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Abstract. Assessment of disease biomarkers, particularly the in vivo assessment of amyloid-� (A�) burden with positron emission
tomography (PET), is gradually becoming central to the diagnosis of mild cognitive impairment (MCI) due to Alzheimer’s
disease (AD). However, the incorporation of biomarker evidence to the diagnostic process is currently restricted mainly to
research settings. The identification of memory measures that are associated with A� is of clinical relevance as this may enhance
the confidence in making a diagnosis of MCI due to AD in clinical settings. Forty one persons with amnestic MCI underwent
A� imaging with 18F-Florbetaben PET, magnetic resonance imaging, and a comprehensive neuropsychological assessment.
All measures of episodic memory were significantly correlated with A� burden, but regression analyses revealed a strong and
selective association between story recall and A� over and beyond the effects of age, education, global cognition, hippocampal
volume, or other memory tests. Analyses of sensitivity and specificity of memory measures to detect high versus low A� scans
suggested that word-list recall performed better when high sensitivity was preferred, whereas story recall performed better when
high specificity was preferred. In conclusion, a measure of story recall may increase the confidence in making a diagnosis of
MCI due to AD in clinical settings.
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INTRODUCTION

Dementia, a mostly age-related clinical syndrome
characterized by the gradual loss of cognitive, intel-
lectual, and functional abilities, represents one of the
most pressing health challenges of our time. Although
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Alzheimer’s disease (AD), the most common cause of
dementia in those over 65 years, was first described
more than a century ago, it was mainly in the past
two decades that the most significant breakthroughs in
our understanding of clinicopathological and genetic
aspects of AD occurred. It is well established now
that AD pathology is present many years before the
onset of detectable clinical symptoms. In recent years,
various techniques emerged that allow the detection
of disease biomarkers such as amyloid-� (A�) burden
in vivo. The ability to detect AD pathology before the
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development of obvious clinical symptoms is likely
to be of particular relevance when future disease-
modifying therapies become available as these are
most likely to be effective at earliest stages of the dis-
ease. The major advances in AD research are reflected
in the recent publication of the first revision of the orig-
inal diagnostic criteria for AD [1]. Building on and
extending the work the International Working Group
[2, 3], the research of three working parties, estab-
lished by the Alzheimer’s Association and the National
Institute on Aging (NIA), has recently culminated in
the publication of three separate guidelines for the
diagnosis of AD at three phases: preclinical, mild cog-
nitive impairment (MCI), and dementia [4–6]. These
reports draw distinctions between the pathophysiolog-
ical (AD-P) and clinical (AD-C) aspects of AD, and
between the evidence for AD that can be used in clinical
settings versus research settings.

An imbalance between the production and clear-
ance of A� that leads to its extracellular accumulation
in plaques is widely regarded as the initial event
in a cascade of pathological processes that lead to
synaptic dysfunction and neuronal death which is fol-
lowed by the development of cognitive impairment
and eventually dementia [5]. Data from postmortem
studies [7] and from in vivo assessment of A� show
that high levels of A� are present in 30%–40% of
apparently healthy older adults [8, 9]. In individuals
meeting criteria for MCI (particularly the amnestic
type), between 50% and 60% show high A� bur-
den [10], and while not all individuals with high A�
burden progress to Alzheimer dementia, virtually all
individuals with Alzheimer dementia have high A�
burden [11]. These observations contributed to an
increasing consensus that A� is a necessary but insuffi-
cient factor in the development of Alzheimer dementia
[12].

The recently published criteria for MCI due to AD
recommend that the incorporation of biomarker evi-
dence of AD pathology to increase the certainty in the
diagnosis be restricted to research settings, whereas the
core criteria for use in clinical settings will continue
to rely primarily on careful history gathering and the
results of objective cognitive measures [4]. This rec-
ommendation reflects in part the limited availability
of biomarker evidence, particularly in respect to cere-
brospinal fluid sampling and molecular neuroimaging
of A� burden in vivo [4].

The identification of reliable clinical correlates of
A� burden in persons with amnestic MCI is there-
fore of considerable interest, as these may enhance
confidence that AD is the underlying etiology in

clinical settings. Research in recent years had begun
to address the nature of the concurrent relationship
between A� and cognition. Whereas this literature is
usually focused on the impact of A� on cognition,
the ability of cognitive measures to reliably predict
elevated A� levels is a question of clinical interest.

Data from postmortem studies usually support the
presence of a strong relationship between cognitive
functions and neurofibrillary tangles, especially in the
area of episodic memory [13]. Furthermore, memory
function has an established association with hippocam-
pal atrophy, which is believed to indirectly reflect
tangle-related neuronal death. Vascular pathology, as
reflected in white matter hyperintensities (WMH), has
been shown to be associated with cognitive compro-
mise, particularly affecting performance on working
memory and executive function, as well as visuospa-
tial abilities among people with MCI [14]. The extent
to which A� is associated with cognition is, however,
less clear. Although the association between cogni-
tion and A� in studies in which participants across
the spectrum of cognitive and functional ability are
combined tends to be significant, the nature of this
relationship among non-demented older adults remains
inconclusive.

In apparently healthy older adults, the evidence
regarding the relationship between A� burden and
episodic memory is mixed. Preliminary reports
observed a moderate relationship [15] between
episodic memory and A� burden as reflected in Pitts-
burgh Compound B retention. However, other studies
failed to replicate this finding [16–18], and more
recently it has been shown that the association between
A� burden and memory in healthy older adults may be
moderated by cognitive reserve [19].

In persons with MCI, the results more uniformly
point to the presence of a relationship between A�
and episodic memory function [15, 20]. However, the
results of one study suggest that this relationship may
be mostly mediated by hippocampal volume [21]. This
finding is consistent with an earlier histopathologi-
cal study in which a significant association between
A� and cognition was eliminated once density of
neurofibrillary tangles was controlled [22]. Recently,
Chételat et al. showed that, unlike the case for
global A� deposition, A� burden in the tempo-
ral cortex continued to be independently associated
with episodic memory in persons with MCI and in
clinically healthy older adults [23]. Performance in
domains other than episodic memory has generally
been found to show little relationship with A� burden
[15, 17].
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Importantly, in all studies mentioned, the associa-
tion between A� and memory was usually examined
using a composite memory score, which was calcu-
lated from scores on delayed recall trials of two or
more individual memory tests [15, 18]. However, in
clinical settings where individuals with suspected MCI
are usually assessed, a variety of memory measures
are used by clinicians, and it is not clear whether spe-
cific memory measures are better associated with A�.
Identification of specific memory measures that show
a strong association with A� burden may increase the
confidence in making the diagnosis of MCI due to AD
in clinical settings. Furthermore, in cognitive evalua-
tions of persons with MCI, the assessment of memory
recall following a delay (long-term memory) is usu-
ally emphasized by clinicians over the assessment of
immediate (short-term) memory. However, whether
A� is better correlated with immediate or with delayed
memory recall is not known. This point is of clinical
relevance as if A� shows an association of a similar
magnitude with immediate and with delayed memory
measures, scores on immediate recall trials of memory
measures may be sufficient to allow clinicians make
predictions regarding the presence of A�.

Among the most commonly used measures of mem-
ory in neuropsychological evaluations of older persons
are tests assessing word-list recall, paragraph recall,
and memory for visuospatial information. In the cur-
rent study, we investigated the relationship between
individual cognitive measures and A� burden, hip-
pocampal atrophy, and WMH and evaluated the extent
to which such measures can be used in clinical settings
to increase confidence in the diagnosis of MCI due to
AD.

MATERIALS AND METHODS

Participants

Forty-five older adults who were referred from
local memory clinics and who met consensus crite-
ria for MCI at the time the study was undertaken [24]
enrolled in the current study. Specifically, all partici-
pants or their next of kin reported a history of cognitive
decline, while remaining relatively independent in
their activities of daily living. The presence of cogni-
tive impairment and relative functional independence
were subsequently confirmed by a neuropsychologi-
cal assessment (described below). On the basis of the
neuropsychological assessment, four participants were
classified as having a non-amnestic MCI. Because
individuals with non-amnestic MCI are less likely

to progress to AD [25], these four individuals were
excluded from the current analyses, which focused
on the remaining 41 patients. The following addi-
tional criteria had to be met for inclusion in the study:
Participants had to be at least 60 years old and to
have had at least 7 years of formal schooling. They
were also required to communicate fluently in English
and to have no contraindications to undergo an MRI
scan. A further inclusion criterion was the availability
of a reliable next-of-kin who also agreed to partic-
ipate in the study and provide a collateral history.
Exclusion criteria included the presence of demen-
tia, a score lower than 23 on the Mini-Mental Status
Examination (MMSE) [MMSE; 26], and being unable
to give informed consent. In addition, participants
were excluded if they presented with other conditions
that may impair their cognition and independence,
including other neurological (stroke, multiple sclero-
sis, epilepsy, moderate-severe traumatic brain injury),
psychiatric (psychotic symptoms, bipolar disorder), or
substance use conditions (e.g., drug and alcohol depen-
dence). Participants who were on stable low doses of
psychotropic medication were not excluded from the
study; however, participants were excluded if they were
already prescribed acetylcholinesterase inhibitors or
memantine.

The study was approved by the Austin Health ethi-
cal review board, and all participants provided written
informed consent prior to being screened for partici-
pation.

Neuropsychological testing

All participants underwent a neuropsychological
evaluation by a neuropsychologist who was blinded
to the imaging results. Apart from the addition of
the MMSE and the Clinical Dementia Rating scale
(CDR) [CDR; 27], the neuropsychological examina-
tion was identical to that described in Pike et al. [15],
and included: Boston Naming Test (BNT-30 item ver-
sion) [BNT-30 item version; 28], Digit Span and Digit
Symbol-Coding subtests from the Wechsler Adult
Intelligence Scale-Third edition [WAIS-III; 29], Cali-
fornia Verbal Learning Test-Second edition (CVLT-II)
[CVLT-II; 30], Logical Memory (LM) immediate and
delayed recall from the Wechsler Memory Scale-Third
edition1 [WMS-III, Story A only; 31, 1997], Rey

1For consistency with the Alzheimer’s Disease Neuroimaging Ini-
tiative (ADNI) and the Australian Imaging and Biomarkers Study
of Ageing (AIBL), the protocol for administration of story recall
was modified and included story A only, which was only read once.
Recall was tested immediately and following a 25 min delay.
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Complex Figure Test (RCFT) [RCFT; 32], and the
Verbal Fluency subtest of the Delis–Kaplan Executive
Function System [D-KEFS; 33]. A composite episodic
memory score was calculated by computing the aver-
age of the z scores for the RCFT, CVLT-II, and LM long
delayed recall trials. A composite non-memory score
was calculated by computing the average of the z scores
for Letter and Category Fluency, BNT, Digit Span,
Digit Symbol-Coding, and RCFT copy. The neuropsy-
chological evaluation was conducted up to 4 weeks
prior to the 18F-Florbetaben PET scan.

Image acquisition

MRI
MR imaging was performed prior to the PET scan

and consisted of a 3D T1-weighted magnetization
prepared rapid gradient echo (MPRAGE) sequence
and a fluid attenuated inversion recovery (FLAIR)
sequence. MRI was done for screening and subsequent
co-registration with the PET images.

18F-Florbetaben Imaging
Labeling was done in the Austin Health Centre

for PET, as previously described [34]. Mean spe-
cific activity at the time of injection for MCI was
60 ± 29 GBq/�mol. Imaging was performed with a
3D GSO Phillips Allegro PET camera. A 2-min trans-
mission scan using a rotating 137Cs source was done
for attenuation correction immediately prior to scan-
ning. Each participant received on average 286 ± 19
MBq of 18F-Florbetaben IV over 38 ± 17 s. Images
obtained between 90–110 min post injection were ana-
lyzed. Images were reconstructed using a 3D RAMLA
algorithm.

Image analysis

All image analyses were conducted by persons
blinded to the clinical status and cognitive test results
of participants.

Hippocampal volumes were obtained by a com-
mercial, fully automated volumetric measurement
program (NeuroQuant®) that was applied to the 3D
MP-RAGE MRI data [35]. For cross validation, indi-
vidual hippocampal volumes were compared with
volumes obtained by manual extraction using the VBM
tool from SPM5, which was performed in 38 of the
amnestic MCI participants with suitable MRI data
(r = 0.77) [36]. Preprocessing of the FLAIR images
was performed to correct for bias field effects and

remove noise using anisotropic diffusion prior to man-
ual segmentation of deep WMH. Manual segmentation
of the WMH was performed using the MRICRO soft-
ware by P.R. The total WMH volume in each MCI
subject was calculated, as well as the number of indi-
vidual lesions.

PET images were processed with a semi-automatic
volume of interest (VOI) method. This method
used a preset template of narrow cortical VOI
that were applied to either the spatially normalized
18F-Florbetaben scan or via placement on the subject’s
spatially normalized co-registered MRI by a single
operator (VLV) blind to the subject’s clinical status.
Minor manual adjustments on the MRI were made
to ensure that overlap with white matter and cere-
brospinal fluid was minimized. Spatial normalization
and co-registration of the PET and MRI images was
performed using SPM8 [37]. Mean radioactivity values
were obtained from VOI for cortical, subcortical, and
cerebellar regions. The cerebellar cortical VOI were
placed taking care to avoid cerebellar white matter. No
correction for partial volume effect was applied to the
PET data.

The standardized uptake value (SUV), defined as
the decay-corrected brain radioactivity concentration
normalized for injected dose and body weight, was cal-
culated for all regions. These were then used to derive
the SUV ratio (SUVR), which was referenced to cere-
bellar cortex. Neocortical A� burden was expressed
as the average SUVR of the area-weighted mean for
the following cortical ROIs: frontal (consisting of
dorsolateral prefrontal, ventrolateral prefrontal, and
orbitofrontal regions), superior parietal, lateral tem-
poral, lateral occipital, and anterior and posterior
cingulate. In order to identify a SUVR ‘cut-off’, a hier-
archical cluster analysis of the neocortical SUVR of
18F-Florbetaben scans in healthy control participants
was performed as previously described [38], yield-
ing a cut-off for “high” or “low” neocortical SUVR
of ≥1.45.

Statistical analyses

Data was first screened for missing data and the
presence of outliers, which showed that LM scores
were missing for one participant, and that RCFT
delayed recall score was missing for another partic-
ipant. Therefore, the composite memory score for
these two participants was based on two memory
measures rather than three. Standard scores on each
of the neuropsychological tests were calculated using
the means and standard deviations on these same



A. Bahar-Fuchs et al. / Prediction of Aβ with Neuropsych Tests 455

measures from a carefully selected cohort of 45
healthy aged-matched older participants taken from
the Australian Imaging Biomarkers and Lifestyle
(AIBL) Study of Ageing [39]. This control group com-
prised individuals who all met the following criteria:
negative A� scans, no global or hippocampal atro-
phy, MMSE >28, CDR = 0, CDR Sum of Boxes = 0,
mean Geriatric Depression Scale = 1 ± 1.4, and mean
abdominal circumference = 92 ± 13. Thus the refer-
ence group consisted of individuals with no indicators
of disease that are likely to impact on cognitive func-
tion. Pearson’s correlation coefficients were calculated
to assess the degree of linear relationship between
neuropsychology test scores and neocortical SUVR,
hippocampal volume, and WMH. Step-wise hierar-
chical regression models were built with neocortical
SUVR as the dependent variable, and scores on mem-
ory measures as the predictor variables. To assess the
relationship between A� burden and memory beyond
the impact of other variables, in all models, age, edu-
cation, MMSE, and hippocampal volume entered the
model first. Receiver operating characteristic (ROC)
analyses were performed to determine cut-off for each
memory test associated with various sensitivity and
specificity values to detect high or low A� burden.
Data are presented as mean ± SD, unless otherwise
stated.

RESULTS

Table 1 shows participants’ means (SE), standard
scores, and range on demographic and neuropsycho-
logical measures, as well as their association with
neocortical SUVR, hippocampal volume, and WMH.
As expected, this sample of amnestic MCI patients
was impaired on all measures of learning and mem-
ory as reflected in the standard scores. With respect to
non-memory measures, with the exception of scores
on the BNT, performance on these tests was generally
preserved (Table 1). Age was moderately associated
with hippocampal volume and WMH, whereas nei-
ther of the demographical variables was related to
neocortical SUVR values. Examination of the lin-
ear relationship between performance on cognitive
measures and neocortical SUVR revealed moderate
to strong relationships between the composite mem-
ory score, as well as each of the individual measures
of episodic memory and neocortical SUVR (Fig. 1).
While the association between hippocampal volume
and the composite memory score remained significant
after controlling for the effects of age on hippocam-
pal volume, the delayed recall of a figure (RCFT)
was the only memory measure that correlated with
hippocampal volume. Cognitive measures other than
memory generally showed a weak association with

Table 1
Means, SE, range, and standard scores on demographic and neuropsychological measures, together with linear correlation coefficients with A�

SUVR, WMH, and with hippocampal volume

Mean (SE) Standard (z) Range SUVR WMH Hipp vol
score (Pearson r) (Pearson r) (Pearson r)

Age 72.5 (1.0) – 60–85 0.00 0.36∗ –0.45∗∗
Education (y) 13.5 (0.6) – 7–25 –0.13 –0.19 –0.26
% Male 61 – – 0.09 –0.07 –0.18
MMSE 27.3 (0.3) –2.7 24–30 –0.38∗∗ 0.17 0.20
CVLT-II total 34.0 (1.6) –2.3 17–61 –0.41∗∗ –0.16 0.23
CVLT-II short delay 5.2 (0.6) –2.5 0–15 –0.33∗ –0.08 0.26
CVLT-II long delay 4.9 (0.6) –3.4 0–15 –0.39∗∗ –0.13 0.29
RCFT copy 29.6 (1.0) –0.1 2–36 –0.10 –0.33∗ –0.05
RCFT immediate 11.1 (1.0) –1.4 0–31 –0.35∗ –0.24 0.28
RCFT delay 10.4 (1.0) –1.4 0–28 –0.42∗∗ –0.28 0.47∗∗
LM immediate 7.8 (0.7) –1.3 0–17 –0.51∗∗ 0.1 0.14
LM delay 5.2 (0.7) –1.9 0–13 –0.58∗∗ 0.09 0.09
(Letter fluency- F,A,S) 36.3 (1.6) –0.4 9–67 0.14 –0.13 0.04
BNT 25.3 (0.5) –1.7 16–30 0.07 –0.40∗∗ –0.06
Category fluency 34.0 (1.5) –0.8 17–60 0.1 –0.11 0.06
Digit span 16.4 (0.4) –0.6 9–21 –0.00 –0.00 –0.37∗
Digit-symbol coding 46.8 (2.1) –0.9 21–76 –0.09 –0.21 –0.03
Composite memory – –2.5 –4.1–(–0.3) –0.60∗∗ –0.14 0.32∗
Composite non-memory – –0.9 –3.0–0.5 –0.00 –0.38∗∗ –0.09

*p<0.05, **p<0.01; Z scores calculated using a normative sample of 45 healthy older adults from the AIBL study. See Statistical Analysis
section for details of this sample. Correlations shown between standardized uptake value ratio (SUVR) and cognitive measures are uncorrected,
whereas correlations between white matter hyperintensities (WMH) and hippocampal volume with cognitive measures are corrected for age;
BNT, Boston Naming Test; CVLT-II, California Verbal Learning Test-Second edition; LM, Logical Memory immediate and delayed recall;
MMSE, Mini-Mental Status Examination; RCFT, Rey Complex Figure Test.
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Fig. 1. Linear relationships between standardized uptake value ratio
(SUVR) and three measure of delayed memory recall. High and low
A� are separated by the dotted line (SUVR = 1.45).

either SUVR or hippocampal volume. However, the
composite non-memory score was significantly asso-
ciated with WMH.

As can be seen in Table 1 and Fig. 1, LM II showed
the strongest association with neocortical SUVR, while
showing the lowest association with hippocampal vol-
ume. To explore the extent to which the three memory
measures independently explained variance in neo-
cortical SUVR scores, three hierarchical regressions
models were built. In each of these models, age and
education entered the model first, followed by the
MMSE score as a measure of global cognition. Hip-
pocampal volume entered the models next. The three
models subsequently differed in the order in which

the three memory measures entered them. In each of
these models, two memory measures entered the model
together, with the third memory measure entering the
model last. Table 2 shows a summary of these proce-
dures. As can be seen, age and education explained
minimal variance in neocortical SUVR scores, and
although the change in the amount of explained vari-
ance when MMSE score was added to the model
was significant, the model as a whole remained non-
significant. As can be further noted, the addition of
hippocampal volume to the model at the next step did
not explain additional variance in SUVR. The point at
which the model reached significance in the prediction
of A� varied with the step in which LM II score entered
the model. Specifically, the first regression model did
not reach significance when both the CVLT-II and the
RCFT entered the model, but when LM II was added
to the model in the next step, it reached significance. In
the other two models, once LM II entered the regres-
sion in the fourth step, no additional improvement in
the amount of variance explained was achieved with
the addition of the remaining memory measure in the
final step.

As expected, for each memory measure, the rela-
tionship between scores on the immediate and the
delayed recall trials was very strong (r = 0.86, r = 0.94,
and r = 0.88 for the CVLT-II, RCFT, and LM, respec-
tively). It is therefore possible that the associations
that were observed between neocortical SUVR and
the delayed recall trials of the three memory measures
merely reflected the scores obtained on immediate
recall of these measures. To explore this possibility,
the relationship between neocortical SUVR and the
delayed recall trials of the three memory measures
was examined again while controlling for immediate
recall scores in partial correlation analyses. Inter-
estingly, while the relationship between neocortical
SUVR and delayed recall on both the CVLT-II and
RCFT became weak and non-significant (r = –0.22, ns;
r = –0.09, ns respectively), the relationship with the
delayed recall of LM remained significant (r = –0.32,
p = 0.04).

Consistent with other studies, 56.1% (n = 23) of per-
sons with amnestic MCI in the current study presented
with high A� burden (neocortical SUVR >1.4). There
were no differences between participants with high
or low A� burden in terms of age, education, hip-
pocampal volume, or WMH. MCI participants with
high A� burden obtained a significantly lower com-
posite memory score than did participants with low A�
burden (t(39) = 5.0, p < 0.001, d = 1.6). Examination of
group differences on the specific memory measures
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Table 2
Results of three hierarchical regression models with A� as the dependent variable. After age, education, Mini-Mental Status Examination
(MMSE), and hippocampal volume entered the model as predictors in each model, the three memory tests entered the model. In each model, a

different memory test entered the model last

Step B β R R2 �R2 p (model)

1 Age 0.001 0.02 0.13 0.02 0.02 ns
Education –0.01 –0.14

2 MMSE –0.05 –0.38∗∗ 0.40 0.16 0.14∗ ns
3 Hippocampal volume –0.06 –0.12 0.41 0.17 0.01 ns

Regression Model 1: LM delay entered last

4 CVLT delay –0.02 –0.23 0.54 0.29 0.12 0.05
RCFT delay –0.01 –0.26

5 LM delay –0.03 –0.47∗∗ 0.65 0.42 0.13∗∗ 0.01

Regression Model 2: CVLT-II delay entered last

4 RCFT delay –0.00 –0.13 0.63 0.40 0.23∗∗ 0.006
LM delay –0.03 –0.50∗∗

5 CVLT-II delay –0.01 –0.16 0.65 0.42 0.02 0.008

Regression Model 3: RCFT delay entered last

4 CVLT delay –0.01 –0.18 0.64 0.41 0.24∗∗ 0.004
LM delay –0.03 –0.50∗∗

5 RCFT delay –0.00 –0.08 0.65 0.42 0.00 0.008

*p<0.05, **p<0.01; CVLT-II, California Verbal Learning Test-Second edition; LM, Logical Memory delayed recall; RCFT, Rey Complex Figure
Test.

showed that MCI participants with high A� burden
scored lower than those with low A� burden on the
CVLT-II delayed recall (t(39) = 2.7, p < 0.01, d = 0.9,
RCFT delayed recall, t(39) = 3.2, p < 0.01, d = 0.89,
and LM II, t(38) = 4.8, p < 0.001, d = 1.6). No group
differences were observed on the non-memory com-
posite score, or on any of the specific non-memory
measures.

To explore the sensitivity and specificity of different
memory test cut-off scores to detect a positive ver-
sus negative scans, ROC analyses were performed.
A visual inspection of the ROC curve depicted in
Fig. 2 shows that LM II was overall more accurate
than RCFT or CVLT-II in predicting whether a given
scan revealed high or low, A� burden and this was
confirmed by calculation of the area under the curve
(Table 3). Table 3 also provides cut-off and classifica-
tion accuracy values associated with 90% sensitivity
to detect a high A� scan and with 90% specificity to
detect a low A� scan. When the degree of test sen-
sitivity to detect a high A� scan was set high (90%),
CVLT-II was associated with greater specificity (i.e.,
fewer false positives) than the other two measures.
However, when the degree of test specificity to detect
low A� scans was set high (90%), LM II was associ-
ated with greater sensitivity relative to the other two

CVLT-II LD
RCFT LD
LMII
Reference Line

S
en

si
tiv

ity

1 - Specificity

Fig. 2. ROC curve showing sensitivity and specificity of three mem-
ory measures to detect high A� scan.

measures. As can also be seen in Table 3, at 90%
specificity, LM II score could be used to correctly clas-
sify 80% of participants as having high or low A�
scan.
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Table 3
Cut-off values on three memory measures associated with 90% sen-
sitivity to detect a positive A� scan and with 90% specificity to detect

a negative A� scan

CVLT-II RCFT LM II

Area under the curve 0.79 0.77 0.86

90% sensitivity
Cut-off ≤4 ≤6 ≤2
Specificity 61% 36% 54%
Classification accuracy 73% 60% 70%

90% specificity
Cut-off ≥10 ≥16 ≥8
Sensitivity 11% 33% 72%
Classification accuracy 54% 62% 80%

CVLT-II, California Verbal Learning Test-Second edition; LM, Log-
ical Memory delayed recall; RCFT, Rey Complex Figure Test.

DISCUSSION

The current study confirms the well-established
finding that among persons meeting criteria amnes-
tic MCI, some display an ‘AD-like’ pattern of A�
burden, but a substantial number display a ‘Control-
like’ pattern of A� deposition. The current study also
showed that in persons with amnestic MCI, episodic
memory function is related to A� burden when treated
both as a continuous measure and as a dichotomous
variable, whereas other cognitive domains appear to
be independent of A� burden. The significant asso-
ciation between A� burden and episodic memory
was observed for all three memory measures used in
the current study (story recall, word-list recall, and
recall of a complex figure), as well as for a com-
posite memory score which was derived from these
three measures. In contrast to the findings of Mormino
et al. [21] and Chételat et al. [23], the association
between the memory composite and global A� burden
remained significant after controlling for hippocam-
pal volume. Examination of the association between
A� burden and the three memory measures showed
that A� burden was most strongly associated with
delayed recall of a story. Furthermore, while both
word-list and figure recall were moderately associ-
ated with hippocampal volume, story recall was not
significantly associated with hippocampal volume.
The independent relationship between A� burden and
story recall was confirmed in regression analyses that
showed that it was the only memory measure that
accounted for additional variance in A� burden beyond
that explained by demographic factors, hippocampal
volume, global cognitive status, and other memory
measures. Interestingly, while the association between
A� burden and the delayed recall trial of both the

word-list and the figure recall diminished when the
immediate recall trial of these tests was controlled,
the delayed recall of a story remained significantly
related to A� even after controlling for the imme-
diate recall trial. Consistent with results from other
studies, performance on several non-memory measures
was associated with WMH reflecting cerebrovascular
pathology [14].

These findings have both theoretical and clinical
implications. The relationship found between A� bur-
den and scores on the delayed recall of a story had
three characteristics not shared by the relationship
between A� burden and the other memory measures.
First, at r = –0.58, the association between A� burden
and story recall was the strongest linear relationship
found between A� burden and any other individual
tests in the current study. Second, story recall was
selectively associated with A� burden, but not with
hippocampal volume, age, or education. In contrast,
figure recall was associated equally strongly with both
A� burden and hippocampal volume, and although
the association between delayed word-list recall and
the hippocampal volume failed to reach significance
after accounting for age, this association was more
than twice larger than the association between story
recall and hippocampal volume. Finally, the associa-
tion between A� burden and the delayed recall trial
of a story was the only association that remained sig-
nificant after controlling for scores on the immediate
recall trial of the test.

The precise factors that give rise to these find-
ings are unclear, and an independent replication of
these findings is required to increase confidence in
these observations. The strong, selective association
between story recall and A� burden in this study may
implicate particular neuroanatomical regions that are
both important for performance on this task, and in
which high A� levels are found. Whether the rela-
tionship between story recall and A� burden varied
by cortical region is yet to be determined. Given the
multiple comparisons that such analysis would entail
and the associated risk of inflated error, this needs
to be addressed in a separate study using a larger
sample. Alternatively, this association may reflect
the non-specific and broad range of cognitive abil-
ities, including attention, comprehension, semantic
knowledge and working memory, that are required
for successful performance on story recall. The lack
of association between story recall and hippocampal
volume in the current study is particularly surpris-
ing given the well-established link between memory
performance and hippocampal volume [40]. Indeed,
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hippocampal volume was significantly associated with
the composite memory score—an association that was
most likely driven by the associations between word-
list and figure recall with hippocampal volume. The
reason for the lack of association between story recall
and hippocampal volume is unclear but may be in part
related to differences in the cognitive demands of the
three memory measures used in this study. Story and
word-list recall are similar in that they both involve
an initial auditory presentation of information that
places significant demands on the attention and work-
ing memory systems, whereas in the case of figure
recall, participants are first presented with the fig-
ure and asked to draw a copy of it while the figure
remains in sight. In all three tasks participants are not
told that they will be asked to recall the information
following a delay. However, whereas the story and
figure to be recalled are only presented once during
the initial exposure, the word-list is repeated to par-
ticipants several times to explore learning processes.
In this respect, initial and subsequent performance
on both story and figure recall is more vulnerable
to momentary fluctuations in attention, whereas the
word-list paradigm involving repeated exposure to the
same information gives people the opportunity to over-
come transient attentional difficulties. Delayed recall
of a story after a single exposure is therefore some-
times viewed as an unreliable measure of memory,
mostly reflecting performance on the immediate recall
of the story. Conversely, it is possible that the imme-
diate recall of a story in persons with amnestic MCI
benefits from the presentation of contextual informa-
tion, whereas by the delayed recall trial, performance
is more impaired due to considerable memory loss.
The information in a word-list task, however, is not
presented within a context, and immediate recall is
moderated by semantic strategies, which are typically
impaired in preclinical AD. Hence it is possible that
initial performance as well as delayed recall would
be impaired. Indeed, in the current study, the mean
score on the immediate and delayed trial of the word-
list task was virtually unchanged, whereas the mean
delayed recall of a story was lower than the immedi-
ate recall trial (see Table 1), suggesting that overall,
the time delay resulted in more forgetting in the case
of the story than in the case of the word-list. Further-
more, as already noted, the association between A�
burden and story recall was the only association that
remained significant after controlling for the immedi-
ate recall trial. This implies that the initial recall of
the story alone cannot fully account for the observed
relationship between A� burden and delayed recall

of a story, whereas in respect to both word-list and
figure recall, controlling for the immediate recall trial
led to elimination of the relationship between A� bur-
den and the delayed recall trial of these measures.
Taken together, these observations suggest that delayed
recall per se plays a role in the relationship between
story recall and A� burden but not in the relation-
ship between A� burden and either word-list or figure
recall.

If replicated, the results of the current study may
also have implications for the choice of memory mea-
sures to be used in clinical settings to which persons
with MCI are likely to present. Traditionally, when
screening for AD or MCI, clinicians’ choice of mem-
ory measures had been driven primarily by the need to
reliably detect an objective deficit in episodic memory,
and by the capacity of tests to demonstrate the signa-
ture of early AD-related memory problems, namely,
impaired learning and rapid forgetting with little ben-
efit from cueing in the context of preserved immediate
memory ability. These continue to be important con-
siderations in the selection of tests and assessment
procedures, and therefore the assessment of immediate
and delayed recall, learning as well as recognition will
remain necessary components of the cognitive eval-
uation. However, with increasing recognition of the
important role of in vivo biomarker detection, partic-
ularly A�, in determining the etiology underlying the
clinical phenotype, the extent to which a memory mea-
sure can reliably indicate high A� burden may also be
considered in the choice of memory measures used
clinically.

In research settings, the relationship between A�
burden and memory is usually explored using a com-
posite memory score, combining scores from several
tests of memory. Although this approach is generally
more likely to yield more reliable memory estimates
than any individual test score, cognitive assessments
in clinical settings are often very limited in time.
Therefore, comparing the capacity of different memory
assessment measures to reflect A� burden is of clini-
cal relevance. Although recall of a story in the current
study showed the strongest and most independent lin-
ear relationship with A� burden, in clinical settings,
in which A� burden is more likely to be treated as
a dichotomous variable (i.e., high or low), the choice
of memory measure is likely to be determined by the
preferred levels of sensitivity and specificity. There is
a known trade-off between the sensitivity and speci-
ficity of most measures and decisions regarding the
preferred sensitivity of a test are generally made in the
context of the perceived ‘cost’ of lower specificity (i.e.,
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false positives). Given that A� is increasingly viewed
as a necessary but insufficient factor in the develop-
ment of AD, a high degree of specificity may arguably
be preferred (i.e., no person is erroneously identified as
carrying a high A� burden), in which case the current
study suggests that story recall may be the measure
of choice (the sensitivity associated with at least 90%
specificity was 72% for LM II, 33% for RCFT, and only
11% for CVLT-II). If, however, maximum sensitivity
is preferred, for example to maximize participation in
a clinical trial open only to persons with a high A� bur-
den, the results of the current study suggest that CVLT-
II may be preferable (the specificity associated with
at least 90% sensitivity was 57% for LM II, 53% for
RCFT, and 64% for CVLT-II). Importantly, assessment
of episodic memory by means of story recall has two
important advantages over assessment with measures
of word-list recall that are pertinent in clinical settings.
First, recall of a story is a brief test requiring minimal
assessment time, whereas word-list recall measures
generally take longer to administer. Second, the admin-
istration of a story recall test requires minimal expertise
in administration and scoring and can thus by given
in a wide range of clinical settings by individuals
without specialist training. Word-list learning tasks,
in contrast, require greater expertise in administration,
scoring and interpretation, and are therefore generally
administered by neuropsychologists.

Several factors limited the ability to draw firm con-
clusions based on the results of the current study.
First, the relatively small sample size and deviations
from normality in the distribution of some measures
may have implications for the stability of some of
the findings. However, the strong effects found, par-
ticularly in respect to the relationship between A�
burden and story recall, are likely to be robust in
the face of departure from normality. Indeed, when
the main correlations were carried out under ordinal
data assumptions (e.g., using a Spearman correlation
coefficient), the pattern and size of correlations was
unchanged (data not shown). Plans to replicate these
findings in a large independent sample from the AIBL
Study are currently underway. The study is also lim-
ited by the memory measures that were included in the
neuropsychological assessment. While the three mea-
sures used in the current study are in very common
use in both clinical and research settings, inclusion
of memory measures that were designed to target
specific memory processes implicated in early and pre-
clinical AD, such as paired-associate learning, is of
interest. Also of note is that while we have used spe-
cific memory tests (Logical Memory, California Verbal

Learning Test-Second edition, and the Rey Complex
Figure Test), we have discussed the results using the
more general terms: story, word-list, and figure recall.
This is because the findings arguably reflect certain
memory processes and testing principles rather than
specific instruments. Nevertheless, it is of interest to
see whether similar results are found using alterna-
tive word-list, story and figure recall tests. Similarly,
in the current study, A� burden was assessed using
18F-Florberaben. Whether or not the current findings
will be replicated using a different A� radiotracer
remains to be seen. Our plan to repeat these analy-
ses with data from participants from the AIBL study
will allow us to ascertain whether similar patterns will
emerge when A� burden is assessed with Pittsburgh
Compound B [PiB; 41]. Further, examination of the
associations between specific memory measures and
A� burden in healthy older adults, as well as in other
memory-impaired populations without A� pathology
is necessary to determine the extent to which these
findings are specific to individuals with amnestic MCI.
Finally, longitudinal analyses of the relevance of the
various memory measures in the prediction of further
cognitive decline and conversion to dementia in this
sample are currently underway.

In conclusion, the current study found that A� bur-
den is associated with episodic memory measures in
persons with MCI, and that while this association was
partly mediated by hippocampal volume in the case of
figure and word-list recall, story recall was selectively
associated with A� burden. Confidence in making a
diagnosis of MCI due to AD in clinical settings may
be enhanced when using memory measures that have
been shown to be strongly and independently associ-
ated with A� burden.
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