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Abstract. Neurofibrillary pathology in Alzheimer’s dementia (AD) is associated with cognitive impairments and cortical
thinning, and begins in medial perirhinal cortex (mPRC) before entering entorhinal cortex (ERC). Thus, mPRC dysfunction
(e.g., semantic object memory impairments) may predate or accompany ERC (i.e., episodic memory) dysfunction in the
preclinical course of typical AD. We developed formulae estimating mPRC and ERC integrity (i.e., cortical thickness)
using common neuropsychological tests in 31 healthy individuals and 58 early AD patients. These formulae estimated
the longitudinal courses of mPRC and ERC functioning in independent groups of 28 optimally healthy individuals who
developed AD (NC-AD) over 2.8–13.4 years and 28 pairwise-matched, stable, healthy individuals (NC-NC). Mixed models
demonstrated significantly worse NC-AD than NC-NC estimated mPRC and ERC functioning at the earliest observation,
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12 years preceding diagnosis, and a significant decline 4 years preceding the AD diagnosis. These findings demonstrate
that specific neuropsychological impairments occur early in the course of preclinical AD and that tasks measuring mPRC
functioning may serve as additional, powerful markers of preclinical AD.

Keywords: Episodic memory, longitudinal, neurofibrillary pathology, preclinical cognitive marker, rhinal cortex, semantic
memory

INTRODUCTION

The search for cognitive markers of preclini-
cal Alzheimer’s dementia (AD) is informed by
the pattern of progressive cortical neurofibrillary
tangle (NFT) pathology in Alzheimer’s disease,
as the largely intracellular, abnormally phospho-
rylated tau proteins are deemed responsible for
functional deficits [1–3]. Episodic memory is com-
monly impaired first in the preclinical course of
typical AD, predating the diagnosis by up to 10 years
(see [4] and Supplementary Table 1). These findings
are consistent with NFT-induced disruption of neu-
ronal functioning in the entorhinal cortex (ERC) and
hippocampus (HP) in the earliest stages of the dis-
ease. However, cortical NFT pathology begins in the
medial perirhinal cortex (mPRC) before spreading
to the ERC and HP [5, 6], suggesting that cognitive
impairments associated with mPRC dysfunction may
precede or accompany episodic memory impairments
in the preclinical course of AD [6, 7].

Perirhinal (PRC) functions have traditionally been
studied in non-human primates [8], and only more
recently in humans (e.g., [9, 10]). Human neurocog-
nitive research suggests that the PRC is required
for processing semantic memories of individual
objects, especially those that are easily confused
with other similar objects [10, 11]. For exam-
ple, patients with brain damage including the PRC
are significantly impaired at processing semanti-
cally confusable versus semantically less confusable
objects during picture naming and audiovisual cross-
modal feature integration [12, 13] and in early AD
patients, the disambiguation of semantically confus-
able objects specifically depended on mPRC (but not
ERC) integrity [14]. Moreover, a delayed matching-
to-sample task [15], which depends on the PRC [14,
15], has a high predictive value for progression from
MCI to AD [7].

Longitudinal data are required to determine the
relative temporal appearance of PRC and ERC/HP
(i.e., episodic memory impairments) dysfunction in
the preclinical course of AD. However, many well-
established clinical neuropsychological tests used in

current longitudinal studies are more meta-cognitive
in nature, lacking the anatomical specificity to target
the PRC. For example, Hirni et al. [16] demon-
strated that both clinical tests of episodic memory
and semantic object memory significantly predicted
ERC/HP and PRC atrophy. However, linear regres-
sion analyses differentiated the relationships between
PRC integrity and semantic memory functioning, and
ERC/HP integrity and episodic memory function-
ing: when the opposing memory performance was
controlled, episodic memory performance was asso-
ciated with ERC/HP but not PRC integrity, whereas
semantic memory was associated with both PRC and
ERC/HP integrity [16]. These results indicate that
when existing clinical neuropsychological data are
used to assess PRC and ERC/HP functions, one way
to increase anatomical specificity for medial tempo-
ral lobe substructures would be to control for the
opposing memory performance.

This study aimed to determine the optimal combi-
nation of common clinical neuropsychological test
variables to specifically predict mPRC and ERC
functioning (prediction study). In a critical analysis,
these formulae were applied to the neuropsycho-
logical test performance of longitudinal groups of
initially optimally healthy individuals, some of whom
progressed to AD, to determine whether and when
mPRC and ERC functioning decline in the prodro-
mal phase of AD (longitudinal study). If also mPRC
functions decline in the prodromal phases of AD, cor-
responding neuropsychological measures may prove
powerful diagnostic markers of very early AD.

METHODS

Prediction study: Estimating mPRC and ERC
functioning

Participants
Demographically matched groups of 31 normal

control (NC) subjects, 31 patients with amnestic mild
cognitive impairment (aMCI), a putative prodrome
of AD, and 27 early AD patients participated (see
Table 1). All NC participants were cognitively and
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Table 1
Characteristics of the prediction and longitudinal (baseline values) samples

Prediction Study NC aMCI AD F (p)
(n = 31) (n = 31) (n = 27) F/χ2 (p-value)

Age (y) 74.806 ± 6.853 74.677 ± 8.276 77.667 ± 5.609 1.618 (0.204)
Education (y) 12.548 ± 2.127 13.452 ± 3.075 12.370 ± 2.950 1.339 (0.268)
Gender (m:f) 18 : 13 14 : 17 11 : 16 1.924 (0.382)a

MMSE score 29.290 ± 0.902 28.484 ± 1.610 26.148 ± 2.051 30.732 (<0.0001)

Longitudinal Study NC-NC NC-AD T/χ2 (p-value)
(n = 28) (n = 28)

Age (y) 73.179 ± 5.618 73.393 ± 4.549 0.157 (0.876)
Education (y) 12.714 ± 2.651 12.571 ± 2.847 0.194 (0.847)
Gender (m:f) 15 : 13 15 : 13 n/aa

ApoE Status 3 : 15 : 10 : 0 2 : 13 : 12 : 1 1.525 (0.677)a

(E2/E3: E3/E3: E3/E4: E4/E4)
MMSE score 29.036 ± 0.999 28.714 ± 1.182 1.099 (0.277)
aχ2-test.

neurologically healthy. aMCI patients were diag-
nosed according to the Winblad et al. [17] criteria
and early AD patients according to DSM-IV [18] and
McKhann et al. [19]. No participant suffered from
depression according to ICD-10 criteria [20].

Neuropsychological tests
All participants completed the German version of

the California Verbal Learning Test (CVLT) [21] and
one-minute category verbal fluency task (animals)
(VF) [22]. The numbers correct on the long delay free
recall of the CVLT and VF were used as measures of
episodic and semantic memory, respectively.

MRI
All participants underwent high resolution T1-

weighted 3D MPRAGE imaging (12 channel
headcoil; inversion time = 1000 ms, repetition time =
2000 ms, echo time = 3.37 ms, flip angle = 8◦; acqui-
sition matrix = 256 × 256 mm, voxel size = 1 mm
isotropic) on the same 3-T MRI scanner (MAG-
NETOM Verio, Siemens) at the University Hospital
Basel. MRI scanning was conducted within three
months of behavioral testing (mean = 52 days,
SD = 43 days).

MPRAGEs were preprocessed in FreeSurfer
(http:/surfer.nmr.mgh.harvard.edu) as described else-
where [14] and regions of interest (ROIs) for the
mPRC and ERC were drawn by the same, blinded
rater on cortical surface reconstructions of segmented
T1-weighted images based on anatomical landmarks
described elsewhere [23, 24]. Only left hemisphere
ROIs were drawn because of the verbal nature of the
neuropsychological tasks. Mean cortical thicknesses
for each ROI in each participant were normalized
by their respective mean cortical thickness of the

entire left hemisphere to account for inter-individual
differences in the thickness of the cortical mantle.
Two linear multiple regression analyses predicted
mean mPRC and ERC cortical thickness, respec-
tively, with VF, CVLT, and age, thereby generating
formulae to estimate mPRC and ERC functioning.
To determine the specificity of neuropsychological
test performance for mPRC and ERC integrity, three
additional linear multiple regression analyses tested
whether CVLT and VF performance (covarying total
intracranial volume and age) predicted mean left
hemisphere frontal, parietal, and temporal lobe region
of interest thickness, which were normalized in the
same manner as the mPRC and ERC ROI.

Longitudinal study: Preclinical course
of estimated mPRC and ERC functioning

Participants
An independent sample of 28 originally optimally

healthy individuals who progressed to AD [18, 19]
over a mean of 8.7 (range: 2.8–13.4) years (NC-
AD) were pairwise matched (age, gender, education,
observation period) to 28 optimally healthy NC par-
ticipants who remained cognitively healthy within
the same timeframe (NC-NC) as defined by nor-
mal test performance on a comprehensive battery
of neuropsychological tests (Table 1, “Longitudi-
nal Study”). Critically, groups were comparable with
respect to ApoE status (see Table 1). All participants
were members of a longitudinal study on preclini-
cal cognitive markers of AD [25], for which they
fulfilled inclusion criteria (i.e., cognitively normal
and native German or Swiss-German speakers) and
the following stringent exclusion criteria to ensure
optimal cognitive health: no sensory or motor deficit

http:/surfer.nmr.mgh.harvard.edu
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that hinders neuropsychological testing or everyday
life, continuous light to intense pain, psychiatric
disturbance, potent psychoactive medication (except
tranquilizers), or general anesthesia within last three
months, history of central nervous system disease,
psychiatric disease requiring hospitalization, drug or
substance abuse, cerebrovascular disease, general-
ized atherosclerosis, insulin-resistant diabetes, or loss
of consciousness lasting more than 5 minutes.

Procedure
Participants were assessed with a neuropsycho-

logical battery including, among other tests, the
Mini-Mental State Examination score (MMSE) [26],
VF and the German version of the CVLT [21]. mPRC
and ERC functioning was estimated at each visit using
the formulae derived from Study 1. The Consortium
to Establish a Registry for Alzheimer’s Disease-
Neuropsychological Assessment Battery (CERAD-
NAB) word list [27] was administered in lieu of the
CVLT at 89/295 examinations, in which cases vali-
datedCERAD-NAB-to-CVLTtransformationformu-
lae were first applied to the CERAD-NAB delayed
recall score [28, 29] before applying the Study 1 for-
mulae.

Statistical analyses
Linear mixed-effects models fit by REML

(restricted maximum likelihood) modeled the course
of estimated mPRC and ERC functioning as well as
MMSE scores for comparison purposes of the NC-
NC and NC-AD groups [30], where participants were
modeled as random effects and diagnostic category
and time until AD diagnosis (months) as fixed effects.
First, common potential changepoints in the course
of estimated mPRC and ERC functioning were deter-
mined by maximizing the model likelihood on a grid
of potential changepoints every 0.25 years from the
earliest testing up until diagnosis. The ‘changepoint’
was defined as a difference in slope of the line fit-
ting behavioral measures prior to and following the
modeled changepoints; when a changepoint x was
identified (i.e., a difference in slopes prior to and fol-
lowing timepoint x), the significance of the difference
in slopes was tested in subsequent models. Three dif-
ferent models were then fitted for each behavioral
measure, all of which modeled group (NC-NC versus
NC-AD) as fixed effects and (1) a common NC-NC
and NC-AD slope before the changepoint and differ-
ent slopes after the changepoint, (2) a single slope for
NC-NC (no changepoint) and different slopes before
and after the NC-AD changepoint, and (3) a common

NC-NC and NC-AD slope prior to the changepoint
and a different NC-AD slope after the changepoint.

RESULTS

Prediction study: Estimating mPRC and ERC
functioning

The linear regression model predicting mean
mPRC thickness with age, VF, and CVLT
reached significance (F(3, 83) = 7.8812, p = 0.0001;
R2 = 0.222). Both VF and CVLT significantly pre-
dicted mean mPRC thickness (t = 2.0143, p = 0.0472
and t = 2.0401, p = 0.0445, respectively), while
age did not (t = –0.7743, p = 0.4409), resulting in
the following formula: [estimated mPRC thick-
ness] = 1.126829 + [(–2.374 * age) + (8.476 * VF) +
(10.782 * CVLT)]/1000.

The linear regression model predicting mean ERC
thickness with age, VF, and CVLT was likewise sig-
nificant (F(3, 83) = 7.1060, p < 0.001; R2 = 0.204).
However, CVLT was the only significant predictor
(t = 2.3761, p = 0.0198; VF: t = 1.6906, p = 0.0947;
age: t = 0.0235, p = 0.9813). The final model is: [esti-
mated ERC thickness] = 1.293357 + [(0. 069 * age)
+ (6.851 * VF) + (12.092 * CVLT)]/1000.

To determine the specificity of these findings,
three additional linear multiple regression analyses
tested whether CVLT and VF performance signif-
icantly predicted normalized left frontal, parietal
or temporal lobe thickness. Neither CVLT nor VF
performance was a significant predictor for nor-
malized left frontal (CVLT: � = –0.13, p = 0.263;
VF: � = –0.21, p = 0.066), parietal (CVLT: � = –0.06,
p = 0.578; VF: � = –0.17, p = 0.127) or temporal
lobe thickness (CVLT: � = –0.03, p = 0.787; VF:
� = –0.12, p = 0.273).

Longitudinal study: Preclinical courses
of estimated mPRC and ERC functioning

The longitudinal courses of estimated mPRC and
ERC functioning, as well as MMSE scores, of the
NC-NC and NC-AD groups are shown in Fig. 1a and
b.

Linear mixed-effects models testing for changes
in the slopes of estimated mPRC and ERC function-
ing (i.e., changepoints) in the NC-NC and NC-AD
revealed no change of slopes for the NC-NC group
(mPRC: estimate (SE) = 0.0002 (0.0028), t = 0.0844,
p = 0.9328; ERC: estimate (SE) = –0.0005 (0.0026),
t = –0.1942, p = 0.8462), but changes in the slopes of
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Fig. 1. Longitudinal course of (a) estimated mPRC and (b) estimated ERC and (c) MMSE functioning for (i) raw NC-NC (top panel) and (ii)
raw NC-AD (middle panel) data and (iii) linear mixed-effects modelled data (bottom panel). Triangles reflect significant group differences
and asterisks significant ‘changepoints’ in the courses of estimated functioning prior to the diagnosis of Alzheimer’s dementia.

the NC-AD group (mPRC: estimate (SE) = –0.0228
(0.0029), t = –7.8952, p < 0.0001; ERC: estimate
(SE) = –0.0218 (0.0027), t = –8.2229, p < 0.0001) cor-
responding to 4.25 years preceding diagnosis (see
Fig. 1, black asterisks). The second set of mod-
els demonstrated that NC-NC and NC-AD groups
had comparable slopes of estimated mPRC and ERC
functioning prior to the changepoints (mPRC: esti-
mate (SE) = –0.0018 (0.0021), t = 0.8286, p = 0.4081;
ERC: estimate (SE) = 0.0014 (0.0020), t = 0.6937,
p = 0.4886). We therefore describe the third set of
models in detail below, i.e., those which modeled
common NC-NC and NC-AD slopes prior to the
changepoint and different NC-AD slopes after the
changepoint.

Critically, estimated mPRC and ERC function-
ing differed significantly between NC-NC and
NC-AD individuals at the earliest timepoint, 12
years preceding diagnosis (mPRC intercepts: esti-
mate (SE) = 0.0409 (0.0156), t = 2.6257, p = 0.01;
ERC intercepts: estimate (SE) = 0.0418 (0.0133),
t = 3.1293, p < 0.01) (see Fig. 1, red asterisks). The
courses of estimated mPRC and ERC functioning

of the NC-NC and NC-AD groups differed sig-
nificantly following the respective changepoints,
4.25 years preceding diagnosis (change of slope
in NC-AD group, mPRC: estimate (SE) = –0.0229
(0.0024), t = –9.6280, p < 0.0001; ERC: estimate
(SE) = –0.0215 (0.0022), t = –9.8356, p < 0.0001).

Linear mixed models of longitudinal MMSE per-
formance demonstrated that the NC-NC group did
not display a change in performance (estimate
(SE) = –0.1827 (1.0509), t = –0.1738, p = 0.8622),
while the NC-AD group did (estimate (SE) = –6.6474
(1.1361), t = –5.8513, p < .0001). However, the
change in NC-AD MMSE performance occurred at
the timepoint of the AD diagnosis. The slopes of the
NC-NC and NC-AD MMSE performance prior to
diagnosis were comparable (estimate (SE) = 0.0189
(0.0427), t = 0.4434, p = 0.6579), as were their inter-
cepts (estimate (SE) = 0.3325 (0.2737), t = 1.2144,
p = 0.2299). Thus, NC-NC and NC-AD groups dis-
played identical courses of MMSE functioning
during the 12 years prior to and up until the AD
diagnosis (see Fig. 1, right panel), consistent with
previous clinical experience [31, 32].
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DISCUSSION

Common clinical neuropsychological tests signif-
icantly predicted the mean cortical thicknesses of the
mPRC and ERC: both semantic and episodic mem-
ory measures were significant predictors of mPRC
thickness, while only episodic memory significantly
predicted ERC thickness. These findings were spe-
cific to mPRC and ERC structural integrity, since
semantic and episodic test performance failed to sig-
nificantly predict left temporal, parietal, or frontal
lobe thickness. While these findings require confir-
mation in a larger longitudinal cohort, ideally with
CSF and/or PET measures of pathological amyloid-
� and tau load, the present approach, and formulae,
may be applied in clinical settings to more specifically
assess the functional integrity of these circumscribed
anterior medial temporal lobe (aMTL) regions.

These formulae were used here to estimate longitu-
dinal mPRC and ERC functioning in two independent
groups of originally optimally healthy older individ-
uals: those that went on to develop AD (NC-AD)
and pairwise matched individuals who remained cog-
nitively healthy (NC-NC). We note that stringent
inclusion and exclusion criteria ensured that all partic-
ipants were optimally healthy at baseline. The slight
decrease in performance of the NC-NC participants
over time most likely reflects the known slight decline
in cognitive test performance (such as, for example,
in episodic, source, semantic, and procedural mem-
ory probably due to reduced processing speed and
increased liability to interference) associated with
advancing age [33]. Both the estimated mPRC and
ERC functioning of the NC-AD group was signifi-
cantly inferior to that of the pairwise-matched NC-NC
group at the earliest available testing, 12 years pre-
ceding diagnosis, and further declined circa 4 years
preceding diagnosis, corresponding roughly to the
timepoint when MCI is typically diagnosed [34, 35].
In contrast, the widely-used MMSE, a measure of
global cognitive functioning, did not distinguish the
NC-NC and NC-AD groups until immediately prior to
the AD diagnosis. These findings are consistent with
the earliest cortical deposition of AD neurofibrillary
pathology in mPRC and ERC [5, 6] and suggest that
not only episodic, but also semantic memory, may be
early and specific cognitive markers of future AD.

Additionally, the present results are in line with
a longitudinal MRI study demonstrating significant
atrophy in medial temporal, inferolateral temporal,
and parietal lobes and posterior cingulate in families
with early-onset AD circa five years before the diag-

nosis of AD [36], as well as studies with sporadic
AD patients which demonstrated atrophy of medial
temporal lobe structures four to ten years before the
AD diagnosis [37–41].

The majority of large-scale longitudinal studies of
cognitive functioning in preclinical AD report that
episodic memory is the first function to decline, up
to ten years preceding the diagnosis of AD, while
semantic memory becomes impaired many years
later (see [2] and Supplementary Table 1). However,
Amieva et al. [32] reported a notable exception to
this rule: in the PAQUID study, semantic memory
as measured by semantic fluency was significantly
impaired at the earliest testing 12 years preceding
the diagnosis of AD in their group of 350 NC-AD
patients. Episodic memory became impaired three
years later, i.e., 9 years preceding the diagnosis of
AD. Similar findings were reported by Wilson et al.
[42], who showed that an average of three semantic
memory tests (i.e., verbal fluency, Boston Naming
Test, and a measure of reading recognition) was
affected earlier than episodic memory performance
(76 versus 63 months, respectively) in a group of 462
NC-AD patients. Since the mPRC presumably codes
for semantic object memories [14, 16], the findings
of Amieva et al. [32] and Wilson et al. [42] are in
line with the pattern of cortical NFT pathology in
AD, which affects the mPRC before the ERC in the
preclinical course of AD [5].

A commonly cited biomarker model of preclinical
AD [43] states that cognitive dysfunction occurs in the
last preclinical stages of the disease, i.e., at diagnosis.
Specifically, NFT pathology occurs prior to cortical
atrophy as measured by MRI, followed by clinical
symptoms. Thus, at a given point in time, MR atro-
phy will be more abnormal than cognitive functioning
(cf. [33], Figure 2A). However, longitudinal studies
demonstrate thatsignificantaMTLatrophyisapparent
only circa 3.5 years prior to the AD diagnosis [44–46],
i.e., after semantic and episodic memory impairments
as shown here. Also, NFT pathogenesis supports the
initial affectation of function followed by structural
atrophy, since the earliest stages of tau pathology are
associated with neuronal dysfunction but not yet sig-
nificant atrophy [47]. For example, experimentally
induced abnormal tau hyperphosphorylation in rats
resulted in significant learning and memory impair-
ments just months later [48], i.e., before the tissue
loss could occur [47]. Thus, NFT-induced functional
mPRC impairments appear early in the preclinical
courseofAD,offeringcliniciansan inexpensive, early
and specific additional AD biomarker. The challenge
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to future studies will be to develop more specific cog-
nitive measures of mPRC functioning than the current
clinical neuropsychological tools [14, 15, 23] by tak-
ing advantage of the wealth of primarily non-human
primate research on these structures [8].
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