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Abstract. It is proposed that the prodromal phase of Alzheimer’s disease is associated with additional brain activation in key
regions involved in memory, reflecting compensatory brain plasticity. Very little is known, however, about the evolution of
these compensatory mechanisms as the brain acquires more damage. We conducted an fMRI memory study measuring brain
activation related to old/new (item recognition) and intact/rearranged (associative recognition) word-pair recognition paradigms
in 26 persons with mild cognitive impairment (MCI) and 14 healthy older adults. The Mattis Dementia Rating Scale was used
to divide persons with MCI into those with higher and lower cognitive performances. Results indicated more brain activation
in MClIs than in controls but disease severity determined which cognitive process was associated with larger activation: Persons
with less severe MCI showed hyperactivation during associative recognition only, whereas persons with more severe MCI
showed hyperactivation during item recognition only. These hyperactivations were found mainly in brain areas that are typically
associated with retrieval mode (e.g., bilateral prefrontal cortex). These findings indicate that neural plasticity occurs during the
entire MCI phase but that it is associated with different cognitive components. As they progress in the disease, individuals with
MCI will experience a breakdown in the compensatory mechanisms for associative recognition accompanied by emergence of
compensatory mechanisms for item recognition.
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INTRODUCTION

An important feature of Alzheimer’s disease (AD)
is that the associated brain lesions and the result-
ing cognitive deficits are progressive [1]. Yet, and
surprisingly, little is known regarding the evolution
of the functional brain response to these growing
damages. Most studies assumed that their mild cog-
nitive impairment (MCI) participants were equivalent
in terms of disease severity and treated them as a single
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homogeneous group on this dimension. This strategy
has been useful in providing a nomenclature of the pat-
tern of cognitive impairment those patients experience.
However, it does not provide information regarding
the dynamics of the brain-behavior relationship as the
brain loses healthy neurons. This might be a major
shortcoming because the recent literature on brain plas-
ticity suggests that cerebral insult results in substantial
plasticity and reorganization even in the aging brain
[2, 3]. Because lesions are progressive, the AD brain
might attempt neural compensatory mechanisms, par-
ticularly during the first stages of the disease while it
still has sufficient resources, and these might be suc-
cessful. If true, disease severity should have a profound
impact on the pattern of functional activation associ-
ated with different cognitive tasks. The major goal of
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this study was to provide the empirical data to address
this important question.

The idea that the functional brain activation changes
as the brain acquires more pathology in neurodegener-
ative diseases is contained in a number of integrative
models of cerebral activation [4-7]. For example,
Prvulovic and collaborators [8] have suggested that
the brain damage characteristic of the earliest phase of
AD decreases processing efficiency in mildly affected
brain areas while preserving their processing capacity.
As a result, regions that are only mildly impaired
should have sufficient neuronal resources to allow
the implementation of compensatory mechanisms
relying on increased neuronal recruitment and brain
activation. This would result in the hyperactivation
of mildly affected brain regions in patients relative
to controls when compared using functional brain
imaging techniques. However, as the disease advances,
increasing damage to the affected brain regions results
in a decrement in processing efficiency and capacity,
impeding neuronal recruitment and compensatory
mechanisms. This inability to compensate should be
associated with hypoactivation. The pattern of brain
functional activation in AD may therefore be charac-
terized by a dynamic shift from normal to hyper- to
hypoactivation as the disease progresses and extends
to different brain areas. There are also predictions
regarding the brain areas that should reflect hyper
and hypoactivation. In the early compensation phase,
hyperactivation should be found in areas that are
mildly affected by the disease and that are typically
recruited by the cognitive task. It is also expected that
hyperactivation occur in alternative areas that might
be used to support compensation [9, 10]. Later in the
disease, hypoactivation should be found in disease-
affected areas that are recruited for the cognitive task.
This dynamic view of brain activation in neurode-
generative diseases holds considerable promise for
understanding severity-related activations in AD.

Our predictions are expected to be particularly rele-
vant for brain activations related to episodic memory,
asitis one of the first cognitive functions to be impaired
in early AD [11, 12] and the main domain of subjec-
tive cognitive complaints [13]. The neural substrates
of episodic memory have been studied extensively
(for review, see [14]), but very little is known about
how these memory networks are modified as the brain
acquires new pathologies. Furthermore, and as men-
tioned above, neural compensation depends not only
on disease severity, but also on the task demands and
characteristics. As different components are impaired
at different phases during the disease, they should

benefit differently from compensation during the
course of their progression. This is relevant here as
different components of episodic memory retrieval are
dependent on different brain regions and thus impaired
in different sequences during the disease process. This
is the case for the distinction between recollection
and familiarity processes. Recollection refers to the
retrieval of qualitative information about a specific
study episode [15]. Recollection tasks require that par-
ticipants retrieve contextual details about the event
or item. In turn, familiarity refers to the retrieval
of events/items experienced without their contextual
details. In familiarity tasks, participants only need to
determine whether they have experienced the item
recently, without recalling its detailed context. One of
the methods that have been used to dissociate familiar-
ity and recollection processes is to compare associative
recognition to single-item recognition (familiarity).
Item recognition is a task that can be done by
relying solely on familiarity whereas associative recog-
nitive would necessitate recollective processes [16,
17]. Though this distinction is the subject of some
debate, it is supported by many arguments including
experimental dissociations, neuropsychological disso-
ciations, and evidence from brain imaging that the
two processes activate different brain regions [18].
Many studies have shown that recollection is severely
impaired in AD but that familiarity is not as affected by
the disease in the early stages [19, 20]. Accordingly,
it has been suggested that associative recognition is
altered in persons with MCI, whereas item recogni-
tion is impaired later when persons meet criteria for
AD [21-23; but see 24]. The plasticity model predicts
that the extent of damage in a process-related network
will determine its potential for compensation. In this
model, compensation only arises when mild damage
is present. Thus, it can be predicted that persons with
less severe MCI will show more neural compensation
for associative recognition than for item recognition,
since the associative recognition network is impaired
at this stage and lesions are mild enough to allow
brain plasticity to occur. By contrast, persons with
more severe MCI should show neural compensation
only for item-recognition because impairment to the
associative recognition network is too severe to allow
compensation (Fig. 1).

These predictions were tested using a median split
of Mattis Dementia Rating Scale (MDRS) scores to
divide degrees of MCI. The assumption was that indi-
viduals with lower scores were in a more advanced
phase of the disease and/or experienced a larger degree
of brain pathology than persons with higher scores. We
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Fig. 1. Progression of theoretical brain activation for item recogni-
tion and associative recognition in normal individuals and patients
with milder mild cognitive impairment (MCI), more severe MCI,
and Alzheimer’s disease (AD).

tested the effect of severity on brain activation and com-
pensation using a word-pair associative recognition
procedure with two retrieval conditions: an item recog-
nition and an associative recognition. We predicted that
persons with less severe MCI would show neural com-
pensation during associative recognition only, whereas
those with more severe MCI would show neural com-
pensation during item recognition only.

In terms of brain activation, these neural com-
pensatory mechanisms were predicted to manifest as
hyperactivation (i.e., more activation in MCI than
healthy controls) in key regions involved in episodic
memory retrieval. It is proposed that the neural sub-
strates measured when using recognition in a block
design reflects retrieval mode to a large extent as it
reflects brain changes over a relatively large temporal
frame [25, 26]. Retrieval mode refers to a cognitive set
that the participant engages in to ensure that the stimuli
are processed as episodic retrieval cues. The processes
involved during this mode have been associated mainly
with prefrontal activation [27]. As item recognition
involves both familiarity processes and retrieval mode,
and since associative recognition involves both rec-
ollection processes and retrieval mode, presence of
prefrontal hyperactivation was therefore expected for
both tasks. In addition, we expect hyperactivation in
brain areas that have been identified as being involved
in memory-related compensatory mechanisms in older
adults. For instance, prefrontal regions contralateral to
the ones usually activated by episodic memory tasks
have been identified as compensatory structures in
“high-performing” older adults [28]. Also, the dor-
solateral prefrontal cortex is known to increase its
activation following attentional training in healthy

older adults, suggesting an involvement of this area in
compensatory mechanisms [29]. A shift from hyperac-
tivation (see Fig. 1) associated with a memory process
affected early (associative recognition) to hyperac-
tivation associated with a memory process affected
later (item recognition) would reflect the compensa-
tion breakdown for associative retrieval and emergence
of compensation for item retrieval during the MCI
phase. These hyperactivations should be found mainly
in the memory-associated regions mentioned above.
Thus, plastic changes are predicted to involve different
cognitive processes as brain dysfunction develops in
MCI. Investigating the relationship between cognitive
severity and fMRI brain activation patterns in this pop-
ulation will provide crucial new information regarding
the dynamic nature of the brain/behavior relationship
and will allow a better understanding of compensatory
mechanisms in age-related cognitive disorders.

MATERIALS AND METHODS

Farticipants

Forty participants, 26 persons with MCI and 14
healthy older adults, took part in this study. Partici-
pants with MCI were recruited from memory clinics
and met the criteria for single- or multiple-domain
amnestic MCI [11, 30, 31]: (1) they expressed a con-
cern regarding their memory; (2) they performed at
least 1.5 standard deviation (SD) below the aver-
age level of persons of similar age and education
on standardized memory tests; (3) they showed no
global cognitive impairment on the basis of the
Mini-Mental State Examination (MMSE, adjusted
for age and education); and (4) they showed no
significant impact on daily functions as measured
by the SMAF (Functional Autonomy Measurement
System) functional impairment scale and clinical inter-
view. Persons with MCI completed an extensive
neuropsychological evaluation that covered episodic
memory (Rappels Libres/Rappels indicés-16, RL/RI-
16, free and cued word recall task [32, 33]; Batterie
d’Efficience Mnésique, BEM, text memory [34]; and
20-min recall of the Rey’s Complex Figure [35]), exec-
utive functions (third plate of Stroop-Victoria [36];
and copy of Rey’s Complex Figure [35]), visuospa-
tial processing (Benton Judgment of line orientation
[37]), speed of information processing (Coding of
the WAIS-III [38]), language (Boston Naming Test
[39]), and global cognitive functions (Mattis Dementia
Rating Scale, MDRS [40]; and MMSE [41]). Partici-
pants with MCI also underwent an extensive medical,
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neurological, and neuroradiological examination to
exclude the presence of any other significant systemic,
neurological, or psychiatric condition that could
explain their cognitive difficulties.

A median split of the MDRS [40] scores was used
to separate participants with MCI into two groups:
those with a higher level of overall cognitive func-
tioning (MCT higher-cognition, n = 13) and those with
a lower level of overall cognitive functioning (MCI
lower-cognition, n=13). The MDRS was preferred
over the MMSE [41] as a measure of severity because
participants with MCI show less of a ceiling effect on
this scale; thus, it has the variability necessary to use
a median split. In addition, the MDRS may be more
sensitive to the milder cognitive impairments of those
with MCI, as itinvestigates a broader range of cognitive
functions.

Participants with MCI were followed over a two-
year period after their participation in this study. At
the two-year follow-up, no one in the MCI higher-
cognition group met criteria for AD. Of the same group,
seven had remained stable, and six showed a cognitive
decline insufficient to meet criteria for AD. Over the
same period, four in the MCI lower-cognition group
remained stable, one showed cognitive decline insuf-
ficient for AD, and eight were diagnosed with AD.
Patients with AD were diagnosed according to the
NINCDS-ADRDA [42] and DSM-IV criteria [43].

Healthy older adults also completed an abbreviated
clinical and neuropsychological assessment involv-
ing measures of global cognitive functions (MDRS,'
MMSE), speed of information processing (Coding sub-
test of the WAIS-III [38]), and episodic memory (a
cued and free word recall task: RL/RI-16 [32]) to
ensure they did not suffer from cognitive deficits. The
study was approved by an ethics committee: le Comité
mixte d’éthique de larecherche du Regroupement Neu-
roimagerie/Québec (CMER-RNQ).

Data acquisition

Magnetic resonance imaging (MRI) was performed
using a SIEMENS 3T Magnetom TRIO System
(Erlangen, Germany) at the Unité de Neuroimagerie
Fonctionnelle (UNF) of the Institut Universitaire
de Gériatrie de Montréal. For high anatomical res-
olution, a sagittal T1-weighted three-dimensional
MPRAGE sequence was obtained at the end of the
two runs (TR/TE=1950/3.93ms, flip angle=15°;
176 slices, voxel size=1x1x 1mm, field of

! Five healthy controls did not undergo the MDRS.

view = 256 mm, matrix =256 x 256). Functional MR
images were acquired using gradient-echo echo-
planar imaging sequences (GE-EPI) sensitive to
blood oxygen level-dependent (BOLD) contrast
(TR/TE =2000/30 ms, flip angle =90°; 31 interleaved
slices, voxel size =3.75 x 3.75 x 5 mm with a gap of
1 mm, field of view = 240 mm, matrix = 64 x 64).

Task procedure

Participants were asked to memorize lists of nine
concrete word pairs. There were 16 lists to learn in
total and each list was learned and tested sequentially.
Eight lists were made of word pairs that were semanti-
cally related (e.g., butter—cheese), and eight were made
of word pairs that were semantically unrelated (e.g.,
tire—game). Related pairs were created by selecting
an item and one of its associates from French lists of
semantic associates [44, 45]. Only the second, third,
or fourth associates of selected words were chosen to
avoid participants guessing and to avoid the encoding
of the two words as a single concept. Lists of unre-
lated word pairs were created by selecting pairs of
words with no semantic relation and by ensuring that no
words were semantically associated with other items
in the list. Words in the lists were one- or two-syllable
long. The lists were matched in terms of average word
frequency and average word length.

A recognition phase followed learning of each list.
In that phase participants performed a yes/no recogni-
tion judgment on lists of eight word pairs. This was
done under one of two conditions (old/new versus
intact/rearranged). In the old/new judgment condition,
word pairs in the recognition list were either old (i.e., a
pair had been learned during the encoding phase; e.g.,
tire—game, from the above example) or new ones (i.e.,
the pair was made of one word presented during the
encoding phase and one completely new word; e.g.,
cheese-milk from the above example). There were as
many old as new pairs and those were presented in
random order. Of the eight word pairs, half were pre-
sented in the same format as during the study phase
(e.g., tire—game), and the other half were presented in
a reversed format (e.g., game—tire) to ensure partici-
pants did not learn only the second word to achieve the
task. In the intact/rearranged judgment condition, the
recognition list was composed of either intact (i.e., a
pair had been learned during the encoding phase; e.g.,
butter—cheese from the above example) or rearranged
pairs (i.e., a pair made of two words that were presented
during the encoding phase but as member of different
pairs; e.g., butter—tire from the above example). Again,
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half of the word pairs were presented in the same for-
mat as during the encoding phase (e.g., butter—cheese),
and the other half were presented in a reversed format
(e.g., cheese—butter) and order of presentation in the list
was random. To prevent participants from retrieving
items from their short-term memory, at least four word
pairs separated the presentation of a pair in the study
phase from its presentation in the recognition phase.
All lists were equivalent in terms of word frequency
and semantic relatedness.

Subjects performed the memory task in two runs.
Each run was composed of four alternating series of
visual fixation (20 s), encoding (40 s), and recognition
(44 s). Therefore, the sequence was: visual fixation
— encoding of List 1 (nine pairs, e.g., butter-cheese)
— recognition for List 1 (e.g., cheese-milk, for item
recognition) — visual fixation — encoding of List 2 (nine
new pairs, e.g., tire-game) —recognition for List 2 (e.g.,
butter-game, for associative recognition) — and so on
and so forth until the eight lists were tested. The same
procedure was used for item recognition and asso-
ciative recognition. Each recognition list consisted of
either only old/new judgment or only intact/rearranged
judgments. During the encoding phase, word pairs
were visually presented at a rate of 4s per pair and
mirror projected to participants while they were in the
fMRI scanner. Participants were asked to memorize
both words of the pairs and to memorize that they were
presented “together”.> During the recognition phase,
word pairs were visually presented at a rate of 5s per
pair and participants indicated whether the complete
pair had been seen in the study phase or not using a two-
button response box. Emphasis was placed on the fact
that a positive answer should be provided when the two
words were seen as a pair. These instructions were the
same for the two recognition conditions. Thus, a “yes”
response would be provided for old (in the old/new
condition) and intact (in the intact/rearranged condi-
tion) pairs, and a “no” response would be provided
for new (in the old/new condition) and rearranged (in
the intact/rearranged condition) pairs. Visual fixation
consisted of fixating a crosshair on the screen. Brief
instructions (4 s) were presented prior to each recog-
nition run. The order of presentation of the old/new
lists and the intact/rearranged lists was randomized and
fixed across participants.

2 Note that brain activation was recorded during the study phase
and that data are being reported in a separate paper [47]. It was found
that MCI higher-cognition showed hyperactivations in prefrontal
areas whereas the MCI lower-cognition did not show these hyperac-
tivations and even showed hypoactivations in posterior regions.

JMRI procedure

The task was programmed on E-prime, and stimuli
were visually presented and mirror projected. Goggles
appropriate for MRI scanning were used to correct the
vision of the subjects when needed. An fMRI block
design paradigm was preferred over an event-related
one to maximize detection power [46] and to be more
suitable for patients with memory difficulties, as the
conditions alternate less frequently in a block design.
One week prior to scanning, participants were famil-
iarized with the fMRI procedure and the tasks, using a
simulator that mimics the entire fMRI environment.

Image processing and data analysis

Before statistical analysis, functional images were
converted into Analyze format and unwarped. Func-
tional volumes from each subject were then realigned
to the first acquired volume in the session, and a
mean realigned volume was created for each subject.
All the realigned volumes from each subject were
spatially normalized into Montreal Neurological Insti-
tute (MNI) stereotactic space and spatially smoothed
with an 8-mm Gaussian kernel. Low-frequency noise
was removed with a high-pass filter of 208s. The
instruction blocks were modeled as a condition of no
interest. A single-subject analysis was carried out to
evaluate the individual contrasts (old/new judgment
versus visual fixation, intact/rearranged judgment ver-
sus visual fixation) for each subject. A random
effect (RFX) analysis was then performed on the
contrast images with a two-way analysis of covari-
ance (ANCOVA) using Group (healthy older adults,
MCI higher-cognition, MCI lower-cognition) as a
between-subject factor and Condition (old/new judg-
ment, intact/rearranged judgment) as a within-subject
factor, with non-sphericity correction, replications
over subjects, and correlated repeated measures. Also,
the mean performance (%) of each subject on the
task was used as a covariate (see below). T-tests
were thus performed on the contrast of each task
(Recognition old/new > visual fixation & Recognition
intact/rearranged > visual fixation) for each group indi-
vidually (within-group analyses) as well as between
the groups (between-group analyses). In addition,
t-tests were performed between the old/new condi-
tion and the intact/rearranged condition for the healthy
control group. Within-group analyses were performed
using a threshold of p<0.05, family-wise corrected
(FWE) with 10 contiguous voxels. Between-group
analyses were performed with a more liberal threshold
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of p<0.001 (uncorrected, with 5 contiguous voxels)
in accordance with what has been used most fre-
quently in the MCI fMRI literature [e.g., 48-51]. All
preprocessing and statistical analyses were performed
in MATLAB 7.0 (http://www.mathworks.com) using
the statistical parametric mapping software SPMS5
(http://www.fil.ion.ucl.ac.uk/spm/).

RESULTS
Sociodemographic and clinical data

Table 1 shows the sociodemographic data and the
results of the neuropsychological evaluation for all
three groups. The MDRS score of MCI participants
(ranged from 117 to 144, mean = 134.61, SD =6.03,
skewness = —0.81) was used to assign each MCI per-
son to either the MCI higher- or lower-cognition
groups. One-way ANOVAs with Group (healthy con-
trols, MCI higher-cognition, MCI lower-cognition)
as a between-subject factor indicated the groups did
not differ in age (F(2,37)=0.15, NS) or education
(F2,37) =0.64, NS). In addition, chi-square analyses
indicated a similar male-to-female ratio in the three
groups (x> =0.05, x>*=0.03 and x*>=0.16 for the
comparison between healthy controls and MCI higher-
cognition, healthy controls and MCI lower-cognition,
and MCI higher-cognition and MCI lower-cognition,
respectively, all NS).
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One-way ANOVAs with Group (healthy controls,
MCI higher-cognition, MCI lower-cognition) as a
between-subject factor were also computed on cog-
nitive measures followed by Tukey’s post hoc test
to determine the source of the effect (Table 1). As
expected, both MCI groups showed lower episodic
memory capacities than healthy controls (i.e., lower
score on the RL/RI-16 test for both groups and lower
score on the delayed recall of Rey’s Figure for the MCI
lower-cognition group), and MCI lower-cognition
showed lower episodic memory performances than
MCI higher-cognition.

The number of persons meeting criteria for single-
or multiple-domain amnestic MCI was also compared
across groups. The MCI higher-cognition group com-
prised five persons with single-domain amnestic MCI
and eight persons with multiple-domain amnestic MCI,
whereas the MCI lower-cognition group comprised
four persons with single-domain amnestic MCI and
nine with multiple-domain amnestic MCI. These num-
bers were equivalent ( x2 =0.17, NS).

Behavioral data

The behavioral data obtained from the recognition
test are shown in Table 2. A two-way ANOVA with
Group (healthy controls, MCI higher-cognition, MCI
lower-cognition) as a between-subject factor and Con-
dition (old/new judgment, intact/rearranged judgment)

Table 1
Demographic variables and scores (SD) on the neuropsychological tasks for the three groups

Healthy MCI MCI

controls higher-cognition lower-cognition

n=14 n=13 n=13
Gender 8F/6M 8F/5SM TF/6M
Age 67.21 (6.80) 68.62 (10.30) 67.08 (6.29)
Education 14.57 (3.76) 15.31 (3.83) 13.62 (3.91)
MDRS 140.33 (2.65) 139.31 (2.81) 129.92 (4.48)°
MMSE 29.29 (1.14) 28.85 (1.57) 26.46 (1.56)°
SMAF —0.83 (0.83) —1.33(1.13)
Boston Naming Test 13.92 (1.12) 12.46 (1.71)¢
Coding (WAIS-III) 11.29 (2.30) 9.77 (2.65) 8.92 (2.69)
Benton Judgment of line orientation 24.85 (3.58) 22.62 (4.11)
Copy of Rey’s Figure (time) 216.69 (105.64) 251.38 (144.08)
Copy of Rey’s Figure (score) 31.35 (3.26) 30.08 (3.48)
Immediate recall of Rey’s Figure (score) 12.46 (5.19) 8.27 (5.99)
Delayed recall of Rey’s Figure (score) 13.81 (4.99) 7.34 (5.21)4
Stroop 3rd plate (time) 29.68 (6.78) 32.57 (8.56)
Stroop 3rd plate (errors) 0.92 (1.04) 1.54 (2.54)
RL/RI-16 3rd free recall 12.21 (2.32) 10.15 (2.54) 5.23 (2.59)P-¢
RL/RI-16 delayed free recall 12.71 (2.40) 9.52 (3.86)* 4.85 (3.08)"¢

impairment relative to controls at p <0.05; Pimpairment relative to controls at p <0.001; “impairment relative
to MCI higher-cognition at p <0.05; dimpairment relative to MCI higher-cognition at p<0.01; *impairment

relative to MCI higher-cognition at p <0.001.
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Table 2
Scores (SD) on the behavioral task for the three groups

Healthy controls MCT higher-cognition MCT lower-cognition
n=14 n=13 n=13

84.01 (18.92) 83.08 (10.79) 61.51 (11.58)>¢

Yocorrect (item recognition)

Yocorrect (associative recognition) 67.74 (14.49) 70.03 (15.36) 52.04 (7.93)b°
Hit rate (item recognition) 0.84 (0.23) 0.78 (0.26) 0.64 (0.28)
False alarm (item recognition) 0.09 (0.12) 0.20 (0.22) 0.43 (0.23)*
d’ (item recognition) 3.34 (1.47) 2.42 (1.09) 0.82 (0.87)0¢
Hit rate (associative recognition) 0.79 (0.21) 0.77 (0.25) 0.58 (0.31)
False alarm (associative recognition) 0.38 (0.21) 0.42 (0.29) 0.55 (0.36)
d’ (associative recognition) 1.33 (0.77) 1.28 (1.39) 0.10 (0.97)0¢

2impairment relative to controls at p < 0.05; Yimpairment relative to controls at p < 0.001; “impairment relative to MCI higher-
cognition at p <0.05; Yimpairment relative to MCI higher-cognition at p < 0.01; ®impairment relative to MCI higher-cognition

at p<0.001.

as a within-subject factor was computed using the
mean percentage of correctly recognized pairs as a
dependent variable. A Group effect (F2,37)=9.87,
p<0.001) and a Condition effect (F(j37)=79.35,
p<0.001) were observed. Tukey’s post hoc test showed
that healthy controls and persons in the MCI higher-
cognition group recognized more word pairs than
those in the MCI lower-cognition group (p<0.001
for both groups), but that the healthy control and
MCI higher-cognition groups did not differ from each
other. In addition, the Condition effect was due to all
three groups performing worse on the intact/rearranged
judgment condition than on the old/new judgment con-
dition. No Group-by-Condition interaction was found.
Because both Group and Condition showed a signif-
icant effect on performance level, all fMRI analyses
were computed using individual performance scores
as a covariate. All analyses were also performed with-
out the covariate. This resulted in a slight decrease in
the amount of regions that showed significant activa-
tion. However, it did not change the general pattern of
results.

Hit rates, false alarms and an index of sensitivity
(d’ =Z(hit rates) — Z(false alarms)) were also com-
puted (Table 2). A two-way ANOVA with Group
(healthy controls, MCI higher-cognition, MCI lower-
cognition) as a between-subject factor and Condition
(old/new judgment, intact/rearranged judgment) as a
within-subject factor and d’ as the dependent variable
led to the same pattern of results as with the mean
percentage of correctly recognized pairs.

fMRI data

Within-group comparisons

Item recognition. The areas of activation for the
old/new judgment condition are presented in Table 3
and Fig. 2 for the three groups separately. In this con-

dition, all groups showed activation in the left inferior
and superior parietal lobules and the precuneus (BA 7,
39, and/or 40), the occipital lobe on both sides (BA 17,
18, and/or 19), the right medial prefrontal cortex and
cingulate cortex (BA 8, 32) and the left Broca’s area
(BA 44). In addition to these common areas of acti-
vation, healthy controls showed activation in the right
cerebellum and the left dorsolateral prefrontal cortex
(BA 46). In the MCT higher-cognition group, the condi-
tion was associated with additional areas of activation
in the right inferior parietal lobule (BA 39, 40), the left
medial prefrontal and anterior cingulate cortex (BA
8, 24, and/or 32), the left premotor area (BA 6), the
left precentral and postcentral gyri (BA 2, 3, and/or
4), the left ventrolateral prefrontal cortex (BA 45, 47),
the right ventrolateral prefrontal cortex (44, 45, 47),
and the right dorsolateral prefrontal cortex (BA 46).
In addition to the common areas of activation men-
tioned above, the MCI lower-cognition group showed
areas of activation in the right cerebellum, the infe-
rior parietal lobule bilaterally (BA 39, 40), the medial
prefrontal and anterior cingulate cortex bilaterally (BA
8, 24, and/or 32), the premotor area bilaterally (BA 6),
the left precentral and postcentral gyri (BA 2, 3, and/or
4), the ventrolateral prefrontal cortex bilaterally (BA
44, 45, 47) and the left dorsolateral prefrontal cortex
(BA 46).

Associative recognition. The areas of activation for
the intact/rearranged judgment condition are presented
in Table 4 and Fig. 2 for the three groups separately.
This condition was associated with activation in the
left occipital lobe (BA 17, 18, and/or 19) and the right
medial prefrontal cortex and cingulate cortex (BA 8,
32) in all three groups. Healthy controls also showed
areas of activation in the left and right inferior and
superior parietal lobules and the precuneus (BA 7, 39,
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Table 3
Clusters (>10 voxels) significantly more activated during the recognition of old/new word pairs condition than during the visual fixation condition
for Healthy controls, MCI higher-cognition, and MCI lower-cognition, with cluster size, peak voxel MNI coordinates, and corresponding #-values

Activated areas (Brodmann area) (p <0.05, corrected) Cluster size X y z t-value
Healthy controls: Recognition old/new > visual fixation
Left occipital lobe (17, 18, 19) 193 —-30 -75 —18 10.01
Right occipital lobe (17, 18) 117 15 -87 =3 8.63
Left inferior and superior parietal lobules and precuneus (7, 39, 40) 49 -30 —66 39 6.87
Right medial prefrontal cortex and anterior cingulate cortex (8, 32) 45 6 15 51 6.77
Right cerebellum 59 21 -54 =21 6.36
Left prefrontal cortex (44, 46) 15 —45 18 30 5.49
MCI higher-cognition: Recognition old/new > visual fixation
Left occipital lobe (18, 19) 128 -30 75 —18 10.58
Left/Right medial prefrontal cortex and anterior cingulate cortex (8, 32) 90 6 21 42 8.28
Left inferior and superior parietal lobules and precuneus (7, 39) 90 —27 —63 42 7.66
Right inferior and superior parietal lobules and precuneus (7, 39, 40) 81 33 —66 45 7.19
Right dorsolateral prefrontal cortex (46) 42 45 27 27 7.15
Right occipital lobe (17) 43 18  —90 -3 6.84
Right prefrontal cortex (6, 44, 45, 47) 33 33 27 0 6.69
Left prefrontal cortex (6, 44, 45, 47) 47 -39 0 33 5.98
Left precentral and postcentral gyri (3, 4) 17 =36 =30 54 5.71
MCI lower-cognition: Recognition old/new > visual fixation
Left occipital lobe (17, 18, 19) 314 —18 —-90 -9 10.14
Right occipital lobe (17, 18) 153 18 —-90 —6 9.42
Left/Right superior and medial prefrontal cortex and anterior cingulate cortex (6, 8, 24, 32) 252 6 24 42 8.55
Left precentral and postcentral gyri and left inferior parietal lobule (2, 3, 4, 39, 40) 179 -36 —60 39 7.10
Left dorsolateral prefrontal cortex (46) 35 —42 24 27 7.02
Left prefrontal cortex (6, 44, 45) 70 —45 6 36 6.91
Right cerebellum 59 21 =54 =21 6.69
Right inferior parietal lobule (39, 40) 36 33 -63 36 6.44
Left ventrolateral prefrontal cortex (47) 21 —-33 24 0 5.99
Right cerebellum 10 3 —-63 21 5.73
Right ventrolateral prefrontal cortex (44, 45, 47) 17 36 24 3 5.65

Recognition Recognition
old/new intact/rearranged

Healthy controls

Cl higher-cognition

MCI lower-cognition

Fig. 2. Cerebral activations (p <0.05, FWE corrected, cluster size >5 voxels) on the recognition of old/new word pairs condition and on the
recognition of intact/rearranged word pairs condition by the Healthy controls, MCI higher-cognition, and MCI lower-cognition groups.

and/or 40), the left Broca’s area (BA 44), the left pre- cognition group also showed areas of activation in the
motor area (BA 6), and the left medial prefrontal cortex left and right inferior and superior parietal lobules and
and cingulate cortex (BA 8, 32). The MCI higher- the precuneus (BA 7, 39, and/or 40), the left Broca’s
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Table 4
Clusters (>10 voxels) significantly more activated during the encoding of intact/rearranged word pairs condition than during the visual fix-
ation condition for Healthy controls, MCI higher-cognition, and MCI lower-cognition, with cluster size, peak voxel MNI coordinates, and
corresponding 7-values

Activated areas (Brodmann area) (p <0.05, corrected) Cluster size X y z t-value
Healthy controls: Recognition intact/rearranged > visual fixation
Left occipital lobe (18, 19) and left cerebellum 87 -30 —75 —18 8.13
Left/Right medial prefrontal cortex and anterior cingulate cortex (8, 32) 84 6 15 48 7.30
Left prefrontal cortex (6, 44) 18 —45 0 36 6.49
Left inferior and superior parietal lobules and precuneus (7, 39) 19 -30 —66 39 6.11
MCI higher-cognition: Recognition intact/rearranged > visual fixation
Left inferior and superior parietal lobules and precuneus (7, 39, 40) 215 —27 —63 45 8.27
Right inferior and superior parietal lobules and precuneus (7, 39, 40) 133 33 —66 42 7.76
Left occipital lobe (17, 18, 19) 96 -27 —75 —15 7.68
Right occipital lobe (17, 18) 68 18 -90 -3 7.39
Left prefrontal cortex (6, 9, 44) 73 —42 12 33 7.32
Right medial prefrontal cortex, premotor area and anterior cingulate cortex (6, 8, 32) 44 6 21 42 7.01
Right dorsolateral prefrontal cortex (9, 46) 39 48 15 27 6.78
Left dorsolateral prefrontal cortex (46) 11 —45 27 24 6.48
Right ventrolateral prefrontal cortex (44, 45, 47) 20 33 27 -3 6.26
Right cerebellum 22 21 —54 —21 6.18
Left precentral and postcentral gyri and premotor area (3, 4, 6) 59 -39 —15 54 6.11
Left ventrolateral prefrontal cortex (45, 47) 17 —-30 21 6 5.95
Right occipital lobe (19) 13 39 —66 —21 5.81
Right dorsolateral prefrontal cortex (46) 20 42 30 12 5.73
MCI lower-cognition: Recognition intact/rearranged > visual fixation
Left occipital lobe (18) 56 —15 —87 -9 6.84
Right medial prefrontal cortex and anterior cingulate cortex (8, 32) 31 6 30 39 6.17
Right occipital lobe (17) 15 15 —87 —6 5.90

area (BA 44), the left premotor area (BA 6), the left and
right dorsolateral prefrontal cortices (BA 9, 46), the
right ventrolateral prefrontal cortex (BA 44, 45, 47),
the left ventrolateral prefrontal cortex (BA 45, 47), the
left motor postcentral and precentral gyri (BA 3,4), and
the right cerebellum. The MCI lower-cognition group
did not recruit additional regions during this condition.

Between-group comparisons

Between-group comparisons were performed to
directly compare the differences in activation as a
function of the recognition condition between the two
MCI groups and the healthy control group. The data is
reported in Table 5 and Fig. 3.

MCI higher-cognition versus healthy controls. In the
intact/rearranged condition (associative recognition),
analyses indicated a number of brain areas with more
activation in persons in the MCI higher-cognition
group than in healthy controls. More activation was
found in the left inferior parietal lobule (BA 40),
the right temporal lobe (BA 37, 41), the left and
right dorsolateral prefrontal cortices (BA 9), and the
right ventrolateral prefrontal cortex (BA 44). Dur-
ing the old/new condition (item recognition), no area
showed significantly more activation in the MCI

higher-cognition group than in healthy controls. The
only significant differences associated with item-
recognition between these two groups were found
in the right posterior cingulate cortex and parahip-
pocampal gyrus, where more activation was found in
healthy controls than in persons in the MCI higher-
cognition group. Areas of hyperactivation were thus
found exclusively for associative recognition in MCI
higher-cognition.

MCI lower-cognition versus healthy controls. In the
intact/rearranged condition (associative recognition),
no areas showed more activation in the MCI lower-
cognition group than in healthy controls. By contrast,
the old/new condition (item recognition) was asso-
ciated with more activation in MCI lower-cognition
than in healthy controls in many areas including the
left dorsolateral prefrontal cortex (BA 46), the medial
prefrontal cortex bilaterally (BA 8), the left inferior
parietal lobule (BA 40), and the anterior cingulate cor-
tex bilaterally (BA 24, 32). Areas of hyperactivation
were thus found exclusively for item recognition in
the MCI lower-cognition group.

MCI higher-cognition versus MCI lower-cognition.
The only significant difference of activation between
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Clusters (>5 voxels) significantly more activated in Healthy controls than in MCI higher- and MCI lower-cognition or significantly more activated
in MCI higher- and MCI lower-cognition than in Healthy controls, with cluster size, peak voxel MNI coordinates, and corresponding #-values

Activated areas (Brodmann area) (p <0.001, uncorrected)

Cluster size X y z t-value

MCI higher-cognition > Healthy controls: Recognition intact/rearranged

Right dorsolateral prefrontal cortex (9) 19 3 42 48 421
Left inferior parietal lobule (40) 12 —48 —45 48 3.90
Right lateral temporal lobe (37) 13 51 —-57 -3 3.74
Right lateral temporal lobe (41) 6 42 —21 12 3.74
Left dorsolateral prefrontal cortex (9) 6 —45 15 42 3.61
Right ventrolateral prefrontal cortex (44) 6 48 12 24 3.58
Healthy controls > MCI higher-cognition: Recognition intact/rearranged
None
MCI higher-cognition > Healthy controls: Recognition old/new
None
Healthy controls > MCI higher-cognition: Recognition old/new
Right cingulate cortex and parahippocampal gyrus 25 6 —42 3 4.09
MCI lower-cognition > Healthy controls: Recognition intact/rearranged
None
Healthy controls > MCI lower-cognition: Recognition intact/rearranged
None
MCI lower-cognition > Healthy controls: Recognition old/new
Left dorsolateral prefrontal cortex (46) 22 —-27 48 21 4.25
Left/Right medial prefrontal cortex (8) 20 0 36 51 4.10
Left inferior parietal lobule (40) 6 —48 —51 39 3.52
Left/Right anterior cingulate cortex (24, 32) 8 6 33 6 3.51
Healthy controls > MCI higher-cognition: Recognition old/new
None
MCI higher-cognition > MCI lower-cognition: Recognition intact/rearranged
Right precuneus and superior parietal lobule (7) 28 24 —69 51 3.71
Left precuneus and superior parietal lobule (7) 12 —24 —66 51 3.71

MCI lower-cognition > MCI higher-cognition: Recognition intact/rearranged
None

MCI higher-cognition > MCI lower-cognition: Recognition old/new
None

MCI lower-cognition > MCI higher-cognition: Recognition old/new
None

the two MCI groups was observed in the precuneus and
superior parietal lobule (BA 7) bilaterally where MCI
higher-cognition had more activation than MCI lower-
cognition during the intact/rearranged condition. No
other differences were found.

Between-task comparison

Between-task comparisons were performed in
healthy controls to highlight the regions that are
specifically more activated by each task. The data is
reported in Table 6. Healthy controls showed more
activation during the old/new condition than in the
intact/rearranged condition in the medial prefrontal
cortex bilaterally (BA 10), in the parahippocampal gyri
bilaterally, and in the right middle and superior tempo-
ral gyrus (BA 19, 39). In contrast, they showed more

activation during the intact/rearranged condition than
in the old/new condition in the left basal ganglia and
in the right anterior cingulate cortex (BA 24).

DISCUSSION

This paper assessed the effect of disease severity on
the dynamics of compensatory brain plasticity in indi-
viduals with MCI. Scores on the MDRS reflected the
degree of participants’ global cognitive functioning,
whereas an old/new judgment and an intact/rearranged
judgment measured item and associative recognition,
respectively. Our model predicts that disease sever-
ity would have a different effect on brain activation
depending on the cognitive process measured: Indi-
viduals with less severe MCI were expected to show
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Fig. 3. Group differences in cerebral activations (p <0.001, uncor-
rected, cluster size >5 voxels) for (a) areas showing significantly
more activation in the MCI higher-cognition group than in Healthy
controls for the recognition intact/rearranged task and (b) areas
showing significantly more activation in the MCI lower-cognition
group than in Healthy controls for the recognition old/new task.

neural compensation for associative recognition only,
whereas those with more severe MCI were expected
to show neural compensation for item recognition
only. This was hypothesized because recollection is
impaired earlier than familiarity in the MCI-to-AD
continuum [19, 20, 52]. As recollection plays a sig-
nificant role in associative recognition tasks whereas
familiarity-based processes are sufficient to support
item recognition [16, 17], this study compared brain
activation associated with either tasks.

Overall, results support our hypotheses (Fig. 3);
MCI persons in a milder stage recruit additional brain
areas, compared to healthy controls, during associa-
tive recognition while showing fairly similar brain
activations during item recognition. The pattern is
strikingly different in MCI individuals at a later stage
of the disease: we found no hyperactivation for asso-
ciative recognition, but a network of hyperactivated
brain areas during item recognition. Therefore, persons
with MCI would experience a shift in hyperactivation

(see Fig. 1) from associative to item recognition as a
function of their progress in disease severity, indicating
a compensation breakdown for associative recogni-
tion and an emergence of compensatory mechanisms
for item recognition. This shift in hyperactivation is
in agreement with the neurodegenerative fMRI model
proposed by Prvulovic and collaborators [8] and with
recent data that show a similar compensation break-
down in individuals with late MCI for the encoding of
information [53].

As predicted, many of the regions that showed
hyperactivation were located in brain regions that have
been involved with the retrieval mode (i.e., the dor-
solateral and ventrolateral prefrontal cortices [27]).
This larger recruitment in regions specialized in the
retrieval mode probably reflects the fact that brain
regions affected by the disease need to increase their
activation to optimize performance. However, we also
observed additional activations in regions that are usu-
ally not reported as being involved in either verbal
episodic tasks or in the retrieval mode (i.e., the right
temporal lobe, the precuneus and the inferior and
superior parietal lobules). These new activations may
represent the recruitment of additional compensatory
networks. This is also reflected by the direct compari-
son between the two MCI subgroups. This comparison
revealed that MCI higher-cognition show more acti-
vation in posterior regions than MCI lower-cognition
during associative recognition.

Another finding relates to more bilateral activation
of the prefrontal cortex in both MCI groups than in
healthy controls. MCI higher-cognition showed bilat-
eral activation of many prefrontal regions during both
the old/new condition (BA 6, 44, 45, 47) and the
intact/rearranged condition (BA 9, 44, 46), whereas the
MCI lower-cognition showed bilateral activation dur-
ing the old/new condition only (BA 44, 45, 47). This
bilateral activation is in agreement with recent mod-
els that highlight the importance of interhemispheric

Table 6
Clusters (>10 voxels) significantly more activated during the recognition of old/new word pairs condition than during the recognition
intact/rearranged word pairs or during the recognition of intact/rearranged word pairs condition than during the recognition old/new word
pairs for Healthy controls, with cluster size, peak voxel MNI coordinates, and corresponding z-values

Activated areas (Brodmann area) (p <0.005, uncorrected) Cluster size X y z t-value

Healthy controls: Recognition old/new > Recognition intact/rearranged

Left/Right medial prefrontal cortex (10) 26 -3 66 3 3.30
Left parahippocampal gyrus 7 —12 -39 3 3.18
Right parahippocampal gyrus 9 24 -30 —15 3.17
Right middle and superior temporal gyrus (19, 39) 10 48 —63 15 2.99

Healthy controls: Recognition intact/rearranged > Recognition old/new
Left basal ganglia 21 —6 3 -3 3.37
Right anterior cingulated cortex (24) 11 6 36 3 2.96
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interaction in neural compensatory mechanisms [9,
10]. Similarly, the left inferior parietal lobule (BA 40)
appears to be a key component of the compensatory
network used during MCI, as it showed hyperacti-
vation in the MCI higher-cognition group during the
intact/rearranged condition and in the MCI lower-
cognition group during the old/new condition. The
involvement of the left lateral parietal lobe in mem-
ory retrieval is in line with data reported in previous
studies (for review, see [54]) and is often interpreted
as reflecting attentional processes directed at internal
mnemonic representations. Thus, it is plausible that
one of the compensatory mechanisms used by individ-
uals with MCl involves allocating increased attentional
resources to the memory task.

It must be noted that our fMRI analyses were covar-
ied for performance level since the performances of
the MCI lower-cognition group were lower than the
ones of the two other groups. This was done to assess
whether the group differences in brain activation was
due to the fact that participants found themselves at
different points on the difficulty continuum. This is
important as some studies have suggested that easy
tasks would yield less activation than difficult ones [8].
Thus groups that show performance differences might
show different brain activations because they require
different brain resources to complete the task. This is a
relevant question here, as it has been shown that perfor-
mance level explains a large part of the differences in
brain activation between healthy controls and patients
with AD [55]. In our case, there were group differences
on some of the task but covarying for performance did
not change the pattern of activation differences. It is
thus fair to conclude that activation differences cannot
be amenable to mere differences in task difficulty or
degrees of effort put on the task. Importantly, a similar
pattern of results was found when repeating our analy-
ses without covarying for performance, suggesting that
our findings reflect an intrinsic difference in the neural
networks of our participants rather than a simple effect
of performances on brain activation.

Behavioral results indicate impaired associative
recognition and item recognition in persons in the
MClI-lower cognition group, but preserved perfor-
mance in those in the MCI higher-cognition group.
Although many studies have found intact item or
familiarity-based recognition in MCI [21-23, 52], the
contrary has been observed in one study [24]. Our
results point to a possible explanation for the diver-
gent findings in the literature. The different levels
of severity in the MCI groups may explain the dif-
ferent levels of impairment on the associative and

item recognition tasks. It may also appear surpris-
ing that the MCI higher-cognition group performed
at the same level as the healthy controls on the exper-
imental tasks even though they met criteria for MCI
and were thus impaired on the more classical neu-
ropsychological tests such as the free and cued word
recall task and text memory task. This can probably be
explained by the fact that the clinical neuropsychologi-
cal evaluation of memory relied on free recall, whereas
that of experimental tasks used recognition. The cur-
rent literature is rather controversial regarding this
issue, but some studies have reported a preservation
of recognition memory in MCI [56-59]. Another pos-
sible explanation is disease severity, as those studies
reporting preserved recognition relied on MCI partic-
ipants who were slightly less impaired (mean MMSE
of 27.5 and 27.0, respectively) than those reporting
impaired recognition (mean MMSE of 26.1 and 26.4,
respectively). Accordingly, in this study, individuals
with less severe MCI (mean MMSE of 28.85) showed
preserved recognition, whereas those with more severe
MCI (mean MMSE of 26.46) showed impaired recog-
nition.

The present study does have some limitations. First,
the design was cross-sectional and therefore did not
directly measure the MCI-to-AD continuum. A related
limitation concerns the possibility that some of the
individuals with MCI were not in a prodromal phase of
AD. Note, however, that 58% of the individuals with
MCI in our study either showed cognitive decline or
progressed to AD after only two years, suggesting that
a large proportion of those participants may be on a
pathological pathway. A third potential limitation is
our use of a block fMRI design rather than an event-
related design. One characteristic of the block design is
that it measures blood flow over a relatively large tem-
poral frame as opposed to an event-related design. In
the case of memory retrieval tasks, it has been proposed
that this type of design is more sensitive to the regions
involved in the retrieval mode (e.g., prefrontal regions,
[27]). This has important implications for the interpre-
tation of the data and may explain the predominance of
prefrontal, over hippocampal, activations in this study,
as hippocampal activations have been more commonly
observed in event-related designs where successful
retrieved items are compared to unsuccessful retrieved
items [60]. Interestingly, both MCI groups tended to
activate their prefrontal cortex more bilaterally than
the healthy control group, which may suggest that they
need additional resources for their retrieval modes.
Relatedly, it must be mentioned that block design does
not allow a comparison between correct and incorrect
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responses and hence cannot reflect the neural corre-
lates of successful encoding and retrieval. However,
this design is suitable for patients with memory diffi-
culties as the conditions alternate less frequently, and
it offers maximal detection power [46]. The power
issue was particularly critical in our context, as we
were looking for differences related to severity lev-
els likely to yield more modest effect sizes than when
comparing a clinical with a control group. Also, the
use of a clinical measure (i.e., MDRS) as an indica-
tor of disease severity may not be ideal. We favored a
measure of global cognitive performance because it is
closer to the current criteria for identifying MCI and
AD than are neuroanatomical markers. It is noteworthy
that the MDRS scores for individuals with MCI corre-
lated strongly with their performances on the RL/RI-16
3rd free recall (r=0.68, p<0.001) and delayed free
recall (r=0.71, p<0.001) tasks. This supports our
contention that using this score as a measure of dis-
ease severity is sound. Finally, the fact that the MCI
lower-cognition group showed a level of performances
close to chance level during the associative recognition
task might have influenced some of the brain activation
results. Indeed, this may indicate that some individuals
of this group were not able to fully engage the cogni-
tive processes required to successfully complete the
task. However, this study was mainly interested in the
retrieval mode, which may very well be activated even
if the performances of the subjects are at chance level,
and it is therefore less likely that our results were con-
founded by this floor effect. Along that line, we are
comforted by the fact that our activations are coher-
ent with the retrieval mode rather than with successful
retrieval.

Overall, the findings of this study point toward the
presence of neural compensation and brain plasticity
throughout the entire phase of MCI. However, this
phase does feature a change in the pattern of neu-
ral compensation (Fig. 3). At first, persons with MCI
recruit a large network of additional brain areas dur-
ing associative recognition, and this is accompanied by
a normal performance level. During this early phase,
item recognition is unimpaired behaviorally and is
associated with fairly similar brain activation as that
found in healthy controls. As individuals with MCI
progress in the disease, they experience a shift in their
pattern of neural compensation: the neural and behav-
ior compensation, found with associative recognition,
breaks down and makes way for compensation during
item recognition. This pattern of compensation emer-
gence and breakdown during the MCI phase indicates
that brain plasticity relies on complex and dynamic

processes that are determined as much by the extent
and nature of brain lesions as by the particular type
of cognitive processes upon which brain plasticity is
measured.
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