lateral temporal, and lateral occipital cortex.
Carriers also showed decreased volume in medial
occipital cortex, whereas non-carriers exhibited atro-
phy in precuneus and bilateral posterior parietal
cortex, which was not apparent in the other sub-
group, respectively (Table 2, Fig. 1). However, a direct
cross-sectional comparison of the converting APOE
subgroups revealed no significant differences. We also
compared baseline GM volumes of the APOE E4 allele
carriers and non-carriers, who were scanned at least
twice and were included in a longitudinal MRI anal-
ysis (n=17 in each APOE subgroup). The baseline
comparison again did not reveal differences. There
were no GM volume differences between stable MCI
carriers and non-carriers of the E4 allele at baseline or
follow-up.

Cross-sectional group comparison of gray matter (GM) volume: stable MCI group (n=131) versus converting
APOE E4 carriers (n=34) and non-carriers (n=29) at baseline

Z-value p corrected cluster-level

zZ FWE-corrected

Location MNI coordinates
X y

GM volume in stable MCI patients > GM volume in converting APOE E4 carriers

Left superior frontal gyrus —16 48

Right superior frontal gyrus 3 54

Left insula —38 —18

Right insula 39 —22

Left hippocampus —26 —18

Right hippocampus 36 —22

Left lateral temporal cortex -36 —84

Right lateral temporal cortex 58 —16

Left median occipital cortex —16 —94

Left lateral occipital cortex —-33 —88

GM volume in stable MCI patients > GM volume in converting APOE E4 non-carriers

Right superior frontal gyrus 8 52
Left insula —40 —22
Right insula 40 —22
Left hippocampus —34 —13
Right hippocampus 38 —12
Left lateral temporal cortex —46 =37
Right lateral temporal cortex 45 —60
Left inferior parietal lobule -39 =51
Right supramarginal gyrus 54 -33
Left precuneus —10 —60
Right precuneus 4 —60
Right lateral occipital cortex 45 —60

28 4.07 0.02
21 4.14 0.02
-8 3.86 0.001
-8 4.79 0.001
-8 4.63 0.001
—6 4.88 0.001
16 4.30 0.001
—15 3.84 0.001
-3 4.63 0.001
-13 4.53 0.001
4 3.78 0.04
-8 3.46 0.001
-8 4.17 0.001
-21 4.19 0.001
—18 4.64 0.001
—6 3.85 0.001
10 4.69 0.001
42 3.62 0.01
24 3.74 0.01
27 4.47 0.001
25 4.28 0.001
10 4.69 0.001
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GM volume
Converting APOE E4 carriers < stable MCI patients at baseline

I Carriers < non-carriers

Non-carriers < carriers

Fig. 1. Cross-sectional analysis at baseline (A and B) and follow-up (time of conversion [C]): converting APOE E4 carriers (A) and non-carriers
(B) showed reduced GM volume compared to stable MCI patients in medial temporal and neocortical regions. There were no significant
differences in GM volume between converting carriers and non-carriers at baseline; however, at time of conversion, carriers exhibited more
occipital atrophy (red), while non-carriers showed more frontoparietal volume loss (blue, C). Results are presented at p<0.001 whole-brain

uncorrected.

Correlations between GM volume and cognitive
performance

In non-carriers of the APOE E4 allele who con-
verted to AD, TMT-B performance correlated with
global GM volume (r=—0.60, p<0.01). The voxel-
based analysis indicated that performance on the
TMT-B correlated with GM volume in bilateral supe-
rior frontal gyrus and left middle frontal gyrus. There
were no correlations between GM volume and results
on the TMT-B in carriers converting to AD or in the
subgroups of stable carriers and non-carriers. To inves-
tigate whether the correlation was driven by patients
with low MMSE scores, we performed a separate
post-hoc analysis of a subgroup of converting non-
carriers witha MMSE score of >26 (n=19). The mean
MMSE score of this subgroup (27.0 & 1.1) matched
the mean MMSE score in the group of carriers of the
APOE E4 allele (26.9 +1.9). A correlation between
TMT-B performance and global GM volume also
occurred in this subgroup with high MMSE perfor-
mance (r=—0.63, p=0.028). A voxel-based analysis
revealed significant correlations with prefrontal cor-
tex volume in this subgroup comparable to the group
results for converting non-carriers overall (Table 5,
Fig. 3).

Analysis at follow-up (cross-sectional group
differences in GM volume)

A cross-sectional comparison of APOE E4 allele
carriers and non-carriers converting to AD at follow-
up (n=17 in each subgroup) indicated more atrophy
in medial occipital cortex in carriers and more
pronounced frontoparietal atrophy in non-carriers
(Table 3, Fig. 1).

Longitudinal analysis (progression of atrophy)

Between baseline and follow-up, carriers of the
APOE E4 allele converting to AD showed a pro-
gression in GM atrophy in left hippocampus, right
parahippocampal gyrus, bilateral anterior cingulate
cortex, left midcingulate cortex, bilateral posterior
cingulate cortex, left lateral temporal and posterior
parietal cortex, and right superior occipital cortex,
whereas non-carriers showed a loss in GM volume
in right hippocampus, bilateral superior frontal gyrus,
left inferior frontal gyrus, left insula, left inferior
temporal gyrus, and left posterior parietal cortex.
Within the group of stable MCI patients, carriers of
the APOE E4 allele developed GM atrophy in bilateral
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Table 3
Cross-sectional comparison of gray matter (GM) volume in APOE E4 carriers and non-carriers converting to dementia at follow-up*
Location MNI coordinates Z-value p corrected voxel-level
X y z FWE-corrected (ROI analysis)

Subgroup analysis of patients with follow-up MRI
GM volume in carriers (n=17) < GM volume in non-carriers (n=17)

Right medial occipital cortex 9 -97 19 3.63 0.02
GM volume in non-carriers (n=17) < GM volume in carriers (n=17)

Right superior frontal gyrus 20 30 20 3.87 0.03
Right posterior parietal cortex 58 -39 30 3.61 0.05

*No significant baseline differences in GM volume between APOE E4 carriers (n = 34) and non-carriers (n =29) overall or between subgroups
followed longitudinally (17 carriers and 17 non-carriers).

Table 4
Progression of gray matter atrophy between baseline and follow-up
Location MNI coordinates Z-value p corrected cluster-level
X y z FWE-corrected*®

Subgroup analysis of patients converting to dementia with follow-up MRL
Carriers (n=17)

Left hippocampus -32 —21 —11 3.52 0.01*
Right parahippocampal gyrus 24 0 =35 3.88 0.05
Left anterior cingulate cortex -9 32 18 391 0.01
Right anterior cingulate cortex 6 39 16 3.74 0.01
Left middle cingulate cortex —8 -9 42 4.42 0.01
Left posterior cingulate cortex —4 —49 30 3.89 0.01
Right posterior cingulate cortex 3 —36 40 4.14 0.01
Left middle temporal gyrus —57 -39 1 3.88 0.03
Left inferior parietal lobule —46 =55 42 4.09 0.04
Right superior occipital gyrus 33 —73 43 3.89 0.01
Non-carriers (n=17)

Left superior frontal gyrus —4 44 22 3.70 0.03*
Right superior frontal gyrus 3 35 31 3.51 0.03*
Left inferior frontal gyrus =36 11 16 3.79 0.01
Left insula —24 8 9 3.65 0.01
Right hippocampus 28 -9 —18 341 0.02*
Left inferior temporal gyrus —60 —48 —15 391 0.01
Left supramarginal gyrus =57 -37 15 3.84 0.01

Subgroup analysis of stable MCI-patients with follow-up MRI
Carriers (n=24)

Left hippocampus -32 —28 -8 3.40 0.02*
Right hippocampus 34 —25 -8 3.37 0.02*
Left parahippocampal gyrus —-26 2 -33 4.05 0.01

Left middle temporal gyrus —42 —60 10 4.19 0.01

Right middle temporal gyrus 40 —63 4 3.90 0.04
Left medial occipital cortex -9 —94 =3 4.33 0.02
Right medial occipital cortex 3 —87 4 3.88 0.02
Non-carriers (n=24)

Right hippocampus 33 -31 —12 3.30 0.03*
Right temporal pole 38 6 =27 4.13 0.01

Right insula 33 9 —13 4.12 0.01
Right inferior frontal gyrus 39 36 -8 3.87 0.01

*Significant at voxel-level FWE-corrected in ROI.

hippocampus, left parahippocampal gyrus, bilateral DISCUSSION

middle temporal gyrus, and bilateral medial occipital

cortex. Non-carriers showed a loss of GM volume in The current study provides evidence for APOE
right hippocampus, insula, inferior frontal gyrus and genotype-dependent patterns of GM atrophy dur-
lateral temporal cortex (Table 4, Fig. 2). ing conversion from MCI to AD, consistent with
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Progression of GM atrophy in converting APOE E4 carriers

Fig. 2. Longitudinal analysis: converting APOE E4 carriers (A) showed significant progression of GM atrophy in left hippocampus, bilateral
cingulate cortex, left lateral temporoparietal and right occipital cortex, while non-carriers developed GM volume loss in superior frontal gyrus,
left inferior frontal gyrus and insula, right hippocampus and left temporoparietal cortex during conversion to AD (B). Progression in stable
MCI carriers (C) partially occurred in the same regions as in converting MCI patients, specifically in medial and lateral temporal cortex; medial
occipital cortex also showed volume loss. Of note, changes in volume did not occur in frontal and parietal cortex. Stable non-carriers developed
atrophy in medial and lateral temporal cortex as well as in right insula/inferior frontal gyrus (D). Results are presented at p <0.001 whole-brain
uncorrected.

Table 5
Baseline correlations between gray matter volume and performance on the Trail Making Test (TMT)-B*

Location MNI coordinates Z-value p corrected cluster-level
X y z FWE-corrected

Non-carriers converting to dementia (n =29)

Left superior frontal gyrus —14 51 19 4.24 0.01

Right superior frontal gyrus 28 50 10 3.80 0.04

Left middle frontal gyrus —28 23 36 4.13 0.04

Subgroup of non-carriers converting to dementia with high MMSE >26 (n=19)

Left superior frontal gyrus —24 29 27 433 0.01

Right superior frontal gyrus 24 45 28 4.09 0.01

*No correlations between GM volume and TMT-B performance in carriers or non-carriers with stable MCI; no correlations between GM volume
and TMT-B performance in carriers converting to dementia.

findings in more advanced AD patients. While APOE-
dependent differences in GM volume were not evident

tissue changes in carriers of the E4 allele with AD
(3, 4,22].

at baseline, a dissociation became apparent at the time
of conversion between more pronounced occipital atro-
phy in carriers and more accentuated frontoparietal
atrophy in non-carriers. These differences are in line
with recent cross-sectional MR findings in carriers and
non-carriers of the APOE E4 allele with established
AD and with histopathological evidence for occipital

Between baseline and the time of conversion, car-
riers of the APOE E4 allele showed cingulate and
occipital atrophy, whereas progression in non-carriers
was marked by atrophy in prefrontal cortex and insula;
temporal and parietal atrophy occurred in both groups.

The significance of prefrontal atrophy for cognitive
deterioration in converting non-carriers was under-
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Baseline correlations with TMT-B performance in converting APOE E4 non-carriers

Fig. 3. Baseline analysis: correlations between TMT B performance and bilateral prefrontal volume occurred overall in the group of converting
APOE E4 non-carriers (A), as well as in the subgroup of converting non-carriers with high MMSE scores (B). Results are presented at p <0.001

whole-brain uncorrected.

scored by the baseline correlation between executive
function and prefrontal GM volume in this subgroup.
Executive function, in turn, predicted conversion only
among non-carriers of the APOE E4 allele. The asso-
ciation between executive dysfunction and prefrontal
damage is in line with a previously reported prepon-
derance of APOE E4 non-carriers among AD patients
with a dysexecutive-predominant subtype of cogni-
tive impairment and a frontoparietal focus of atrophy

(8].
Impact of APOE on AD phenotype

The APOE-genotype related patterns of GM atrophy
in AD patients during conversion to dementia, includ-
ing the association between executive dysfunction and
prefrontal atrophy in APOE E4 non-carriers, are com-
patible with patterns of cognitive impairment and brain
atrophy found in patients with established AD [4]. The
mechanisms underlying these patterns remain unclear,
however. The E4 isoform of the APOE gene constitutes
the most important genetic risk factor in sporadic AD.
While APOE functions as a carrier protein for lipids
and contributes to the maintenance and repair of cell
membranes, the E4 isoform promotes the deposition
of amyloid-B (AP) and neurofibrillary tangles [24].
Specifically, the E4 isoform has been shown to be less
efficient in clearing AP than E2 and E3 [25]. Other evi-
dence suggests that APOE function contributes to the
selective vulnerability of brain regions to AD pathol-
ogy by modulating neuronal activity, which in turn has
been found to correlate with local A3 aggregation [26].
Brain regions with a high resting state metabolism,
known as the default network, show elevated levels
of amyloid deposition [27]. In young cognitively nor-
mal carriers of the APOE E4 allele, abnormally high
default network neuronal activity has been detected

and may constitute a harbinger of AD, decades prior
to its clinical expression [28].

Additional modulating factors likely to determine
the APOE-dependent regional specificity of brain atro-
phy in AD, are the detrimental impact of the E4 isoform
on synaptic plasticity and APOE-related developmen-
tal effects on fiber tract integrity [29-31]. Moreover,
several genetic risk factors besides the APOE E4 iso-
form have been identified in genome-wide association
studies; their effects on AD structural phenotypes have
recently begun to be investigated [32].

Progression of atrophy in MCI converters

MCI converters overall showed reduced GM volume
in medial temporal and neocortical regions known to
be affected in AD compared to stable MCI patients.
A pattern of significantly greater global and medial
temporal lobe-specific atrophy in MCI converters than
in stable MCI patients has also been described in the
ADNI cohort as well as in several previously investi-
gated samples [33—41].

The widespread progression of atrophy in medial
temporal structures and neocortical regions observed
during the relatively short follow-up period in the
current group of converters is in accord with an acceler-
ation of GM atrophy recently described within the last
year before conversion [42]. Consistent with previous
evidence for a strong predictive value of hippocam-
pal volume loss regarding the time of AD diagnosis,
the conversion to dementia was accompanied by a pro-
gression in hippocampal atrophy in both APOE-groups
[9, 43]. Contrary to previous findings on patients
with AD [4], converters with the APOE E4 allele did
not show more pronounced hippocampal atrophy than
non-carriers in the present study. Memory impairment
associated with hippocampal damage may have been
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crucial to the diagnosis of AD in the current group
of patients. Alternatively, a divergence in the progres-
sion of hippocampal atrophy may not become apparent
until more advanced stages of AD. Despite the absence
of APOE-dependent regional differences in GM vol-
ume among MCI converters at baseline, and CDR-SOB
scores that were comparable between converting
APOE-subgroups in the present study as well as with
scores of MCI converters in similar studies [9, 36, 42],
stage-related effects cannot entirely be excluded. Of
note, MMSE scores in the subgroup of converting non-
carriers were relatively low. To investigate whether
the correlation between executive function and pre-
frontal volume among non-carriers converting to AD
was driven by patients with potentially more advanced
pathology, we conducted a post-hoc correlation anal-
ysis of non-carriers with a minimum MMSE score of
26 points, generally considered within the pre-clinical
range with a high degree of confidence [44]. The mean
MMSE in this subgroup of non-carriers matched the
mean MMSE in the group of converting carriers. Base-
line correlations of executive performance with global
and prefrontal GM volume were similarly strong as
among non-carriers overall, consistent with an effect
specific to APOE-status rather than to stage.

Cognitive decline and GM atrophy

In carriers of the APOE E4 allele, the conversion to
AD was characterized by a pattern of cingulate as well
as temporal, parietal, and occipital atrophy. In addition
to hippocampal tissue changes, atrophy of the cingu-
late cortex has been identified as predictor of rapid
conversion [35]. Moreover, cognitive decline in early
AD patients has been found to be most strongly linked
to concomitant atrophy in left cingulate, temporal, and
parietal cortex [45]. In contrast, atrophy underlying
conversion in non-carriers occurred in temporopari-
etal cortex as well as in prefrontal cortex and insula,
in accord with earlier findings of a frontoparietal focus
of atrophy in APOE E4 non-carriers with AD [3, 4].
The fact that prefrontal atrophy correlated with per-
formance on the TMT-B, a test of executive function,
in this subgroup, is in accord with the involvement of
medial and dorsolateral prefrontal cortex demanded by
this task [46].

GM atrophy in stable MCI patients

Loss of GM volume occurred in all subgroups over
the relatively short follow-up period, i.e., in converting
as well as clinically stable E4 carriers and non-carriers.

On the one hand, participants in the stable MCI group
may actually have had AD and converted after the
follow-up phase. This would explain similarities in
the progression pattern between converting and stable
APOE E4 carriers, such as the involvement of medial
occipital cortex, which has previously been identified
in E4 carriers with AD and is not typical of age-related
volume loss [3, 4, 47].

On the other hand, significant and typically dis-
tributed GM volume loss, in part attributable to cell
shrinkage and changes in perfusion, fat, and water
content [45, 48], is known to occur with aging over
periods as short as one year [47, 49]. Areas vulnerable
to extensive aging-related changes are medial temporal
structures, other subcortical regions, lateral temporal
and prefrontal cortex [47]. Age was included as covari-
ate in statistical analyses. Because age constitutes a
risk factor for AD, its effects are, however, not easily
differentiated from AD-associated changes.

Limitations

Because MR images were collected at different
centers, it is possible that heterogeneity of MR hard-
ware and protocols reduced the sensitivity for volume
effects. To control for center effects, center affiliations
were included as covariates. Though multicenter pool-
ing of MR data obtained with different scanner types
and protocols for VBM analyses has been found to pro-
duce an additive average gain in power to detect group
differences, some brain regions, specifically along the
midsagittal plane, may be more vulnerable to differ-
ences in scanning parameters [50]. Another limitation
is that the sample analyzed longitudinally was rela-
tively small; thus the longitudinal findings should be
confirmed in a larger investigation, which may indi-
cate additional small volume effects. Furthermore, the
follow-up period was comparatively short; thus the
stable MCI group presumably included subjects who
converted to AD later as well as subjects with cognitive
impairment unrelated to AD.

CONCLUSIONS

The current findings suggest that in APOE E4 non-
carriers with MCI, executive dysfunction is closely
linked to frontal GM atrophy and predictive of
conversion to AD. Moreover, the APOE-dependent
dissociation found between more pronounced occip-
ital atrophy in carriers and more frontoparietal atrophy
in non-carriers converting to dementia is in accord with
previous findings in patients with more advanced AD.
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An earlier detection of distinct subtypes of disease may
ultimately facilitate more specific diagnostic proce-
dures and treatment. Future investigations including
measures of vascular risk and WM damage as well as
other genetic risk factors associated with AD will fur-
ther contribute to an understanding of the heterogeneity
of the disease.

ACKNOWLEDGMENTS

This work was supported in part by the German
Federal Ministry of Education and Research (BMBF:
‘Kompetenznetz Demenzen’ Grant 01GI10420). Dr. H.
Hampel received research grants from the Katharina-
Hardt-Foundation, Bad Homburg, Germany.

Authors’ disclosures available online (http://www.j-
alz.com/disclosures/view.php?id=1805).

REFERENCES

[1] Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman
HH, Fox NC, Gamst A, Holtzman DM, Jagust WJ, Petersen
RC, Snyder PJ, Carrillo MC, Thies B, Phelps CH (2011) The
diagnosis of mild cognitive impairment due to Alzheimer’s
disease: Recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimers Dement 7,
270-279.

[2] McKhann GM, Knopman DS, Chertkow H, Hyman BT,
Jack CR Jr, Kawas CH, Klunk WE, Koroshetz WJ, Manly
JJ, Mayeux R, Mohs RC, Morris JC, Rossor MN, Schel-
tens P, Carrillo MC, Thies B, Weintraub S, Phelps CH
(2011) The diagnosis of dementia due to Alzheimer’s dis-
ease: Recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimers Dement 7,
263-269.

[3] Pievani M, Rasser PE, Galluzzi S, Benussi L, Ghidoni R,
Sabattoli F, Bonetti M, Binetti G, Thompson PM, Frisoni GB
(2009) Mapping the effect of APOE epsilon4 on gray matter
loss in Alzheimer’s disease in vivo. Neuroimage 45, 1090-
1098.

[4] Wolk DA, Dickerson BC (2010) Apolipoprotein E (APOE)
genotype has dissociable effects on memory and attentional-
executive network function in Alzheimer’s disease. Proc Natl
Acad Sci USA 107, 10256-10261.

[5S] Geroldi C, Pihlajamaki M, Laakso MP, DeCarli C, Bel-
tramello A, Bianchetti A, Soininen H, Trabucchi M, Frisoni
GB (1999) APOE-epsilon4 is associated with less frontal and
more medial temporal lobe atrophy in AD. Neurology 53,
1825-1832.

[6] Lehtovirta M, Laakso MP, Soininen H, Helisalmi S, Man-
nermaa A, Helkala EL, Partanen K, Ryynanen M, Vainio P,
Hartikainen P, et al. (1995) Volumes of hippocampus, amyg-
dala and frontal lobe in Alzheimer patients with different
apolipoprotein E genotypes. Neuroscience 67, 65-72.

[7] Hashimoto M, Yasuda M, Tanimukai S, Matsui M, Hirono
N, Kazui H, Mori E (2001) Apolipoprotein E epsilon 4 and
the pattern of regional brain atrophy in Alzheimer’s disease.
Neurology 57, 1461-1466.

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Dickerson BC, Wolk DA (2011) Dysexecutive versus amnesic
phenotypes of very mild Alzheimer’s disease are associated
with distinct clinical, genetic and cortical thinning character-
istics. J Neurol Neurosurg Psychiatry 82, 45-51.
Spampinato MV, Rumboldt Z, Hosker RJ, Mintzer JE (2011)
Apolipoprotein E and gray matter volume loss in patients with
mild cognitive impairment and Alzheimer disease. Radiology
258, 843-852.

Kornhuber J, Schmidtke K, Frolich L, Perneczky R, Wolf S,
Hampel H, Jessen F, Heuser I, Peters O, Weih M, Jahn H,
Luckhaus C, Hull M, Gertz HJ, Schroder J, Pantel J, Rien-
hoff O, Seuchter SA, Ruther E, Henn F, Maier W, Wiltfang J
(2009) Early and differential diagnosis of dementia and mild
cognitive impairment: Design and cohort baseline character-
istics of the German Dementia Competence Network. Dement
Geriatr Cogn Disord 27, 404-417.

Petersen RC (2004) Mild cognitive impairment as a diagnostic
entity. J Intern Med 256, 183-194.

Winblad B, Palmer K, Kivipelto M, Jelic V, Fratiglioni L,
Wahlund LO, Nordberg A, Backman L, Albert M, Almkvist
O, Arai H, Basun H, Blennow K, de Leon M, DeCarli C, Erk-
injuntti T, Giacobini E, Graff C, Hardy J, Jack C, Jorm A,
Ritchie K, van Duijn C, Visser P, Petersen RC (2004) Mild
cognitive impairment—beyond controversies, towards a con-
sensus: Report of the International Working Group on Mild
Cognitive Impairment. J Intern Med 256, 240-246.
Cummings JL, Mega M, Gray K, Rosenberg-Thompson
S, Carusi DA, Gornbein J (1994) The Neuropsychiatric
Inventory: Comprehensive assessment of psychopathology in
dementia. Neurology 44, 2308-2314.

Morris JC (1993) The Clinical Dementia Rating (CDR): Cur-
rent version and scoring rules. Neurology 43, 2412-2414.
Folstein MF, Folstein SE, McHugh PR (1975) “Mini-mental
state”. A practical method for grading the cognitive state of
patients for the clinician. J Psychiatr Res 12, 189-198.
O’Bryant SE, Waring SC, Cullum CM, Hall J, Lacritz L,
Massman PJ, Lupo PJ, Reisch JS, Doody R (2008) Staging
dementia using Clinical Dementia Rating Scale Sum of Boxes
scores: A Texas Alzheimer’s research consortium study. Arch
Neurol 65, 1091-1095.

Morris JC, Heyman A, Mohs RC, Hughes JP, van Belle G,
Fillenbaum G, Mellits ED, Clark C (1989) The Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD). Part
I. Clinical and neuropsychological assessment of Alzheimer’s
disease. Neurology 39, 1159-1165.

Ashburner J, Friston KJ (2005) Unified segmentation. Neu-
roimage 26, 839-851.

Manjon JV, Coupe P, Marti-Bonmati L, Collins DL, Robles
M (2010) Adaptive non-local means denoising of MR images
with spatially varying noise levels. J Magn Reson Imaging
31, 192-203.

Ashburner J (2007) A fast diffeomorphic image registration
algorithm. Neuroimage 38, 95-113.

Hixson JE, Vernier DT (1990) Restriction isotyping of human
apolipoprotein E by gene amplification and cleavage with
Hhal. J Lipid Res 31, 545-548.

Tian J, Shi J, Bailey K, Lendon CL, Pickering-Brown SM,
Mann DM (2004) Association between apolipoprotein E e4
allele and arteriosclerosis, cerebral amyloid angiopathy, and
cerebral white matter damage in Alzheimer’s disease. J Neurol
Neurosurg Psychiatry 75, 696-699.

Desikan RS, Segonne F, Fischl B, Quinn BT, Dickerson BC,
Blacker D, Buckner RL, Dale AM, Maguire RP, Hyman BT,
Albert MS, Killiany RJ (2006) An automated labeling sys-
tem for subdividing the human cerebral cortex on MRI scans


http://www.j-alz.com/disclosures/view.php?id=1805

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[35]

[36]

K. Morgen et al. / APOE-Dependent Phenotypes 401

into gyral based regions of interest. Neuroimage 31, 968-
980.

Mahley RW (1988) Apolipoprotein E: Cholesterol transport
protein with expanding role in cell biology. Science 240, 622-
630.

Castellano JM, Kim J, Stewart FR, Jiang H, DeMattos RB,
Patterson BW, Fagan AM, Morris JC, Mawuenyega KG,
Cruchaga C, Goate AM, Bales KR, Paul SM, Bateman RJ,
Holtzman DM (2011) Human apoE isoforms differentially
regulate brain amyloid-beta peptide clearance. Sci Transl Med
3, 89ra57.

Bero AW, Yan P, Roh JH, Cirrito JR, Stewart FR, Raichle
ME, Lee JM, Holtzman DM (2011) Neuronal activity reg-
ulates the regional vulnerability to amyloid-beta deposition.
Nat Neurosci 14, 750-756.

Buckner RL, Sepulcre J, Talukdar T, Krienen FM, Liu H, Hed-
den T, Andrews-Hanna JR, Sperling RA, Johnson KA (2009)
Cortical hubs revealed by intrinsic functional connectivity:
Mapping, assessment of stability, and relation to Alzheimer’s
disease. J Neurosci 29, 1860-1873.

Filippini N, MacIntosh BJ, Hough MG, Goodwin GM, Frisoni
GB, Smith SM, Matthews PM, Beckmann CF, Mackay CE
(2009) Distinct patterns of brain activity in young carriers of
the APOE-epsilon4 allele. Proc Natl Acad Sci U S A 106,
7209-7214.

Chen Y, Durakoglugil MS, Xian X, Herz J (2010) ApoE4
reduces glutamate receptor function and synaptic plasticity
by selectively impairing ApoE receptor recycling. Proc Natl
Acad Sci U S A 107, 12011-12016.

Klucken J, McLean PJ, Gomez-Tortosa E, Ingelsson M,
Hyman BT (2003) Neuritic alterations and neural system
dysfunction in Alzheimer’s disease and dementia with Lewy
bodies. Neurochem Res 28, 1683-1691.

Heise V, Filippini N, Ebmeier KP, Mackay CE (2011)
The APOE varepsilon4 allele modulates brain white matter
integrity in healthy adults. Mol Psychiatry 16, 908-916.
Furney SJ, Simmons A, Breen G, Pedroso I, Lunnon K, Proitsi
P, Hodges A, Powell J, Wahlund LO, Kloszewska I, Mecocci
P, Soininen H, Tsolaki M, Vellas B, Spenger C, Lathrop M,
Shen L, Kim S, Saykin AJ, Weiner MW, Lovestone S (2011)
Genome-wide association with MRI atrophy measures as a
quantitative trait locus for Alzheimer’s disease. Mol Psychi-
atry 16, 1130-1138.

Risacher SL, Saykin AJ, West JD, Shen L, Firpi HA, McDon-
ald BC (2009) Baseline MRI predictors of conversion from
MCT to probable AD in the ADNI cohort. Curr Alzheimer Res
6, 347-361.

Bozzali M, Filippi M, Magnani G, Cercignani M, Franceschi
M, Schiatti E, Castiglioni S, Mossini R, Falautano M, Scotti G,
Comi G, Falini A (2006) The contribution of voxel-based mor-
phometry in staging patients with mild cognitive impairment.
Neurology 67, 453-460.

Chetelat G, Landeau B, Eustache F, Mezenge F, Viader F, de
la Sayette V, Desgranges B, Baron JC (2005) Using voxel-
based morphometry to map the structural changes associated
with rapid conversion in MCI: A longitudinal MRI study.
Neuroimage 27, 934-946.

Hamalainen A, Tervo S, Grau-Olivares M, Niskanen E, Pen-
nanen C, Huuskonen J, Kivipelto M, Hanninen T, Tapiola
M, Vanhanen M, Hallikainen M, Helkala EL, Nissinen A,
Vanninen R, Soininen H (2007) Voxel-based morphometry to

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

detect brain atrophy in progressive mild cognitive impairment.
Neuroimage 37, 1122-1131.

Jack CR Jr, Lowe VJ, Senjem ML, Weigand SD, Kemp BJ,
Shiung MM, Knopman DS, Boeve BF, Klunk WE, Mathis
CA, Petersen RC (2008) 11C PiB and structural MRI pro-
vide complementary information in imaging of Alzheimer’s
disease and amnestic mild cognitive impairment. Brain 131,
665-680.

Karas G, Sluimer J, Goekoop R, van der Flier W, Rom-
bouts SA, Vrenken H, Scheltens P, Fox N, Barkhof F (2008)
Amnestic mild cognitive impairment: Structural MR imaging
findings predictive of conversion to Alzheimer disease. AJNR
Am J Neuroradiol 29, 944-949.

Pennanen C, Testa C, Laakso MP, Hallikainen M, Helkala EL,
Hanninen T, Kivipelto M, Kononen M, Nissinen A, Tervo S,
Vanhanen M, Vanninen R, Frisoni GB, Soininen H (2005)
A voxel based morphometry study on mild cognitive impair-
ment. J Neurol Neurosurg Psychiatry 76, 11-14.

Frisoni GB, Testa C, Zorzan A, Sabattoli F, Beltramello A,
Soininen H, Laakso MP (2002) Detection of grey matter loss
in mild Alzheimer’s disease with voxel based morphometry.
J Neurol Neurosurg Psychiatry 73, 657-664.

Misra C, Fan Y, Davatzikos C (2009) Baseline and longitu-
dinal patterns of brain atrophy in MCI patients, and their use
in prediction of short-term conversion to AD: Results from
ADNI. Neuroimage 44, 1415-1422.

Whitwell JL, Przybelski SA, Weigand SD, Knopman DS,
Boeve BF, Petersen RC, Jack CR Jr (2007) 3D maps from
multiple MRI illustrate changing atrophy patterns as sub-
jects progress from mild cognitive impairment to Alzheimer’s
disease. Brain 130, 1777-1786.

Karow DS, McEvoy LK, Fennema-Notestine C, Hagler DJ Jr,
Jennings RG, Brewer JB, Hoh CK, Dale AM (2010) Relative
capability of MR imaging and FDG PET to depict changes
associated with prodromal and early Alzheimer disease. Radi-
ology 256, 932-942.

Smith T, Gildeh N, Holmes C (2007) The Montreal Cognitive
Assessment: Validity and utility in a memory clinic setting.
Can J Psychiatry 52, 329-332.

Thompson PM, Hayashi KM, de Zubicaray G, Janke AL,
Rose SE, Semple J, Herman D, Hong MS, Dittmer SS, Dod-
drell DM, Toga AW (2003) Dynamics of gray matter loss in
Alzheimer’s disease. J Neurosci 23, 994-1005.

Zakzanis KK, Mraz R, Graham SJ (2005) An fMRI study of
the Trail Making Test. Neuropsychologia 43, 1878-1886.
Fjell AM, Walhovd KB, Fennema-Notestine C, McEvoy LK,
Hagler DJ, Holland D, Brewer JB, Dale AM (2009) One-
year brain atrophy evident in healthy aging. J Neurosci 29,
15223-15231.

McEwen BS (1997) Possible mechanisms for atrophy of the
human hippocampus. Mol Psychiatry 2, 255-262.

Resnick SM, Goldszal AF, Davatzikos C, Golski S, Kraut MA,
Metter EJ, Bryan RN, Zonderman AB (2000) One-year age
changes in MRI brain volumes in older adults. Cereb Cortex
10, 464-472.

Schnack HG, van Haren NE, Brouwer RM, van Baal GC,
Picchioni M, Weisbrod M, Sauer H, Cannon TD, Huttunen
M, Lepage C, Collins DL, Evans A, Murray RM, Kahn RS,
Hulshoff Pol HE (2010) Mapping reliability in multicenter
MRI: Voxel-based morphometry and cortical thickness. Hum
Brain Mapp 31, 1967-1982.



