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study. Regression analysis was used to identify regions 
where the change in fMRI activity for Novel  1  Repeated stim-
ulus contrast was associated with the change scores on post-
scan memory tests and the Free and Cued Selective Remind-
ing Test (FCSRT).  Results:  Correlations between changes in 
postscan memory accuracy and changes in fMRI activity 
were observed in regions including the angular gyrus, para-
hippocampal gyrus, inferior frontal gyrus and cerebellum. 
Correlations between changes in FCSRT-free recall and 
changes in fMRI were observed in regions including the in-
ferior parietal lobule, precuneus, hippocampus and parahip-
pocampal gyrus.  Conclusion:  Changes in encoding-related 
fMRI activity in regions implicated in mnemonic networks 
correlated with changes in psychometric measures of epi-
sodic memory retrieval performed outside the scanner. 
These exploratory results support the potential of fMRI activ-
ity to track cognitive change and detect signals of short-term 
pharmacologic effect in early-phase AD studies. 
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 Abstract 

  Background:  Previous studies have revealed that functional 
magnetic resonance imaging (fMRI) blood oxygen level-de-
pendent (BOLD) signal in specific brain regions correlates 
with cross-sectional performance on standardized clinical 
trial measures in Alzheimer’s disease (AD); however, the rela-
tionship between longitudinal change in fMRI-BOLD signal 
and neuropsychological performance remains unknown. 
 Objective:  To identify changes in regional fMRI-BOLD activ-
ity that tracks change in neuropsychological performance in 
mild AD dementia over 6 months.  Methods:  Twenty-four 
subjects (mean age 71.6) with mild AD dementia (mean Mini 
Mental State Examination 21.7, Global Clinical Dementia
Rating 1.0) on stable donepezil dosing participated in two 
task-related fMRI sessions consisting of a face-name paired 
associative encoding memory paradigm 24 weeks apart dur-
ing a randomized placebo-controlled pharmaco-fMRI drug 
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 Introduction 

 With promising therapies for Alzheimer’s disease 
(AD) entering clinical trials, functional magnetic reso-
nance imaging (fMRI) has potential as a complementary 
biomarker to provide an early signal of effect or efficacy, 
particularly in early-phase proof-of-concept human 
studies [1, 2] . Group level differences in regionally spe-
cific fMRI activity associated with aging, mild cognitive 
impairment, AD, and memory-affecting drugs have 
been observed  [3–11] . We previously reported that re-
gionally specific fMRI-blood oxygen level-dependent 
(BOLD) signal, an indirect measure of neuronal activity 
during paired-associate encoding, correlates with per-
formance on memory measures performed outside the 
scanner  [12] . In the present study, we used the same 
fMRI task and memory measures to explore potential 
longitudinal relationships between regional task-related 
fMRI activity and performance on memory tests. We hy-
pothesized that changes in performance on memory 
measures would be correlated with changes in fMRI ac-
tivity in brain regions involved in encoding and associa-
tive memory (e.g., hippocampus, default-mode network 
regions), especially in areas we previously observed to 
have cross-sectional correlated activity with clinical-tri-
al memory measures  [12] .

  Methods 

 Subjects 
 Twenty-four right-handed, English-speaking subjects meet-

ing the National Institute of Neurological Disorders and Stroke 
(NINCDS)/Alzheimer’s Disease and Related Disorders Associa-
tion (ADRDA) criteria for Probable AD  [13] , with Mini-Mental 
State Examination (MMSE) scores between 16 and 24, and on 
stable-dose donepezil (Aricept � ) 10 mg daily for  1 6 months 
were enrolled in the study ( table 1 ). In specialty memory clinics, 
use of the NINCDS/ADRDA criteria for Probable AD has dem-
onstrated approximately 90–95% diagnostic accuracy for AD 
 [14] . In the present study, the subjects were first diagnosed clin-
ically with AD by a clinical neurologist, were then evaluated at 
one of two University Memory Disorders Units and given the 
clinical diagnosis of probable AD by a cognitive neurologist, a 
diagnosis which was then reviewed and confirmed by the mem-
ory disorders unit’s consensus committee. As part of this study, 
a cognitive neurologist (A.A.) and a senior neuropsychologist 
(D.M.R.) both evaluated each subject based on standard 
NINCDS/ADRDA criteria, and along with clinical judgment, 
additional collateral input from a knowledgeable and reliable 
study partner, cognitive testing (including the MMSE) and mea-
sures (including the clinical dementia rating scale), review of 
brain MRI, clinical records and tests, agreed on the research di-
agnosis of probable AD  [15] . Using these procedures, and due to 

longitudinal follow-up, the likelihood of misdiagnosis for de-
mentia is zero: all patients were demented at the time of the study 
and continued to decline thereafter. The likelihood of neurode-
generative disease other than AD being primarily causative of 
dementia in these particular subjects, though not zero, is very 
low, and is probably much less than 5%. Exclusion criteria in-
cluded unstable psychiatric or medical illness, severe renal in-
sufficiency, contraindication to MRI, and use of antipsychotic 
medication in the 6 months prior to screening. Subjects and 
caregivers provided informed consent in accordance with pro-
tocols approved by the Partners Healthcare Inc. Institutional 
Review Board.

  Study Procedure 
 Subjects underwent baseline fMRI and cognitive testing, and 

were randomized in a 1:   1 ratio: one half received memantine 
(Namenda) that was titrated over 3 weeks to 10 mg twice daily, 
and the remainder received twice daily placebo. After 12 weeks, 
the subjects on placebo were switched to memantine. After 24 
weeks, the subjects underwent fMRI and cognitive testing again. 
Neuropsychological and clinical measures included: MMSE  [16] , 
Alzheimer’s Disease Assessment Scale – Cognitive Subscale 
(ADAS-Cog)  [17] , Free and Cued Selective Reminding Test 
 (FCSRT)  [18] , and Clinical Dementia Rating Scale (CDR)  [19] .

  The ADAS-Cog, MMSE and CDR are commonly used in AD 
clinical trials. The FCSRT measures controlled associative learn-
ing and has high sensitivity for early dementia  [18, 20] . The sub-
jects first name each of four pictured items (e.g. grapes, tiger) that 
go with a unique category cue (e.g. fruit, animal). After all four 
items are identified, immediate cued recall of just those four items 
is tested. After controlled learning is completed for 16 items in 
four categories, there are three test trials consisting of free recall, 
followed by selective cued reminding for items not retrieved ear-
lier in the trial. The sum of freely recalled words is the free-recall 
score (FCSRT-free) and the sum of items recalled across all condi-
tions is the total-recall score (FCSRT-total); scores for both range 
from 0 to 48.

  MRI Protocol 
 Functional MRI Acquisition 
 A General Electric 3.0-tesla Signa (Waukesha, Wisc., USA) 

MRI system with a quadrature birdcage head coil was utilized. 
High-resolution T 1 -weighted structural imaging utilized a 
spoiled gradient recalled sequence with repetition time (TR) = 
7.25 ms, echo time (TE) = 3 ms, field of view (FOV) = 240  !  240 
mm, flip angle (FA) = 7°, matrix = 256  !  256 mm, and 128 sag-
ittal slices with a thickness of 1.33 mm. Functional scans utilized 
a   T 2  * -weighted gradient-echo echo-planar image (EPI) BOLD se-
quence with TR/TE = 2,500/30 ms, FOV = 240  !  240 mm, FA = 
90°, matrix = 64  !  64, and 29 oblique coronal slices with a thick-
ness of 5 mm perpendicular to the AC-PC line with a 1-mm gap. 
Functional scans consisted of 6 task runs, each having 102 time 
points.

  Task Design 
 The same block design face-name associative encoding fMRI 

paradigm as that used by Diamond et al. was employed  [12] . This 
task was chosen based on its extensive use over the past decade 
in probing the functional neuroanatomical specificity of associa-
tive memory encoding processes  [1, 3, 4, 10, 12, 21–25] . The face-
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name paradigm is also highly clinically relevant; it is a cross-
modal associative memory paradigm that compares the encod-
ing of novel face-name pairs to viewing highly familiarized 
repeated face-name pairs, as difficulty remembering proper 
names remains the most common complaint of older individuals 
 [26] . The task consists of three conditions presented in blocks: 
(1) novel face-name pairs, in which unfamiliar faces are paired 
with first names each shown once (5-second duration); (2) re-
peated face-name pairs, in which two face-name pairs are repeat-
edly alternated during each block, and (3) fixation cross. Subjects 
are instructed to press a button to indicate whether or not a name 
fits a face and to remember the pair. A total of 84 novel face-name 
pairs and 2 repeated face-name pairs were used. After scanning, 
subjects were asked to freely recall names for faces they recog-
nized as being presented (FR) and were next asked to identify 
the correct name for faces in a forced-choice recognition (FCR) 
format. To avoid learning effects, the novel face-name pairs 
and repeated face-name pairs used at baseline and at week 24 
were different. Previous work from our group has shown high 
reliability between scans in healthy young adults, healthy elderly 
participants, individuals with mild cognitive impairment, and 
in AD patients  [10, 24, 27] . As reported in Putcha et al.  [24] , 
we found no associations between change in postscan memory 
performance and change in BOLD activity in older normal 
controls (CDR 0) and subjects with mild cognitive impairment 
(CDR 0.5).

  Image Preprocessing and First-Level Analyses 
 Images were slice time corrected using Analysis of Functional 

Neuroimages (AFNI; Medical College of Wisconsin, Wisc., USA). 
Then the following preprocessing steps were completed in Statis-
tical Parametric Mapping software (SPM8; Wellcome Depart-
ment of Imaging Neuroscience, University College London, UK): 

(1) motion corrected; (2) spatially normalized to the Montreal 
Neurological Institute EPI template image; (3) resampled to 2-mm 
isotropic voxels, and (4) smoothed with an 8-mm full width at half 
maximum (FWHM) Gaussian kernel. General linear models 
were used to derive single subject activations for the novel encod-
ing and repeated encoding blocks (see online suppl. material: 
‘First-level General Linear Model (GLM)’; for all online suppl. ma-
terial, see www.karger.com/doi/10.1159/000335876). 

  Second-Level Analysis: Correlation between Change in fMRI 
and Change in Clinical and Cognitive Measures 
 Whole-brain linear regression investigated which regions 

showed a correlation between changes in fMRI signal and in be-
havioral performance over time. The difference between the 
Novel  1  Repeated stimulus contrast (N 1 R) at baseline and 24 
weeks was entered into the models as the dependent variable. 
Separate models used change scores from baseline to 24 weeks for 
MMSE, ADAS-Cog Total, ADAS-Cog Recognition, FCSRT-free, 
FCSRT-total, FR and FCR as independent variables. Models also 
included a group term. Significant clusters were defined where 
there were at least 50 contiguous voxels (400 mm 3 ) attaining p  !  
0.005.

  Results 

 Clinical Performance  
  Table 1  summarizes clinical performance at baseline 

and week 24 for all subjects (n = 24). There were no sig-
nificant differences on performance for any cognitive or 
clinical test measure between baseline and week 24 (at 

Table 1.  Demographics and cognitive tests

Baseline Week 24 Difference p*

Demographics Age, years 71.638 1.71
Education, years 16.0080.57
Gender (f/m) 9/15

Cognitive tests FR, % correct 67.00 (3.05)1 60.10 (2.57) –6.91 (2.89) 0.025
FCR, % correct 68.75 (3.31)1 61.50 (2.79) –7.25 (3.11) 0.029
FCSRT-Free Recall, number correct 10.08 (1.72)2 10.63 (1.88) 0.54 (1.17) 0.646
FCSRT-Total, number correct 30.54 (2.78)2 32.08 (2.70) 1.54 (1.51) 0.318
ADAS-Cog Total, number of errors 26.15 (1.90)3 28.13 (2.19) 1.98 (1.16) 0.100
ADAS-Cog Recall, number of errors 5.94 (0.35)3 6.21 (0.38) 0.28 (0.21) 0.198
ADAS-Cog Delayed Recall, number of errors 8.33 (0.39)3 8.83 (0.44) 0.50 (0.26) 0.070
ADAS-Cog Recognition, number of errors 6.71 (0.66)3 7.13 (0.74) 0.42 (0.81) 0.614
MMSE, number correct 24.04 (0.58)2 23.17 (0.72) –0.88 (0.50) 0.094
CDR-SB, score 4.67 (0.50)4 4.75 (0.60) 0.08 (0.23) 0.721

C DR-SB = CDR sum of boxes. For FCSRT, MMSE and postscan memory tests, higher scores indicate better performance. For CDR-
sum of boxes and ADAS-Cog, lower scores represent better performance. * p values do not account for multiple comparisons – doing 
so, none of the above p values are ≤0.05. 1 Figures in parentheses represent mean (SD) of percentage of correct answers. 2 Figures in 
parentheses represent mean (SD) of number of correct answers. 3 Figures in parentheses represent mean (SD) of percentage of errors. 
4 Figures in parentheses represent mean (SD) of CDR-SB score.
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p = 0.05 adjusting for multiple comparisons). Also, sub-
group analysis (not shown) comparing the subgroups of 
subjects initially randomized to placebo versus random-
ized to the study drug, memantine, did not reveal any 
significant differences within or between subgroups at 
either baseline or at week 24, nor any significant changes 
between subgroups from baseline to week 24; a future 
study will assess potential drug-related effects on fMRI-
behavioral signals.

  Correlation between Change in Clinical Measures and 
Change in fMRI-BOLD Signal 
 ADAS-Cog Total Errors 
 Regression analysis identified regions where changes 

in N 1 R contrasts were significantly associated with 
changes in ADAS-Cog total errors (online suppl. table 
S1). Change scores for ADAS-Cog total errors negatively 
correlated with fMRI-BOLD signal changes in the left 
and right hippocampus, right superior occipital gyrus, 
right insula, left and right cerebellum, right middle tem-
poral gyrus and right inferior temporal gyrus ( fig.  1 ). 
Thus, more errors at follow-up as compared to baseline 
were associated with less change or a decrease in fMRI 

signal over time. No regions were found showing a posi-
tive relationship between ADAS-Cog total errors and 
N 1 R changes.

  ADAS-Cog Recognition Errors 
 Regression analysis identified regions where changes 

in N 1 R contrasts were significantly associated with 
changes in ADAS-Cog recognition errors (online table 
S2). Change scores for ADAS-Cog recognition errors 
negatively correlated with fMRI-BOLD signal changes in 
the left inferior parietal lobule, right supramarginal gy-
rus and the right cerebellum ( fig.  1 ). No regions were 
found showing a positive relationship between ADAS-
Cog recognition errors and N 1 R changes.

  FCSRT-Free Recall 
 Regression analysis identified regions where changes 

in N 1 R contrasts were significantly associated with 
changes in FCSRT-free recall (online table S3). Change 
scores for FCSRT-free recall were positively correlated 
with fMRI-BOLD signal changes in regions that included 
pre- and postcentral gyri, inferior parietal lobule, left pre-
cuneus, right middle frontal gyrus, right middle cingu-
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  Fig. 1.  Statistical parametric maps at p  !  0.005 and extent of 50 contiguous voxels of ADAS-Cog-negative cor-
relations with fMRI. The results are projected onto the PALS surface in Caret [66, 67] using the multifiducial 
mapping approach. To aid in the visualization of the hippocampus, the maximal voxel within a 5-mm-cube of 
each node was selected. These surface maps represent both the spatial variability and the magnitude of the sig-
nificant correlations.  
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late gyrus, paracentral lobule, left posterior cingulate, fu-
siform gyrus, and left hippocampus and parahippocam-
pus ( fig. 2 ). No regions were found showing a negative 
relationship between FCSRT-free recall and N 1 R chang-
es.

  Mini-Mental State Examination 
 Regression analysis identified regions where changes 

in N 1 R contrasts were significantly associated with 

changes in MMSE (online table S4). Change scores for 
MMSE were positively correlated with fMRI-BOLD sig-
nal changes in the right middle occipital lobe ( fig. 2 ). The 
lack of average change in MMSE over time means that 
some individuals showed improved scores over time and 
increased fMRI signal over time, while others show a de-
cline in scores over time and a decreased fMRI signal over 
time. No regions were found showing a negative relation-
ship between MMSE and N 1 R changes.

  Fig. 2.  Statistical parametric maps at p  !  0.005 and extent of 50 contiguous voxels of MMSE, FCSRT-free, FR, 
and FCR positive correlations with fMRI. The results are projected onto the PALS surface in Caret [66, 67] us-
ing the multifiducial mapping approach. To aid in the visualization of the hippocampus, the maximal voxel 
within a 5-mm cube of each node was selected. These surface maps represent both the spatial variability and 
the magnitude of the significant correlations.  
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  Free Recall 
 Regression analysis identified regions where changes 

in N 1 R contrasts were significantly associated with 
changes in FR (online table S5). Change scores for FR 
were positively correlated with fMRI-BOLD signal 
changes in a number of regions including the left angular 
gyrus, right middle temporal gyrus, brainstem, left para-
hippocampal gyrus, right cerebellum, left inferior frontal 
gyrus, right precentral gyrus, right supplemental motor 
area, middle frontal gyrus, and left superior middle fron-
tal gyrus ( fig. 2 ). No regions were found showing a nega-
tive relationship between FR and N 1 R changes.

  Forced-Choice Recognition 
 Regression analysis identified regions where changes 

in N 1 R contrasts were significantly associated with 
changes in FCR (online table S6,  fig. 3 ). Change scores for 
FCR were positively correlated with fMRI-BOLD signal 
changes in a number of regions including the cerebellum, 
fusiform gyrus, right brainstem, inferior temporal gyrus, 
right inferior occipital lobe, left calcarine sulcus, left lin-
gual gyrus, inferior frontal gyrus pars triangularis, left 
inferior parietal lobule, left pre- and post-central gyrus, 
right hippocampus, left and right medial superior frontal 
gyrus, and right middle frontal gyrus ( fig. 2 ). No regions 
were found showing a negative relationship between FCR 
and N 1 R changes.

  Discussion 

 While much is known about structural MRI correlates 
of longitudinal memory performance in AD  [28–33] , 
analogous fMRI correlates are poorly delineated. This 
study explores the hypothesis that, in subjects with mild 
AD, candidate brain regions supporting associative-
memory processes may be identified in which changes in 
encoding-related fMRI activity over 24 weeks vary with 
changes in performance on behavioral tests and clinical-
trial memory measures. The rationale underlying this 
hypothesis is that individuals who show increased brain 
modulation during the memory task at follow-up show 
better performance at follow-up and individuals who 
show decreased brain modulation during the memory 
task at follow-up may also show worse task performance 
at follow-up. Using whole-brain statistical parametric 
maps, changes in fMRI activity during encoding of face-
name pairs for a group of 22 subjects with mild AD sig-
nificantly correlated with changes in ADAS-Cog total 
and word recognition, FCSRT-free, MMSE, and postscan 
name recall and postscan forced-choice name recogni-
tion for faces in several brain areas. These areas included 
parietal, medial temporal lobe (MTL) and frontal regions 
linked to retrieval of episodic memory and attentional 
control; these areas all undergo early structural changes 
in AD. The results presented here extend findings from 
cross-sectional clinical and cognitive studies  [12]  to iden-
tify candidate functional measures that may provide ad-
ditional support in proof-of-concept human clinical tri-
als to gauge effects for promising AD drugs.

  This study design and implementation have several 
important strengths that make results relevant to early-
phase clinical researchers. These are inclusion of well-
characterized mild-AD subjects with clinical, demo-
graphic and medication usage profiles typical of AD clin-
ical-trial populations, administration of several standard 
clinical and neuropsychological measures commonly 
used in AD clinical trials, application of a well-character-
ized and robust fMRI associative-encoding paradigm, 
implementation of fMRI within the structure of a short-
term, 24-week, randomized, controlled, blinded, AD 
clinical-trial format similar to phase 2 studies of symp-
tomatic efficacy in AD, achievement of high subject fol-
low-up and data integrity, and utilization of standard and 
widely available MRI processing and analysis streams 
and software. Important to the feasibility of using cogni-
tive tests and fMRI as reliable measures in clinical trials 
is that there be no learning effect over time. The present 
paradigm has been shown to have high reliability across 
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time and the stimuli used at baseline and the week-24 vis-
its were different  [1, 10, 24] . Additionally, the neuropsy-
chological measures utilized in this study have both high 
validity and reliability across time in mild AD dementia 
 [20, 34, 35] .

  The relationships between performance changes and 
fMRI changes in brain regions reported here are also sup-
ported by previous work that implicates these regions as 
supporting aspects of visual and verbal memory-related 
processes, as well as data from our previous study that 
examined a cross-sectional behavioral-fMRI link using 
the same paradigm  [12] . In that study, the N 1 R contrast 
was correlated with ADAS-Cog scores, postscan memory 
performance, MMSE and FCSRT scores.

  Effects Related to FCSRT-Free Recall Change Scores 
 Activity changes in the left inferior parietal and left 

precuneus correlated significantly with changes in per-
formance on FCSRT-free recall. Inferior parietal regions 
are associated with correctly recalled items during cued 
recall  [36] . The left inferior parietal cortex, in particular, 
is involved in procedural and declarative memory pro-
cesses  [37, 38]  and encoding of unfamiliar faces  [39]  – 
conditions akin to encoding of novel name-face pairs in 
this fMRI paradigm.

  Episodic retrieval has been implicated in the activity of 
the lateral posterior parietal cortex and the precuneus 
 [40–42] , which are important components of the default 
mode network (DMN)  [43–48] . The DMN is characteris-
tically active during task-independent, introspective 
thought processes, and its function may be particularly 
affected in cognitive aging and disrupted in patients with 
mild cognitive impairment and AD  [5, 43, 46, 49] . The 
precuneus, considered a major hub in the DMN, is also 
strongly connected with the inferior and superior parietal 
lobules  [50]  and is important for successful encoding  [4] .

  The regional investigation of activity in the DMN 
yields further insight into how the DMN is affected by 
AD  [3, 25, 51, 52] . Over the 24-week trial window, activ-
ity related to novel face-name encoding increased in all 
regions and groups; whether and how such an increase 
may represent a signal of potential drug effect requires 
additional studies. Future analyses will investigate how 
the DMN and other intrinsic brain network patterns 
change over time and address associations with potential 
signals of antidementia drug effects.

  Effects Related to ADAS-Cog Change Scores 
 Changes in activation were observed in frontal and pa-

rietal regions, including the inferior parietal cortex and 

middle temporal gyrus that significantly correlated with 
ADAS-Cog change scores. Lateral and inferior parietal 
regions are implicated in several memory processes in-
cluding in old/new recognition  [53]  and in visual recogni-
tion of words  [54] .

  Effects Related to FR and FCR Change Scores 
 Changes in activation that significantly correlated 

with postscan memory test scores were observed in fron-
tal, temporal and parietal regions, including the inferior 
frontal gyrus, middle temporal gyrus and inferior pari-
etal cortex; regions that may serve as hubs in important 
cognitive networks, including the DMN  [43, 45, 55–57] , 
in the perceptual decision-making circuit, and in atten-
tional control  [58] . The findings of significant correla-
tions between changes in memory tests outside the scan-
ner with changes in magnitude of encoding-related activ-
ity inside the scanner for MTL structures supports the 
utility of this block design, paired-associate, encoding 
paradigm for detecting and potentially tracking fMRI 
signal changes even in AD patients with significant MTL 
atrophy. 

  Summary of Effects Related to Cognitive Test Score 
Changes and Candidate Brain Regions 
 These results support activity changes in several re-

gions previously implicated in cross-sectional studies to 
have encoding-related activity associated with memory 
performance outside the scanner (e.g. inferior parietal 
lobule, superior temporal gyrus, precuneus). However, 
we did not find extensive similar associations with more 
general measures of cognition that have low memory load 
(e.g. MMSE)  [12, 59] . Other than a true lack of associa-
tion, other plausible explanations for these null results are 
that such global measures may have relatively smaller 
memory-related signals that would be otherwise detect-
able in isolation (e.g. via ADAS-Cog recognition) and in 
higher-powered studies, and that may be obfuscated in 
the context of a multidomain cognitive scale (i.e. ADAS-
Cog total). Also, associations for encoding-related fMRI 
activity with FCSRT-free and FCR may have been more 
readily detected since a greater range in performance was 
observed on these tests compared to the other memory 
tests.

  The present study focused on probing the functional 
neuroanatomical specificity of memory changes in mild 
AD, that generally occur earlier in the disease process rel-
ative to semantic cognition, apraxia and aphasia  [60] , rath-
er than probing more general changes in cognition. As 
such, paradigms that strongly recruit memory-sensitive 
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regions to complete the task will yield the best results. In 
comparison, tasks probing motor function, such as studies 
of swallowing in AD  [61, 62] , are likely to be better suited 
than the present study to investigate functional neuroana-
tomical specificity for apraxia. Likewise, language tasks 
would be better suited than the present task for probing 
the functional neuroanatomical specificity of aphasia in 
neurodegenerative diseases and AD  [63] . Uncovering the 
functional neuroanatomical specificity of cognitive 
changes in AD requires varied studies that probe different 
cognitive systems at different stages of the disease. Here 
we make a start by probing the longitudinal functional 
neuroanatomy of a brain system that supports encoding 
of highly ecologically important explicit associations, 
those of faces and names, and one that this is also a rela-
tively early casualty of the destruction wrought by AD.

  Identification of candidate brain regions that track cog-
nitive performance provides researchers with locations to 
inspect for functional changes in early-phase or proof-of-
concept clinical trials; these regions could be monitored to 
assess for signals of drug effect and to track such effects 
over time. Ultimately, this information may be combined 
in integrative models with other biomarker data to better 
inform go-no go decisions for experimental drugs or dose-
response relationships, to elucidate early trends in efficacy, 
or to predict individual treatment responses.

  The utilization of imaging biomarkers is not a replace-
ment for neuropsychological testing, but rather a comple-
ment to them. If the correlation between imaging and be-
havior were 1, then there would not be a need for imaging 
biomarkers; however, this is not the case in the present 
results. High correlations provide evidence that we are 
capturing variance related to changes in memory perfor-
mance, but also provide evidence that imaging biomark-
ers may have unique variance that could be leveraged in 
early-phase trials. Thus, the goal is not to replace neuro-
psychological tests, but to develop imaging biomarkers 
that, when combined in integrated models with other 
variables (including neuropsychological measures), yield 
greater explanatory power, particularly for clinical chang-
es over time. In particular, fMRI potentially manifests 
signals of effects at the synaptic/local field potential levels, 
and these signals are likely to be detectable much earlier 
than changes in behavior in order to guide drug discovery, 
selection and therapeutic trial efforts. While the current 
results do not support accuracy at the level of the indi-
vidual, they are nonetheless encouraging as they support 
the detection of a potential signal at the group level with 
N’s that are modest enough to support their investigation 
in small early-phase/proof-of-concept AD trials  [1, 24] .

  The main limitations of this study and the caveats in 
the results are as follows: First, there is an implicit as-
sumption that chronic administration of antidementia 
medications does not significantly alter the function-be-
havioral performance relationship of the network(s) uti-
lized during the encoding task. In other words, there is 
an invariance in the nature, not necessarily of the degree 
of any fMRI signal modulation when, as in this analysis, 
the aim is to assess whether fMRI activity may track clin-
ical and cognitive measures, and to delineate regions 
where such changes may occur (i.e. that chronically stable 
antidementia drugs between week 0/12 and 24 do not 
fundamentally alter the shared regions involved in the 
networks supporting these tasks). Second, in the present 
analysis, we do not study the potential modulatory effects 
of memantine on fMRI-BOLD signal or on function-be-
havioral performance relationships because effect sizes 
on cognitive measures in mild AD are unlikely to be de-
tectable in short time frames and with only 24 subjects 
 [64, 65]  using such analysis – and in fact, as would be ex-
pected, the clinical measures did not show significant 
differences attributable to drug over the 24-week course 
of this study (i.e. accounting for multiple comparisons, 
there were no behavioral differences between the group 
that was on drug for 12 weeks and the group that was on 
drug for 24 weeks). Also, the relative homogeneity of our 
subjects and methods (e.g. single-site study, well-charac-
terized subjects with high education, excellent adherence 
to protocol and follow-up) yields high internal reliability 
but may potentially limit generalizability to multisite 
studies. Finally, these results should be viewed as prelim-
inary and will require replication in larger confirmatory 
studies, especially to assess whether performance chang-
es on more global measures of cognition correlate with 
regional fMRI signals and whether the results are gener-
alizable.

  In conclusion, these results suggest that functional 
changes in several MTL and parietal brain regions may 
be potentially useful in tracking signals for change in 
memory performance over short periods in patients with 
mild AD. Our findings also provide further support for 
the potential of encoding task-fMRI as a complementary 
biomarker of AD that warrants further study, particu-
larly in the context of early-phase clinical trials.
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