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Abstract Introduction: Previous research on structural changes in early-onset Alzheimer’s disease (EOAD)
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and late-onset Alzheimer’s disease (LOAD) have reported inconsistent findings.
Methods: In the present substudy of the Gothenburg MCI study, 1.5 T scans were used to estimate
lobar and hippocampal volumes using FreeSurfer. Study participants (N5 145) included 63 patients
with AD, (24 patients with EOAD [aged �65 years], 39 patients with LOAD [aged .65 years]), 25
healthy controls aged �65 years, and 57 healthy controls aged .65 years.
Results: Hippocampal atrophy is the most prominent feature of both EOAD and LOAD compared
with controls. Direct comparison between EOAD and LOAD showed that the differences between
the groups did not remain after correcting for age.
Discussion: Structurally, EOAD and LOAD does not seem to be different nosological entities. The
difference in brain volumes between the groups compared with controls is likely due to age-related
atrophy.
� 2018 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Alzheimer’s disease (AD) is the most common type of de-
mentia and is believed to account for approximately 50 to
70% of all cases of dementia [1]. AD is characterized by
typical neuropathological changes, neurofibrillary tangles,
and senile plaques, gradually spreading throughout the brain
[2]. Traditionally, AD is categorized as either early-onset
Alzheimer’s disease (EOAD, age �65 years) or late-onset
Alzheimer’s disease (LOAD, age .65 years). EOAD is
thought to have a faster rate of progression and shows a
greater neuropathological burden than LOAD [3]. Cogni-
tively, LOAD is characterized by a classic AD profile with
impaired semantic memory function as the most prominent
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finding whereas EOAD may present a more atypical profile
with apraxia and impaired visuospatial functions [4]. Struc-
tural imaging studies have been performed to elucidate
whether EOAD is AD with an earlier starting point or if
EOAD should be regarded as a different nosological entity.
The interpretation of these imaging studies is complicated
by generally small group sizes and different methodological
approaches. Although not consistent, most studies have re-
ported a higher degree of neocortical atrophy in EOAD
compared with LOAD [5–9]. Although some studies do
not find a difference in hippocampal atrophy between
EOAD and LOAD [9,10], most studies report more
pronounced hippocampal atrophy in LOAD [5,6,8,11].

A better understanding of the structural brain changes
taking place in AD and their relation to age at onset would
be useful to improve inclusion criteria in future intervention
studies and also for increasing the etiological/nosological
understanding of the disease. Furthermore, as patients with
dementia diseases often undergo an incipient phase when
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differential diagnostics can be difficult, information on pat-
terns of atrophy in AD at different ages of onset will be high-
ly valuable.

The aim of the present study is to investigate if EOAD and
LOAD have different patterns of atrophy compared with
healthy controls of similar age and also by direct comparison
between EOAD and LOAD.
2. Materials

2.1. The Gothenburg MCI study

The Gothenburg MCI study is a clinically based longitu-
dinal study that aims at identifying neurodegenerative,
vascular, and stress-related disorders before the develop-
ment of dementia [12]. The Gothenburg MCI study is
approved by the Local Ethics Committee (diary number:
L091-99, 1999; T479-11, 2011). Inclusion requires subjec-
tive and/or objective (by an informant) verifications of a pro-
gressive cognitive impairment for more than 6 months, age
�50 and � 79 years, and Mini–Mental State Examination
(MMSE) score�18. Exclusion criteria are acute/instable so-
matic disease, severe psychiatric disorder, or substance
abuse.

Healthy controls were recruited from senior citizens’ or-
ganizations. Controls were not included if they had subjec-
tive or objective signs of cognitive disorder as assessed
with the aforementioned procedure or fulfilled any of the
aforementioned exclusion criteria.

2.2. Classification

Patients’ degree of decline was staged according to the
Global Deterioration Scale (GDS). GDS classification is
made by means of checklists and instruments for cognitive
symptoms [12]. The guidelines for the classification used
are as follows: for GDS 4 (mild dementia) participants
should have MMSE � 25, clinical dementia rating sum of
boxes . 1.0, investigation of flexibility . 3, and two or
more positive outcomes on variables 13 to 20 of stepwise
comparative status analysis [13]. When the guidelines are
not applicable, a consensus decision among physicians at
the clinic is made to determine appropriate GDS score. All
patients classified as GDS 4 were further assessed by a
specially trained physician for specific dementia diagnosis.
Anamnestic and clinical symptomatology and the presence
of cerebral white matter changes determined by a modified
version of the Fazekas scale were taken into account in the
diagnostic procedure [14]. If the diagnosis cannot be unam-
biguously determined, then it is further discussed and estab-
lished in a clinical consensus meeting. AD is diagnosed
using the NINCDS-ADRDA criteria for AD [15]. For an
AD diagnosis, the patient must have at most only mild white
matter changes and predominant temporoparietal lobe
symptoms. This was done to ensure that no patients with
mixed dementia were classified as AD. Only patients with
GDS 4 and an AD diagnosis were included in the present
study. The guidelines and diagnostics are described in detail
in a previous publication [12].

2.3. The present study

The present study is a substudy of the Gothenburg MCI
study. An additional inclusion criterion for all participants
was a magnetic resonance imaging scan using a Siemens
Symphony 1.5 T scanner available for analysis. Patients
also had to be classified as GDS 4 and subsequently received
anADdiagnosis according to theNINCDS-ADRDAcriteria.

The total patient group (N5 145) consisted of 63 patients
with AD and 94 healthy controls. Of the 63 AD patients, 24
were �65 years and classified as EOAD, and 39 were
.65 years, that is, LOAD. Of the healthy controls, 25 were
�65 years, and 57 were .65 years. Patients with mixed de-
mentia or vascular dementia were not included in the study.
3. Methods

A 1.5 T scanner (Siemens Symphony, Erlangen, Ger-
many) was used for the magnetic resonance data acquisition.
FreeSurfer volumetry was performed on T1 3D inversion re-
covery/gradient recalled images (repetition time 1610 ms,
echo time 2.38 ms, flip angle 15�, coronal slices, field of
view 250 mm ! 203 mm, slice thickness 1 mm, pixel
spacing 0.49 mm ! 0.49 mm, and matrix size 512 ! 416).

Cerebrospinal fluid (CSF) sampleswere collected by lum-
bar puncture. CSF T-tau and amyloid b 42 levels were deter-
mined using a sandwich enzyme-linked immunosorbent
assay constructed to measure T-tau or amyloid b 42 [16].

3.1. FreeSurfer

Brain volumes were measured using the automated seg-
mentation software, FreeSurfer, version 5.3.0, which is
freely available for download online [17]. The FreeSurfer
analyses were performed on a computing cluster running
64 bit CentOS 6. These analyses were performed on nodes
based on Supermicro X9DRT Intel E5-2670 (Sandy Bridge)
running at 2.6 GHz. A few analyses were also performed us-
ing a MacPro 3.1 with 64 bit 2 GHz ! 2.8 GHz quad-core
Intel Xeon processors and Mac OSX 10.8.5.

The calculation of surface volumes in FreeSurfer begins
with an affine alignment to the MNI305 atlas, an intensity
normalization, and removal of the skull [18,19]. Voxels are
then classified as white matter or nonwhite matter by a
threshold classification that is refined by some assumptions
of the classification of the given voxel and its neighboring
voxels [18]. Seed points in corpus callosum and the pons
from the atlas alignment are then used to find two cut planes
to separate the hemispheres and to remove subcortical struc-
tures [18]. Awhite matter surface is then generated for each
hemisphere by the outer boundary of the white matter vol-
ume and some refinement based on intensities gradients
[18,20]. The pial surface is then deformed outward from
the white matter surface trying to find the largest shift in



Table 1

Demographics and volumetric data for study participants separated by age

(�/. 65 years)

Variable

Age �65 years Age .65 years

EOAD Controls LOAD Controls

N 24 25 39 57

Age 61.2 6 3.1 60.7 6 2.9 72.3 6 4.9 70.6 6 4.7

Females (%) 55 55 56 67

MMSE 21.8 6 5.4** 29.2 6 1.7 22.1 6 4.5** 29.3 6 0.9

Education,

years

11.0 6 2.8* 13.9 6 3.5 11.6 6 3.6 12.8 6 3.6

T-tau (ng/L) 612 6 293** 261 6 160 667 6 301** 308 6 122

Ab42 (ng/L) 367 6 205** 684 6 252 368 6 137** 646 6 262

Left HC 3.0 6 0.7** 3.9 6 0.4 2.7 6 0.6** 3.6 6 0.6

Right HC 3.1 6 0.6** 4.0 6 0.4 2.7 6 0.6** 3.6 6 0.7

Cingulate

gyri

18.4 6 2.0* 19.9 6 1.6 17.9 6 2.6* 19.4 6 2.2

Frontal 102.6 6 7.9** 112.3 6 8.4 99.3 6 16* 107.8 6 9

Parietal 82.9 6 8.0 83.6 6 7.4 78.5 6 16.1* 83.0 6 6.4
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intensities that would indicate the border between gray
matter and CSF [18,20]. A topology correction is
performed [21,22] and then a parcelation of the cortex
(defined by the surfaces) by the use of an atlas [23].

The calculation of subcortical volumes also begins with
some preprocessing including an affine alignment to the
MNI305 atlas, intensity normalization, and removal of the
skull [19,24,25]. Then the segmentation proceeds using a
probabilistic atlas. The probabilistic atlas contains three
types of probability estimates based on data from a
number of manually segmented scans: (1) a Gaussian
model of the intensity distribution of each tissue class; (2)
the relative frequency of occurrence at each atlas location
for each tissue class; and (3) the relative frequency of
occurrence at each neighboring atlas location for each
tissue class given a specific atlas location and a specific
tissue class. Using these probabilities, an initial
segmentation is generated, and an iterated conditional
modes algorithm is executed to assign each image voxel a
correct tissue class. The iterative process proceeds until no
voxel changes occur in terms of tissue classification [24].

Once the process had finished, subcortical volumes were
extracted using the aparcstats2table script, and lobular vol-
umes constructed according to the instructions on the Free-
Surfer homepage [26].

A two-step approach was used for quality control of the
FreeSurfer output using the FreeSurfer graphical user inter-
face Freeview (https://surfer.nmr.mgh.harvard.edu/fswiki/
FreeviewGuide/FreeviewIntroduction). First, all volumes
were inspected by author N.K. No or minor errors were
accepted. The remaining volumes were flagged. Second, all
flagged volumeswere inspected by authorC.E.who excluded
all regions containing meaningful errors (approximately
.10% of the volume). Typical errors were the exclusion of
brain matter in anterior parts of the temporal lobes and infe-
rior parts of the frontal lobes. Both raters were blinded to
group belonging and other patient data. Only a few patients
had more than one region excluded from the analyses.

The following data were excluded: 10 frontal lobes (5 AD
patients [2 EOAD and 3 LOAD], 5 controls), 1 parietal lobes
(1 control), 36 temporal lobes (15 AD patients [8 EOAD and
7 LOAD], 21 controls), and 3 occipital lobes (controls).

All FreeSurfer volumes were normalized using FreeSur-
fer’s estimate of intracranial volume (eTIV). The residual
normalization method has been described in a previous pub-
lication [27]. Briefly, a regression analysis was performed in
the control group to obtain a regression coefficient (k), re-
flecting the association between eTIVand the region of inter-
est which was then applied to the test group according to the
formula: Vnorm 5 Vabs 2 k*(eTIV2 Mean[eTIV]).
Temporal 94.8 6 10.2 96.3 6 12.7 93.0 6 19.3* 96.7 6 8.7

Occipital 42.2 6 4.2 44.4 6 4.4 40.0 6 8.2* 43.8 6 4.0

Abbreviations: EOAD, early-onset AD; LOAD, late-onset AD; HC, hip-

pocampus; MMSE, Mini–Mental State Examination; Ab42, amyloid b 42.

NOTE. Age, education years, MMSE scores, and volumetric data (cm3)

are presented as mean value 6 SD.

*P value , .05 versus Controls, **P value , .001 versus Controls.
3.2. Statistical analyses

Demographics and differences were analyzed with the
unpaired t-test (age, MMSE, and education) and c2 (sex).
Group differences in CSF markers were analyzed with the
unpaired t-test. Group differences in brain volumes were
evaluated using analysis of covariance with age as a covar-
iate. To assess the diagnostic value of the imaging vari-
ables, group comparisons were then repeated for younger
participants (age �65 years), older participants (age
.65 years) using receiver operating characteristic and bi-
nary logistic regression with “EOAD” or “LOAD” as
dependent variable and one of the imaging variables as in-
dependent variable. Finally, a direct group comparison be-
tween EOAD and LOAD was performed using binary
logistic regression with EOAD as dependent variable, anal-
ysis of covariance with age as a covariate, and a t-test where
the volumes have been corrected for the influence of age us-
ing the same method as for the normalization for intracra-
nial volume (t-test [corrected]). All analyses were
performed using SPSS (version 19.0).
4. Results

EOAD has lower MMSE scores and more pathological
values on CSF markers compared with controls (Table 1).
Furthermore, EOAD has smaller hippocampi, cingulate
gyri, and frontal lobes compared with age matched controls.
When comparing the older study participants, all measured
brain volumes are smaller in LOAD.
4.1. EOAD compared with younger controls

The same markers (left/right hippocampus, cingulate
gyri, and frontal lobes) that were significant in the group
comparison provided the best predictive values as can be
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https://surfer.nmr.mgh.harvard.edu/fswiki/FreeviewGuide/FreeviewIntroduction


Table 3

Comparison between LOAD and older controls

Region

ROC Binary logistic regression

AUC Wald P value Correct classification %
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seen in Table 2. The receiver operating characteristic and
regression analyses indicate that hippocampal volumes are
the best markers with right hippocampus slightly outper-
forming left hippocampus.
Left HC .91 23.0 ,.001 84

Right HC .89 22.3 ,.001 84

Cingulate gyri .67 7.5 .006 63

Frontal lobes .71 7.9 .005 70

Parietal lobes .54 3.2 .08 66

Temporal lobes .51 1.2 .28 60

Occipital lobes .65 6.5 .01 67

Abbreviations: ROC, receiver operating characteristic; AUC, area under

the curve; LOAD, late-onset AD; HC, hippocampus.
4.2. LOAD compared with older controls

Results from analyses comparing LOAD with older con-
trols are displayed inTable 3. Both the receiver operating char-
acteristic analysis and regression analysis give high values for
hippocampal volume in the differentiation between thegroups.
Left and right hippocampal volume stands out as excellent
markers compared with the other volumetric markers.
4.3. Direct comparison between EOAD and LOAD

As displayed in Table 4, the group comparisons correct-
ing for age show no significant differences between the
groups (analysis of covariance, t-test [corrected]). Despite
the fact that grouping was based on age, the logistic regres-
sion analysis indicate that only hippocampal volumes
differed between the groups with, at best, moderate discrim-
inative ability.

The scatter plots in Fig. 1 display the association between
total hippocampal volume and age in the AD group and con-
trol group separately. The left pane shows a clear decrease in
hippocampal volume with increasing age but no clear
increasing or decreasing divergence between the groups as
an effect of age. The right pane shows hippocampal volumes
after correcting for the effect of age. Again, no clear diver-
gence between the groups in different ages can be seen.
Table 4

Direct comparison between EOAD and LOAD

Binary logistical t-test
5. Discussion

The present study investigated hippocampal volume and
cortical lobar volume in patients with AD and healthy
elderly controls divided by age into younger/older groups.
The main finding is that both EOAD and LOAD are charac-
terized by smaller hippocampal volumes compared with the
control groups. In addition, after correcting for age-related
atrophy, no significant group differences remained between
EOAD and LOAD.
Table 2

Comparison between EOAD and younger controls

Region

ROC Binary logistic regression

AUC Wald P value Correct classification %

Left HC .87 13.1 ,.001 80

Right HC .89 13.7 ,.001 82

Cingulate gyri .72 6.5 .011 59

Frontal lobes .79 9.6 .002 70

Parietal lobes .51 0.1 .76 53

Temporal lobes .54 0.1 .71 54

Occipital lobes .66 2.8 .09 58

Abbreviations: ROC, receiver operating characteristic; AUC, area under

the curve; EOAD, early-onset AD; HC, hippocampus.
The patterns of atrophy in the EOAD and LOAD groups
are quite similar. Compared with controls, both EOAD and
LOAD have smaller hippocampi as the most prominent
feature. In addition, LOAD has smaller volumes in all
measured cortical lobar volumes in contrast to the EOAD
group which only differed concerning cingulate gyri and
frontal lobes. Although significantly smaller, the cortical
structures had markedly lower predictive power compared
with hippocampal volume. Previous studies have found hip-
pocampal atrophy as the most prominent feature in LOAD
[5–8,10,11,28–30], but the findings differ regarding
atrophy in EOAD. Most studies have found hippocampal
atrophy also in EOAD but only a few share our finding of
hippocampal atrophy as the prominent marker [29,30],
whereas others have found hippocampal atrophy in
addition to atrophy of the cingulate [6,9,28], frontal [6], tem-
poroparietal [7–9,28,31], and occipital [7,8] areas. As
findings pertaining to EOAD are clearly diverging between
studies, it is difficult to arrive at a conclusion. The
proposed mechanisms for the studies finding widespread
cortical atrophy in EOAD is that EOAD is different to
LOAD in both neuropathological distribution and etiology,
where EOAD is more attributed to genetic factors and
Region

regression ANCOVA (corrected)

Wald Sig.

Correct

classification % P value P value

Left HC 3.7 .05 68 .73 .80

Right HC 6.2 .01 64 .80 .54

Cingulate gyri 0.5 .47 62 .84 .37

Frontal lobes 0.8 .38 60 .62 .27

Parietal lobes 1.5 .22 63 .12 .23

Temporal lobes 0.1 .73 67 .72 .62

Occipital lobes 1.4 .24 57 .61 .28

Abbreviations: LOAD, late-onset AD; EOAD, early-onset AD;

ANCOVA, analysis of covariance; HC, hippocampus.

NOTE. ANCOVA was performed with age as a covariate. t-test (cor-

rected) was performed after correcting for the influence of age as detailed

in the statistics section.



Fig. 1. Scatter plot for total hippocampal volume versus age for AD patients and control subjects. Left panel: Uncorrected model. AD: R2 linear5 0.154. Con-

trol subjects: R2 linear5 0.154. Right panel: Hippocampal volumes corrected for age. AD: R2 linear5 0.006. Control subjects: R2 linear5 0.011. Abbreviation:

AD, Alzheimer’s disease.
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LOAD more environmental factors. The greater clinical
variability of the EOAD group has led to the identification
of nonamnestic subgroups with different clinical
presentation and likely different underlying patterns of
atrophy [4,32]. Therefore, a possible explanation for the
diverging results could be the composition of the EOAD
group. Ossenkoppele et al. [29] have evaluated the early
stages of three subtypes of AD, finding that while amnestic
EOAD had atrophy of the hippocampal-posterior cingulate
circuit, the language- and visual-variants had atrophy of these
underlying circuits. These findings highlight the importance
of a stringent classification of the AD group, and especially
so for the EOAD group. Although we have not performed a
subgroup classification of AD patients in the Gothenburg
MCI study, the diagnostic algorithm in use relies on cognitive
profiles, where patients with AD should exhibit a primarily
temporoparietal symptom profile. A consequence of our
diagnostic procedure may be that we have a proportionally
higher level of amnestic EOAD patients compared with pre-
vious studies. A high level of amnestic EOAD patient could
explain our findings of hippocampal atrophy as the promi-
nent feature in EOAD as well as LOAD. In addition, our
approach to strict exclusion of patients with more than minor
white matter lesions from the AD group might have affected
the results compared with previous studies and possibly
explain why we did not find more hippocampal atrophy in
LOAD than in EOAD after correcting for age.

The hippocampal region is known to be one of the brain
regions most affected by aging [33]. Direct comparisons be-
tween EOAD and LOAD show that hippocampal volume is
the only marker that differs between the groups, but the dif-
ference disappears when correcting for age. It can therefore
be concluded that a large part of the difference is due to
age-related atrophy. The degree of atrophy is slightly higher
in the LOAD group (19% in EOAD, 25% in LOAD
compared with controls), but Fig. 1 suggests that while con-
trols have smaller hippocampi when they are older, the gap
between controls and AD patients remain intact. It has
been shown that the rate of hippocampal atrophy in healthy
aging accelerates with increasing age [33,34], which suggest
that the smaller hippocampi in the LOAD group could be due
to accelerated age-related atrophy. Although these findings
should be interpreted with caution, they could be underlying
the suggestion of more pronounced involvement of the
hippocampi in LOAD. This would partly support a hypoth-
esis about different regional vulnerability in EOAD and
LOAD regarding hippocampal vulnerability in LOAD but
fail to support the part on cortical vulnerability in EOAD
[6]. However, if age-related and neurodegenerative changes
provide a synergistic detrimental effect on the hippocampus,
it could explain why the EOAD group have comparatively
less atrophy and still a similar symptom profile.
5.1. Limitations

Although the group sizes were of a similar size as of most
previous studies, they were still small, and the findings
should be replicated in larger studies. In addition, we lack
data on subtypes of AD as outlined previously. The EOAD
and LOAD groups exhibit a similar cognitive function as
measured with the MMSE and similar levels of CSF
markers, but the distribution of AD subtypes may nonethe-
less be different between the groups, possibly affecting the
results. Finally, we had some problems with the segmenta-
tion procedure where some data were lost in the quality con-
trol. This problem was most pronounced in the temporal
lobes, resulting in the loss of 1/3 of all temporal lobes in
the EOAD group and 18% of temporal lobes in the LOAD
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group. The findings regarding the temporal lobes should
therefore be interpreted with caution.

6. Conclusions

EOAD and LOAD exhibit a similar pattern of atrophy
with smaller hippocampal volumes as the most pronounced
difference compared with healthy controls.
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RESEARCH IN CONTEXT

1. Systematic review: We searched PubMed using the
term “Early onset AD”, “Early onset AD MRI”,
and “Early onset AD neuroimaging”. Previous
research on early-onset Alzheimer’s disease
(EOAD) has found that compared with late-onset
Alzheimer’s disease (LOAD), EOAD has compara-
tively more cortical atrophy whereas LOAD is
characterized by mainly hippocampal atrophy. These
findings suggest that EOAD is nosologically
different from LOAD.

2. Interpretation: Our findings do not support the hy-
pothesis that EOAD and LOAD are nosologically
different. Previous finding might be explained by in-
clusion of patients with atypical Alzheimer’s disease
and inclusion of patients with concomitant pathol-
ogies such as white matter lesions.

3. Future directions: To fully address the question of the
nosological status of EOAD, future studies need to:
(1) provide a thorough classification of the patient
group including phenotypic presentation, cognitive
profile, and concomitant diseases; and (2) provide
longitudinal investigations of the brain over a long
time period.
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