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Abstract

The effects of age, subcortical vascular disease, apolipoprotein E (APOE) &4 allele and hypertension on entorhinal cortex (ERC) and
hippocampal atrophy rates were explored in a longitudinal MRI study with 42 cognitively normal (CN) elderly subjects from 58 to 87 years
old. The volumes of the ERC, hippocampus, and white matter hyperintensities (WMH) and the presence of lacunes were assessed on MR
images. Age was significantly associated with increased atrophy rates of 0.04 +0.02% per year for ERC and 0.05 £ 0.02% per year for
hippocampus. Atrophy rates of hippocampus, but not that of ERC increased with presence of lacunes, in addition to age. WMH, APOE &4
and hypertension had no significant effect on atrophy rates. In conclusion, age and presence of lacunes should be taken into consideration in
imaging studies of CN subjects and AD patients to predict AD progression and assess the response to treatment trials.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The entorhinal cortex (ERC) and hippocampus are thought
to be important structures in differentiating Alzheimer’s dis-
ease (AD) from normal aging. Cross-sectional MRI studies
have shown that AD patients have significantly greater ERC
and hippocampal atrophy than cognitively normal (CN) sub-
jects [9,21,26,48,57]. Longitudinal MRI studies have sug-
gested that the rates of ERC and hippocampal atrophy may be
useful in predicting AD before the onset of clinical symptoms
and in assessing the potential usefulness of pharmacological
interventions in treatment trials [10,22,24,27,43]. However,
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CN subjects often display ERC and hippocampal atrophy
rates that are significantly greater than zero, although substan-
tially less than that seen in AD patients [10,22]. Moreover,
hippocampal atrophy rates tend to increase with age in CN
subjects [41,42,44]. Raz and co-workers reported that nor-
mal aging has a greater effect on hippocampal than ERC
atrophy rates and that ERC atrophy rate is not related to age
[41,42]. Together these results suggest that hippocampal atro-
phy may be more closely associated with normal aging while
ERC atrophy may be more closely associated with incipient
AD pathologic processes. On the other hand, ERC and hip-
pocampus are both strongly associated with memory function
[51]. Since memory impairment typically increases with age
[2,31], it is unclear why normal aging would differentially
affect atrophy rates of ERC and hippocampus. Therefore,
the first goal of this study was to examine the relationship
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between age and atrophy rates of the ERC and hippocampus.
In an attempt to replicate the results of Raz and co-workers
[41,42], we also examined whether the relationship between
age and atrophy rates is different for ERC and hippocampus.

Another risk factor for cognitive impairment, in addition
to advanced age, is subcortical cerebral vascular disease,
manifested as subcortical infarcts/lacunes and white matter
hyperintensities (WMH) on MRI images [8,13,37,46,50,58].
A recent clinical study demonstrated that elderly individuals
with silent brain infarcts were at greater risk for dementia
and cognitive decline than elderly individuals without such
lesions [53]. In addition to the subcortical cerebral vascular
lesions visible on MRI, microinfarctions, which are usually
not visible on MRI, may also be present, especially in subjects
with hypertension [28]. Hypertension has been shown as a
risk factor for late-life cognitive impairment [ 12,32]. Because
cognitive decline is related to cerebral atrophy [15,36], cere-
bral vascular disease and hypertension may accelerate cere-
bral atrophy in CN subjects. Therefore, the second goal of
this study was to determine if subcortical vascular disease
and hypertension, independent of age, contribute to greater
ERC and hippocampal atrophy rates.

The apolipoprotein E (APOE) &4 allele is a genetic risk
factor for AD and vascular dementia [7,18]. APOE &4 lowers
the age of AD onset [1], and healthy older women with APOE
&4 have greater hippocampal atrophy rates than those without
APOE &4 [6]. However, it is not known if APOE &4 is also
associated with greater ERC atrophy rate in normal aging.
Therefore, the third goal of this study was to examine if APOE
&4 contributes to greater ERC and hippocampal atrophy rates
in CN subjects.

2. Subjects and methods
2.1. Subjects

All subjects were recruited from the community by flyers
and advertisements in local newspapers as control subjects for
a dementia study and had undergone two MRI and two neu-
ropsychological evaluations approximately 3.5+ 0.8 years
apart. The subjects received standard neurological examina-
tions [35] at the Memory and Aging Clinic at the University
of California at San Francisco and the Alzheimer Center at the
University of California at Davis. Global cognitive function
assessed with the mini-mental state examination (MMSE)
[17] and hippocampal-dependent memory function assessed
with the delayed list recall (DLR) score from the memory
assessment scales (MAS) word list learning test [56] were
included in this study. Total 54 subjects with MMSE > 26
and clinical dementia rating (CDR) score of 0 were initially
included. Two subjects had diabetes mellitus and eight sub-
jects had hypertension (blood pressure > 140/90 mmHg) at
baseline. All subjects had no other major neuropathological
findings except lacunes and WMH based on the evaluation
of MRI images. Thirty-six subjects had no lacunes and 18

subjects had lacunes at baseline. After follow-up, five sub-
jects without lacunes and five subjects with lacunes converted
CDR score to 0.5; therefore, they were excluded in the final
analysis. In addition, two subjects with diabetes mellitus were
also excluded in the final analysis. Thus, the final analysis
included 30 subjects without lacunes and 12 subjects with
lacunes with age from 58 to 87 years old. The lacunes were
located in the caudate nucleus (two subjects), putamen (three
subjects), thalamus (four subjects), globus pallidus (three
subjects), and white matter (three subjects). Three of 30 sub-
jects without lacunes and four of 12 subjects with lacunes had
hypertension. Except for hypertension, no other apparent car-
diovascular condition existed in subjects without lacunes. In
addition, six subjects without lacunes and six subjects with
lacunes had at least an APOE &4 allele. Age and gender were
matched between subjects with APOE &4 allele (six men and
six women, age 73.4 £ 6.4 years) and subjects without APOE
&4 allele (13 men and 17 women, age 73.6 7.6 years). The
demographics of all subjects are depicted on Table 1. Atrophy
rates of ERC and hippocampus of 11 out of the 42 subjects
had been reported earlier [10]. All subjects provided written
informed consent, approved by the Committees of Human
Research at the University of California, San Francisco and
Davis, prior to participating in the study.

2.2. MRI

MRI data were obtained on a 1.5T Siemens Vision™
System (Siemens Inc., Iselin, NJ). The protocol for
structural MRI included axially oblique double spin
echo (DSE) images with repetition time (TR)/echo time
(TE)1/TE2=2500/20/80 ms, 1.0 x 1.4 mm? inplane resolu-
tion, and 3-mm thick sections with no section gap. In addi-
tion, volumetric magnetization-prepared rapid gradient echo
(MPRAGE) images were acquired with TR/TE/inversion
time (TD)=10/7/300ms, 15° flip angle, 1.0 x 1.0 mm?
inplane resolution, and 1.4-mm thick coronal partitions, ori-
ented orthogonally to the long axis of the hippocampus.
One rater (A.-T.D.) performed all ERC and hippocampal
measurements blinded to demographical information and
chronological order of scans. ERC volumes were manually
measured on T1-weighted images. The MR images of each
subject obtained at timepoints 1 and 2 were co-registered
and simultaneously displayed so that the ERC boundaries
could be measured in a pair-wise fashion, as described
earlier [11]. In contrast, hippocampal volumes were mea-
sured separately for each timepoint using a semi-automated
high dimensional brain-warping algorithm (Medtronic Sur-
gical Navigation Technologies, Louisville, CO) [20], which
only measures gray matter of hippocampus. While mea-
surements of ERC volumes were conducted in pairs with
the rater blinded to chronological order to reduce scoring
errors, semi-automated measurements of hippocampal vol-
umes were conducted individually, because susceptibility to
rater errors was substantially reduced with automation and
whether performed individually or in pairs did not mat-
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Table 1
Demographics

CN without lacunes CN with lacunes

Non-HTN HTN Non-HTN HTN
N (F/M) 27 (17/0) 3 (1/2) 8 (4/4) 4(1/3)
Age (years)” 719+7.6 743+£6.5 76.7+£4.8 782+6.2
Interval (years) 3.6+09 27+1.0 35+1.2 3.0+0.6
APOE &4 6 0 5 1
MMSE 29.4+0.8 30.0+£0.0 29.0+0.9 28.5+1.7
AMMSE (per year) 0.02+0.22 0.14£0.25 0.02+1.0 —-0.4+0.5
DLR 10614 10.5+£2.2 10.0+£1.7 9.7+1.5
ADLR (per year) —0.08 +0.79 —0.214+0.31 0.114+0.90 —0.52+1.18
WMH (cm?)” 7.4£10.5 25+19 59+2.6 17.7+88

HTN: hypertension, MMSE: mini-mental state examination, DLR: delayed list recall. Twelve words need to be remembered in the DLR test, AMMSE: (first
MMSE score — second MMSE score)/scan interval, ADLR: (first DLR score — second DLR score)/scan interval.

* p<0.05, r-test, between subjects with and without lacunes.

ter. Finally, results of the warping were visually inspected
and hippocampal masks including non-hippocampal tissue in
four subjects were manually corrected. Intraclass correlation
coefficients of ERC and hippocampal measurements were
0.99 for ERC and 0.94 for hippocampus, as reported in detail
earlier [10]. The ERC and hippocampal measurements over
time are depicted on Fig. 1. WMH volumes were assessed
based on semi-automatic segmentation using T1-, proton
density- and T2-weighted images together [3]. WMH was
defined as regions that are hyperintense on proton density-
and T2-weighted images and are anatomically located in
white matter (WM) region. WMH are usually not apparent
or appear isointense to gray matter (GM) on T1-weighted
image. The lacunes were defined based on MRI images. The
definition of lacunes was based on original work of Fisher
[16], combined with current clinical concepts [34]. Lacunes
occur generally in the basal ganglia, capsular and thala-

Timepoint 1

mic regions and appear as hyperintense foci on T2-weighted
images, ranging from 3 to 15 mm in diameter. Lacunes are
usually hypointense on T1-weighted image and can be either
hyperintense or isointense to CSF on proton density-weighted
images, depending on whether they are cavitated. Lacunes
can also be located in WM, although this is rare. When
appearing in WM, lacunes were differentiated from WMH
by an isointense signal to CSF and lesion size ranging from
3 to 15mm. Because perivascular spaces may be particu-
larly large and prominent in the anterior commissure and the
infraputaminal regions, all hyperintense lesions in these areas
were arbitrarily categorized as perivascular spaces.

2.3. Statistics

Atrophy rate is expressed as the annual percentage change
from baseline volume [11]. Linear regression models were

Timepoint 2

Fig. 1. ERC and hippocampal measurements on a 73-year-old cognitively normal subject with a scan interval of 2.1 years.
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used to determine the effects of age on ERC and hippocam-
pal atrophy rates. In order to reduce the confounding effects
of subcortical vascular disease and hypertension on atro-
phy rates, we initially analyzed data from only CN subjects
without lacunes and hypertension in the linear model. Subse-
quently, the presence or absence of subcortical lacunes, base-
line WMH volume, APOE &4 status, and presence or absence
of hypertension were added to the linear model to evaluate the
contribution of these additional factors to increased atrophy
rates with aging. An analysis of variance (ANOVA) analysis
was used to test the different effects of aging on ERC and
hippocampal atrophy rates. The level of significance was set
at p<0.05.

3. Results

3.1. Effect of normal aging on atrophy rates of ERC and
hippocampus

Fig. 2 shows ERC and hippocampal atrophy rates as a
function of age in 27 CN subjects without lacunes and hyper-
tension. ERC atrophy rate significantly increased with age by
0.04 +0.02% per year (r=0.38, p<0.05). After accounting
for baseline WMH volume and APOE &4 status, the rela-
tionship between atrophy rate of ERC and age reduced to a
trend (p=0.06); however, both baseline WMH volume and
APOE &4 status did not significantly contribute (F-tests, both
p>0.1) to increased atrophy rate of ERC. Therefore, the sim-
pler model directly relating atrophy rate of ERC to age was
chosen to estimate variations of atrophy rate of ERC with age.
Similarly, hippocampal atrophy rate also increased signifi-
cantly with age by 0.05 + 0.02% per year (r=0.47, p <0.05).
After accounting for baseline WMH volume and APOE &4
status, the relationship between hippocampal atrophy rate and
age remained significant (p <0.05). Neither baseline WMH
volume nor APOE &4 status contributed significantly to
increased atrophy rate of hippocampus (all p >0.1). Atrophy

4

A ERC
—— R=0.15,p<0.05 A
3 O Hippocampus o A
—— R’=0.22.p<0.05 o o)

Atrophy Rate [%/yr]

'
S5}

60 65 70 75 80 85
Age [yrs]
Fig. 2. The relationship of atrophy rates of entorhinal cortex (ERC) and

hippocampus and age in cognitively normal subjects without lacunes and
hypertension.

rates of ERC and hippocampus were significantly correlated
with each other (r=0.54, p<0.01) in the subjects without
lacunes. There was no significant difference (paired #-test,
p>0.5) between atrophy rates of ERC and hippocampus;
furthermore, there was no significant difference in the rela-
tionships between hippocampal and ERC atrophy rates and
age (F150=0.2, p>0.5). Based on the current sample size,
however, there was virtually no power to detect significant
differences of atrophy rates between ERC and hippocampus
in relation to age. In addition, atrophy rates of both ERC and
hippocampus were not related to baseline total brain tissue
(both p>0.2). In contrast to atrophy rates of the ERC and hip-
pocampus, baseline volumes of the ERC and hippocampus
were not significantly related (both p >0.5) to age. Similar to
volumes at baseline, there was no significant cross-sectional
correlation between volumes of the ERC or hippocampus and
age at follow-up (both p>0.1).

3.2. Effect of other confounding factors on atrophy rates
of ERC and hippocampus

In order to explore the extent to which atrophy rates of
ERC and hippocampus in CN subjects were related to pres-
ence of lacunes, baseline WMH volume, APOE &4 status
and presence of hypertension in addition to age, all subjects
were combined in a larger linear model analysis. Atrophy
rate of hippocampus was positively related with presence of
lacunes (p<0.05) in addition to age, suggesting that atro-
phy rate of hippocampus increases with presence of lacunes.
After corrected for the age effect, atrophy rates of hippocam-
pus was 1.0 £ 0.9% per year in subjects without lacunes and
2.0£0.9% per year in subjects with lacunes. In contrast
to the hippocampus, atrophy rate of ERC did not increase
with presence of lacunes (p >0.3). Atrophy rate of ERC was
1.0£0.8% per year in subjects without lacunes and only
1.1 +£1.4% per year in the subjects with lacunes after cor-
rected for the age effect. The minimum difference in ERC
atrophy rate between subjects with and without lacunes that
could be detected with this sample size at 80% statistical
power was 8% per year (a=0.05). Furthermore, atrophy
rates of ERC were no longer related to age (p>0.05) after
accounting for lacunes. WMH volumes, APOE &4 status and
hypertension had no significant effect on atrophy rates of
ERC and hippocampus (all p >0.1) independent of age. Con-
sidering that the number of subjects who had each secondary
condition (the presence of lacunes, APOE &4 or hyperten-
sion) was small, the analyses were repeated by successively
removing subjects with the various conditions. The results
remained the same. Fig. 3 shows atrophy rates of ERC and
hippocampus in CN subjects with and without lacunes, after
accounting for age. In contrast to atrophy rates of ERC
and hippocampus, baseline volumes of both ERC and hip-
pocampus were not significantly related (both p>0.4) to
presence of lacunes. Furthermore, no significant relationship
was found between volumes of the ERC and hippocampus
and baseline WMH volumes, APOE &4 status and hyperten-
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Fig. 3. Atrophy rates of entorhinal cortex (ERC) and hippocampus in cog-
nitively normal subjects with (O) and without (@) lacunes after correcting
for age.

sion (all p>0.3). In order to explore whether atrophy rates
of ERC and hippocampus were related with cognitive func-
tion, measured with MMSE and DLR scores, all subjects
were combined. Atrophy rates of ERC or hippocampus were
not related to baseline MMSE scores or annual decline of
MMSE scores (both p > 0.3). In contrast, baseline DLR scores
were negatively related to atrophy rates of ERC (p <0.01) and
marginally negatively related to atrophy rates of hippocam-
pus (p=0.08). When conditioned for presence/absence of
lacunes, the relation between atrophy rate of ERC and DLR
scores remained (p <0.01) while the relation between atro-
phy rate of hippocampus and DLR score no longer existed
(»>0.2). In contrast to DLR at baseline, annual changes of
DLR scores were not related to atrophy rates of ERC and
hippocampus (both p>0.3).

4. Discussion

The main findings of this study were: (1) age was asso-
ciated with increased ERC and hippocampal atrophy rates;
(2) atrophy rate of hippocampus, but not atrophy rate of ERC
increased with presence of lacunes; (3) WMH, APOE &4 and
hypertension had no effect on atrophy rates of ERC and hip-
pocampus.

The first finding was that ERC and hippocampal atro-
phy rates increased with increasing age in normal controls.
Memory impairment is a prominent symptom of AD. More-
over, the ERC and hippocampus are both critical structures in
the medial temporal lobe system that supports memory [51].
Thus, atrophy of the ERC and hippocampus could poten-
tially be useful in predicting the future onset of dementia
[22,27,43], and it will be important to know how normal
aging affects these structures. For purposes of early detec-
tion, atrophy of a structure that is least affected by normal
aging will have more utility than atrophy of a structure more
greatly affected by normal aging. Over the last decade, mod-
ern stereological techniques to quantify the neuronal number
suggested that there is minimal age-associated neuronal loss

in the entorhinal cortex [19,40], but significant age-associated
neuronal loss in hippocampal subiculum and CA1 [49,54,55].
Therefore, our finding that the rate of hippocampal atrophy
is associated with age is consistent with these autopsy stud-
ies [49,54,55]. However, we also found that rate of ERC
atrophy was increased with age, which contrasts with stere-
ological evidence of minimal age-associated neuronal loss
[19,40]. This may be due to the fact that structural MRI
reflects the volume of all types of tissue, while stereolog-
ical techniques quantify the neuronal number in the ERC.
Raz and co-workers reported no relationship between age
and ERC atrophy rates for subjects from age 26 to 82 years
old [41,42], whereas our study included only 58-87 years
old subjects. It is possible that rates of ERC atrophy increase
disproportionately with age, which may explain the differ-
ent findings. Furthermore, in our analysis of age effects, we
excluded subjects with lacunes and hypertension that could
have confounding effects. When subjects with lacunes and
hypertension were included, we found that ERC atrophy rate
was no longer related to age, similar to the report of Raz et
al. [41,42]. In this study, we found that atrophy rates of ERC
and hippocampus correlated with each other, suggests that
common mechanisms, likely age, were driving the changes
in ERC and hippocampus in CN elderly.

There are numerous imaging studies concerning the
effects of age on brain structure [5,25,38,41,42,44,47,52],
but most of them are cross-sectional studies [5,25,38,47,52].
Several cross-sectional studies, but not all found hippocam-
pal volume decreases with age [5,25,38,47]. However, an
aging effect is difficult to be determined in cross-sectional
studies, because the volumes at baseline in individual sub-
jects remain an unknown confound. In contrast, longitudinal
studies can eliminate the baseline volume as a confounding
factor. In this study, we performed both cross-sectional and
longitudinal analyses in the same 27 elderly subjects from 58
to 87 years old and found a significant longitudinal, but not
cross-sectional aging effect on hippocampal atrophy. This
suggests that the longitudinal study may be more sensitive
than the cross-sectional study to detect the aging effect on
brain structure change.

The second finding was that atrophy rate of hippocam-
pus, but not atrophy rate of ERC increased with presence of
lacunes. This finding is consistent with previous human and
animal studies showing that the hippocampus is selectively
vulnerable to ischemia/hypoxia [4,29,30]. Furthermore, since
an effect of lacunes on the rate of ERC atrophy was not
detectable, our finding suggests that ERC atrophy rate may
be more specific for AD pathology than hippocampal atro-
phy rate. However, AD patients have often co-existing cere-
brovascular pathology, and further, AD and cerebrovascular
disease may have an additional or even synergetic effect
on dementia development [37,58]. Effect of lacunes on hip-
pocampal atrophy rate but not ERC atrophy rate suggests that
hippocampal atrophy rate may be a better marker for predict-
ing the onset of dementia in subjects with cerebrovascular
diseases than ERC atrophy rate. Furthermore, it may pro-
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vide a possibility to separate AD pathology from concomitant
vascular pathology leading to dementia. However, more data
are needed to further explore this possibility. Lacunes have
been shown to be a significant risk factor for dementia and
cognitive impairment [53]. In this study, we found greater
hippocampal atrophy rates in CN subjects with lacunes than
those without lacunes, which suggests that lacunes may accel-
erate the deterioration of brain reserve in CN subjects before
cognitive decline becomes apparent. This may explain at least
in part why subjects with lacunes are at increased risk for AD
[53]. In contrast to lacunes, there were no significant relation-
ships between WMH and atrophy rate of ERC or hippocam-
pus. Lacunes are small, deep cerebral infarcts attributed from
microatheroma, lipohyalinosis and emboli [ 16]; however, the
cause of age-related WMH remains uncertain. Histological
study showed that some of age-related WMH were not asso-
ciated with ischemia [14] and therefore may not be a specific
marker for generalized cerebrovascular disease. In addition,
we did not find a relationship between hypertension and atro-
phy rate of ERC or hippocampus.

Previous reports concerning effects of APOE &4 on hip-
pocampal atrophy from cross-sectional MRI are quite vari-
able [23,33,39,45]. The longitudinal MRI study by Cohen
et al. showed that atrophy rate of hippocampus was higher
in CN subjects with APOE &4 than those without APOE &4
[6]. However, in the current longitudinal MRI study, we did
not find a significant relationship between APOE &4 status
and increased hippocampal atrophy rate in CN. Further, we
did not find a significant relationship between APOE &4 sta-
tus and increased ERC atrophy rate. Differences in subject
demographics may partially explain the discrepant findings.
Subjects without APOE &4 in the longitudinal MRI study by
Cohen et al. were 60.6 £ 10.2 years old and subjects with
APOE &4 were 55.1 £ 6.0 years old [6]. In contrast, subjects
in the present study were much older (i.e., CN without APOE
e4: 73.6+7.6 years old; CN with APOE &4: 73.4+6.4
years old). Previous cross-sectional MRI studies suggest that
APOE &4 only affect hippocampal volume loss in subjects
who are younger than 70 years old [23,33]. Thus, the effects
of APOE &4 on ERC and hippocampal atrophy rates may be
modulated by age.

Studies on the effects of normal aging on brain struc-
tures are very influenced by sample selection. One problem
is to distinguish the effects of normal aging per se from the
age-associated disease. In this study, we have attempted to
determine the effect of normal aging on atrophy rates of ERC
or hippocampus, separately from age-associated disease pro-
cesses, such as lacunes, WMH, or hypertension in a highly
selected elderly population who had —based on clinical exam-
inations — no diseases, normal cognition and no cognitive
decline at follow-up over more than 3 years as well as no
neuropathological lesions on MRI except WMH. Therefore,
our finding should truly reflect the effect of normal aging on
ERC and hippocampal atrophy. However, despite our efforts,
there still remains the possibility that the development of pre-
clinical AD, cerebrovascular disease, or other age-associated

disease processes may be, in part, responsible for our find-
ings. In this study, we assumed that the increase of atrophy
rate of ERC and hippocampus with age was linear, but this
may not be the case. Rodrigue and Raz found a quadratic
relationship between atrophy rate of hippocampus and age in
a group of CN subjects from 26 to 82 years old [42]. Adding a
quadratic term for age in this study, however, made no signif-
icant contribution. The different findings between this study
and that by Rodrigue et al. may be related to the fact that
age range in our study was limited from 58 to 87 years old,
while atrophy rate of hippocampus starts to increase in sub-
jects who are around 40 years old, as shown by Rodrigue et
al. Although we found a significant effect of lacunes on atro-
phy rate of hippocampus, it has to be aware that lacunes were
not confirmed by pathological evaluation but merely by their
morphological appearance and signal intensity on MRI data.
In addition, the small number of subjects, who had lacunes
in each subcortical location, prevented a rigorous analy-
sis of an association between lacunar location and atrophy
rates.

In summary, our results suggest that both ERC and hip-
pocampal atrophy rates increase with increasing age and
presence of lacunes increase atrophy rate of hippocampus in
CN subjects. Therefore, age and presence of lacunes should
be considered in the analysis of longitudinal MRI studies for
early diagnosis and treatment assessment of AD.
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