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bstract

In the present study, as part of a more extensive longitudinal investigation of the in vivo anatomical markers of early and incipient AD in
ur laboratory, three groups of elderly participants were followed with yearly clinical evaluations and high resolution MRI scans over a 6-year
eriod (baseline and 5 years of follow-up). At baseline, participants consisted of: (1) 35 old subjects with no cognitive impairment (controls);
2) 33 participants with amnestic mild cognitive impairment (MCI); and (3) 14 patients with very mild AD. 11 participants with amnestic

CI received a diagnosis of AD over the follow-up period and 9 controls declined in cognitive function. T1 weighted MRI scans were
cquired using a 3D SPGR pulse sequence. At baseline, both the amnestic MCI and mild AD groups differed from the controls in hippocampal
nd entorhinal cortex volume, but not from each other. Longitudinal analyses showed that the rate of atrophy of the entorhinal cortex and

ippocampus for the stable controls differed significantly from MCI participants who converted to AD and the AD groups. Furthermore,
ongitudinal decreases in hippocampal and entorhinal volume were related to longitudinal decline in declarative memory performance. These
ndings suggest that the rate of atrophy of mesial temporal lobe structures can differentiate healthy from pathological aging.
2008 Elsevier Inc. All rights reserved.
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. Introduction

Clinically, one of the hallmarks of Alzheimer’s disease
AD) during its initial stages is a disturbance of memory,
specially characterized by difficulty in the acquisition of new
nformation about events and things (declarative knowledge).
he nature of this mnemonic dysfunction seems to be similar

o that seen with bilateral lesions, dysfunction or disconnec-
ion of the hippocampal formation (HF) and related structures
Squire and Zola-Morgan, 1991; Young et al., 1997), thus

mplicating the pathophysiological disruption of this neural
ystem in early AD. The entorhinal cortex (EC) and HF are
art of the mesial temporal lobe memory system; the EC
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onnects the neocortex with the HF via the perforant path,
hereby providing the latter with multi-modal information. It
s not surprising, therefore, that these mesial temporal lobe
egions have received special attention in both post mortem
nd in vivo investigations on the pathophysiology of AD.

Structural magnetic resonance imaging (MRI) techniques
rovide a tool for examining alterations in brain anatomy in
ivo and for tracking the anatomical sequence of alterations,
s well as rate of change longitudinally. Atrophy of the HF
as been well documented in patients with AD using both
uantitative (deToledo-Morrell et al., 1997, 2000a,b, 2004;
ickerson et al., 2001; Du et al., 2001; Jack et al., 1992, 1997,
998; Juottonen et al., 1999; Kesslak et al., 1991; Killiany et
l., 1993; Köhler et al., 1998; Laakso et al., 1998; Petersen

t al., 2000; Seab et al., 1988; Xu et al., 2000) and semi-
uantitative (de Leon et al., 1997) MRI analyses. In particular,
hose studies that evaluated patients with very mild AD have
hown that significant hippocampal atrophy can be detected

mailto:ldetoled@rush.edu
dx.doi.org/10.1016/j.neurobiolaging.2008.08.003
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ery early in the disease process (deToledo-Morrell et al.,
997, 2000a,b, 2004; Killiany et al., 1993; Xu et al., 2000).

In addition to patients with mild AD, there is now
ncreased interest in studying elderly individuals who are
t high risk for developing AD (Apostolova et al., 2006;
owen et al., 1997; Convit et al., 1997; de Leon et al.,
996; deToledo-Morrell et al., 2004; Devanand et al., 2007;
ickerson et al., 2001; Jack et al., 2005; Killiany et al., 2000,
002; Stoub et al., 2005) in order to identify anatomical
hanges that precede a clinical diagnosis and to develop sen-
itive in vivo neurobiological markers of the disease. One
uch group consists of those patients who have cognitive
omplaints, cognitive impairment, or both, but who do not
eet diagnostic criteria for dementia. Such groups are of

pecial interest, since they provide valuable information on
he transitional state between normal aging and dementia,
lthough definitions and designations of this subgroup have
aried (e.g., age associated memory impairment, Crook and
arabee, 1988; mild cognitive impairment, Petersen, 2000;
etersen et al., 1999).

Among the MRI studies that have examined the volumes
f mesial temporal lobe structures in patients with mild cogni-
ive impairment (MCI) or cognitive complaints, the majority
ave reported hippocampal atrophy (Convit et al., 1997; de
eon et al., 1996; Devanand et al., 2007; Dickerson et al.,
001; Du et al., 2001; Jack et al., 1999; Juottonen et al.,
999; Killiany et al., 2002; Xu et al., 2000), although a few
ave not (Laakso et al., 1998; Soininen et al., 1994).

Post mortem pathological studies have implicated the EC
nd the transentorhinal region as early sites of involvement
n AD and in individuals with MCI (Braak and Braak, 1991,
995; Braak et al., 1998; Gomez-Isla et al., 1996; Hyman et
l., 1984; Kordower et al., 2001; Mufson et al., 1999; Van
oesen et al., 1991). Furthermore, Braak and his colleagues
ave suggested that early AD related pathology may start in
he EC and the transentorhinal region and then spread to the
F (Braak and Braak, 1991, 1995; Braak et al., 1998).
With the development of MRI-based protocols for seg-

enting the EC (Bobinski et al., 1999; Goncharova et al.,
001; Insausti et al., 1998), interest in quantifying the volume
f this structure, in vivo, in patients with AD and in those at
isk for developing AD has increased (Cardenas et al., 2002;
eToledo-Morrell et al., 2000b, 2004; Devanand et al., 2007;
ickerson et al., 2001; Du et al., 2001, 2003, 2004; Juottonen

t al., 1998, 1999; Killiany et al., 2002; Stoub et al., 2005;
u et al., 2000). A number of studies have now demonstrated

hat there is significant atrophy of the EC in patients with
D (Bobinski et al., 1999; Cardenas et al., 2002; deToledo-
orrell et al., 2000b; Devanand et al., 2007; Dickerson et

l., 2001; Du et al., 2001, 2003, 2004; Juottonen et al., 1998;
u et al., 2000) and in those with incipient AD (deToledo-
orrell et al., 2000b, 2004; Devanand et al., 2007; Dickerson
t al., 2001; Du et al., 2001; Killiany et al., 2000, 2002; Stoub
t al., 2005; Xu et al., 2000).

Recently, there has been a great deal of interest in longitu-
inal MRI studies in patients with AD compared to controls
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i
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nd in those at risk for AD (Cardenas et al., 2002; Convit
t al., 1997; Du et al., 2004; Jack et al., 2000, 2004, 2005;
offat et al., 2000; Stoub et al., 2005), in order to develop
RI markers that can be used as surrogate endpoints to assess

nd monitor the efficacy of pharmacological interventions.
ongitudinal studies that measured the volumes of the hip-
ocampus and entorhinal cortex have shown the annual rate
f atrophy of both structures to be greater in patients with AD
nd in those at risk of AD compared to healthy elderly con-
rols (Cardenas et al., 2002; Du et al., 2003, 2004; Jack et al.,
000, 2004, 2005). In addition, rate of mesial temporal lobe
trophy was found to be predictive of future cognitive decline
mong healthy elderly individuals without cognitive impair-
ent (Kaye et al., 1997; Rodrigue and Raz, 2004; Rusinek

t al., 2003). However, many of the longitudinal MRI stud-
es cited above used scans from two time points separated by
–5 years for determining rate of atrophy, rather than multiple
erial scans.

The present investigation was undertaken to assess the
ates of atrophy of the entorhinal cortex and hippocampus
n participants with amnestic MCI who are at high risk of
eveloping AD (Petersen et al., 1999) and in patients with
ery mild AD at entry into the study, compared to cogni-
ively stable elderly controls. Rate of atrophy for regions of
nterest was derived from yearly scans spanning a period of
years (i.e., baseline and 5 years of follow-up). In addition,
e investigated the relation of rates of atrophy in the EC

nd hippocampus to decline in declarative memory function
ssessed yearly over the 5-year follow-up period.

. Materials and methods

.1. Subjects

Baseline data reported here were obtained from the follow-
ng three groups of participants: (1) 35 elderly normal control
ubjects with no cognitive impairment during the baseline
valuation (NCI); (2) 33 patients diagnosed with amnestic
CI at entry into the study; and (3) 14 patients diagnosed
ith mild probable AD. Participants were followed with
early clinical evaluations and high resolution MRI scans
or a 5-year period (baseline plus five follow-up scans). All
articipants were recruited from the Rush Alzheimer’s Dis-
ase Center (RADC; Chicago, IL) clinic, the Religious Order
tudy (ROS), a longitudinal, clinico-pathologic investigation
f aging and AD in older nuns, priests and brothers (Bennett
t al., 2002; Kordower et al., 2001; Mufson et al., 1999),
r the Rush Memory and Aging Project (MAP), a separate
ongitudinal clinicopathologic investigation of aging and AD
Bennett et al., 2005). It is important to note that, individu-
ls who came to the clinic for a work-up, but did not show

ny cognitive impairment were not recruited as controls; the
atter were recruited from the community, the ROS or MAP.

Four of the 33 original individuals with MCI did not partic-
pate in follow-up imaging visits due to death, implantation
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f a pacemaker that prohibited further MRI examinations
nd relocation to another part of the country. Therefore, the
ongitudinal analyses included 78 subjects. Of the 35 sub-
ects with NCI at baseline, 9 declined in cognitive status to

CI or AD over the 5-year follow-up period. Also, 11 of
he 29 individuals with amnestic MCI followed longitudi-
ally developed AD (MCI-AD). Therefore, the longitudinal
nalyses described below included the following 5 groups:
6 stable NCI (NCI-S), 9 declining NCI (NCI-D), 18 stable
CI (MCI-S), 11 MCI-AD and 14 very mild AD cases at

ntry.

.2. Clinical work-up

All evaluations were carried out by the Rush Alzheimer’s
isease Center (RADC, Chicago, IL) as previously described

deToledo-Morrell et al., 1997; Wilson et al., 1996). Briefly,
he evaluation, which was given to all participants in the
tudy, incorporated the Consortium to Establish a Reg-
stry for Alzheimer’s Disease (CERAD, Morris et al., 1989)
rocedures and included a medical history, neurological
xamination, neuropsychological testing, informant inter-
iew and blood tests.

The clinical diagnosis of probable AD followed
INCDS/ADRDA guidelines (McKhann et al., 1984); it

equired a history of cognitive decline and neuropsycholog-
cal test evidence of impairment in at least two cognitive
omains, one of which had to be memory.

Participants diagnosed with amnestic MCI underwent the
ame standard clinical evaluation as patients with AD, were
ound to have a deficit in memory only, but did not meet
riteria for dementia, as previously described (Bennett et al.,
002). Exclusion criteria for both patients with mild probable
D and amnestic MCI were evidence of other neurologic,
sychiatric or systemic conditions that could cause cogni-
ive impairment (e.g., stroke, alcoholism, major depression,
history of temporal lobe epilepsy).

Selection as an elderly control subject required a normal
eurological examination, normal cognition as determined
y performance on neuropsychological tests, an MMSE
Folstein et al., 1975) score ≥27. Exclusion criteria for the
ontrols were the same as those used for the AD and MCI
roups.

Informed consent was obtained from all participants
ccording to the rules of the Human Investigation Committee
f Rush University Medical Center.

.3. Acquisition and quantitation of MRI data

All MR images were acquired on a 1.5 T General Elec-
ric Signa scanner using the manufacturer’s 3D Fourier
ransform spoiled gradient recalled echo (SPGR) pulse

equence with the following parameters: 124 contigu-
us, 1.6 mm thick images were acquired in the coronal
lane, acquisition matrix = 256 × 192, field of view = 22 cm,
R/TE = 33.3/7 ms, flip angle = 35◦, signals averaged = 1. All

(
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a
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cans, both at entry into the study and longitudinally, were
arried out with the same scanner.

The Analyze software package (Mayo Clinic Foundation,
ochester, MN) was used for determining the volumes of

egions of interest, as well as for the co-registration of sequen-
ial scans. Co-registration modules within Analyze correct
or possible differences in scaling due to variations in voxel
imensions that may be caused by software upgrades. Both
he EC and the HF were manually segmented as described
elow. To correct for individual differences in brain size,
ntorhinal and hippocampal volumes were divided by total
ntracranial volume derived from sagittally formatted 5 mm
lices (i.e., normalized). To compute intracranial volume, the
nner table of the cranium was traced in consecutive sagittal
ections spanning the entire brain. At the level of the foramen
agnum, a straight line was drawn from the inner surface

f the clivus to the occipital bone. Normalized volume for
rain regions of interest was determined using the formula:
bsolute volume in mm3/intracranial volume in mm3 × 1000.
ntracranial volume derived from the baseline scan was used
or normalizing regions of interest derived from the baseline,
s well as follow-up scans.

EC volume was quantified with the use of a protocol devel-
ped and validated in our laboratory, technical details of
hich and validation procedures are presented in Goncharova

t al. (2001). The advantage of this protocol is that EC vol-
me is measured from the same oblique coronal sections most
ommonly used for hippocampal volumetry to avoid overes-
imation of one of these two adjacent structures at the expense
f the other.

Briefly, both entorhinal and hippocampal volumes were
omputed separately for the right and left hemispheres from
oronal slices reformatted to be perpendicular to the long axis
f the HF. For the EC, tracing began with the first section
n which the gyrus ambiens, amygdala and the white mat-
er of the parahippocampal gyrus first appeared visible. The
uperomedial border in rostral sections was the sulcus semi-
nnularis and in caudal sections the subiculum. The shoulder
f the collateral sulcus was used as the lateral border. The
atter is a somewhat conservative criterion that allowed con-
istency in tracings and avoided the use of different lateral
orders depending on individual differences in the depth of
he collateral sulcus (see, for example, Insausti et al., 1998).
he lateral border was constructed by drawing a straight line

rom the most inferior point of the white matter to the most
nferior tip of the gray matter. The last section measured
as three 1.6 mm sections rostral to the image in which

he lateral geniculate nucleus first appeared visible. In the
ajority of cases, tracings were carried out on 12–16 sec-

ions.
The protocol and validation procedures used for quan-

ifying hippocampal volume were published previously

deToledo-Morrell et al., 1997; Wilson et al., 1996). Trac-
ngs of the HF started with the first section where it could
e clearly differentiated from the amygdala by the alveus
nd included the fimbria, dentate gyrus, the hippocam-
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Fig. 1. A single coronal slice illustrating the segmentation of the entorhinal
cortex (right hand side of the image) and the hippocampal formation (left
h
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and side of the image). The right hand side of the image corresponds to the
eft hemisphere and vice versa.

us proper and the subiculum. Tracings continued on all
onsecutive images until the slice before the full appear-
nce of the fornix. In the majority of cases, hippocampal
olume measurements were obtained from 22 to 26 sec-
ions.

Fig. 1 shows sample tracings of both the EC and the HF on
single MR image. All tracings were carried out by TRS and
JR (who were trained to be within 95% of each other and
f LdeT-M) and were checked, slice-by-slice, by LdeT-M.
nter and intra-rater correlation coefficients for TRS, based
n a sample of 10, were 0.97 and 0.97, respectively, for the
F and 0.99 and 0.99, respectively, for the EC. The same

orrelations for EJR were 0.96 and 0.96, respectively, for the
F and 0.98 and 0.96, respectively, for the EC. Investiga-

ors involved in the MRI analyses were blinded to clinical
nformation until all volumetric determinations were com-
leted.

All baseline tracings were carried out first and informa-
ion concerning slice location and angle were saved. All
ubsequent scans were co-registered to the baseline scan
nd analyzed in a random fashion so that the person car-
ying out tracings of regions of interest was blinded to
he date of the scan. Follow-up scans were reformatted
nd cut according to the information saved from the base-
ine scan. Because of co-registration procedures used, any
pecial positioning of the head in the scanner was not neces-
ary.

.4. Declarative memory testing

The declarative memory tests administered to all par-
icipants and used to define a memory deficit consisted of

mmediate and delayed recall of the East Boston Story (Albert
t al., 1991) and of Story A from the Logical Memory of
he Wechsler memory scale–Revised (Wechsler, 1987). An
dditional test involved the learning and retention of a 10-
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ord list from the CERAD battery (Morris et al., 1989). The
hree scores for this test included Word List Memory (the
otal number of words immediately recalled after each of
hree consecutive presentations of the list), Word List Recall
the number of words recalled after a delay) and Word List
ecognition (the number of words correctly recognized in
four-alternative, forced-choice format, administered after
ord List Recall).

.5. Statistical analyses

For cross-sectional analyses at baseline, group differences
ere assessed using separate one-way analyses of variance

ANOVA) followed by post hoc comparisons (Scheffé). Lon-
itudinal MRI data were analyzed using separate mixed mod-
ls for each anatomical region of interest with fixed effects
or intercept and slope for each diagnostic group and random
ffects for intercept and slope within a given group (Brown
nd Prescott, 1999). The advantage of this model is that it
eeps individual baseline values constant while allowing time
o vary. Since within person linear terms explained over 99%
f the variation in both entorhinal and hippocampal volumes,
e did not employ models with slopes changing over time.
ur modeling approach accommodates all missing data.
To assess the relationship between changes in mesial

emporal lobe structures and memory performance, sum-
ary scores were calculated for combined performance on

eclarative memory tests by standardizing each of the seven
eclarative memory scores. We used the means and standard
eviations of each test from the baseline visits of the first
ave of 86 participants entered into our ongoing longitudi-
al project and averaged the standardized values to obtain
memory z-score. In addition, a summary score for com-

ined entorhinal and hippocampal volumes was computed
y averaging the standardized normalized total entorhinal
nd hippocampal volumes. The relation between changes in
esial temporal lobe structures and alterations in memory

unction over time were assessed using mixed models with
emory function as response. These models included fixed

ffects for intercept and for coefficient of time for each diag-
ostic group and random effects for intercept and slope within
given group.

. Results

.1. Demographic comparisons

Demographic and MMSE data at baseline for the three
roups of participants are presented in Table 1. Separate one-
ay ANOVAs showed that the three groups did not differ in

ge or education. There was, however, a significant differ-

nce in MMSE scores [F(2,81) = 36.6, p < 0.001); both the
ery mild AD and amnestic MCI groups differed from the
lderly controls (p < 0.001 for both), as well as from each
ther (p < 0.001) in MMSE.



T.R. Stoub et al. / Neurobiology of A

Table 1
Baseline demographic characteristics of participants

Mild AD MCI NCI

N 14 33 35

Gender
Male 2 14 11
Female 12 19 24

Age (in years)
(Mean ± S.D.) 76 ± 5 81 ± 7 78 ± 5

MMSE
(Mean ± S.D.) 25.1 ± 1.4 26.8 ± 1.9* 28.9 ± 1.0**

Education (in years)

3
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(Mean ± S.D.) 14 ± 3 16 ± 4 16 ± 3

* Significantly different from NCI and AD (p < 0.001).
** Significantly different from MCI and AD (p < 0.001).

.2. Baseline comparisons of brain regions of interest

Mean normalized entorhinal and hippocampal volumes
t baseline for the three groups of participants (control,
mnestic MCI and mild AD) are plotted in Fig. 2A. Group
ifferences in the volumes of the two regions of interest
t baseline were assessed with separate one-way ANOVAs.
hese analyses showed a significant group effect for both

egions of interest [F(2,81) = 13.53, p < 0.001 for the EC and
(2,81) = 15,97, p < 0.001 for the HF]. Post hoc comparisons

ndicated that participants with MCI and mild AD differed
ignificantly from controls in entorhinal and hippocampal
olume (p < 0.001 for both), but not from each other.

Mean normalized EC and HF volumes at baseline for
eople with MCI who developed AD during the follow-up
eriod (MCI-AD), MCI participants who remained stable
ver time (MCI-S) and patients with mild AD compared
o stable and declining controls (NCI-S and NCI-D, respec-
ively) are presented in Fig. 2B. The baseline demographic

ata for these five groups are shown in Table 2. It should be
oted that among the MCI participants who developed AD,
converted to AD during the first follow-up year, 2 during

he second, 2 during the third and 1 each in the fourth and

b
g

f

able 2
aseline demographic characteristics of longitudinally determined groups

Mild AD MCI-AD

14 11

ender
Male 2 3
Female 12 8

ge (in years)
(Mean ± S.D.) 76 ± 5 80 ± 8

MSE
(Mean ± S.D.) 25.1 ± 1.4 25.8 ± 1.5

ducation (in years)
(Mean ± SD) 14 ± 3 17 ± 2

* Significantly different from MCI who converted to AD and those with AD.
** Significantly different from all groups except the declining NCI.
ging 31 (2010) 1089–1098 1093

fth year of follow-up. Differences in the volumes of the EC
nd HF at baseline among the five longitudinally determined
roups were assessed with separate one-way ANOVAs. Once
gain, these analyses showed a significant group effect for
oth regions of interest [F(4,77) = 8.47, p < 0.001 for the EC
nd F(4,77) = 11.61, p < 0.001 for the hippocampus]. With
espect to the EC, post hoc comparisons demonstrated that
oth the MCI cases who converted to AD over time and
eople who entered the study with a diagnosis of mild AD
iffered from the stable controls (p < 0.001 for both), but the
table MCI and MCI-AD cases did not differ from each other.
n contrast, although both the MCI-AD and mild AD groups
iffered from the stable controls in baseline hippocampal vol-
me, unlike the entorhinal cortex, the difference between the
table MCI and the MCI-AD groups also reached significance
p = 0.013). These findings suggest that entorhinal pathology,
s defined by atrophy may already be present in the stable
CI cases; its further spread to the hippocampus and other

ortical regions may be necessary for conversion to AD.

.3. Longitudinal comparisons of brain regions of
nterest

Mean normalized entorhinal and hippocampal volumes at
aseline and over the 5 years of follow-up for the longitu-
inally determined five groups are presented in Fig. 3. The
esults of mixed models used to assess the rate of atrophy
f the entorhinal cortex revealed that the slopes of decline
iffered significantly among all groups [F(4,262) = 18.08,
< 0.0001]. Post hoc comparisons demonstrated that the

lope of decline for the MCI-AD and mild AD groups dif-
ered significantly from the stable control group (p < 0.001
or both), but not from each other. In addition, the slopes
or the declining NCI and the stable MCI groups differed
ignificantly from the slope for the AD group (p < 0.0001

oth comparisons). However, the stable MCI and stable NCI
roups did not differ in slope (p = 0.34).

The slopes of decline for the hippocampus also dif-
ered significantly among all groups [F(4,262) = 24.46,

MCI-S NCI-D NCI-S

18 9 26

8 6 5
10 3 21

82 ± 7 80 ± 4 78 ± 6

27.4 ± 2.0* 28.6 ± 0.9 29.0 ± 1.0**

15 ± 4 15 ± 3 16 ± 3
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Fig. 2. (A) Mean normalized entorhinal and hippocampal volumes (absolute volume in mm3/intracranial volume in mm3 × 1000) at baseline for elderly
control subjects (NCI), patients with amnestic mild cognitive impairment (MCI) and those with very mild AD (A). Panels in (B) show baseline entorhinal an
hippocampal volumes for control participants who remained stable during the follow-up period (NCI-S), controls who declined in cognitive function (NCI-D),
MCI participants who remained stable (MCI-S), people with MCI who received a diagnosis of AD during the follow-up (MCI-AD), and the group that was
d f intere
r S, p < 0.
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iagnosed with mild AD at entry into the study. The values for each region o
epresent the standard error of the mean. *Significantly different from NCI-
ippocampus; ‡significantly different from MCI-S, p = 0.013.

< 0.0001]. Furthermore, the slopes of decline for the NCI-D,
CI-S, MCI-AD and AD groups were significantly different

rom that of the stable control group (p < 0.0001, p = 0.0058,
= 0.0011, and p < 0.0001, respectively). In addition, the

lope of decline for the AD group was significantly differ-
nt from the slopes for the other four groups (p < 0.001 for
ll comparisons).

.4. Relation between longitudinal changes in memory
unction and in mesial temporal lobe structures
The relation between rate of change in combined entorhi-
al and hippocampal volume and rate of change in memory
unction over time is shown in Fig. 4. Data on rates of atro-

r
i
o
p

able 3
ates of atrophy and rate of memory decline for longitudinally determined groups

Mild AD MCI-AD

14 11

ippocampus
Rate of atrophy (mean ± S.E.) −0.1583 ± 0.004 −0.0947 ± 0.004

ntorhinal cortex
Rate of atrophy (mean ± S.E.) −0.0579 ± 0.012 −0.0473 ± 0.011

emory z-score
Rate of decline (mean ± S.E.) −0.1694 ± 0.028 −0.0903 ± 0.029
st are based on the sum of right and left hemisphere volumes. Vertical bars
001; †significantly different from NCI-D, p = 0.03 for EC and p = 0.005 for

hy for the entorhinal cortex and hippocampus, as well as
he rate of memory decline, are presented in Table 3. As
ndicated above, mixed models were fit to the data with
xed effects for intercept and for coefficient of time for
ach diagnostic group and random effects for intercept and
lope within a given group. These models demonstrated
hat rate of change in memory function varied significantly
ith EC + HF volume and its slope of decline [t(262) = 2.42,
< 0.0143 and t(262) = 7.70, p < 0.001, respectively]. When
C and HF volumes were entered into the model sepa-
ately, results demonstrated that baseline EC volume and
ts slope of decline were independent predictors of mem-
ry z-scores [t(262) = 2.71, p < 0.0072 and t(262) = 8.49,
< 0.0001, respectively]. Baseline HF volume and its slope

MCI-S NCI-D NCI-S

18 9 26

−0.0856 ± 0.003 −0.1030 ± 0.004 −0.0592 ± 0.002

−0.0327 ± 0.009 −0.0329 ± 0.010 −0.0272 ± 0.004

0.0149 ± 0.024 −0.0970 ± 0.026 0.0295 ± 0.012
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Fig. 3. Mean normalized entorhinal cortex and hippocampal volumes at baseline an
h
s

F
b
a
t
e
a

and panels). The slopes shown are modeled linear slopes. Vertical bars represent
tarting point was used for all groups to better appreciate differences in slope.

ig. 4. The relation between memory z-scores (vertical axis) and z-scores
ased on normalized entorhinal cortex and hippocampal volumes (horizontal
xis) plotted for each individual participant over time. The arrowhead shows
he direction of time, and points from the baseline exam towards the last
xam for any given participant. The diagnosis at the first and the last exam
re shown as symbols indicated in the legend of the figure.
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t
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w
e
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a
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d over the 5 years of follow-up for the five groups described in Fig. 2B (left
the standard error of the mean. In the right hand panels, the same baseline

f decline were also independent predictors of declarative
emory function [t(262) = 3.29, p < 0.001 and t(262) = 7.41,
< 0.0001, respectively].

. Discussion

The major aim of the present study was to examine
nnual rates of mesial temporal lobe atrophy in relation to
nnual change in memory function in patients diagnosed with
mnestic MCI and very mild AD at baseline, compared to
lderly controls with no cognitive impairment. Since during
he 5-year period of the study some of the controls declined
n cognitive status and some participants with amnestic MCI
eveloped AD, we were further able to examine, for the first
ime, rates of atrophy in MCI converters, MCI participants
ho remained stable and declining controls separately.
Our results demonstrate that at baseline, both participants

ith mild AD and those with amnestic MCI differed in
ntorhinal and hippocampal volume from controls, but not

rom each other. These in vivo findings support the notion that
D-related pathology already exists in people who receive
diagnosis of amnestic MCI and are in line with recent

rguments that MCI may represent early stage AD (Morris,
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006; Morris and Cummings, 2005). This notion is further
upported by baseline MRI findings in our longitudinally
etermined subgroups (see Fig. 2B) which demonstrate that
he initial entorhinal cortex volume in participants with very

ild AD at entry and in those with amnestic MCI who devel-
ped AD over the follow-up period, was very similar and did
ot differ significantly. Since the EC is one of the early sites
f pathological involvement in AD, these results suggest that
ven the initial scan can be indicative of who is at risk of
eveloping AD in the future (see also deToledo-Morrell et
l., 2004 and Stoub et al., 2005).

Although the results reported here for EC volume at base-
ine are very similar to those of a previous publication from
ur laboratory (Dickerson et al., 2001) carried out in older
on-demented people with cognitive complaints, the findings
n hippocampal volume are somewhat different. In our previ-
us study, cognitive complainers showed entorhinal atrophy
ompared to controls, but did not differ from patients with
ery mild AD in EC volume. In contrast, hippocampal volume
n these non-demented participants was significantly smaller
han controls, but larger than that of patients with mild AD.
t is important to note that some of the participants with cog-
itive complaints in the previous study tested within normal
imits on neuropsychological tests which included declara-
ive memory. The amnestic MCI participants in the present
tudy all had documented memory deficits. It is not surpris-
ng, therefore, that they did not differ in either entorhinal or
ippocampal volume from patients with mild AD, since they
ere probably at a later stage in the disease process.
Our longitudinal findings regarding entorhinal and hip-

ocampal rate of atrophy support and extend previous
ndings in the field. In line with previous investigations
Cardenas et al., 2002; Du et al., 2003, 2004; Jack et al.,
998), we found that the rate of atrophy of both the entorhi-
al cortex and hippocampus in patients with mild AD at entry
nto the study was significantly steeper compared to stable
ontrols. Furthermore, based on longitudinally determined
linical decline, we were able to demonstrate that participants
ith amnestic MCI who received a diagnosis of AD over time,
ot only had smaller entorhinal and hippocampal volumes at
aseline compared to stable controls, but also showed faster
ates of atrophy of both structures. Most importantly, these
converters to AD” resembled patients with mild AD with
espect to both baseline volumes and rates of atrophy of the
ntorhinal cortex. With respect to the hippocampus, however,
he slope of decline for the AD group was significantly dif-
erent than that of the MCI-AD. It may very well be that the
ntorhinal cortex, which is a small structure and which is
athologically involved very early in the disease process, is
o affected by the time people have frank AD that it is difficult
o measure increased rate of atrophy in the AD group.

The relation between declarative memory function and

ippocampal volume in patients with AD has been well docu-
ented (deToledo-Morrell et al., 2000a, 2000b; Grundman et

l., 2003; Köhler et al., 1998; Mori et al., 1997; Wilson et al.,
996). However, these studies have, in general, been cross-
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ectional in nature. In the present paper we present results that
racked yearly hippocampal and entorhinal volume change in
elation to memory function determined longitudinally not
nly in participants with AD, but also in people who entered
he study as amnestic MCI or controls with no cognitive
mpairment. These results clearly demonstrate a very strong
elation between changes in memory function and hippocam-
al volume, as well as entorhinal cortex volume. Inspection
f Fig. 4 indicates that stable controls showed some slight
mprovement in memory function over time. This is not sur-
rising since there is some “learning to learn” effect during
ognitive testing. What is of importance, however, is the fact
hat those declining in cognitive function did not benefit from
his effect.

In summary, the findings presented in this paper suggest
hat atrophy in critical brain regions known to be pathologi-
ally involved very early in AD can differentiate healthy from
athological aging. Although even the baseline entorhinal
nd hippocampal volumes were indicative of MCI partici-
ants who would in the future receive a diagnosis of AD,
ongitudinal rate of atrophy measures seemed to be better at
iscriminating declining groups from stable controls. Thus,
n vivo MRI-derived anatomical changes that are predictive of
D, as described in the present paper, could aid in the devel-
pment and application of preventative therapeutic strategies.
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