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bstract

The volume of parcellated cortical regions is a composite measure related to both thickness and surface area. It is not clear whether
olumetric decreases in medial temporal lobe (MTL) cortical regions in aging and Alzheimer’s disease (AD) are due to thinning, loss of
urface area, or both, nor is it clear whether aging and AD differ in their effects on these properties. Participants included 28 Younger Normals,
7 Older Normals, and 29 patients with mild AD. T1-weighted MRI data were analyzed using a novel semi-automated protocol (presented
n a companion article) to delineate the boundaries of entorhinal (ERC), perirhinal (PRC), and posterior parahippocampal (PPHC) cortical
egions and calculate their mean thickness, surface area, and volume. Compared to Younger Normals, Older Normals demonstrated moderately
educed ERC and PPHC volumes, which were due primarily to reduced surface area. In contrast, the expected AD-related reduction in ERC
olume was produced by a large reduction in thickness with minimal additional effect (beyond that of aging) on surface area. PRC and PPHC
lso showed large AD-related reductions in thickness. Of all these MTL morphometric measures, ERC and PRC thinning were the best
redictors of poorer episodic memory performance in AD. Although the volumes of MTL cortical regions may decrease with both aging and

D, thickness is relatively preserved in normal aging, while even in its mild clinical stage, AD is associated with a large degree of thinning
f MTL cortex. These differential morphometric effects of aging and AD may reflect distinct biologic processes and ultimately may provide
nsights into the anatomic substrates of change in memory-related functions of MTL cortex.

2007 Elsevier Inc. All rights reserved.
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. Introduction
Please cite this article in press as: Dickerson, B.C., et al., Differential e
cortical thickness and surface area, Neurobiol Aging (2007), doi:10.101

The cortex of the medial temporal lobe subserves fun-
amental mnemonic functions, providing critical input from
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eteromodal association cortices to the hippocampal forma-
ion and receiving reciprocal afferents from the hippocampal
ormation (Van Hoesen and Pandya, 1975a,b; Van Hoesen
t al., 1975). Medial temporal cortex can be subdivided
nto entorhinal, perirhinal, and posterior parahippocampal
egions, based on distinct cytoarchitectural features (Insausti
ffects of aging and Alzheimer’s disease on medial temporal lobe
6/j.neurobiolaging.2007.07.022

t al., 1995; Van Hoesen, 1997). These features have been
inked with macroscopic landmarks, such that the identifica-
ion of landmarks in high-resolution MRI data can be used
o define MTL regional boundaries (Insausti et al., 1998;

dx.doi.org/10.1016/j.neurobiolaging.2007.07.022
mailto:bradd@nmr.mgh.harvard.edu
dx.doi.org/10.1016/j.neurobiolaging.2007.07.022
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obinski et al., 1999; Goncharova et al., 2001). Although
oundaries defined by macroscopic anatomical features do
ot correspond perfectly to microscopic histologic subdivi-
ions (Amunts et al., 2005), this approach has been useful in
he in vivo measurement of entorhinal atrophy in early clinical
nd incipient phases of Alzheimer’s disease (AD) (Killiany
t al., 2000; Xu et al., 2000; de Leon et al., 2001; Dickerson
t al., 2001; Du et al., 2001).

The entorhinal and perirhinal cortices are devastated by
eurofibrillary pathology and cell loss very early in the course
f AD (Hyman et al., 1984; Braak and Braak, 1991; Price et
l., 1991; Gomez-Isla et al., 1996; Van Hoesen et al., 2000;
ordower et al., 2001). The posterior parahippocampal cor-

ex caudal to these regions appears to be less affected, and
emonstrates pathologic change in somewhat more advanced
tages of the disease. It is less clear whether and how medial
emporal cortical regions are affected by the normal aging
rocess: although neurofibrillary pathology is more common
n these regions in normal older adults, there appears to be
o age-related neuronal loss (Price et al., 2001; von Gunten
t al., 2005).

Over nearly the past decade, MRI techniques to measure
ntorhinal cortical volume have been developed (Insausti et
l., 1998; Bobinski et al., 1999; Goncharova et al., 2001)
nd have revealed – in living individuals – reduced volume
n early AD and mild cognitive impairment (Killiany et al.,
000; Xu et al., 2000; de Leon et al., 2001; Dickerson et al.,
001; Du et al., 2001). In addition, age-related loss of entorhi-
al volume has been reported (Du et al., 2006). Yet, as with the
ntire cortical mantle, the volume of specific bounded regions
s related directly to both the thickness of the cortical region
nd its surface area, but neither of these elements of medial
emporal cortical anatomy has yet been studied in aging or
D. Thus, it is not clear whether age-related and AD-related

ntorhinal volume loss result from similar changes in thick-
ess and surface area, or whether distinct processes might
e revealed within these component measures. Furthermore,
ittle investigation of the perirhinal and posterior parahip-
ocampal cortical regions has been reported (Insausti et al.,
998; Pruessner et al., 2002).

We undertook this study to determine whether AD is
ssociated with morphometric alterations within the medial
emporal cortex that are distinct from normal aging. We
eveloped a novel method, described in a companion article
Feczko et al., 2007), for measuring the thickness, surface
rea, and volume of entorhinal, perirhinal, and posterior
arahippocampal cortex using a semi-automated computa-
ional morphometric procedure. Since previous histologic
iterature employing stereologic methods indicates that AD
s associated with reduced cortical thickness (Gomez-Isla et
l., 1996; Regeur, 2000), we hypothesized that entorhinal and
erirhinal cortical thinning would be observed in AD, while
Please cite this article in press as: Dickerson, B.C., et al., Differential e
cortical thickness and surface area, Neurobiol Aging (2007), doi:10.101

ormal aging would not be associated with such thinning
ut would be related to loss of surface area due to non-
pecific global grey and white matter loss (Fotenos et al.,
005). Although previous studies have been performed of
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he effects of aging and AD on cortical thickness, they have
een exploratory in nature, surveying the entire hemispheric
hickness, without rigorous measurement protocols for defin-
ng the boundaries of MTL cortical regions (Salat et al., 2004;
erch et al., 2005). As discussed in the accompanying arti-
le, individual variability in the morphology of the collateral
ulcus makes it difficult, even with surface-based coordinate
ystems (Fischl et al., 1999a,b), to co-register individuals well
nough to reliably identify these regions without the interven-
ion of a manual operator, which was employed in the present

ethodology.

. Participants and methods

.1. Participants

A total of 105 adults (age 18–97) participated in this study,
ll of whom were paid for their participation. Data from
ubsets of the participants have been published in previous
tudies (Buckner et al., 2004, 2005; Salat et al., 2004; Fotenos
t al., 2005).

Younger adults were recruited from the Washington Uni-
ersity community. Nondemented and demented older adults
ere recruited exclusively from the ongoing longitudinal

ample of the Washington University AD Research Cen-
er (ADRC). All procedures were approved by Washington
niversity’s human subjects committee; written informed

onsent was obtained from all participants and their infor-
ants. At study enrollment, participants were free of non-AD

isorders that could potentially cause dementia such as major
epression, clinical history of stroke, Parkinson disease, and
ead trauma (Berg et al., 1998).

.2. Clinical assessment

Experienced clinicians assessed each ADRC participant
or the presence and severity of dementia based on semi-
tructured interviews with the research participant and a
nowledgeable informant (usually a spouse or adult child)
ollowed by a neurological examination of the participant
Morris, 1993; Morris et al., 1997). The assessment protocol
valuates cognitive problems that represent a decline from
former level of function in daily life for that individual.
lso included in the protocol are a health history, depres-

ion inventory, aphasia battery, and medication inventory. A
sychometric battery is administered to the participants at a
eparate visit. The CDR staging and clinical diagnostic deter-
inations were made by the examining clinician based solely

n the clinical assessment (i.e., without reference to psy-
hometric test results). Diagnostic criteria for AD required
he gradual onset and progression of impairment in memory
ffects of aging and Alzheimer’s disease on medial temporal lobe
6/j.neurobiolaging.2007.07.022

nd in at least one other cognitive and functional domain,
omparable to standard diagnostic criteria for probable AD
McKhann et al., 1984). The validated clinical criteria for
D used in this study are confirmed by the neuropathologic

dx.doi.org/10.1016/j.neurobiolaging.2007.07.022
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resence of AD in 93% of cases, including those identi-
ed in the CDR 0.5 stage (Berg et al., 1998; Morris et al.,
001).

For the purposes of the present study, the resultant clini-
al diagnostic categories include Normal or dementia of the
lzheimer type (referred to here as AD).

.3. MRI data acquisition

Multiple (three or four) high-resolution structural
1-weighted magnetization-prepared rapid gradient echo

MP-RAGE) images were acquired on a 1.5T Vision scan-
er (Siemens, Erlangen, Germany). MP-RAGE parameters
ere empirically optimized for gray-white contrast (repe-

ition time (TR) 9.7 ms, echo time (TE) 4 ms, flip angle
FA) 10, inversion time (TI) 20 ms, delay time (TD) 200 ms,
56 × 256 (1 mm × 1 mm) in-plane resolution, 128 sagittal
.25 mm slices without gaps, time per acquisition 6.6 min).
articipants were provided cushioning, headphones, and a

hermoplastic face-mask for communication and to mini-
ize head movements. Positioning was low in the head coil

toward the feet) to center the field of view on the cerebral
emispheres.

.4. MRI morphometric data analysis—automated
ortical surface reconstruction

The multiple MP-RAGE acquisitions for each participant
ere motion corrected and averaged to create a single image
olume with a high contrast-to-noise ratio. Cortical thickness
easurements were obtained by reconstructing representa-

ions of the gray/white matter boundary and the cortical (pial)
Please cite this article in press as: Dickerson, B.C., et al., Differential e
cortical thickness and surface area, Neurobiol Aging (2007), doi:10.101

urface and then calculating the distance between those sur-
aces at each point across the cortical mantle (Dale et al.,
999; Fischl et al., 1999a,b; Fischl and Dale, 2000). This
ethod uses both intensity and continuity information from

t
e
m
b

ig. 1. Illustration of novel semi-automated medial temporal cortical morphometri
anually identify landmarks for rostrocaudal boundary definitions (left). Surface rec

or mediolateral boundary definitions (right). Grey–white and pial surface boundarie
n left image) are checked for accuracy and then used to measure surface area, mea
ellow = PRC, light purple = PPHC. (For interpretation of the references to color in
 PRESS
of Aging xxx (2007) xxx–xxx 3

he entire three-dimensional MR volume in segmentation and
eformation procedures to produce representations of corti-
al thickness. The representations are created using spatial
ntensity gradients across tissue classes and are therefore
ot simply reliant on absolute signal intensity. The repre-
entations produced are not restricted to the voxel resolution
f the original data thus are capable of detecting submil-
imeter differences between groups (Fischl and Dale, 2000).
hese procedures were performed using Freesurfer software

http://surfer.nmr.mgh.harvard.edu).

.5. MRI morphometric data analysis—surface-volume
TL cortical protocol

MTL cortical morphometric measures were quantified
rom anatomic regions of interest (ROI) using a new protocol
eveloped in our laboratory, the complete technical details of
hich are described in an accompanying manuscript (Feczko

t al., 2007). Briefly, this method involves the use of a nearly
ully automated algorithm for identifying the grey–white cor-
ical surface boundary and the pial cortical surface boundary
nd calculating the thickness of the cortical mantle (Fischl
nd Dale, 2000).

To enable parcellation of the three MTL ROIs (ERC, PRC,
nd PPHC), boundaries are traced on each individual sub-
ect’s cortical surface model generated by the aforementioned
rocedure, as shown in Fig. 1, while simultaneously visualiz-
ng landmarks from traditionally oriented slices of MRI data
e.g., coronal, sagittal, or axial). This procedure enables ROI
oundaries within the MTL to be identified using both cortical
nd subcortical landmarks in a reliable fashion, and enables
ffects of aging and Alzheimer’s disease on medial temporal lobe
6/j.neurobiolaging.2007.07.022

he calculation of the thickness, surface area, and volume of
ach ROI (Feczko et al., 2007). All morphometric measure-
ents were performed by a single operator (E.F.) who was

lind to clinical data.

c measurement protocol. Slices of greyscale MRI volume data are used to
onstruction models are used to manually identify sulcal and gyral landmarks
s generated using automated processing (yellow and red lines, respectively,
n thickness, and volume of cortical regions of interest. Dark purple = ERC,
this figure legend, the reader is referred to the web version of the article.)

dx.doi.org/10.1016/j.neurobiolaging.2007.07.022
http://surfer.nmr.mgh.harvard.edu/
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.6. Relationship of MTL morphometric measures to
emory performance

For the purposes of this study, a single memory perfor-
ance measure was selected from the psychometric battery

or analysis with respect to MTL morphometric measures.
e chose, a priori, to focus on the Wechsler Memory Scale

ogical Memory II measure since it is a measure of delayed
erbal recall, which is known to be compromised early in the
ourse of AD. This measure is also commonly used in clini-
al studies, including clinical trials of AD and mild cognitive
mpairment. Additional investigation of MTL morphometric

easures and other memory performance measures will be
he subject of future studies.

.7. Statistical analysis

Group comparisons were performed using three-way anal-
ses of variance (ANOVA) and covariance (ANCOVA), with
lanned post hoc comparisons: the effects of age were exam-
ned through post hoc comparisons between Normal Older
nd Normal Younger groups, and those of AD were examined
y comparing Mild AD and Normal Older groups. Pearson
orrelations and partial correlations (adjusting for covari-
tes) were performed to examine relationships among the
rimary variables of interest. Stepwise multiple linear regres-
ion models were also performed, with independent variables
ccepted if the p value <0.05. These statistical analyses were
erformed using SPSS 11.0 (Chicago, IL).

. Results

.1. Subject characteristics

The Normal Younger group consisted of right-handed vol-
nteers (n = 29, age range 18–31, mean age = 23.6 ± 3.7; 20
emales (f)/9 males (m)) with normal cognition. The Normal
lder group (n = 47, age range 66-90, mean age = 76.2 ± 6.8;
0f/17m) demonstrated normal cognition, with overall CDR
atings of 0 and MMSE scores of 25–30. The Mild AD group

n = 29, age range 56–90; mean age = 74.3 ± 10.2; 18f/11m)
ncluded individuals with very mild (CDR = 0.5) to mild
CDR = 1) levels of impairment, with MMSE scores ranging
rom 16–28 (see Table 1 of Feczko et al. (2007) for details).

.2. Main effects of three-way ANOVA on MTL cortical
hickness, volume, and surface area

Mean thickness, surface area, and volume data for all three
TL cortical regions are plotted in Figs. 2–4; all morphome-

ric measures are presented in Table 1. Group differences in
Please cite this article in press as: Dickerson, B.C., et al., Differential e
cortical thickness and surface area, Neurobiol Aging (2007), doi:10.101

ach measure were initially assessed with separate three-way
epeated measures ANCOVAs with group and hemisphere as
he two factors. Head size, as estimated by total intracranial
olume (eTIV) measurements (Buckner et al., 2004), was

(
f
o
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sed as a covariate in all analyses, as eTIV measurements
orrelate with regional volume and surface area (note that
ead size does not correlate with cortical thickness in most
egions of the cortex, including MTL, but the same covari-
tes were used to maintain formal statistical equivalency of all
nalyses). Main effects of group were found in ERC volume
F(2, 101) = 25.3, p < 0.001], surface area [F(2, 101) = 6.1,
< 0.004], and thickness [F(2,102) = 26.3, p < 0.001]; PRC

hickness [F(2, 102) = 6.0, p < 0.005]; and PPHC volume
F(2, 101) = 9.5, p < 0.001], surface area [F(2,101) = 7.0,
< 0.002], and thickness [F(2,102) = 3.7, p < 0.03]. No sig-
ificant group-by-hemisphere interactions were observed.
ain group effects were further examined using planned

ost-hoc comparisons to first examine AD-related effects and
hen age-related effects.

.3. Effects of Alzheimer’s disease on MTL cortical
hickness, surface area, and volume

We first focused on analyses of the effects of AD in com-
arison to normal aging. For ERC volume, an effect of group
p < 0.001, Cohen’s d = 1.05) was found, indicating that ERC
olume is smaller in AD than Normal Older individuals,
s expected. With respect to ERC thickness, a group effect
p < 0.001, d = 1.32) was found, whereas for ERC surface
rea, a group trend (p = 0.08, d = 0.41) was observed. Thus,
lthough atrophy of the ERC in AD can be detected through
olumetric measures, a stronger effect of AD (as measured by
he Cohen’s d effect size) is present in the thickness measure.

For PRC, AD also has an effect on thickness (p < 0.002,
= 0.82). No effects were identified in volume or surface area

p values >0.28).
For the PPHC, again, there was a group effect on thickness

p < 0.01, d = 0.57), indicating thinning in AD. There were no
olume or surface area effects for the PPHC (p values >0.16).

Effect sizes for the three regions show that, even at very
ild-to-mild clinical stages, AD is associated with a large

egree of thinning in ERC and PRC, with a moderate degree
f thinning in PPHC.

.4. Effects of aging on MTL cortical thickness, surface
rea, and volume

We next analyzed the effects of aging on MTL measures
y comparing the Normal Older group to the Normal Younger
roup. For ERC volume, a group (p < 0.001, d = 0.80) effect
as found. For ERC surface area, a similar group (p < 0.05,
= 0.51) effect was observed. A trend was present for ERC

hickness (p = 0.07, d = 0.46). These findings indicate that
ge-related loss of ERC volume is in large part a product
f reduced ERC surface area.

For the PPHC, there was group effect on volume
ffects of aging and Alzheimer’s disease on medial temporal lobe
6/j.neurobiolaging.2007.07.022

p < 0.003, d = 0.82). Similarly, a group effect was observed
or PPHC surface area (p < 0.001, d = 0.92) with no effect
n PPHC thickness, indicating that age-related reduction in
PHC volume is driven by reduced PPHC surface area.

dx.doi.org/10.1016/j.neurobiolaging.2007.07.022
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Table 1
Quantitative morphometric data on thickness, surface area, and volume of medial temporal cortical regions in Normal Younger, Normal Older, and mild AD
participant groups

Thickness Surface area Volume

Younger Older Mild AD Younger Older Mild AD Younger Older Mild AD

ERC
LH 2.88 (0.26) 2.75 (0.32) 2.35 (0.39)** 187 (48) 173 (56)* 152 (44) 892 (190) 773 (254)* 553 (194)**

RH 2.66 (0.39) 2.54 (0.32) 2.11 (0.36)** 199 (46) 167 (52)* 154 (54) 847 (195) 676 (223)* 495 (218)**

PRC
LH 2.12 (0.46) 2.15 (0.45) 1.87 (0.41)** 248 (81) 219 (72) 249 (90) 601 (197) 532 (185) 521 (212)
RH 2.09 (0.42) 2.08 (0.35) 1.85 (0.36)** 219 (70) 220 (66) 210 (85) 519 (135) 525 (163) 459 (170)

PPHC
LH 1.96 (0.21) 1.94 (0.26) 1.83 (0.29)** 539 (68) 478 (81)* 481 (81) 1263 (226) 1075 (242)* 989 (231)
RH 1.86 (0.20) 1.92 (0.21) 1.77 (0.26)** 502 (59) 445 (84)* 461 (100) 1078 (173) 970 (200)* 916 (271)

Values represent mean (standard deviation). ERC: entorhinal cortex; PRC: perirhinal cortex; PPHC: posterior parahippocampal cortex; AD: Alzheimer’s disease;
LH: left hemisphere; RH: right hemisphere.

* Normal Older group is different from Normal Younger group, p < 0.05.
** Mild AD group is different from Normal Older group, p < 0.05.

Fig. 2. Bar graph illustrating morphometric differences of ERC volume, surface area, and cortical thickness between Normal Younger, Normal Older, and Mild
AD groups. Measurements displayed were obtained from the average of both hemispheres. Error bars represent standard error. *p < 0.05 compared to Normal
Younger group; **p < 0.05 compared to Normal Older group.

Fig. 3. Bar graph illustrating morphometric differences of PRC volume, surface area, and cortical thickness between Normal Younger, Normal Older, and Mild
AD groups. Measurements displayed were obtained from the average of both hemispheres. Error bars represent standard error. The legend used is identical to
the one used in Fig. 2.

Fig. 4. Bar graph illustrating morphometric differences of PPHC volume, surface area, and cortical thickness between Normal Younger, Normal Older, and
Mild AD groups. Measurements displayed were obtained from the average of both hemispheres. Error bars represent standard error. The legend used is identical
to the one used in Fig. 2.

dx.doi.org/10.1016/j.neurobiolaging.2007.07.022
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No effects due to aging were found in the PRC (p values
0.4).

Thus, in contrast to AD, the major effects of normal aging
n ERC and PPHC volume were attributable to reductions in
urface area rather than thickness.

.5. Relationship between MTL cortical thickness and
emory performance

The relationship between MTL morphometric measures
nd memory performance was investigated for the older
ormal and AD groups separately using correlation and
egression analyses. The Wechsler Memory Scale (WMS)
ogical Memory II test score was used as the dependent vari-
ble in the following analyses. Again, as above, analyses were
erformed using morphometric measures with adjustment for
ead size.

In the AD group, memory performance correlated with
ean ERC thickness (r = 0.38, p < 0.05) and mean PRC thick-

ess (r = 0.46, p < 0.02). There was also a correlation between
emory performance and the volumes of ERC (r = 0.42,
< 0.03) and PRC (r = 0.39, p < 0.04). By comparison, the
emory performance did not correlate with measures of sur-

ace area (all p values >0.13). Thus, the correlations between
ogical Memory performance and volumes of ERC and PRC
ere driven solely by thickness. A stepwise linear regression

nalysis identified mean PRC thickness as the best predictor
Please cite this article in press as: Dickerson, B.C., et al., Differential e
cortical thickness and surface area, Neurobiol Aging (2007), doi:10.101

f memory performance [F(1,28) = 7.06, p < 0.02, R2 = 0.21].
For the Normal Older group, memory performance

id not correlate with most morphometric measures
−0.17 < r < 0.18, p > 0.25). A trend toward a correlation

ig. 5. Scatterplots illustrating relationships between WMS Logical Mem-
ry II performance and entorhinal and perirhinal thickness for Mild AD and
ormal Older subjects. Thickness measurements for each subject were cal-

ulated as an average of both hemispheres. Regression lines are displayed
or Mild AD (*p < 0.05) in bold and for Normal Older subjects as dashed
ines.
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as observed between mean ERC thickness and memory
erformance (r = 0.28, p = 0.054). These relationships are
llustrated in Fig. 5.

. Discussion

We developed and applied a new protocol for measuring
he volume, thickness, and surface area of the ERC, PRC, and
PHC to investigate these morphometric properties in mild
D in comparison to normal older and younger groups. Both
D and aging are associated with smaller volumes of all three
TL cortical regions, although volume loss is greater in AD

han in aging. However, aging and AD appear to have differ-
ntial effects on the fundamental component morphometric
roperties that make up cortical volume: surface area and
hickness. While aging was associated with diminished MTL
ortical surface area, thinning of these regions was found pri-
arily in AD. Thickness of PRC and PPHC was preserved

n aging, and ERC thickness was minimally affected by age.
The thickness of the cerebral cortex likely represents a host

f cytoarchitectural features, probably not limited to neu-
on numbers but also including many other components of
he neuropil, including intracortical axons, dendrites, synap-
ic elements, and glia. Although the classic corticographers
pecifically discussed regional variation in the thickness of
he cortical mantle and laminae (Bailey and von Bonin, 1951;
rodmann, 2006), surprisingly little quantitative work links

tereologic measures of cytologic features with thickness.
hese bridges will be easier to build as new imaging technol-
gy is developed to directly visualize the cytoarchitectonic
eatures of the ERC (Augustinack et al., 2005). It is clear,
owever, that the cortical ribbon is thinner in AD than in
ge-matched controls (Regeur, 2000), and that even very mild
D is characterized by striking laminar thinning within the
C, along with prominent loss of neurons in specific laminae
nd the presence of pathologic features (Gomez-Isla et al.,
996). In this study, compared to the normal older group, we
bserved mean thinning in the mild AD group of 0.42 mm in
he ERC, 0.25 mm in the PRC, and 0.13 mm in the PPHC,
r 16%, 12%, and 7%, respectively. In the only other study
f cortical thinning in AD that reported specifically on MTL,
probabilistically defined ERC region showed 0.5–1.2 mm

hinning in AD; the larger effect is likely related in part to
he inclusion of more severely impaired AD patients (Lerch
t al., 2005).

In contrast, normal aging appears to have little effect on
TL cortical thickness, as has been previously observed

Salat et al., 2004). Compared to the younger group, the nor-
al older individuals showed no thinning in PRC and PPHC,

nd only 0.13 mm (5%) in the ERC. Even the oldest-old
ognitively normal subjects in this study had MTL corti-
ffects of aging and Alzheimer’s disease on medial temporal lobe
6/j.neurobiolaging.2007.07.022

al thickness measures that were greater than 57% of the
D patients. Scatterplots of individual subject data show that

here is much less overlap in thickness measures than there is
n volume measures. These observations suggest that, in this

dx.doi.org/10.1016/j.neurobiolaging.2007.07.022
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ontext, MTL cortical thinning may be an important mor-
hometric imaging marker of AD, reflecting, at least in part,
he early laminar thinning known to occur in these regions
n the disease. It will be of interest to determine whether the
ndividuals who are currently cognitively intact but with the
hinnest ERC volume will begin to demonstrate a decline in

emory function in the coming few years.
The biologic correlates of cortical surface area are less

lear, and any attempt to perform regionally focused anal-
ses of cortical surface area must take into account the
lobal effects of head size and brain size. Unlike cortical
hickness, which is not correlated with head size measures
n most regions, gyral surface area is larger in individuals
ith larger heads and those with larger brains. Thus, as with
olumetric measures, between-group comparisons can only
e made after adjusting for head size (e.g., total intracra-
ial volume). But since both aging and AD are associated
ith reduced whole-brain volume, attempts to identify spe-

ific effects on MTL cortical surface area need to account
or whole-hemisphere surface area, as well (which corre-
ates with brain volume). In this study, we found that ERC
nd PPHC surface area were reduced in aging after adjust-
ng for head size, but no additional effects were present
beyond that of aging) in AD. Furthermore, these age-
elated effects hold up after covarying whole hemisphere
urface area, suggesting that they are not merely a reflec-
ion of global brain (grey matter and white matter) atrophy.
t is possible that the loss of fiber bundles in the parahip-
ocampal white matter could be reflected in specific loss of
TL gyral surface area, but this possibility deserves further

nvestigation.
Previous work has shown a relationship between entorhi-

al volume and memory performance in older, MCI, and AD
ubjects (De Toledo-Morrell et al., 2000; Du et al., 2003;
osen et al., 2003; Rodrigue and Raz, 2004; Stoub et al.,
006), but, to our knowledge, there have been no investiga-
ions of the thickness or surface area of ERC or of other MTL
ortical regions in relation to memory performance. We found
ere that the ERC and PRC thinning in AD relates to poorer
elayed verbal recall performance, but that surface area of
TL regions does not relate to memory performance. Fur-

her investigations will be required to better understand the
istologic correlates of these MRI-based morphometric mea-
ures, but it is possible that cortical thinning in AD relates
ore specifically than surface area to the loss of neurons,

ynapses, and dendritic branching, all of which likely con-
ribute to the decline in memory function in AD. If anything,
nly a trend-level correlation between ERC thickness and
emory performance is present in the normal older group.
his is likely a reflection of pre-clinical AD pathology, and

s congruent with a recent clinicopathologic study showing
hat poorer memory performance – even in clinically nor-
Please cite this article in press as: Dickerson, B.C., et al., Differential e
cortical thickness and surface area, Neurobiol Aging (2007), doi:10.101

al older individuals – may relate to the presence of AD
athology (Barnes et al., 2006).

In summary, this novel morphometric approach takes
dvantage of automated software tools for detecting the

A
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rey–white and pial-cerebrospinal fluid boundaries of the
ortical surface, which enable very precise measurement
f cortical thickness. This precision can be combined with
he accuracy offered by highly skilled manual operators
or identifying sulcal (i.e., collateral sulcus) and subcorti-
al (e.g., lateral geniculate nucleus) anatomical features for
efining boundaries in the tradition of manual MRI mor-
hometry. Together, this surface-volume hybrid approach
nables regional cortical volumes within the MTL to be ana-
yzed for their component parts—thickness and surface area.
RC, PRC, and PPHC surface area is diminished in aging,
hile thinning of these regions is predominantly seen in AD.
iven the reliability of thickness measures (Han et al., 2006),
hich enable small absolute effects to be robustly detected,

t will be of great interest to try to improve the reliability of
ostrocaudal and mediolateral boundary identification using
utomated algorithms to make the process more efficient,
hich may enable measures of MTL cortical thickness to be

ranslated into high-throughput in vivo biomarkers useful for
arly diagnosis.
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