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Participants. Data used in preparation for this article were
obtained from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database (www.loni.ucla.edu/ADNI). The ADNI was
launched in 2003 by the National Institute on Aging, the Na-
tional Institute of Biomedical Imaging and Bioengineering, the
US Food and Drug Administration, private pharmaceutical
companies, and nonprofit organizations, as a $60-million, 5-year
public–private partnership. Its primary goal has been to test
whether imaging measures, biological markers, and clinical and
neuropsychological assessment can be combined to measure the
progression of mild cognitive impairment and early AD.
For the present analysis, we selected patients with a baseline

diagnosis of AD (n = 193), further limited to patients who had
cerebrospinal fluid testing consistent with AD [t-tau/amyloid β
(Aβ)1–42 ≥ 0.39] as previously established in ADNI and an
autopsy-based dataset (1), and then divided into those with at
least one APOE ε4 allele (“carriers”, n = 67) and those without
(“noncarriers”, n = 24). AD diagnosis was made using the Na-
tional Institute of Neurological and Communicative Disorders
and Stroke/Alzheimer’s Disease and Related Disorders Associ-
ation criteria (2). Other inclusion and exclusion criteria are de-
scribed at http://www.adni-info.org/.

Psychometric Testing.We examined baseline cognitive testing that
included, in part, the Mini-Mental State Examination (3), Rey
Auditory Verbal Learning Test (AVLT) (4), the Trail Making
Test [Trails A and Trails B (5)], Digit Symbol Substitution Test
(6), Digit Span (6), category fluency test [Animals and Vegeta-
bles (7)], and Boston Naming Test (8). On the basis of prior
work suggesting a greater memory deficit in ε4 carriers, we were
particularly interested in examination of the AVLT, which allows
for fractionation of different aspects of episodic memory. The
AVLT consists of five learning trials in which a list of 15 words is
read and the subject is asked to immediately recall as many items
as possible. After an interference list of 15 novel words is read
and recalled, subjects are then asked to recall words from the
initial list (5-min delayed recall). A 30-min delayed recall trial
and recognition test follow. For the recognition test, subjects are
presented with a list of the 15 studied words and 15 nonstudied
foils and are asked to circle all words previously studied. To
account for false alarms (FA) to nonstudied items, we calculated
a measure of discriminability, d-prime (d′), in a standard fashion
based on classic signal detection theory (9). Because d′ is un-
defined when either proportion is 0 or 1, we used standard for-
mulas to convert these values: Hits = (no. of hits + 0.5)/(no. of
studied items + 1) and FA = (no. of FA + 0.5)/(no. of unstudied
items + 1).

MRI Imaging and Analysis. MRI scans were collected on 1.5-T
scanners using a standardized protocol. For the present analysis,
the magnetization-prepared rapid gradient echo sequence was
used with the following characteristics: sagittal plane, repetition
time/echo time/inversion time 2,400/3/1,000 ms, flip angle 8°,

24 cm field of view, 192 × 192 in-plane matrix, and 1.2-mm slice
thickness (10).
TheprimaryT1analysis procedureshavebeendescribed indetail

and applied and validated in a number of publications and pre-
sentations (11). T1 image volumes were examined quantitatively
by a cortical surface-based reconstruction and measurement of
cortical thickness, which was then analyzed using two comple-
mentary approaches. First we examined group differences in the
thickness of regions of interest (ROIs) previously determined to be
reliably associated withAD, constituting the “cortical signature” of
AD (12, 13).UnlikemostROI analyses, these regions were defined
in a data-driven manner based on analysis of several datasets, as
opposed to being determined strictly by anatomic boundaries.
These ROIs encompass the following regions: rostral medial
temporal cortex (perirhinal and entorhinal), rostral inferior tem-
poral gyrus, temporal pole, angular gyrus, supramarginal gyrus,
superior parietal lobule, precuneus, superior frontal gyrus, and
inferior frontal sulcus/caudal middle frontal gyrus. These ROIs
were defined in a previous publication (12) and are localized on
the average template cortical surface and then mapped using the
surface-based spherical registration techniquedescribedpreviously
to each individual (11, 14–16). We have previously shown that the
localization of cortical ROIs defined in such a manner is highly
reproducible across individuals (17–19); for example, the ROI on
the rostral medial temporal cortex is on the crown of the uncal
parahippocampal cortex extending down into the collateral sulcus
very reproducibly, encompassing entorhinal and perirhinal cortices
as they are typically defined using manual skilled operator tracing
protocols. Given its prominence in AD pathology, hippocampal
volumewasalso determined andnormalized to intracranial volume
as previously described (20). In addition to the ROI approach, an
exploratory analysis across the entire cortical mantle was pursued.

Statistical Analysis. Between-group comparisons of psychometric
and neuroimaging variables were calculated by univariate analysis
of covariance (ANCOVA). Although there was not a clear dif-
ference in age and disease severity between carriers and non-
carriers, these factors, along with years of formal education, were
included as covariates in all group comparisons of psychometric
measures. Clinical Dementia Rating Scale Sum of Boxes (CDR-
SB) was used as the metric for disease severity. In ANCOVAs of
a priori anatomic ROIs, age and CDR-SB were entered as
covariates. Stepwise linear regression analyses were performed to
relate each psychometric measure that differed between the two
groups to MRI data. Age, years of formal education, and group
status (carrier, noncarrier) were entered into the models, and
ROIs from the neuroimaging analysis served as independent
variables. Statistical analyses were performed using SPSS 16.0.
Statistical analysis of the whole-cortex comparison was per-

formed as described previously using a general linear model (12,
13). Because the goal of this exploratory analysis was to com-
prehensively survey the entire cortex for subtle effects of interest
related to APOE genotype, a relatively liberal statistical
threshold was used, P < 0.1 uncorrected.
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Table S1. Control-referenced z scores of cortical signature and hippocampal ROIs

ROI APOE ε4 carriers (n = 49) APOE ε4 noncarriers (n = 20)

Hippocampus −2.10 (0.95) −1.37 (1.72)*
MTL −2.57 (1.52) −2.19 (1.60)
SFG −0.74 (0.97) −1.22 (0.85)†

ITG −1.40 (1.26) −1.67 (0.92)
IFS −0.81 (0.89) −1.02 (0.98)
SPL −0.58 (1.04) −1.15 (1.20)‡

Precuneus −0.91 (1.1) −1.55 (1.36)‡

TP −1.10 (1.33) −1.40 (1.36)
AG −1.10 (1.02) −1.81 (1.29)‡

SMG −1.10 (0.92) −1.38 (1.21)
Mean thickness −1.14 (1.09) −1.66 (1.11)§

Values are presented as mead (SD). MTL, rostral medial temporal cortex; SFG, superior frontal gyrus; ITG,
rostral inferior temporal gyrus; IFS, inferior frontal sulcus/caudal middle frontal gyrus; SPL, superior parietal
lobule; TP, temporal pole; AG, angular gyrus; SMG, supramarginal gyrus.
*P < 0.01.
†P = 0.07.
‡P < 0.05.
§P = 0.06.

Wolk et al. www.pnas.org/cgi/content/short/1001412107 2 of 2

www.pnas.org/cgi/content/short/1001412107

