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Abstract.

Background: The identification of the type and sequence of cognitive decline in preclinical mild cognitive impairment (MCI)
prior to Alzheimer’s disease (AD) is crucial for understanding AD pathogenesis and implementing therapeutic interventions.
Objective: To model the longitudinal courses of different neuropsychological functions in MCI due to AD.

Methods: We investigated the prodromal phase of MCI over a 12-year period in 27 initially healthy participants with subsequent
MCI preceding AD (NC-MCI) and 60 demographically matched healthy individuals (NC-NC). The longitudinal courses of
cognitive performance (verbal and visual episodic memory, semantic memory, executive functioning, constructional praxis,
psychomotor speed, language, and informant-based reports) were analyzed with linear mixed effects models.

Results: The sequence with which different cognitive functions declined in the NC-MCI relative to the NC-NC group began
with verbal memory and savings performance approximately eight years, and verbal episodic learning, visual memory, and
semantic memory (animal fluency) circa four years prior to the MCI diagnosis. Executive functioning, psychomotor speed, and
informant-based reports of the NC-MCI group declined approximately two years preceding the MCI diagnosis.

Conclusions: Measurable neuropsychological deterioration occurs up to approximately eight years preceding MCI due to AD.

Keywords: Alzheimer’s disease, cognitive decline, neuropsychology, linear mixed effects models, longitudinal course,
mild cognitive impairment, prodromal

INTRODUCTION
ICurrent address: Neuroscience, Ophtalmology, and Rare An understanding of the development of neu-
Diseases (NORD), Roche Pharma Research and Early Development, ropsychological symptoms preceding mild cognitive
Roche Innovation Center Basel, F. Hoffmann-La Roche, Ltd, Basel, impairment (MCI) prior to Alzheimer’s disease (AD) is

Switzerland. . crucial for understanding the pathogenesis of AD. This
*Correspondence to: Andreas U. Monsch, Memory Clinic,

University Center for Medicine of Aging Basel, Felix Platter Hospi- very .ee_lﬂy'p OlnF on the AD dementia antlnuur'n Wh?n
tal, Schanzenstrasse 55, 4031 Basel, Switzerland. Tel.: +41 61 265 cognitive impairments are not yet manifested in daily
3193; Fax: +41 61265 37 94; E-mail: Andreas.Monsch@unibas.ch. life offers unique and potentially optimal opportunities

ISSN 1387-2877/15/$35.00 © 2015 — IOS Press and the authors. All rights reserved

This article is published online with Open Access and distributed under the terms of the Creative Commons Attribution Non-Commercial License.


mailto:Andreas.Monsch@unibas.ch

1096 P. Mistridis et al. / Cognitive Decline 12 Years Preceding MCI

for disease-modifying interventions [1]. However, few
studies examined the longitudinal course of cognitive
changes prior to MCI, and hence, little is currently
known about the evolution of cognitive decline in
preclinical MCI. While future MCI patients’ cogni-
tive performance in the preclinical MCI stage is still
within normal limits according to diagnostic crite-
ria, at some point in time, their neuropsychological
functioning necessarily begins to decline, diverging
from the performance of individuals who remain cog-
nitively healthy. The present study addresses these
issues by modeling the longitudinal courses of per-
formance on a comprehensive neuropsychological test
battery administered biennially to originally healthy
older individuals, some of whom developed MCI prior
to AD, over a 12-year observation period.

Verbal and visual episodic memory appear to be
the first and most prominently affected cognitive func-
tions in the earliest stages of preclinical MCI [2, 3]
and AD ([4-6]; for an overview see [7]). For example,
longitudinal studies focusing on specific time points
of cognitive changes (i.e., change points models) in
preclinical AD reported declines in episodic imme-
diate or delayed free recall measures from seven to
10 years prior to the diagnosis [5, 8]. These findings
are consistent with the earliest cortical deposition of
neurofibrillary pathology related to neural and thus
neuropsychological dysfunction in the anteromedial
temporal lobe, i.e., the entorhinal cortex and hip-
pocampus, structures critical for episodic memory
functioning [9-11].

The medial perirhinal cortex is affected by neu-
rofibrillary pathology prior to the entorhinal cortex
and hippocampus [10, 12], a structure associated with
the processing of semantic object memories [13].
While several studies examining pre-MCI and pre-AD
patients found that semantic memory as measured by
the semantic fluency task declined first or concurrently
with episodic memory [14, 15], the majority of studies
report that episodic memory declined prior to semantic
memory in the earliest stages of AD (e.g., [5, 6]).

Other research suggests that cognitive decline in the
preclinical stages of MCI and AD is more global in
nature and includes concurrent changes in different
cognitive domains including memory. Specifically, a
decline in executive function, psychomotor/perceptual
speed, attentional processes, or visuospatial abilities
(see [16]) are hypothesized to be affected concurrently
or shortly after episodic and semantic memory.

The earliest changes in cognitive functioning in
future dementia patients may be perceived by inti-
mates who are familiar with the future patient’s current

and premorbid level of cognitive functioning [17-19].
Isellaetal. [19] examined the power of acommon, stan-
dardized informant questionnaire assessing perceived
changes in daily cognitive functioning, the Informant
Questionnaire on Cognitive Decline in the Elderly
(IQCODE; [20, 21]), to predict progression from MCI
to future dementia over a 2-year time frame. A logistic
regression analysis indicated that the IQCODE indeed
predicted future dementia with a correct classification
rate of 81%. These findings suggest that informant-
based reports may provide valuable information on
the earliest cognitive changes in future MCI and AD
patients.

To our knowledge few studies have investigated
individuals’ cognitive functioning in the time period
preceding the MCI diagnosis. As expected, these stud-
ies indicate that cognitive performance declines several
years before the MCI diagnosis [15, 22, 23], similar to
the findings with pre-AD patients, with varying profiles
of longitudinal cognitive declines reported [15, 23].
Moreover, few studies determined the putative cause of
MCT in their sample. A study by Howieson et al. [15]
examined the 8-year longitudinal courses of episodic
verbal memory, semantic memory (semantic fluency
task, animals), and visuospatial abilities in 68 future
MCI patients and 88 healthy controls. They found that
although a decline in episodic memory was apparent
in future MCI patients approximately three years prior
to the MCI diagnosis, it was preceded by changes in
semantic memory and visuospatial abilities by circa
one year (see also [14]). An additional analysis includ-
ing only those participants with future AD revealed
even earlier change points in these cognitive measures.
Such studies highlight the importance of determining
the subsequent dementia diagnosis when investigating
the evolution of cognitive decline in preclinical MCI.

The purpose of this study was to model the longitu-
dinal courses of multiple cognitive functions in the 12
years preceding the diagnosis of MCI in patients who
all went on to develop AD. Specifically, we aimed to
determine the time points preceding MCI diagnosis
at which each neuropsychological and clinical vari-
able declined from the course of a maximally large,
demographically matched control group.

MATERIALS AND METHODS
Farticipants
Data from participants of the longitudinal BASEL

project (BAsel Study on the ELderly) were analyzed.
Baseline testing was conducted between 1997 and
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2001 and included a thorough clinical examination to
ensure participants’ healthy cognitive status (medical
history questionnaire, neuropsychological evaluation,
and assessment of depression). Comprehensive neu-
ropsychological follow-up evaluations were conducted
every two years until the end of 2013 [24]. Since base-
line, 27 participants progressed to MCI (NC-MCT;
amnestic MCI n=26 [9 single domain; 17 multiple
domains]; non-amnestic MCI, multiple domains n=1)
and then on to AD. The mean time between baseline
testing and the MCI diagnosis was 7.76 years (£3.47
standard deviations [SD]; range 2.11-14.85 years), and
between MCI and AD diagnoses 2.32 years (+1.82.SD;
range 0.5-8.3 years). MCI was diagnosed by experi-
enced neuropsychologists and neurologists. The whole
dataset per individual was available to the clinicians
during the diagnostic process. MCI diagnoses were
made when: (1) at least two neuropsychological test
variables were abnormal (cut-off: z <—1.28) and had
declined from previous performance levels, and (2)
activities of daily living were intact as assessed with
a semi-structured interview with the participants, and
(3a) informants observed a decline in cognitive func-
tioning in the preceding two years and/or (3b) the
participant expressed concerns about cognitive dys-
function [25, 26]. If inconsistencies between self-
and informant-reports were detected, informants were
contacted by telephone to obtain more detailed infor-
mation. These criteria correspond to the core clinical
diagnostic criteria for MCI due to AD proposed by
Albertet al. [27]. We note that the present study partici-
pants did not have traditional biomarker data available
(e.g., MRI, PET, CSF measures) at the time of MCI
diagnosis; however, these data are not required to diag-
nose MCI due to AD according to Albert et al. core
clinical criteria (cf. [27], p. 278). Participants diag-
nosed with MCI remained in the BASEL study. If
there were any self- or informant reported concerns
about further cognitive deterioration or if objective
cognitive decline was evident during follow-up eval-
uations, participants were referred in house to the
Basel Memory Clinic for a thorough interdisciplinary
examination including additional neuropsychological
testing, MRI, medical and neurological examinations,
and blood and serum analyses. AD was diagnosed in a
consensus conference according to the Diagnostic and
Statistical Manual of Mental Disorders (4th edition;
DSM-1V; [28]) and the National Institute of Neu-
rological and Communicative Disorders and Stroke
and the Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA) criteria [29]. If a
Basel Memory Clinic examination was not possible,

diagnoses were made by experienced external neu-
rologists (n=1 diagnosis) or the participants’ general
practitioners in consultation with the Basel Memory
Clinic (n =2 diagnoses made by two independent prac-
titioners) according to the DSM-1V [28].

Data from sixty cognitively healthy BASEL partic-
ipants (NC-NC) who remained healthy throughout the
entire observation period (mean =11.53 years [ & 3.68
SD; range 2.61-15.53 years]) and with comparable
demographic statuses were also analyzed (see Table 1;
all p-values >0.56). Since individuals in the NC-MCI
group had different observation periods (i.e., differing
lengths of time between baseline testing and the
diagnosis of MCI), the largest possible subsample
of NC-NC individuals was selected from the entire
NC-NC sample for each visit to ensure demographic
comparability between NC-NC and NC-MCl individu-
als (cf. Table 1). A summary of the participants’ APOE
status and health characteristics is provided in Supple-
mentary Table 1. This study was approved by the ethics
committee of both Basel and written informed consent
was obtained from each participant.

Neuropsychological measures

At each visit, all participants were administered the
same version of the Consortium to Establish a Reg-
istry for Alzheimer’s Disease - Neuropsychological
Assessment Battery (CERAD-NAB; [31]), a compre-
hensive neuropsychological examination (see Table 2).
Only data from tests administered to each participant
at each visit were analyzed. All raw scores were trans-
formed into demographically adjusted (age, gender,
and education) z-scores according to a normative sam-
ple [32, 33]. The sample investigated in our study is a
subsample of this normative sample (7% of the norma-
tive sample). Some participants were administered the
California Verbal Learning Test (CVLT; [34]) instead
of the CERAD-NAB word list test: 23/348 NC-NC
visits (14 NC-NC participants), and 9/121 NC-MCI
visits (8 NC-MCI participants). These CVLT encod-
ing, delayed free recall, and discriminability scores
were transformed into corresponding CERAD-NAB
word list scores (see [35]). The Trail Making Test part
A (TMT-A) and B (TMT-B) datasets had missing val-
ues due to premature test termination (e.g., lack of
concept understanding) or time-outs (TMT-A: 180s,
TMT-B: 300 s) (TMT-A: 0/348 NC-NC and 3/121 NC-
MCT visits (3 NC-MCI participants); TMT-B: 8/348
NC-NCand 8/121 NC-MCl visits (4 NC-NC and 5 NC-
MCI participants)). Missing values were replaced with
the minimum score and adjusted using a malus (i.e.,
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Table 1
Demographic characteristics (mean [standard deviation]) of the study samples at each biennial visit, where Visit O corresponds to the timepoint of the MCI diagnosis in the NC-MCI sample

Visit 0

NC-NC

Visit -1

NC-NC

Visit -2

NC-NC

Visit -3

NC-NC

Visit -4

NC-NC

Visit -5

NC-NC

Visit -6

NC-NC

NC-MCI NC-MCI NC-MCI NC-MCI NC-MCI NC-MCI

NC-MCI

60 27

27
-2.22
(0.51)
75.96
(4.56)

60
-2.00
(0.25)
76.67

25

—4.45

58

-4.30

18
-6.72
(0.64)
71.17
(5.69)
12.50
(2.77)

333

52
—6.45
0.47)
72.25

14
-8.83
(0.39)
69.21

49
-8.53
(0.40)
70.02
(4.25)

48
-10.78

(0.63)
67.73

21
-12.56

(0.43)
65.71

Sample size
Y prior

-10.98
(0.43)
68.13

-12.79

(0.00)
78.11

(0.00)
78.67
(3.88)
12.77
(2.97)
41.7

(0.57)
73.72
(4.84)
12.92
(3.01)

(0.49)
74.33

(0.29)
66.50

to MCI Dx

Age

(4.60)

(3.87)
12.77

(2.97)
41.7

(3.97)
12.93

(2.89)
43.1

(4.16)
12.79

(2.72)
40.4

(4.49)
11.93

(2.62)
357

(4.76)
12.50

(2.00)
375

(4.22)
12.75
(2.72)

(0.71)
11.50
(0.71)
0.0
29.00
(0.00)

(4.24)

12.96
(3.28)

12.96
(3.28)

12.78
(2.70)

12.43
(2.58)
47.6

Education
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40.7
27.92
(1.38)

40.7
28.63

(1.08)

44.0
28.96

(1.02)

36.7
29.10

375
29.10

Gender (%w)

MMSE

28.83

28.70
(1.17)

29.02
(1.21)

29.25 28.56
(1.20)

28.86

(1.17)

29.00
(0.76)

29.24

(1.25)

(0.95) (0.90) (0.84)

(1.00)
Visit 0 was defined as that visit at which the NC-MCI patients received a diagnosis of MCI. The last visit data from NC-NC participants were yoked to NC-MCI visit O such that groups were

optimally matched according to demographic variables, and neuropsychological data were retrospectively modeled. NC-NC, cognitively healthy participants who remained healthy throughout the

entire observation period; NC-MCI, initially healthy participants who progressed to MCI at Visit 0; Y, years; Dx, diagnosis; w, women; MMSE, Mini-Mental State Examination [30].

estimated penalty) procedure based on CERAD-NAB
total scores in an independent sample of 550 demen-
tia patients (TMT-A =-0.4; TMT-B =-0.7; see [36] for
details).

Participants’ informants completed the 16-item
IQCODE [20, 21] comparing participants’ current cog-
nitive functioning to 2 years ago on a five-point scale
(1 =much improved; 2 =a bit improved; 3 =not much
change; 4 = a bit worse; 5 = much worse). Thus, a mean
score of 3 represents no perceived cognitive decline,
and a mean score of 3.3 or above indicates significant
perceived cognitive decline [21].

Thus, the present analyses compared the biennial
neuropsychological performance of 27 participants
who obtained a diagnosis of MCI (and later AD) with
60 participants who remained cognitively healthy. The
timepoint of the diagnosis of MCI (for the MCI group)
or end of study (NC group) served as the endpoint
(“visit 0”). The goal of the present study was to exam-
ine changes in neuropsychological functioning in the
pre-MCI phase.

Statistical analyses

The longitudinal courses of NC-NC and NC-MCI
performance on each neuropsychological measure
were modeled with linear mixed effects models. These
account for correlations between repeated measures
from the same participant and permit the analysis of
longitudinal data with varying observation periods.
Participants were modeled as random effects and diag-
nostic group, a cubic spline of time until MCI diagnosis
(years) and the interaction of group with the cubic
spline as fixed effects. The cubic spline is a piecewise
cubic function with one knot. It permits a sufficiently
flexible model and one adapted to the estimated courses
of the behavioral data. Cubic splines are commonly fit-
ted to data if simple linear, quadratic, or cubic functions
are inadequate because of the existence of local min-
ima and maxima or because portions of the function are
nearly linear or even constant in some intervals. The
knot was placed at an a priori determined timepoint
such that comparable amounts of data were available
for modeling prior to and after the knot, i.e., at -4.65
years before Visit 0, where Visit 0 corresponds to the
timepoint of the MCI diagnosis in the NC-MCI group.
One knot was considered to be sufficient to model the
nonlinear relationship with at most one maximum or
minimum. The interaction of diagnostic group with
each term of the cubic spline allows separate models to
be estimated for each group. Estimated marginal means
(i.e., group means computed from the fixed effects of
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Table 2

Description of the neuropsychological variables used in the present study

1099

Test variable

Variable description

Function

CERAD-NAB word list-encoding

CERAD-NAB word list-delayed free
recall
CERAD-NAB word list-savings

CERAD-NAB word
list-discriminability

CERAD-NAB word list-intrusion
errors

CERAD-NAB figures-copy

CERAD-NAB figures-delayed recall

CERAD-NAB figures-savings

Semantic fluency-animals

Trail making test A

Boston naming test (15-items)

Phonemic fluency

Trail making test B

Mean IQCODE

Total number of correctly learned words across
three learning trials (number of words per
trial = 10).

Total number of correctly remembered words
after a delay following encoding.

Proportion of correctly recalled words during
delayed free recall relative to words learned
in learning trial 3.

Percent of correctly recognized words from
encoding.

Total number of intrusions committed during
word list-encoding and delayed free recall.

Copy of four figures (circle, diamond,
overlapping rectangles, cube).

Number of correctly reproduced figures from
figures-copy following a delay.

Proportion correctly reproduced figures at
figures-delayed recall relative to
figures-copy.

Number of animals produced within 1 minute.

Time required to connect circles numbered
from 1 to 25 in ascending order.

Number of spontaneously correctly named
black and white line drawings
(maximum = 15).

Number of words produced starting with the
letter S within 1 minute.

Time required to connect circles containing
numbers (1-13) and letters (A-L) in
ascending and alternating order.

Mean rating on the 16-item informant
questionnaire on perceived changes in
cognitive abilities in daily living during the
preceding 2-years.

Verbal episodic learning

Verbal episodic memory

Verbal episodic memory

Verbal episodic memory
Executive functions
Visuospatial ability
Visual memory

Visual memory
Semantic memory
Psychomotor speed

Language

Executive functions

Executive functions

Informant report

CERAD-NAB, Consortium to Establish a Registry for Alzheimer’s Disease - Neuropsychological Assessment Battery [31]; IQCODE, Informant

Questionnaire on Cognitive Decline in the Elderly [19].

the fitted mixed effects model) were calculated at every
two years preceding the MCI diagnosis, correspond-
ing roughly to the timepoints of each visit, for every
visit with minimally two NC-MCI datapoints, i.e., until
-12 years (cf. Table 2). Additionally, 95% confidence
interval (CI) bands were calculated for the NC-NC and
NC-MCI groups, enabling the determination of the
timepoints at which estimated NC-NC and NC-MCI
functioning diverged. NC-NC and NC-MCI group dif-
ferences were defined as the timepoint at which the
95% ClIs no longer overlapped. If the 95% pointwise
CIs diverged within the linear interpolated interval of
a spline (i.e., between visits), differences were defined
as occurring at the following measurement timepoint
(i.e., next visit); these timepoints are indicated with
vertical lines in the results’ graphs. All statistical anal-
yses were performed with SPSS version 21 (SPSS Inc.
IBM company, 2012).

RESULTS

Results of the linear mixed effects models are shown
as a cubic spline with 95% ClIs (see Figs. 1 and 2).
Please note that the cubic splines and the CIs were
computed every two years such that the curves appear
less smooth. Additionally, Supplementary Figures 1
and 2 provide information about the distribution of the
neuropsychological data and the fitted spline.

Longitudinal courses of episodic and semantic
memory performance

NC-NC verbal encoding performance (Fig. 1A)
increased over the 12-year observation period, whereas
NC-MCI performance initially increased and then
declined approximately four years prior to the MCI
diagnosis. Strikingly, NC-NC and NC-MCI verbal
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Fig. 1. Cubic splines estimated from linear mixed effects models (with 95% confidence intervals) of the longitudinal courses of NC-NC and
NC-MCT’s verbal and visual episodic and semantic memory functioning during the 12 years preceding the diagnosis of MCI due to AD. Cubic
splines were computed for data at each observation visit, i.e., every two years preceding the MCI diagnosis. The vertical solid lines indicate
the estimated timepoints at which the NC-NC and NC-MCI groups differed. NC-NC, cognitively healthy participants who remained healthy
throughout the entire observation period; NC-MCI, initially healthy participants who progressed to MCI; MCI, mild cognitive impairment;
CERAD-NAB, Consortium to Establish a Registry for Alzheimer’s Disease - Neuropsychological Assessment Battery [31].
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Fig. 2. Cubic splines estimated from linear mixed effects models (with 95% confidence intervals) of the longitudinal courses of NC-NC and
NC-MCT’s neuropsychological functioning and informant-based report of cognitive functioning during the 12 years preceding the diagnosis
of MCI due to AD. Cubic splines were computed for data at each observation visit, i.e., every two years preceding the MCI diagnosis. The
vertical solid lines indicate the estimated timepoints at which the NC-NC and NC-MCI groups differed. NC-NC, cognitively healthy participants
who remained healthy throughout the entire observation period; NC-MCI, initially healthy participants who progressed to MCI; MCI, mild
cognitive impairment; CERAD-NAB, Consortium to Establish a Registry for Alzheimer’s Disease - Neuropsychological Assessment Battery
[31]; IQCODE, Informant Questionnaire on Cognitive Decline in the Elderly [19].
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delayed recall performance diverged already eight
years prior to the MCI diagnosis (Fig. 1B). Groups’
verbal savings’ performance (Fig. 1C) showed a
similar evolution, with divergence circa eight years
prior to diagnosis. While the NC-MCI group consis-
tently scored lower on verbal discriminability than
the NC-NC group, a group difference emerged only
approximately two years prior to the MCI diagnosis
(Fig. 1D). NC-MCI visual episodic delayed recall and
savings performance declined circa four years prior to
the MCI diagnosis (Fig. 1E, 1F).

NC-NC and NC-MCI semantic memory functioning
(Fig. 1G) differed circa four years prior to the MCI
diagnosis.

Longitudinal courses of executive functions

The NC-NC and NC-MCI groups’ TMT-B (Fig. 2A)
performance diverged circa two years prior to the MCI
diagnosis. No differences were found in the estimated
courses of phonemic fluency performance until the
MCI diagnosis (Fig. 2B). The courses of the esti-
mated intrusion errors (Fig. 2C) were similar in both
groups and diverged circa two years prior to the MCI
diagnosis.

Longitudinal courses of constructional praxis,
psychomotor speed, and language performance

While NC-MCI constructional praxis functioning
gradually declined circa six years before the MCI
diagnosis, there was no difference between groups
(Fig. 2D).

NC-MCI TMT-A performance diverged from the
NC-NC group at about -2 years (Fig. 2E), while
the modeled courses of NC-NC and NC-MCI 15-
item Boston naming test performance (Fig. 2F) were
comparable.

Longitudinal course of the informant-based report

The courses of IQCODE scores (Fig. 2G) were
similar in both groups, diverging at approximately -
2 years. Post-hoc analyses with independent samples’
Wilcoxon rank sum-tests revealed these differences to
be driven by lower NC-MCI ratings on the following
items (all uncorrected p-values <0.05): ‘remember-
ing things that have happened recently’, ‘remembering
where things are usually kept’, ‘remembering where
to find things which have been put in a different place
from usual’, and ‘using his/her intelligence to under-
stand what is going on and to reason things through’.

At visit 0 (timepoint of MCI diagnosis), the follow-
ing additional four items significantly differed over
groups: ‘recalling conversations a few days later’,
‘remembering what day and month it is’, ‘learning to
use a new gadget or machine around the house’, and
‘learning new things in general’.

DISCUSSION

A decline in neuropsychological test performance
was detected circa eight years before the diagnosis
of MCI due to AD, corresponding to approximately
10.5 years preceding the clinical diagnosis of AD. As
expected, group difference in verbal episodic delayed
free recall performance was detected first, followed by
verbal episodic learning and visual episodic memory
four years preceding the MCI diagnosis. A group dif-
ference in semantic memory functioning as measured
by the 1-minute animal fluency test also emerged four
years preceding the MCI diagnosis, whereas changes
in executive functions, reduced perceptual speed, and
informant-based reports of cognitive decline were
apparent two years prior to the MCI diagnosis.
Constructional praxis and language functioning as
measured by the 15-item Boston naming test remained
intact throughout the observation period. Thus, while
NC-MCI participants’ performance remained largely
within normal limits (z>-1.28) during the preclinical
phase of MCI due to AD, the present group differences
indicate that this prodromal phase is characterized by
an 8-year progressive decline in objective neuropsy-
chological functioning (see Fig. 3).

The expected early detection of group difference in
verbal episodic delayed free recall, savings (circa -8
years), and learning (circa -4 years) performance is in
line with the early cortical deposition of neurofibrillary
pathology in the entorhinal cortex and hippocampus
[10, 11], structures associated with the learning and
subsequent recall of episodic events [37]. Similarly,
previous studies demonstrated that encoding [6, 38],
verbal delayed free recall [5, 6, 39], and verbal percent
saving scores [40] were the first functions to decline in
the preclinical phase of AD, up to 10 years prior to the
clinical diagnosis.

Group difference in visual episodic memory func-
tioning was measurable circa four years prior to the
MCI diagnosis (see also [38]). These findings are con-
sistent with volumetric studies demonstrating greater
left compared to right medial temporal lobe atrophy
in MCI patients who progressed to AD [41]. An addi-
tional factor explaining this finding may be that the



P. Mistridis et al. / Cognitive Decline 12 Years Preceding MCI 1103

Verbal episodic memory
Visual episodic memory
Semantic memory
Processing speed

Executive functions

DONO NN

il

Informant-based reports

L 'l L

Word List Savings

Word List Delayed Recall

Word List Encoding

Figures Delayed Recall

Figures Savings

I Semantic Fluency

Discriminability

3 L

12 -10 -8

4 2 0

Years preceding MCI diagnosis

Fig. 3. Temporal order of different neuropsychological declines in the preclinical phase of MCI due to AD. MCI, mild cognitive impairment.
Vertical bars indicate first (approximate) timepoints at which performance of future MCI patients diverged from participants who remained

cognitively healthy.

visual episodic memory task used here is less demand-
ing than the verbal memory task. Indeed, other studies
reported simultaneous verbal and visual episodic mem-
ory decline in future AD patients when more complex
visual tasks were administered (see, e.g., [6]). Since
the use of demographically-corrected z-scores does not
necessarily uncouple the dependence of test scores on
test difficulty, neuropsychological test findings must
always be interpreted within the context of the specific
tests administered (cf. [35]).

Group difference of semantic memory performance
as measured by the 1-minute animal fluency task was
found about four years before the MCI diagnosis, circa
four years after verbal episodic memory decline (see
also [5, 6]). At first blush, this finding appears inconsis-
tent with the earliest cortical neurofibrillary pathology
in the perirhinal cortex associated with semantic object
memories [12, 13]. However, the nature of the ani-
mal fluency task may account for the present negative
finding: it is multicomponential in nature, engaging

in addition to semantic memory not only episodic
memory, but also language and executive functions
[42—44], thereby decreasing its sensitivity to the kind
of complex semantic object memory impairments pre-
dicted to follow perirhinal cortex damage [45]. Thus,
more sensitive tests of confusable semantic object
processing are required to more specifically measure
perirhinal cortex dysfunction [13]. Alternatively, the
assessment of semantic processing in several different
categories may provide a more robust and sensitive
measure of semantic memory performance. Indeed,
Amieva et al. [14] examined the longitudinal courses
of cognitive functioning in preclinical AD patients and
demographically matched healthy control participants
over a 14-year period and found that semantic memory
as assessed with a total score on four semantic flu-
ency tasks (colors, animals, fruits, cities) declined 12
years prior to the clinical diagnosis of AD, three years
preceding the occurrence of visual episodic memory
decline.
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Degeneration of the temporal-frontal projection sys-
tems occurs in AD [46], presumably resulting in
executive dysfunction such as poor planning and
sequencing, response inhibition, spontaneous flexibil-
ity, or set shifting [7]. Executive dysfunction in MCI
patients typically follows memory impairments by
circa four years [4-6]. Our results are consistent with
these findings: executive functions (TMT-B, intrusion
errors) declined approximately 2 and 4.5 years prior
to the present MCI and AD diagnoses, respectively,
6 years following verbal episodic memory decline.
These findings corroborate the hypothesis that not only
patients with single domain amnestic MCI, but also
MCI patients with additional executive dysfunction,
have a heightened risk to progress to AD [47].

Constructional praxis and simple confrontation nam-
ing abilities appear to be relatively spared in the
preclinical stage of MCI [48, 49]. We note that although
these functions were not affected in the present NC-
MClIsample, more sensitive tests may reveal differences
between healthy individuals and future AD patients at
the time of MCI diagnosis (see, e.g., [50]).

The present findings support the claim that the ear-
liest cognitive changes in future dementia patients
may be perceived by family members before cog-
nitive impairments manifest themselves in daily life
[18]. As informants were required to assess patients’
cognitive functioning during the preceding two years,
the present finding suggests that informants already
perceived changes in patients’ cognitive functioning
between two and four years prior to the MCI diagnosis.
Post-hoc analyses revealed that this finding was primar-
ily driven by items associated with episodic memory
functioning. Thus, informant-based reports such as the
IQCODE may indicate future progression to dementia
already in the preclinical stage of MCI, when activities
of daily living are still within normal ranges.

The dynamic biomarker model proposed by Jack
et al. [51] hypothesizes that markers of amyloid-f3
pathology (e.g., CSF, PET imaging) become abnormal
first in preclinical AD, followed by markers of neu-
rodegeneration (i.e., CSF tau protein, hypometabolism
on fluorodeoxyglucose PET, and atrophy on struc-
tural MRI). Cognitive impairments are hypothesized
to emerge last, shortly prior to the diagnosis. While
a number of studies corroborate the temporal order
of amyloid-B, neurodegenerative and cognitive abnor-
malities in future AD patients (see [52]), these studies
typically used global cognitive measures (e.g., MMSE
total score), which are necessarily less specific to
cognitive impairments associated with anteromedial
temporal lobe neurofibrillary pathology than episodic

memory tests, for example. Indeed, more sensitive neu-
ropsychological measures such as verbal learning und
delayed recall indices detect brain pathology quite early
in the prodromal phase, potentially as early as AD-
related CSF and imaging biomarkers (for example, see
[39]). In this context, the sensitivity and feasibility
(non-invasive, accessible, and relatively inexpensive)
of episodic memory testing for case-finding or screen-
ing efforts are evident. Clearly, a full clinical dementia
workup is ideally comprised of all the interdisciplinary
measures noted above to maximize diagnostic accuracy.

The present results should be replicated in a larger
sample. Moreover, the sample characteristics should be
taken into consideration when appraising the generaliz-
ability of the present findings: the samples used in this
study were convenience subsamplesemanating fromthe
original Basel Study initiated in 1959. These subsam-
ples predominantly consisted of (former) employees
of the pharmaceutical industry in Basel [53]. We also
note that our methodological approach is descriptive in
nature as results were based on 95%-confidence bands
indicating the range within which true values are likely
to be located. Since confidence intervals depend on the
samplesize, wherelargersampleslead tomore confident
results and narrower confidence intervals, the time-
points at which cognitive functioning in the NC-NC and
NC-MCI groups actually diverge are most likely earlier
than reported here (see also [14]). Given the relatively
small sample sizes, the precise timepoints at which each
cognitive function declines in the NC-MCI group (e.g.,
-8 years, -4 years) must be interpreted with caution.
Specifically, the present results should be interpreted as
asequence of events rather than exact timepoints of inci-
dent cognitive changes. Additionally, we note that tests
with a restricted range of possible scores (i.e., word list
intrusion errors, figures — copy) typically result in non-
normal distributions, such that the curve estimates of
these performance measures should be interpreted with
caution. Finally, some subtests of the CERAD-NAB
may not be sensitive enough to detect actual cogni-
tive decline in NC-MCI participants primarily because
of ceiling effects. Although the results of the present
study clearly indicate that differences between the NC-
NC and NC-MCI groups emerge many years before
a clinical diagnosis of MCI, the direct applicability
of this finding to clinical practice remains limited. By
diagnostic definition, the cognitive performance of the
NC-MCI group was within normal limits until shortly
before the MCI diagnosis. To circumvent this issue
and enable the present results to be implemented in
the clinical assessment of individual patients, norma-
tive baseline data of individuals that have verifiably
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remained cognitively healthy for several years must
be obtained, and/or the assessed individual should
be followed over time with neuropsychological test-
ing. Future research should determine whether change
scores on neuropsychological tests (see, for example,
[54, 55]) provide more sensitive markers of future MCI
due to AD than cross-sectional scores, and the optimal
combinationof neuropsychological testscores and CSF,
PET, and structural MRI measures to predict progres-
sion to AD dementia.

The present findings provide evidence for a long
preclinical stage of MCI due to AD characterized by
declining cognitive functioning of particularly verbal
episodic memory. Visual episodic memory and seman-
tic memory declined later, followed by a decline in
executive functions approximately two years preced-
ing the MCI diagnosis. We note that the NC-MCI
group’s visuospatial abilities and simple confrontation
naming remained comparable to the NC-NC group
throughout the observation period. Reduced verbal
episodic delayed recall performance eight years pre-
ceding the MCI diagnosis corresponds to the timepoint
at which some studies first detect abnormal CSF and
imaging biomarkers [39]. Thus, our results indicate
that cognitive markers have the potential to identify
future AD patients at the earliest stages of MCI due
to AD, providing the opportunity to better understand
the pathogenesis of AD as well as initiate treatment
interventions.
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