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a b s t r a c t

Understanding the underlying qualitative features of memory deficits in mild cognitive impairment (MCI)
can provide critical information for early detection of Alzheimer’s disease (AD). This study sought to
investigate the utility of both learning and retention measures in (a) the diagnosis of MCI, (b) predicting
progression to AD, and (c) examining their underlying brain morphometric correlates. A total of 607 par-
ticipants were assigned to three MCI groups (high learning–low retention; low learning–high retention;
low learning–low retention) and one control group (high learning–high retention) based on scores above
or below a 1.5 SD cutoff on learning and retention indices of the Rey Auditory Verbal Learning Test. Our
results demonstrated that MCI individuals with predominantly a learning deficit showed a widespread
pattern of gray matter loss at baseline, whereas individuals with a retention deficit showed more focal
EC

ongitudinal outcome
R morphometry

gray matter loss. Moreover, either learning or retention measures provided good predictive value for
longitudinal clinical outcome over two years, although impaired learning had modestly better predictive
power than impaired retention. As expected, impairments in both measures provided the best predictive
power. Thus, the conventional practice of relying solely on the use of delayed recall or retention measures
in studies of amnestic MCI misses an important subset of older adults at risk of developing AD. Overall,
our results highlight the importance of including learning measures in addition to retention measures
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Rwhen making a diagnosis

. Introduction

Memory deficits are one of the hallmark features of Alzheimer’s
isease (AD) and are regarded as essential for the diagnosis (see
almon & Bondi, 2009, for discussion). Information processing
odels provide evidence of three distinct processes involved in
Please cite this article in press as: Chang, Y. -L., et al. Brain substrates of
progression to Alzheimer’s disease. Neuropsychologia (2009), doi:10.1016/

U
N

Cemory: encoding, retention, and retrieval of information (Lucas,
005). Encoding or learning is the process by which information

s acquired and transformed into a stored mental representation.
etention refers to the process by which the encoded information is

∗ Corresponding author. Tel.: +1 858 246 0942; fax: +1 858 534 1078.
E-mail address: yuling@ucsd.edu (Y.-L. Chang).

1 Data used in the preparation of this article were obtained from the Alzheimer’s
isease Neuroimaging Initiative (ADNI) database (www.loni.ucla.edu\ADNI). As

uch, the investigators within the ADNI contributed to the design and imple-
entation of ADNI and/or provided data but did not participate in analysis

r writing of this report. Complete listing of ADNI investigators available at
ttp://www.loni.ucla.edu/ADNI/Data/ADNI Authorship List.pdf.
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CI and for predicting clinical outcome.
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maintained over time in the absence of active rehearsal. Studies of
learning and memory in AD have found deficits in both learning and
retention (i.e., accelerated forgetting) of episodic material, although
there is not consensus that both are impaired in the earliest stages
of AD. Some researchers argue that prodromal AD is character-
ized predominantly by an acquisition deficit (Greene, Baddeley, &
Hodges, 1996; Grober & Kawas, 1997; Weingartner et al., 1981),
whereas others put greater emphasis on a deficit in retention (Hart,
Kwentus, Harkins, & Taylor, 1988; Moss, Albert, Butters, & Payne,
1986).

Lesion and functional imaging studies have suggested that
learning and retention processes often are correlated but also
show some independence and reflect different underlying neural
processes (Moulin, James, Freeman, & Jones, 2004). For instance,
learning and retention in mild cognitive impairment diagnosis and
j.neuropsychologia.2009.12.024

delayed recall and/or retention tasks are primarily based on long- 47

term memory (LTM) with critical involvement of the medial 48

temporal lobe (MTL), including hippocampus and entorhinal cor- 49

tex (Leube, Erb, Grodd, Bartels, & Kircher, 2001; Moscovitch et al., 50

2005; Parsons, Haut, Lemieux, Moran, & Leach, 2006; Powell et al., 51
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005; Squire, Stark, & Clark, 2004; Strange, Otten, Josephs, Rugg,
Dolan, 2002; Weintrob, Saling, Berkovic, & Reutens, 2007). On

he other hand, learning tasks, often assessed by performance on
mmediate recall of story material or word lists, do not rely on LTM
ut are considered dependent on working memory processes (i.e.,
he phonological loop and episodic buffer; Baddeley, 2000). Learn-
ng often involves widely distributed neural substrates, including

edial temporal, frontal, and parietal cortices (Axmacher, Schmitz,
einreich, Elger, & Fell, 2008; Cabeza & Nyberg, 2000; Fujii et al.,

002; Hannula & Ranganath, 2008; Leube et al., 2008; Mayes &
ontaldi, 1999).
Mild cognitive impairment (MCI) is well established as a risk

tate for the development of AD (see Petersen et al., 2001, for
iscussion) and, since its inception (Petersen et al., 1999), the def-

nition has required a deficit in objective memory, which has been
verwhelmingly interpreted as a retention deficit. Indeed, a large
umber of studies have shown that a decrement in episodic mem-
ry, particularly on measures of delayed recall, is a strong predictor
f future AD (Albert, Moss, Tanzi, & Jones, 2001; Arnaiz & Almkvist,
003; Backman, Jones, Berger, Laukka, & Small, 2005; Bondi et
l., 1994; Bondi, Salmon, Galasko, Thomas, & Thal, 1999; Grober
t al., 2008; Grober & Kawas, 1997; Twamley, Ropacki, & Bondi,
006). Not surprisingly, studies of MCI have relied almost exclu-
ively on delayed recall or retention measures in diagnosis (Arnaiz
Almkvist, 2003), and more recent conceptualizations of MCI con-

inue to rely on the retention deficit in classifying whether an
ndividual has an ‘amnestic’ or ‘non-amnestic’ form of the disor-
er (Petersen & Morris, 2005). Although retention measures have
ndoubtedly proven to be useful in MCI diagnosis and prodromal
D detection (Arnaiz & Almkvist, 2003), it is still an open question
hether learning measures are useful as well. Furthermore, the

orresponding brain morphometric changes in older adults with
mpaired learning, retention, or both abilities in MCI are poorly
haracterized.

Thus, in the present study of publicly available data from the
lzheimer’s Disease Neuroimaging Initiative (ADNI), we classified
articipants as MCI versus normally aging based on their learning
nd retention performances on a commonly used verbal memory
est (Rey Auditory Verbal Learning Test; Rey, 1941) and then exam-
ned their brain morphometry. The RAVLT has enjoyed widespread
se in clinical neuropsychological assessment of older adults as a
ensitive measure of word list learning and memory, and the Mayo
lder Americans Normative Studies (MOANS; Ivnik et al., 1992)
rovide some of the best normative reference standards for the
emographic adjustment of age and education effects on RAVLT
est performance. Furthermore, the RAVLT and its MOANS comple-

ent of normative data provide two summary indices of learning
nd retention (see below for details) for use in the present study.
ith these measures, we predicted that the brain morphometry

f MCI individuals with predominantly retention deficits could be
ifferentiated from MCI individuals with predominantly learning
eficits. Specifically, we predicted that MCI individuals with reten-
ion deficits (either with or without learning impairment) would
emonstrate circumscribed atrophy in mesial temporal regions
i.e., smaller hippocampal volumes; reduced cortical thickness in
ntorhinal and/or parahippocampal areas) relative to individuals
ith intact retention ability (Leube et al., 2001; Moscovitch et al.,

005; Parsons et al., 2006; Powell et al., 2005; Squire et al., 2004;
trange, Otten, Josephs, Rugg, & Dolan, 2002; Weintrob et al., 2007).
n contrast, MCI individuals with learning deficits (either with or

ithout retention impairment) would show a more widespread
Please cite this article in press as: Chang, Y. -L., et al. Brain substrates of
progression to Alzheimer’s disease. Neuropsychologia (2009), doi:10.1016/

attern of cortical thinning involving frontal and parietal regions,
n addition to the mesial temporal regions, than individuals with
ntact learning ability (Axmacher et al., 2008; Fujii et al., 2002;
annula & Ranganath, 2008; Leube et al., 2008; Mayes & Montaldi,
999).
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We further examined the two-year clinical outcome of these
participants with the goal of identifying predictors of progression
to dementia related to initial learning and retention performance.
We predicted that MCI individuals with either learning or reten-
tion deficits would have a higher risk of developing AD compared
to individuals without learning and retention deficits. A meta-
analytic study of the cognitive impairments in prodromal AD by
Backman et al. (2005) supports the sensitivity of both learning and
retention measures for predicting AD progression, although in their
meta-analysis delayed recall (d = 1.23) surpassed immediate recall
(d = 0.96). However, based on evidence that MCI individuals with
more widespread gray matter loss at baseline have been shown to
progress more rapidly to AD relative to those with focal gray mat-
ter loss (McEvoy et al., 2009; Whitwell et al., 2008), we predicted
that MCI individuals with impaired learning ability would show a
more widespread pattern of cortical atrophy and be more prone
to develop AD in the longitudinal follow-up than individuals with
retention deficits only.

2. Methods

The raw data used in the current study were obtained from the ADNI database
(www.loni.ucla.edu\ADNI). The ADNI was launched in 2003 by the National Insti-
tute on Aging (NIA), the National Institute of Biomedical Imaging and Bioengineering
(NIBIB), the Food and Drug Administration (FDA), private pharmaceutical companies
and non-profit organizations, as a $60 million, five-year public–private partnership.
ADNI’s goal is to test whether serial magnetic resonance imaging (MRI), positron
emission tomography, other biological markers, and clinical and neuropsychologi-
cal assessment can be combined to measure the progression of MCI and early AD.
The Principal Investigator of this initiative is Michael W. Weiner, M.D., VA Medical
Center and University of California – San Francisco. ADNI is the result of efforts of
many co-investigators from a broad range of academic institutions and private cor-
porations. Participants have been recruited from over 50 sites across the U.S. and
Canada (see www.adni-info.org). This study was approved by an ethical standards
committee on human experimentation at each institution. Written informed con-
sent was obtained from all participants or authorized representatives participating
in the study. The study is conducted in compliance with Health Insurance Portability
and Accountability Act regulations.

2.1. Participants

ADNI general eligibility criteria are described at http://www.adni-
info.org/index.php?option=com content&task=view&id=9& Itemid=43. Briefly,
participants were 55–90 years old, non-depressed, with a modified Hachinski score
of 4 or less, and had a study partner able to provide an independent evaluation
of functioning. Healthy control participants had a Clinical Dementia Rating (CDR;
Hughes, Berg, Danziger, Coben, & Martin, 1982) score of 0. Participants classified
as MCI within ADNI had a subjective memory complaint, objective memory loss
measured by education-adjusted scores on modified Wechsler Memory Scale
Logical Memory II (LM II), a CDR score of 0.5, preserved activities of daily living,
and an absence of dementia (Petersen et al., 2001). Though not used in the present
study, AD subjects in ADNI had MMSE scores between 20 and 26, global CDR of 0.5
or 1.0, and met NINCDS/ADRDA criteria for probable AD (McKhann et al., 1984).
The present study used data collected prior to March 2009, and only individuals
who were classified by the ADNI criteria as healthy control (HC) or MCI at baseline
were included (n = 616). Nine (5 HC and 4 MCI) of the total 616 participants were
excluded from the study due to missing data on the verbal memory measures.
Due to exclusion of MR images that did not pass local quality control, baseline
MR morphometric data at baseline were available for 551 of the 607 individuals.
Two-year follow-up clinical outcome data (i.e., progression to AD) were available
for 423 participants.

Classification of individuals as HC or MCI in ADNI was based on education-
adjusted scores on the modified LM II. However, the modified LM II score does
not provide the same level of information about each individual’s learning and
retention abilities as does the Rey Auditory Verbal Learning Test (RAVLT). More-
over, education-adjusted scores can potentially result in misclassification for some
borderline cases if age is not taken into account. Since the purpose of the current
study was to examine the relative utility of learning versus retention measures in
predicting progression to AD and the underlying brain substrate correlates, we re-
learning and retention in mild cognitive impairment diagnosis and
j.neuropsychologia.2009.12.024

classified all participants (n = 607) into one of four subgroups based on their scores 183

on the well-established MOANS learning and retention indices (Ivnik et al., 1992) 184

of the RAVLT (see below for details) irrespective of their classification as HC or MCI 185

within ADNI. Here the three learning–retention impaired groups as defined below 186

were identified as MCI groups; the group with intact learning and retention abilities 187

was identified as the control group. 188

dx.doi.org/10.1016/j.neuropsychologia.2009.12.024
http://www.loni.ucla.edu/ADNI
http://www.adni-info.org/
http://www.adni-info.org/index.php%3Foption=com_content%26task=view%26id=9%26%20Itemid=43
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.2. Learning/retention group assignment

All participants were divided into four groups based on their performance on
he RAVLT, which was administered as part of a larger battery of neuropsychological
ests. The RAVLT, a 15-item list-learning task, was presented verbally over five trials
nd participants were asked to recall as many words as possible after each trail. The
rst trial represents immediate word span (Trial 1). After Trial 5, a new list of words
as presented (considered an interference list) and free recall of the new list (List
) was elicited. Immediately afterwards the participant was asked to recall items

rom the first list (short delayed recall). Long delay free recall and a recognition trial
ere given following a 20-min delay period.

These RAVLT component scores (e.g., Trial 1 score, short delayed recall) were
onverted to MOANS age-corrected scaled scores (AcSS, mean = 10, standard devi-
tion = 3) (Ivnik et al., 1992). Summary indices for the RAVLT were then obtained
nd calculated in a fashion consistent with the variables provided for the MOANS
orms (Harris, Ivnik, & Smith, 2002; Ivnik et al., 1992). The summary indices are as

ollows: (1) learning over trials (LOT) = the sum of words remembered across Trials
–5, corrected for immediate word span (Trial 1); (2) short-term percent retention
STPR) = short delayed recall expressed as a proportion of Trial 5 recall; (3) long-term
ercent retention (LTPR) = long delayed recall score expressed as a proportion of Trial
recall. In addition to the above summary scores, two RAVLT indices were derived
y grouping and summing MOANS AcSS that reflect learning efficiency and per-
ent retention (Ivnik et al., 1992). These indices were expressed as standard scores
mean = 100, standard deviation = 15) and were derived in the following manner:

. Learning Efficiency Index (LEI): This index is derived from the summation of AcSS
scores for Trial 1 (which reflects immediate word span) and LOT (which reflects
the ability to improve beyond immediate word span).

. Percent Retention Index (PRI): This summary index reflects the amount of data
remembered following the short and long delay, relative to the amount of data
that was originally learned. It is obtained by summing AcSS scores for STPR and
LTPR.

Each participant was assigned to one of the following four groups on the basis of
cores above or below 1.5 SDs on the LEI and PRI: (1) high learning–high retention
HL–HR), (2) high learning–low retention (HL–LR), (3) low learning-high retention
LL–HR), or (4) low learning–low retention (LL–LR) group.

.3. MR scanning and brain morphometry

Image acquisition and analysis methods were developed within the NIH/NCRR
ponsored Morphometry Biomedical Informatics Research Network (mBIRN) and
he ADNI (Fennema-Notestine et al., 2006; Han et al., 2006; Jack et al., 2008; Jovicich
t al., 2006). Data were collected across a variety of 1.5 T scanners. Protocols are
escribed in detail at http://www.loni.ucla.edu/ADNI/Research/Cores/index.shtml.
wo T1-weighted volumes were acquired for each participant. These
aw DICOM MRI scans were downloaded from the public ADNI site
http://www.loni.ucla.edu/ADNI/Data/index.shtml). Locally, images were reviewed
or quality, automatically corrected for spatial distortion due to gradient non-
inearity (Jovicich et al., 2006) and B1 field inhomogeneity (Sled, Zijdenbos, &
vans, 1998), registered, and averaged to improve signal-to-noise. Volumetric
egmentation (Fischl et al., 2002, 2004) and cortical surface reconstruction (Dale,
ischl, & Sereno, 1999; Dale & Sereno, 1993; Fischl, Sereno, & Dale, 1999; Fischl
t al., 2004) methods based on FreeSurfer software, optimized for use on large,
ulti-site datasets, were used. To measure thickness, the cortical surface was

econstructed (Dale et al., 1999; Dale & Sereno, 1993) and parcellated into distinct
egions of interest (ROIs) (Desikan et al., 2006; Fischl et al., 2004). Details of the
pplication of these methods to the ADNI data have been described in full elsewhere
Fennema-Notestine et al., in press). To limit the number of multiple comparisons,
nly regions assumed to be involved in early AD pathology (Fennema-Notestine et
l., 2006; Han et al., 2006; Jack et al., 2008; Jovicich et al., 2006) were included in the
resent analyses, including bilateral hippocampal formation (volumetric measures;
ot pictured) which included dentate gyrus, CA fields, subiculum/parasubiculum
nd the fimbria (Makris et al., 1999), frontal, other temporal, parietal lobe areas,
nd cingulate regions bilaterally (thickness measures) (see ROIs listed in Table 2).
efined frontal ROIs included the frontal pole, caudal and rostral portions of

he middle frontal cortex, lateral and medial regions of the orbitofrontal cortex,
uperior frontal cortex, the par orbitalis, and the frontal operculum (comprised
f the pars opercularis and pars triangularis). Temporal ROIs, in addition to the
ippocampus, included entorhinal cortex, fusiform gyrus, the superior, middle
nd inferior temporal gyri, and the temporal pole. Finally, parietal ROIs included
he supramarginal gyrus, superior and inferior parietal cortex, and the precuneus.
o further decrease numbers of comparisons, the caudal and rostral anterior
Please cite this article in press as: Chang, Y. -L., et al. Brain substrates of
progression to Alzheimer’s disease. Neuropsychologia (2009), doi:10.1016/

ingulate regions were combined as anterior cingulate cortex (ACC); the isthmus
nd posterior cingulate regions were combined as posterior cingulate cortex (PCC);
nd as mentioned the pars opercularis and pars triangularis were combined as
he frontal operculum. Baseline volumetric data were corrected for individual
ifferences in head size by regressing the estimated total intracranial volume (eTIV)
s in Buckner et al. (2004).
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2.4. Statistical analysis

Group comparisons were performed with analyses of variance (ANOVAs) or
Chi-square tests for demographic variables. To assess group differences in mor-
phometric variables at baseline, a repeated measure analysis of variance (ANOVA)
was performed with learning–retention group as the between-subject factor, and
hemisphere (left versus right) and ROIs (including all ROIs in a single model) as
within-subjects variables. Prior to analyses, effects of age and gender were regressed
from all thickness and volumetric measures, and standardized residual values were
used for analyses; bilateral hippocampal volumes also were corrected for differences
in head size by regressing the eTIV volume (Buckner et al., 2004). When significant
group effects were observed for a given ROI, univariate analyses were performed
and the ˛ level was set to p < 0.002 (Bonferroni correction). Effect sizes were calcu-
lated for pairwise comparisons on morphometric variables using Cohen’s d (Cohen,
1977), computed by dividing the mean difference between groups by the pooled
standard deviation.

To examine the unique relationship between learning or retention and mor-
phometry, partial correlations were performed after controlling for the effects of
gender and education. We did not enter age as a control variable because both
LEI and PRI were calculated via age-corrected norms and morphometric variables
were already corrected for age effects prior to analysis. In addition, since reten-
tion scores are often highly correlated with learning scores (in the present study,
r = 0.64, p < 0.001), we conducted a separate correlation analysis between retention
scores and morphometric variables after controlling for the effects of learning, gen-
der and education to obtain a better estimate of the relationship between retention
and morphometry. Separate partial correlations, controlling for apolipoprotein E
(APOE) genotype in addition to gender and education variables, were performed
due to a larger proportion of �4 carriers in the LR-LL group than in the other three
groups. The � level for the partial correlation analyses was set to 0.001 based on
Bonferroni corrections.

To evaluate the predictive value of several covariates on clinical outcome,
defined by AD conversion during the two-year follow-up, we conducted binary logis-
tic regression. Specifically, the predictors included in the model were age, gender,
education, MMSE scores at baseline, presence of at least one APOE �4 allele, and
learning–retention group membership. Significant predictors were selected using
the stepwise selection (LR) method with ˛ ≤ 0.05. Odds ratios and 95% confidence
intervals were calculated to quantify the effect of significant predictors. All analyses
were conducted in SPSS (Version 17.0).

3. Results

3.1. Demographic and clinical characteristics

The demographic and clinical characteristics for the four sub-
groups are presented in Table 1. The four groups did not differ on
level of education (F(3,603) = 2.60, p > 0.05), although they showed
a significant difference in age (F(3,603) = 9.49, p < 0.001). Individu-
als in the LL–LR groups were significantly younger than the HL–LR
and HL–HR groups (both p-values < 0.005). The groups also differed
in gender distribution (�2

(3, N = 607) = 16.70, p < 0.005): the LL–HR
group contained more men than the other three groups (p < 0.05),
and the LL–LR group contained more men than the HL–HR group
(p < 0.005). Groups significantly differed on the Mini-Mental State
Examination (MMSE; Folstein, Folstein, & McHugh, 1975) scores
(F(3,603) = 50.08, p < 0.001) with the HL–HR group showing higher
scores relative to the other three groups (all p-values < 0.001), and
the HL–LR group showing significantly higher scores than the LL–LR
and the LL–HR groups (both p-values < 0.005). Moreover, a sig-
nificant difference in frequency of APOE �4 carriers among the
four groups was found (�2

(3, N = 594) = 52.83, p < 0.001). The LL–LR
group demonstrated the highest frequency and the HL–HR group
showed the lowest frequency of APOE �4 carriers among groups
(LL–LR > LL–HR = HL–LR > HL–HR, all p-values < 0.05). In summary,
the LL–LR group tended to be younger and have a higher frequency
of APOE �4 carriers than other groups, and the LL–LR and LL–HR
groups showed lower MMSE scores than the other two groups.
learning and retention in mild cognitive impairment diagnosis and
j.neuropsychologia.2009.12.024

3.2. Regional differences in morphometry by group 325

Results of the ANOVA for ROIs (including all ROIs in a single 326

model) revealed a main effect of group (F(3,547) = 23.26, p < 0.001) 327

and a region by group interaction (F(63,1587) = 2.34, p < 0.001). There 328

dx.doi.org/10.1016/j.neuropsychologia.2009.12.024
http://www.loni.ucla.edu/ADNI/Research/Cores/index.shtml
http://www.loni.ucla.edu/ADNI/Data/index.shtml
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Table 1
Demographic and global cognitive characteristics of the four groups based on the learning–retention classification scheme.

LL–LR, n = 185 (mean, S.D.) LL–HR, n = 53 (mean, S.D.) HL–LR, n = 124 (mean, S.D.) HL–HR, n = 245 (mean, S.D.)

Age 73.75 (7.59)** 75.82 (7.08) 76.66 (5.52) 76.97 (5.95)
Education 15.44 (2.96) 15.25 (3.59) 15.89 (2.85) 16.13 (2.82)
Gender (% men) 67%‡ 76%# 58% 51%
MMSE 26.85 (1.75) 26.68 (1.76) 27.90 (1.76)† 28.64 (1.47)††

% APOE �4+ 64%* 45% 39% 28%§

Baseline ADNI diagnosis
Healthy controls 8 8 39 167
MCI 177 45 85 78

‡ The LL–LR group was significantly different from the HL–HR group (p < 0.05).
† The HL–LR group was significantly different from the LL–LR and the LL–HR groups (p < 0.005).
†† The HL–HR group was significantly different from the other three groups.
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* The LL–LR group was significantly different from the other three groups (p < 0.0
** The LL–LR group was significantly different from the HL–LR and HL–HR groups
# The LL–HR group was significantly different from the other three groups (p < 0.0
§ The HL–HR group was significantly different from the LL–HR and the HL–LR gro

as no main effect of hemisphere (F(1,547) = 0.22, p = 0.88), group
y hemisphere interaction (F(3,547) = 0.33, p = 0.80), or group by
egion by hemisphere interaction (F(63,1587) = .87, p = 0.76). There-
ore, follow-up analyses were collapsed across right and left
Please cite this article in press as: Chang, Y. -L., et al. Brain substrates of
progression to Alzheimer’s disease. Neuropsychologia (2009), doi:10.1016/
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emisphere values by averaging the volumes or cortical thickness
n both hemispheres. Univariate ANOVAs revealed group differ-
nces across all ROIs except for ACC (F(3,547) = 2.85, p = 0.04). MR
orphometric measures by group for selected ROIs are presented

n Fig. 1. Continuous surface maps of cortical thickness between

ig. 1. Bar chart showing MR values for hippocampal volume and thickness for selecte
he effects of age and gender have been regressed out. The hippocampal volumes are al
ippocampus; Entorh: entorhinal cortex; Parahi: parahippocampal gyrus; MTG: middle t
ostral middle frontal; MOF: medial orbitofrontal gyrus; F pole: frontal pole.
O
O005).

< 0.001).

groups are shown in Fig. 2. Post hoc comparisons were performed
within each ROI among groups and the results, ordered by effect
size magnitude, were as follows:
learning and retention in mild cognitive impairment diagnosis and
j.neuropsychologia.2009.12.024

ED
 P

RLL–LR versus HL–HR: Relative to the HL–HR group, the LL–LR 341

group showed greater volume reduction or cortical thinning in 342

entorhinal cortex (Cohen’s d = 1.01), hippocampus (d = 1.00), mid- 343

dle temporal (d = 0.83), inferior temporal (d = 0.81), fusiform cortex 344

(d = 0.78), temporal pole (d = 0.67), inferior parietal (d = 0.65), pre- 345

d regions for the four groups. All values are standardized residuals (z-score) after
so controlled for the effect of eTIV. Error bars: standard error of the mean. Hippo:
emporal gyrus; PCC: posterior cingulate cortices; IPL: inferior parietal lobule; RMF:

dx.doi.org/10.1016/j.neuropsychologia.2009.12.024
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Fig. 2. Reconstructed cortical surface maps representing the average mean difference in thickness (mm, p < 0.002) for the three groups with learning and/or retentionQ4
impairment relative to memory intact group (top three rows), and the LL–LR group relative to the HL–LR group (bottom row), after controlling for the effects of age and
g g. Rel
m d PCC
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ender. Blue and cyan indicate thinning whereas red and yellow indicate thickenin
ore widespread pattern of cortical thinning, involving temporal, frontal regions, an

hinner gray matter in medial temporal areas and PCC relative to the HL–HR group
o the web version of the article.)

cuneus (d = 0.63), superior temporal (d = 0.61), rostral middle
frontal (d = 0.61), PCC region (d = 0.60), superior frontal (d = 0.55),
parahippocampus (d = 0.54), supramarginal gyrus (d = 0.54), cau-
dal middle frontal (d = 0.51), pars orbitalis (d = 0.50), lateral
orbitofrontal (d = 0.47), medial orbitofrontal (d = 0.46), superior
parietal (d = 0.45), frontal operculum (d = 0.42), and frontal pole
(d = 0.38).
LL–HR versus HL–HR: Relative to the HL–HR group, the LL–HR
group showed greater volume reduction or cortical thinning in
precuneus (Cohen’s d = 0.94), caudal middle frontal (d = 0.74), hip-
pocampus (d = 0.70), fusiform cortex (d = 0.68), superior parietal
(d = 0.67), entorhinal cortex (d = 0.64), middle temporal (d = 0.61),
inferior temporal (d = 0.60), rostral middle frontal (d = 0.60),
frontal pole (d = 0.58), frontal operculum (d = 0.57), temporal pole
(d = 0.55), superior frontal (d = 0.55), inferior parietal (d = 0.55),
superior temporal (d = 0.53), PCC region (d = 0.52), supramarginal
gyrus (d = 0.51), and medial orbitofrontal cortex (d = 0.43).
HL–LR versus HL–HR: Relative to the HL–HR group, the HL–LR
group showed greater volume reduction or cortical thinning
in hippocampus (Cohen’s d = 0.77), entorhinal cortex (d = 0.69),
fusiform cortex (d = 0.54), temporal pole (d = 0.50), parahip-
pocampus (d = 0.46), middle temporal (d = 0.39), inferior temporal
Please cite this article in press as: Chang, Y. -L., et al. Brain substrates of
progression to Alzheimer’s disease. Neuropsychologia (2009), doi:10.1016/

(d = 0.38), superior temporal (d = 0.37), PCC region (d = 0.35), and
medial orbitofrontal cortex (d = 0.34).
LL–LR versus HL–LR: The LL–LR group showed greater cortical
thinning within inferior parietal (Cohen’s d = 0.45), middle tem-
poral (d = 0.43), supramarginal (d = 0.38), precuneus (d = 0.37), and
ative to the HL–HR group, the two groups with impaired learning ability showed a
. In contrast, the low retention group (the HL–LR group) demonstrated significantly
nterpretation of the references to color in this figure legend, the reader is referred

rostral middle frontal (d = 0.36) regions compared to the HL–LR
group.

Overall, the two impaired learning groups (the LL–LR and the
LL–HR groups) relative to their counterparts (the HL–LR and the
HL–HR groups, respectively) showed greater volume reduction or
cortical thinning in areas beyond temporal lobe including pre-
frontal and parietal regions.

3.3. Relationship between learning and memory measures and
morphometry

To examine the relationship between learning and memory
and morphometric measures, we first performed partial correla-
tions controlling for the effects of gender and education on all four
groups. Results are presented in Table 2 (left columns). Learning and
retention scores were both significantly correlated with all lateral
frontal, medial frontal, lateral temporal, medial temporal, anterior
temporal, parietal, ACC, and PCC ROIs included in the present study.
We further examined the relationship between retention ability
and morphometric measures by adding the learning scores as a con-
learning and retention in mild cognitive impairment diagnosis and
j.neuropsychologia.2009.12.024

trolled variable in the partial correlation analysis (PRI 2, Table 2). 391

The results showed that the PRI 2 retention scores were signifi- 392

cantly correlated with anterior, medial, and ventral temporal lobe 393

which included hippocampal volumes, and cortical thickness of 394

entorhinal, parahippocampal, temporal pole, and fusiform regions. 395
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Table 2
Partial correlation coefficients between learning and retention function and volumetric measure of hippocampus and cortical thickness measures of frontal, parietal, other
temporal lobe regions as well as cingulate cortices with all participants. The left column indicates results controlling for the effects of gender and education; the right column
indicates results controlling for the effects of gender, education, and APOE genotype (the age effect has been controlled for both cognitive and morphometric variables before
entering the analyses).

LEI (learning) PRI 1 (retention) PRI 2 (retention controlling for learning)

Cingulate cortex
Anterior 0.13* 0.11 0.11 0.09 0.03 0.02
Posterior 0.24* 0.22* 0.21* 0.17* 0.06 0.05

Frontal
F pole 0.17* 0.14* 0.15* 0.12* 0.05 0.04
Caudal middle F 0.20* 0.16* 0.14* 0.11 0.02 0.01
Rostral middle F 0.27* 0.23* 0.20* 0.16* 0.04 0.03
Lateral orbitoF 0.19* 0.16* 0.16* 0.13 0.06 0.05
Medial orbitoF 0.20* 0.17* 0.19* 0.17* 0.09 0.08
Superior F 0.23* 0.19* 0.19* 0.15* 0.05 0.04
Pars orbitalis 0.23* 0.20* 0.20* 0.18* 0.07 0.07
Operculum 0.21* 0.18* 0.17* 0.14* 0.05 0.04

Temporal
Hippocampus 0.39* 0.36* 0.41* 0.37* 0.22* 0.21*

Parahippocampus 0.24* 0.22* 0.25* 0.23* 0.13* 0.12
Entorhinal 0.35* 0.33* 0.35* 0.33* 0.19* 0.17*

Fusiform 0.29* 0.27* 0.27* 0.25* 0.11* 0.11
T pole 0.27* 0.26* 0.25* 0.25* 0.12* 0.12
Superior T 0.26* 0.23* 0.23* 0.20* 0.07 0.07
Middle T 0.32* 0.29* 0.27* 0.24* 0.09 0.08
Inferior T 0.32* 0.30* 0.26* 0.24* 0.08 0.07

Parietal
Supramarginal 0.23* 0.21* 0.17* 0.15* 0.03 0.03
Superior P 0.20* 0.17* 0.13* 0.12 0.01 0.01
Inferior P 0.27* 0.24* 0.19* 0.17* 0.03 0.02
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Precuneus 0.28* 0.25*

RI 1 indicates results without controlling for LEI; PRI 2 indicates results with contr
* p < 0.001.

Because the LR–LL group had more �4 carriers than the other
hree groups, a second set of partial correlation analyses were per-
ormed after controlling for the effects of APOE genotype, gender
nd education. A similar pattern of findings was observed, although
n some cases the correlation coefficients were modestly reduced

hen APOE genotype was included. Specifically, the learning scores
emained significantly correlated with widespread brain regions
cross frontal, temporal, and parietal areas, although the ACC was
o longer significantly correlated with learning scores once APOE
enotype was included. In addition, retention scores remained
ignificantly correlated with morphometric measures in medial
Please cite this article in press as: Chang, Y. -L., et al. Brain substrates of
progression to Alzheimer’s disease. Neuropsychologia (2009), doi:10.1016/

U
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C
O

Remporal lobe regions (i.e., hippocampus and entorhinal regions),
lthough relationships with other temporal lobe ROIs, including
arahippocampus, fusiform, and temporal pole, were no longer sta-
istically significant after controlling for APOE genotype (Table 2,
ight columns).

Fig. 3. Bar chart of AD conversion rate over two years for the four groups (le
ED
8* 0.16* 0.01 0.01

LEI in addition to other covariates. F: frontal; T: temporal.

3.4. Conversion rates to probable AD and prediction of AD
conversion over two-year follow-up

Over the two-year follow-up period, the four groups signif-
icantly differed in the AD conversion rate (�2

(3, N = 423) = 117.94,
p < 0.001). The LL–LR group (61.1%) showed a significantly higher
AD conversion rate compared to the HL–LR (30.4%, p < 0.001) and
the HL–HR (4.0%, p < 0.001) groups but a more comparable rate to
the LL–HR group (43.3%, p = 0.06). There was no significant differ-
ence in the AD conversion rate between the LL–HR and the HL–LR
group (p = 0.27), but both groups showed a significantly higher AD
learning and retention in mild cognitive impairment diagnosis and
j.neuropsychologia.2009.12.024

conversion rate relative to the HL–HR group (both p-values < 0.001) 422

(see left side of Fig. 3). 423

We then combined individuals with impaired learning ability 424

regardless of the level of their retention ability (i.e., the LL–HR 425

and the LL–LR groups) into a “combined low learning group”, 426

ft) as well as for the combined low learning/retention groups (right).
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Table 3
Logistic regression with age, gender, education, MMSE scores, presence of at least one APOE �4 allele, and the learning–retention group membership as predictors, and AD
conversion over two years as the outcome measure.

Odds ratio 95% CI Wald �2 p-value

MMSE scores 0.69 0.59–0.81 21.26 <0.001
APOE �4+ allele 2.04 1.19–3.50 6.64 <0.05

Learning–retention group*

LL–LR 17.84 7.38–43.10 40.99 <0.001
2.98–
3.45–
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LL–HR 9.01
HL–LR 8.48

* The HL–HR as the reference group.

nd similarly combined individuals with impaired retention abil-
ty regardless of their learning ability (i.e., the HL–LR and the LL–LR
roups) into a “combined low retention group.” A Chi-square analy-
is (see right side of Fig. 3) revealed that the combined low learning
roup had significantly more participants who developed AD over
two-year follow-up period (57.7%) than the combined low reten-

ion group (48.2%) (p < 0.001).
We next sought to determine whether the classification of mem-

ry deficits would be useful in the assessment of the likelihood of
n AD diagnosis at follow-up. Table 3 shows the results of logis-
ic regression models predicting these outcomes. The multivariate
ogistic regression results showed that age, gender, and level of
ducation were not significant predictors of progression to AD (p-
alues > 0.05), whereas MMSE, APOE, and group membership in the
earning–retention scheme were significantly associated with the
ikelihood of AD conversion over two-year follow-up. Specifically,
he likelihood of progression to AD was predicted by presence of at
east one APOE �4 allele, low MMSE scores, and by membership in
he LL–LR, LL–HR, or the HL–LR groups. Individuals with the pres-
nce of at least one APOE �4 allele showed two-fold increase in
ikelihood of AD progression relative to those did not have an APOE
4 allele; individuals in the LL–LR group demonstrated approxi-
ately an 18-fold increase in risk of converting to AD compared to

hose with intact learning and retention abilities. Individuals in the
L–HR or the HL–LR groups showed an eight- to nine-fold increase
n likelihood of AD progression over a two-year period.

As post hoc analyses, we conducted separate ANOVAs or Chi-
quare tests to examine the demographic and global cognitive
ariables between individuals with versus without follow-up data
or each of the four groups to look for potential selective attrition
ffects. The result showed that across the four groups, individu-
ls with or without follow-up data did not differ in age, education
evel, gender distribution, APOE �4 status, or MMSE scores (all p-
alues > 0.05), suggesting that it is unlikely that selective attrition
ccurred (Table 4).

. Discussion
Please cite this article in press as: Chang, Y. -L., et al. Brain substrates of
progression to Alzheimer’s disease. Neuropsychologia (2009), doi:10.1016/
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CTo date, studies of MCI have relied almost exclusively on delayed
ecall or retention measures in rendering the diagnosis (Arnaiz &
lmkvist, 2003), and there has been a relative dearth of research
arsing the underlying components of the memory problems that
haracterize individuals with MCI. Thus, we investigated quali-

able 4
emographic and global cognitive characteristics of individuals with or without clinical f

Follow-up data LL–LR LL–HR

Yes, n = 126 No, n = 59 Yes, n = 30 No, n

Age 73.88 (7.08) 73.47 (8.63) 76.13 (7.31) 75.42
Education 15.69 (2.87) 14.92 (3.11) 15.87 (3.27) 14.43
Gender (% men) 67% 66% 83% 65%
MMSE 26.83 (1.73) 26.92 (1.80) 26.73 (1.80) 26.61
% APOE �4+ 69% 53% 47% 43%
ED
 P

R
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O
F

27.21 15.18 <0.001
20.86 21.65 <0.001

tative differences in learning versus retention, and their relation
to morphometric measures and disease progression, in MCI. We
presented behavioral evidence showing that MCI individuals can
be characterized by impairments either in learning, retention, or
both, based on a commonly used verbal memory task—RAVLT. Fur-
thermore, individuals with different deficit profiles in learning and
retention presented distinct patterns of brain morphometry. We
then examined the AD progression rate among the MCI groups over
a two-year follow-up and found that either impaired learning or
impaired retention increased risk of future development of AD, but
that individuals with both impaired learning and retention abilities
showed the highest risk of AD conversion.

With respect to brain morphometry, we predicted that individ-
uals with impaired learning ability would show a more widespread
pattern of brain atrophy involving frontal, temporal, and pari-
etal lobe regions, while individuals with impaired retention ability
would demonstrate more circumscribed atrophy primarily involv-
ing medial temporal regions. Results based on group comparisons
and partial correlation analyses supported our predictions and
were consistent with previous neuroimaging and lesion studies
(Moscovitch et al., 2005; Parsons et al., 2006; Powell et al., 2005;
Rosen et al., 2005a; Shankle et al., 2005; Squire et al., 2004;
Weintrob et al., 2007), suggesting that learning measures involve a
broader neural network whereas retention measures show a more
focal gray matter involvement.

Interestingly, relative to the healthy control (or HL–HR) group,
the HL–LR group showed cortical thinning in medial orbitofrontal
areas in addition to temporal lobe areas. The work of Stuss and co-
workers has shown that medial orbitofrontal areas are associated
with the ability to inhibit irrelevant information (Happaney, Zelazo,
& Stuss, 2004; Stuss & Alexander, 2007). It is possible that good
retention ability requires not only the integrity of medial temporal
structures but also the ability to inhibit irrelevant information (e.g.,
words from the interference trial in the RAVLT) mediated by medial
orbitofrontal regions (Stuss & Alexander, 2007).

Cortical thinning in PCC was found in all MCI groups relative to
the HL–HR group. This was not unexpected given that the PCC is
considered part of the limbic system and has reciprocal connec-
learning and retention in mild cognitive impairment diagnosis and
j.neuropsychologia.2009.12.024

tions with the medial temporal lobe, including entorhinal cortex 506

and hippocampal formation (Kobayashi & Amaral, 2003, 2007). 507

Hypometabolism and volumetric reduction in PCC has been identi- 508

fied as a feature of early AD (Choo et al., in press; Chua, Wen, Slavin, 509

& Sachdev, 2008; Pengas, Hodges, Watson, & Nestor, in press), 510

ollow-up outcome data (i.e., AD conversion) for the four groups.

HL–LR HL–HR

= 23 Yes, n = 92 No, n = 32 Yes, n = 175 No, n = 70

(6.91) 76.50 (5.68) 77.14 (5.08) 77.01 (5.50) 76.88 (6.99)
(3.89) 15.83 (2.80) 16.06 (3.05) 16.13 (2.74) 16.13 (3.02)

59% 56% 53% 47%
(1.75) 28.02 (1.72) 27.53 (1.85) 28.31 (1.56) 28.78 (1.41)

37% 47% 30% 24%

dx.doi.org/10.1016/j.neuropsychologia.2009.12.024
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nd several recent studies have reported PCC hypometabolism
r/and volume reduction in individuals with MCI (Choo et al., in
ress; Chua et al., 2008; Fennema-Notestine et al., in press; Pengas,
odges, Watson, & Nestor, in press). Overall, our findings were con-

istent with prior studies that suggest that PCC abnormality can be
etected in a prodromal stage of AD. In addition, we found signifi-
ant cortical thinning in the lateral temporal lobe regions in all MCI
roups relative to the HL–HR group. Lateral temporal areas, partic-
larly middle and inferior temporal gyri, have been implicated in
he progression of AD (McEvoy et al., 2009; Whitwell et al., 2007;

hitwell et al., 2008). Although atrophy of the superior temporal
yrus has typically been observed only after a diagnosis of proba-
le AD (Scahill, Schott, Stevens, Rossor, & Fox, 2002; Whitwell et al.,
007), our results, in accord with some recent studies (Chang et al.,

n press; Fan, Batmanghelich, Clark, & Davatzikos, 2008; McEvoy
t al., 2009), showed significant atrophy in this area in the MCI
roups, suggesting that atrophy of the lateral temporal gyrus can
ccur prior to a diagnosis of probable AD and may be associated
ith a higher risk of imminent clinical decline.

This possibility is further supported by studies demonstrating
hat measures of semantic knowledge show significant declines
uring prodromal AD (Cuetos, Arango-Lasprilla, Uribe, Valencia, &
opera, 2007; Mickes et al., 2007; Powell et al., 2006), and that these
ognitive operations may be relatively independent of episodic
emory deficits (Koenig, Smith, Moore, Glosser, & Grossman,

007). For example, Mickes et al. (2007) have shown in a detailed
europsychological study of prodromal AD that both semantic
emory and episodic memory functions declined rapidly in a

hree-year period progressing to AD, whereas executive function
eficits were not particularly prominent. Mickes et al. concluded
hat cognitive abilities thought to be subserved by the medial and
ateral temporal lobes (episodic and semantic memory, respec-
ively) may be more prominently impaired than cognitive functions
ubserved by the frontal lobes (executive functions). These findings
ap nicely onto the known neuropathologic encroachments of AD

arly on in the disease process (Braak & Braak, 1991) and are also
onsistent with recent reports of decreased semantic access in non-
emented APOE �4 older adults (Rosen et al., 2005b) and the ability
f language tasks to predict pathologic AD six years later (Powell
t al., 2006).

Although distinguishable morphometric patterns were found
etween the poor learning or retention groups and the HL–HR
roup, the correlation coefficients observed between learn-
ng, retention and morphometric measures were generally low
r’s = 0.11–0.41), suggesting that much of the variance in learning
nd retention scores is not explained by brain morphometry. It is
ikely that there are some factors of interindividual differences that

ay have also contributed to the differential morphometric pat-
erns observed among groups. For example, the APOE �4 allele has
een documented as a genetic risk factor for late-onset AD (Ben-
ett et al., 2003; Bondi et al., 1994; Bondi et al., 1999; Modrego,
006). Some studies suggest that the APOE �4 genotype, particu-

arly for individuals who progress to AD over time, is associated
ith more widespread brain atrophy involving areas of medial

emporal, frontal, and parietal regions (Hamalainen et al., 2008).
onsistent with this view, we found that the LL–LR group had the
ighest frequency of APOE �4 carriers among the three MCI groups
nd showed the most widespread pattern of gray matter atrophy
elative to the other groups.

Another goal of the current study was to determine the rela-
ive utility of learning and retention measures in predicting AD
Please cite this article in press as: Chang, Y. -L., et al. Brain substrates of
progression to Alzheimer’s disease. Neuropsychologia (2009), doi:10.1016/

rogression among the four groups. Not surprisingly, individuals
ith both learning and retention impairments at baseline had the
ighest risk for progression to AD over two years. Learning impair-
ent with intact retention, and retention impairment with intact

earning were also each associated with an increased risk for devel-
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oping AD, although our ability to directly compare the conversion
rates of these two important subgroups (i.e., LL–HR versus HL–LR)
was likely underpowered due to their relatively small sample sizes.
However, individuals with learning deficits (regardless of the level
of their retention abilities) at baseline showed a significantly higher
likelihood of developing AD over two years compared to those with
a retention deficit (regardless of the level of their learning abili-
ties). These results are consistent with prior studies that have also
reported differential sensitivity of learning and retention measures.
For example, Grober and Kawas (1997), perhaps the first to show
the utility of learning measures in prodromal AD, found that indi-
viduals in the prodromal stage of dementia recalled significantly
fewer words during the learning trials of the free and cued selec-
tive reminding procedure than did matched control participants,
whereas their retention of material over the 30-min delay period
was identical to that of control participants, suggesting that learn-
ing variables may be a more sensitive measure for predicting AD
conversion than retention. Also, Rabin et al. (2009) investigated the
discriminative ability of several widely used clinical memory tests
to classify individuals as MCI or healthy older adults. They found
that the total learning score on a list-learning task appeared to be
the most sensitive diagnostic index for distinguishing MCI from
healthy aging. Together with the current results showing that learn-
ing impairment is associated with a higher rate of progression to
AD than retention deficits in the absence of learning impairments,
these findings suggest that learning measures can be as useful as
retention measures in predicting progression from MCI to AD, and
suggest that the use of only delayed recall or retention measures in
studies of amnestic MCI potentially misses an important subset of
older adults at risk of developing AD.

Our cross-sectional results showed that individuals with
impaired learning or retention could be distinguished from elderly
individuals without memory impairment not only from this
neuropsychological perspective but also in terms of brain mor-
phometry. Buckner (2004) suggests that AD pathology, even in the
early stages, involves both hippocampal and frontal regions, though
via different mechanisms. Some studies have also demonstrated
that MCI individuals with more widespread gray matter loss at
baseline progress more rapidly to AD relative to those with focal
gray matter loss (McEvoy et al., 2009; Whitwell et al., 2008). Con-
sistent with these studies, relative to the impaired retention group,
the impaired learning group showed a more widespread pattern of
gray matter loss at baseline involving frontal, temporal, and other
cortical regions; and these individuals showed a higher progres-
sion rate to AD during the follow-up period. Overall, our finding
suggests that learning ability, given its involvement in multiple
cortical regions and likely reliance on other neuropsychological
mechanisms such as attention and concentration, can be a sensitive
indicator of imminent clinical decline in the prodromal period.

Some of the initial factor analytic studies of the neuropsy-
chological measures comprising the MOANS core battery, which
includes the RAVLT, also support this notion. Specifically, Smith,
Ivnik, Malec, and Kokmen (1992), Smith, Ivnik, Malec, and Tangalos
(1993) demonstrated that the RAVLT learning index loaded on a
Learning factor along with a number of other learning and working
memory measures (WMS-R Logical Memory I, Visual Reproduction
I, Visual Associates, Paired Associates), whereas the RAVLT reten-
tion index loaded on a more circumscribed Retention factor with
other measures of retention only (WMS-R Logical Memory Percent
Retention, Visual Reproduction Percent Retention). Other factors on
which neither of the RAVLT measures loaded were those relating
learning and retention in mild cognitive impairment diagnosis and
j.neuropsychologia.2009.12.024

to Verbal Comprehension, Perceptual Organization, or Attention 638

(WAIS-R Digit Span and Arithmetic, WMS-R Mental Control and 639

Visual Span). The robust psychometric characteristics of the RAVLT 640

variables and their demonstrated stability in factor analytic studies 641

of both normal and clinical dementia samples support the gener- 642

dx.doi.org/10.1016/j.neuropsychologia.2009.12.024


 IN

T

G

N

sycho

a643

l644

645

m646

i647

g648

e649

i650

t651

a652

d653

l654

i655

M656

b657

b658

M659

660

y661

o662

a663

t664

c665

u666

m667

o668

r669

h670

n671

o672

c673

w674

a675

t676

a677

t678

p679

c680

2681

m682

p683

684

v685

c686

l687

s688

J689

o690

s691

c692

s693

t694

a695

r696

i697

a698

d699

a700

i701

702

l703

l704

t705

v706

s707

t708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

Q2 756

757

758

759

760

761

762
ARTICLE

U
N

C
O

R
R

EC

Model

SY 3524 1–11

Y.-L. Chang et al. / Neurop

lizability of our findings with the RAVLT variables to other similar
earning and retention measurement strategies.

Although the search for signature cognitive changes in prodro-
al AD has largely focused on episodic memory, as was the case

n our study, several recent reviews and meta-analyses also sug-
est that there is decline in other cognitive domains in addition to
pisodic memory in the few years prior to a dementia diagnosis,
ncluding deficits in semantic memory, visuospatial skills, execu-
ive functions, and attention and speed of processing (Backman et
l., 2004). This widespread decline in cognitive abilities mirrors evi-
ence that multiple brain regions (e.g., medial and lateral temporal

obes, frontal and parietal cortices, cingulate cortex) or connectiv-
ty between these regions are impaired in prodromal AD (Small,

obly, Laukka, Jones, & Backman, 2003). Future studies that more
roadly sample cognitive domains beyond episodic memory will
e better able to delineate these brain–behavior relationships in
CI and prodromal AD.
Broader conceptualizations of MCI have emerged in recent

ears to encompass cognitive domains other than episodic mem-
ry (Petersen & Morris, 2005), and clinical subtypes that include
mnestic and non-amnestic forms, or single or multiple cogni-
ive domains, have been offered. With the advent of these broader
lassification schemes, diagnostic challenges related to MCI have
nderstandably increased, and neuropsychological assessment of
ultiple cognitive domains—with sensitive and specific measures

f the AD prodrome—will increasingly play a prominent role in
esolving these challenges. For example, a pair of recent studies
ave shown that, when compared to the typical approach to diag-
osing MCI (e.g., recall deficit ≥1.5 standard deviations; CDR score
f 0.5; normal MMSE score), a comprehensive neuropsychologi-
al approach to MCI diagnosis results in more robust associations
ith expected anatomical and stroke risk findings (Jak, Bondi, et

l., 2009) as well as better prediction of progression to demen-
ia (Saxton et al., 2009). Use of comprehensive neuropsychological
ssessment when diagnosing MCI subtypes will help to improve
he stability and reliability of diagnosis, as will the use of multi-
le measurements (e.g., learning and retention measures) within a
ognitive domain such as episodic memory (see Jak, Urban, et al.,
009). Our finding that combined learning and retention impair-
ent was superior to isolated learning or retention impairment in

redicting progression to AD supports this notion.
Related to this, differences in the classification of some indi-

iduals as MCI or normally aging in the current study relative to
lassification of these individuals within the ADNI reflects the prob-
ems associated with the use of different operational criteria across
tudies (Busse, Hensel, Guhne, Angermeyer, & Riedel-Heller, 2006;
ak, Urban, et al., 2009). The internal consistency of MCI diagnosis
r prediction of AD progression based on alterations of the clas-
ification criteria (i.e., the cut point at which performance was
onsidered impaired) was not the primary interest of the current
tudy. However, differences in the conversion rates among the
hree MCI groups identified here, and between these MCI groups
nd the HC group, suggests that diagnostic schemes that incorpo-
ate more than delayed recall and global screening measures will
ncrease sensitivity and reliability in predicting diagnostic outcome
nd likelihood of conversion to AD. Anchoring such sophisticated
iagnostic schemes to underlying brain morphometric changes
nd prediction of AD progression will also provide much needed
mprovements in MCI diagnostic procedures.

Despite the potential clinical value of our findings, there are
imitations that should be noted. First, with the limited number of
Please cite this article in press as: Chang, Y. -L., et al. Brain substrates of
progression to Alzheimer’s disease. Neuropsychologia (2009), doi:10.1016/

earning and memory tests available in the ADNI, it is not possible
o compare the relative diagnostic and predictive value of visual
ersus verbal learning and memory tests. Second, with the large
ample sizes afforded by the ADNI, it is possible to observe statis-
ically significant group differences, as we did for the bulk of our
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comparisons, although the clinical impact of these statistically sig-
nificant findings may not be as clear cut. Fortunately, for at least a
subset of the analyses we were able to provide effect size statistics,
the bulk of which showed medium to large effect sizes, bolstering
the potential clinical import of the findings. Third, two-year clinical
follow-up data was available for only 69% of MCI individuals at the
time we conducted this study. This is not uncommon in prospective
studies of older adults (Visser, Pluijm, Stel, Bosscher, & Deeg, 2002),
particularly with such a large-scale project. Additional follow-up
data over a longer time interval could provide clarifying informa-
tion on the relative progression rates between the LL–HR and HL–LR
groups. Nevertheless, despite some dropout, MCI participants with
or without follow-up data within each group did not significantly
differ in any of the baseline demographic (i.e., age, education level,
gender distribution, APOE �4 status) or global cognitive (i.e., MMSE
score) characteristics. Thus, it seems unlikely that selective attrition
occurred.

In conclusion, we provide evidence in support of the use of both
learning and retention measures in the diagnosis of MCI. Further-
more, understanding the underlying qualitative feature of memory
deficits in MCI can provide critical information for early detection
of AD. Individuals with learning or retention impairment appear
to be distinguishable not only neuropsychologically but also mor-
phometrically. That is, individuals with learning deficits appear
to show a more widespread pattern of gray matter loss, whereas
individuals with retention deficits tend to show more focal gray
matter loss with largest effects in medial temporal regions and
PCC at baseline. Moreover, both learning and retention measures
provide good predictive value for longitudinal clinical outcome,
although impaired learning had modestly better predictive power
than impaired retention. As expected, use of both measures pro-
vided the best predictive power. Hence, the conventional practice
relying on the use of delayed recall or retention measures only
in most MCI diagnostic schemes misses an important subset of
individuals with prodromal AD. Overall, our results highlight the
importance of including learning measures in addition to retention
measures when making a diagnosis of MCI and for predicting clin-
ical outcome. Knowledge of affected memory processes can also
help to tailor specific auxiliary mnemonic strategies in cognitive
training in MCI populations.
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