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Abstract

Functional neuroimaging tools, such as fMRI methods, may elucidate the neural correlates of
clinical, behavioral, and cognitive performance. Most functional imaging studies focus on regional
task-related activity or resting state connectivity rather than how changes in functional
connectivity across conditions and tasks are related to cognitive and behavioral performance. To
investigate the promise of characterizing context-dependent connectivity-behavior relationships,
this study applies the method of generalized psychophysiological interactions (gPPI) to assess the
patterns of associative-memory-related fMRI hippocampal functional connectivity in Alzheimer’s
disease (AD) associated with performance on memory and other cognitively demanding
neuropsychological tests and clinical measures. Twenty-four subjects with mild AD dementia
(ages 54-82, nine females) participated in a face-name paired-associate encoding memory study.
Generalized PPI analysis was used to estimate the connectivity between the hippocampus and the
whole brain during encoding. The difference in hippocampal-whole brain connectivity between
encoding novel and repeated face-name pairs was used in multiple-regression analyses as an
independent predictor for 10 behavioral, neuropsychological and clinical tests. The analysis
revealed connectivity-behavior relationships that were distributed, dynamically overlapping, and
task-specific within and across intrinsic networks; hippocampal-whole brain connectivity-behavior
relationships were not isolated to single networks, but spanned multiple brain networks.
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Importantly, these spatially distributed performance patterns were unique for each measure. In
general, out-of-network behavioral associations with encoding novel greater than repeated face-
name pairs hippocampal-connectivity were observed in the default-mode network, while
correlations with encoding repeated greater than novel face-name pairs hippocampal-connectivity
were observed in the executive control network (p<0.05, cluster corrected). Psychophysiological
interactions revealed significantly more extensive and robust associations between paired-
associate encoding task-dependent hippocampal-whole brain connectivity and performance on
memory and behavioral/clinical measures than previously revealed by standard activity-behavior
analysis. Compared to resting state and task-activation methods, gPPI analyses may be more
sensitive to reveal additional complementary information regarding subtle within- and between-
network relations. The patterns of robust correlations between hippocampal-whole brain
connectivity and behavioral measures identified here suggest that there are ‘coordinated states’ in
the brain; that the dynamic range of these states is related to behavior and cognition; and that these
states can be observed and quantified, even in individuals with mild AD.
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1. Introduction

The use of fMRI methods to reveal relationships between behavior and cognitive function,
whether in cognitively normal individuals or in patients with cognitive impairments due to
conditions such as Alzheimer’s disease (AD), can be divided into three key areas: resting
connectivity (Balthazar et al., 2014; Biswal et al., 1995; Damoiseaux et al., 2012; Fox et al.,
2006; Kelly et al., 2008; Li et al., 2013; Sala-Llonch et al., 2012; Shehzad et al., 2014),
evoked task-related activity (Atri et al., 2011; DeYoe et al., 1994; Diamond et al., 2007;
Dolcos et al., 2013; Ewbank et al., 2009; Friston et al., 1995a; Friston et al., 1995b;
McLaren et al., 2012b; Putcha et al., 2011; Simon et al., 2010; Wig et al., 2008), and more
recently context-dependent connectivity (Chatham et al., 2014; Farr et al., 2012; Friston et
al., 2003; McLaren et al., 2012a; Raz et al., 2014).

Context-dependent connectivity, or the connectivity during different task conditions, has the
potential to reveal information about neural and synaptic function and response.
Psychophysiological interactions (PPI), the form of context-dependent connectivity used in
the present analysis, specifically investigates how one brain region increases or decreases its
relationship with another brain region under different contexts (Cisler et al., 2013; Friston et
al., 1997; O'Reilly et al., 2012). Generalized psychophysiological interactions (gPPI;
McLaren et al., 2012a) assesses how the connectivity changes for each task condition
relative to the implicit baseline, usually fixation. This method has been shown to be more
sensitive and accurate at estimating the pair-wise connectivity differences between
conditions (e.g. novel>repeated) than the standard PPl implemented in SPM software
(SPM5/8; Cisler et al., 2013; Gitelman et al., 2003; McLaren et al., 2012a). In the present
study, in individuals with mild AD, it was hypothesized that increased accuracy of gPPI
analyses may allow the detection of subtle differences in hippocampal seed-whole brain
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connectivity that are related to specific tasksupported (context-dependent) cognitive
processes.

Context-dependent connectivity approaches are varied and include PPI, dynamic causal
modeling and beta-series correlations, but each should be tailored to the question at hand
(Friston et al., 2003; Rissman et al., 2004). For example, while dynamic casual modeling has
been shown to be more predictive of memory success than simple task activations
(Gagnepain et al., 2011), it requires the analysis to be limited to only an a priori specified
and small set of brain regions(Neufang et al., 2011; Rytsar et al., 2011). Yet, collectively,
previous studies support that context-dependent connectivity has the potential to
characterize neural correlates of synaptic, neuronal and/or neurovascular integrity as they
relate to cognition and behavioral performance.

What remains unknown is whether patterns of context-dependent connectivity, using gPPI,
during performance of specific fMRI memory paradigms can capture a representation of
neural dysfunction that correlates with specific clinical, cognitive and behavioral
impairments. The objective of this study was to determine, in individuals with mild AD
dementia, the characteristics of context-dependent hippocampal-whole brain functional
connectivity analysis using our fMRI associative memory encoding paradigm in conjunction
with performance outside the scanner on clinical and behavioral measures(Diamond et al.,
2007; McLaren et al., 2012b; Sperling et al., 2003a). More broadly, the question assessed is
whether differences in hippocampal-whole brain connectivity between conditions are related
to behavior in AD? We hypothesized that hippocampal connectivity differences between
encoding novel face-name pairs (N) and encoding repeated face-name pairs (R) (i.e. the N
versus R PPI contrast) in memory performance-related network regions, including the
default-mode network, will be associated with cognitive measures in our test battery that
better assess episodic memory processes.

2. Materials and methods

2.1. Subjects

Twenty four right-handed, English-speaking subjects meeting National Institute of
Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and
Related Disorders Association (NINCDS/ADRDA) criteria for Probable AD(McKhann et
al., 1984), with Mini-Mental State Examination (MMSE, see section 2.2 for details) scores
between 16-24, and taking a stable-dose of donepezil (Aricept®) treatment 10 mg daily for
at least 6 months were enrolled in the study. The subjects were first diagnosed clinically
with AD dementia by a clinical neurologist and were subsequently evaluated at one of two
University memory disorders units and given the diagnosis of Probable AD by a cognitive
neurologist; a diagnosis which was then reviewed and confirmed by the memory disorders
unit's consensus committee. Demographics, clinical characteristics and test scores can be
found in Table 1. Exclusion criteria included unstable psychiatric or medical illness, severe
renal insufficiency, contraindication to MRI, and use of antipsychotic medication in the six
months prior to screening. Subjects and caregivers provided informed consent according to
the Declaration of Helsinki and with protocols approved by the Partners Healthcare Inc.
Institutional Review Board.
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2.2. Study Procedure

All subjects first underwent clinical and neuropsychological testing, followed by fMRI, and
finally behavioral testing outside the scanner. Neuropsychological and clinical measures
included standard measures used in AD clinical trials such as the Mini-Mental State
Examination (MMSE; Folstein et al., 1983), AD Assessment Scale - Cognitive Subscale
(ADAS-Cog; Pena-Casanova, 1997), Free and Cued Selective Reminding Test (FCSRT;
Grober et al., 2000), and Clinical Dementia Rating scale (CDR; Morris, 1993). The data
presented here is the baseline data from a longitudinal pharmacological fMRI study in
subjects with mild AD dementia. FMRI data from some subjects has been used in previous
publications (Atri et al., 2011; Diamond et al., 2007; McLaren et al., 2012b).

MMSE—The MMSE is a standard instrument used to screen global cognitive function in
the clinic and for inclusion in dementia clinical trials. Subjects are asked a number of
questions that probe a range of cognitive processes including: orientation of time and place;
verbal registration of three simple words; attention; delayed recall of the earlier presented
words; language (haming; repetition; and following multi-step commands); and visuospatial
function (copying of intersecting pentagons). It takes about 7-10 minutes to administer. A
higher MMSE score indicates better cognitive performance and scores range from 0 to 30.

ADAS-Cog—The ADAS-Cog is a standard instrument utilized as a primary cognitive
outcome measure in AD clinical trials and includes 11 cognitive subscales. In the present
study, we focus on the subscales for Word Recall (ADAS-Cog Recall), Delayed Word
Recall (ADAS-Cog Delayed Recall) and Word Recognition (ADAS-Cog Recognition) and
on the total score (ADAS-Cog Total). In the word recall task, subjects read a list of 10 high-
frequency nouns over three trials and are asked to recall as many words as possible after
each trial (ADAS-Cog Recall). Immediate recall trials are followed by brief and delayed
recall trials (ADAS-Cog Delayed Recall). The number of words not recalled (i.e. number of
errors) was used as the measurement values in the regression models. In the word
recognition task, subjects are read a list of 12 high-frequency nouns and are then asked to
recognize them from a list of the 12 read (presented) nouns and 12 novel (unpresented)
nouns. The number of words not recognized or falsely recognized (i.e. number of errors)
was used as the measurement values in the regression models. The ADAS-Cog Total score
(total number of errors) is the sum of errors on all the subscales. The total time to administer
the ADAS-Cog is about 20-25 minutes. Higher ADAS-Cog scores indicate worse cognitive
performance and scores range from 0-70 errors.

FCSRT—The FCSRT is utilized in AD behavioral experiments and clinical trails to
measure explicit memory performance by using both free recall and cued recall trials to
assess storage and retrieval processes. One card at a time, subjects are presented four picture
cards, each containing four pictures (for an ultimate total of 16 pictures) and for each card
are instructed to name each picture item according to a semantic cue (e.g., “there is a fruit,
what is it?”). For each picture card, once the subject names all four items, the card is flipped
hiding the items, and the subject is asked to again name the four items on each card she/he
had just seen; semantic cueing is provided for any missed item until all four items per card
are named in this way. Once all four picture cards (hence all 16 items) have been “learned”,
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subjects are asked to freely recall all sixteen items without cueing (free recall), and then are
provided verbal semantic cueing for any missed items (i.e., selective reminding). This
process is repeated for a total of three trials, with a 20-second interference task (serial
subtraction of 3s from 100) between each trial. The sum of correctly freely recalled items
across trials (FCSRT Free score) and the sum of both correct free and cued recall items
(FCSRT Total score) were used as the measurement values in the regression models. The
total administration time of the FCSRT is about 15-20 minute. Higher scores indicate better
cognitive performance and scores range from 0-48.

CDR—The CDR is extensively used in clinical dementia research and AD clinical trials to
stage dementia severity. The scale is based on a structured clinical interview that includes
the assessments of six cognitive and functional domains: memory; orientation; judgment and
problem-solving; community affairs; home and hobbies; and personal care. For the present
study, we use the CDR sum-of-box score (CDR-sb), which is the sum-total for each of the
six CDR domains that are scored from 0-3 (0 = no dementia; 3 = severe dementia severity).
The CDR takes about 20 minutes to administer as part of the overall clinical research
assessment. Higher CDR-sb scores indicate higher dementia severity and scores range from
0-18.

2.3. MRI Protocol

2.3.1. MRI acquisition—A GE 3T SIGNA (Waukesha, WI) MRI system with a
quadrature birdcage head coil was utilized. High-resolution T1-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 x 240 mm, flip angle (FA)= 7°, matrix = 256 x 256
mm, and 128 sagittal slices with a thickness of 1.33 mm. Functional scans utilized a T2*-
weighted gradient-echo echo-planar image blood-oxygen-level-dependent sequence with
TR/TE = 2,500/30 ms, FOV =240 x 240 mm, FA = 90°, matrix = 64 x 64, and 29 oblique
coronal slices with a thickness 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.

2.3.2. Task Design—This study employs an established block design face-name
associative encoding fMRI paradigm that probes the functional neuroanatomical specificity
of associative memory encoding processes(Atri et al., 2011; Celone et al., 2006; Diamond et
al., 2007; McLaren et al., 2012b; Pihlajamaki and Sperling, 2009; Putcha et al., 2011,
Sperling, 2007; Sperling et al., 2003a; Sperling et al., 2002; Sperling et al., 2003b; Sperling
et al., 2001). The task consists of three conditions presented in blocks: (i) novel face-name
pairs, in which unfamiliar faces are paired with first names each shown once (5-sec
duration); (ii) repeated face-name pairs, in which two face-name pairs are repeatedly
alternated during each block; and (iii) 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, each presented once, and 2 repeated face-name pairs, each presented 42
times, were used. After scanning, subjects were asked to freely recall names for faces they
recognized as having been presented during scanning and were next asked to identify, in a
forced-choice format, the name that was paired with a given face during scanning. The
percentage of names correctly recalled was used as the post-scan free recall (FR) measure.
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The percentage of names correctly identified in the alternative force-choice format was used
as the post-scan forced choice recognition (FCR) measure.

2.4. Image Preprocessing and First-Level Analyses

Images were slice time corrected using AFNI (Medical College of Wisconsin, USA). Then
the following pre-processing steps were completed in SPM8 (Wellcome Department of
Imaging Neuroscience, University College London, UK): (1) motion corrected; (2) spatially
normalized to the MNI EPI template image; (3) re-sampled to 2 mm isotropic voxels; and
(4) smoothed with an 8 mm full-width at half maximum Gaussian kernel. General linear
models (GLM) were used to derive single subject activations for the novel encoding and
repeated encoding blocks(McLaren et al., 2012b). Novel and repeated blocks were
separately convolved with a canonical hemodynamic response function to form task
regressors. The GLMs included a constant term per run, a high frequency signal filtering
(cutoff = 1/260 Hz), motion parameters, and regressors for bad points. Bad points were
defined as any of the following: (1) spike in the data that was more than 2.5 standard
deviations of the average variation; (2) movement of more than 0.75 mm between TRs; or
(3) rotation of more than 1.5 degrees between TRs. Fixation periods were not explicitly
modeled.

Automated quality control excluded any imaging run that had >20 bad points (~20% of
data), overall motion >3 millimeters, or overall rotation >5 degrees. Quality control also
included manually inspecting the raw time series, pre-processed time series (smoothed
normalized images) and first-level results. Based on these metrics, no subjects needed to be
excluded.

2.5. Generalized Psychophysiological Interaction Analyses

Based on previous work in other populations that suggests high potential for sensitivity and
specificity to detect connectivity effects (McLaren et al., 2012a), generalized
psychophysiological interaction (gPPI) were used in this sample to compute the context-
dependent connectivity of the left posterior hippocampus and the right posterior
hippocampus with all other brain voxels in subjects with mild AD. The left posterior
hippocampus seed was defined as a 6 millimeter sphere around the peak activity for novel
faces greater than fixation (MNI: =20, —32, —2; Sperling et al., 2002). The right posterior
hippocampus seed was defined as a 6 millimeter sphere around the peak activity for novel
faces greater than fixation (MNI: 24, —28, —6; Sperling et al., 2002).

Implementation of gPPI in this study used the publicly available gPPI Toolbox (http://
www.nitrc.org/projects/gppi). This toolbox creates a design matrix with the three sets of
columns per run: (1) task regressors formed by convolving the task blocks with the
canonical hemodynamic response function; (2) BOLD signal observed in the seed region;
and (3) PPI regressors for each task that are formed by separately multiplying the tasks by
the deconvolved BOLD signal observed in the seed region, and then convolved with the
canonical hemodynamic response function. In the present experiment, there were 5
regressors modeling the BOLD signal per run: (1) novel task regressor; (2) repeated task
regressor; (3) BOLD signal in the PPI seed region; (4) novel PPI regressor; and (5) repeated
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PPI regressor. The GLMs also included a constant term per run, a high frequency signal
filtering (cutoff = 1/260 Hz), motion parameters, and regressors for bad points (see Section
2.4). Following the creation of the design matrix, the gPPI Toolbox estimates the model
parameters and computes linear contrasts. In the present study, the linear contrast of novel
PPI minus repeated PPI regressor, N-R PPI (i.e. N>R PPI), is calculated and used in the
second-level models. The N-R (N>R PPI) contrast computed for each voxel in the brain
represents the difference in hippocampal functional connectivity between encoding novel
face-name pairs and encoding repeated face-name pairs. We have included the gPPI
configuration file (gPP1_AD_config.mat) as a supplemental file.

2.6. Second-Level Analysis: Correlation Between Connectivity Differences and Behavioral

Measures

Whole brain linear regression investigated which regions showed a correlation between
hippocampal functional connectivity differences and the behavioral measures. The
hippocampal connectivity difference between encoding novel face-name pairs and encoding
repeated face-name pairs (N-R; N>R PPI), which represents a measure of an individual’s
ability to modulate connectivity, was entered into the regression models as the dependent
variable. Separate models used ADAS-Cog Recall, ADAS-Cog Delayed Recall, ADAS-Cog
Recognition, ADAS-Cog Total, FCSRT Free, FCSRT Total, FR, FCR, CDR-sh, and MMSE
as independent variables. Each model also included age and education as covariates.
Regression results for ADAS-Cog Recall, ADAS-Cog Delayed Recall, ADAS-Cog
Recognition, ADAS-Cog Total, and CDR-sb were reversed to make increased (higher)
connectivity differences positively correlate with increased (better) performance. Negative
regression results are reported as the correlation with the difference in connectivity during
encoding repeated face-name pairs and encoding novel face-name pairs (R-N PPI; R>N).
Hereafter, all correlations reported are positive correlations. Significant clusters (p<0.05)
were defined as clusters with at least 174 contiguous voxels (1392 mm3) attaining p<0.01
based on 3dClustSim in AFNI.

2.7. Third-Level Analysis: Connectivity-Behavior Conjunction

To explore the extent of similarity across (e.g. spatial overlap) the different behavioral
measures, we thresholded the correlation maps for each regression model separately for the
significant N>R PPI and R>N PPI correlations. Each thresholded correlation map was
converted to a binary map of 1s and 0s. Then the 10 binary maps for N>R PPI hippocampal
connectivity-behavior correlations were summed together to produce a map that indicated
how many behavioral tests were significantly correlated with the N>R PPI connectivity
differences at each voxel. Finally, the 10 binary maps for R>N PPI correlations were
summed together to produce a map that indicated how many behavioral tests were
significantly correlated with the R>N PPI connectivity differences at each voxel.

2.8. Third-Level Analysis: Network Distribution of Connectivity-Behavior Effects

Using eight resting state functional network maps (Supplementary Figure 3) defined by
Smith et al. (2009)* and publicly available (http://fsl.fmrib.ox.ac.uk/analysis/brainmap
+rsns/), we counted the number of voxels in each Smith-adapted networks at 3 thresholds:
(1) top 25%; (2) top 5%; and (3) top 1% of all correlations, based on t-statistic from the
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regression model, within any of these eight Smith-adapted networks, and then divided by the
total number of voxels in each network. This process was repeated for each regression
model and direction (i.e. N>R PPl and R>N PPI). Selecting a specific number of voxels
from each test and correcting for network size allows for a potentially more accurate and
robust representation of spatial distributions than the method of counting the number of
significant voxels as such counts can be skewed by voxel and cluster thresholds. For each
threshold, we tested the distribution for each regression model against a uniform distribution
where 25%, 5%, or 1% of every network was above the threshold. We further directly
compared the distributions of the correlations of behavioral measures. These two metrics
enable interpretations to be made about the networks involved in connectivity-behavior
relationships.

2.9. Third-Level Analysis: Hemispheric Connectivity-Behavior Correlation Differences

3. Results

T-statistics of the partial correlations of connectivity with behavior were converted to
equally probable Z-scores for each regression model. The right hippocampal seed region Z-
scores were subtracted from the left hippocampal seed region Z-scores. Significant clusters
(p<0.05) were defined as clusters with at least 174 contiguous voxels (1392 mm3) attaining
p<0.01 based on 3dClustSim in AFNI.

3.1. Neuropsychological, Clinical, and Behavioral Results

The average ADAS-Cog Total score was 26.15+1.90 (mean + standard error of the mean)
errors, which is consistent with performance in the mildly impaired range. This is consistent
with the study inclusion criteria regarding baseline MMSE scores to range of 16-24 (mean
24.04+0.58). The mean CDR-sh was 4.67+0.50, which is also consistent with mild-stage
dementia.

The mean number of errors on the ADAS-Cog Recognition test was 6.71+0.66, on the
ADAS-Cog Recall test was 5.94+0.35, and on the ADAS-Cog Delayed Recall test was
8.33+0.39. The mean total score on the FCSRT was 30.54+2.78, while the mean score on
the free portion (FCSRT Free) was 10.08+1.72 (Table 1).

The mean percentage correct on the post-scan free recall (FR) test was 67%=3.05, indicating
that the participants were able to encode the face-name pairs. The mean percentage correct
on the post-scan alternative forced-choice (FCR) was 68.75%z3.31, which was substantially
better than chance performance of 50%.

3.2. Correlation Between Connectivity Differences and Cognitive/Behavioral Measures

All 10 behavioral measurement regressions revealed at least one significant cluster (Table
2). Most of the significant connectivity-behavior relationships were found with
neuropsychological and clinical tests that specifically probe episodic memory function (i.e.
FCSRT Free, FCSRT Total, FR, FCR, ADAS-Cog Recall, ADAS-Cog Recognition, and

INetworks 1&2 were combined. Networks 9&10 were combined.
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ADAS-Cog Delayed Recall). In particular, we observed the most number of correlations (to
brain regions) and the strongest correlations with the FCSRT Free test, which is the most
difficult episodic memory specific assessment in this test battery. Whereas, very few and
generally weaker relationships were observed with global measures such as the CDR-sb and
MMSE. The ADAS-Cog Total score had more and stronger relationships than the global
measures, but fewer and weaker relationships than the memory subscales of the ADAS-Cog
(i.e. ADAS-Cog Recall, ADAS-Cog Recognition, and ADAS-Cog Delayed Recall). These
observations support the hypothesis that the flexibility of connectivity during memory
encoding is most associated with the ability to perform on tasks of episodic memory.
Overall, significant clusters spanned the majority of the brain (Supplementary Figures 1/2,
Supplementary Tables 1/2). However, tests of episodic memory function were most
associated with the ability to modulate hippocampal connectivity with visual cortices and
memory network regions that included the temporal pole, middle temporal gyrus, superior
frontal gyrus, supramarginal gyrus and angular gyrus,

The relationship between behavior and the ability to modulate connectivity provides insights
into which dynamic connections underlie cognitive test performance. Using Table 2,
researchers can identify which connections need to remain dynamic or to increase their
dynamic range to improve performance on a given cognitive measure. For example, as an
experimental candidate to improve the total score on the FCSRT test, one could target to
increase the flexibility of the functional connectivity between the right hippocampus and
right angular gyrus.

3.3. Conjunction of Left Hippocampal Seed Connectivity-Behavior Correlations

A number of clusters were observed to be in common among the different behavioral test/
measure correlations for the left hippocampal seed connectivity contrasts (i.e. the N and R
PPI differences) (Figure 2, Supplementary Figure 1, Table 2). Notably, significant
connectivity-behavior spatial overlaps predominately occurred for tests of episodic memory
function. In the supramarginal gyrus and rolandic operculum, the correlations for ADAS-
Cog Delayed Recall, ADAS-Cog Recognition and FCSRT Free with the N>R PPI contrast
spatially overlapped. In the middle cingulate cortex, ADAS-Cog Delayed Recall and CDR-
sb correlations with N>R PPI spatially overlapped. In the right anterior temporal lobe,
significant correlations of N>R PPI with ADAS-Cog Delayed Recall and FCSRT Free
spatially overlapped. In the left anterior temporal lobe, significant correlations were
observed with the ADAS-Cog Recognition, FCSRT Free, and FCR for N>R PPI (Figure 1).

In the right orbital frontal cortex, significant correlations for R>N PPl with FCSRT Free and
ADAS-Cog Recognition spatially overlapped. In the right hippocampus/parahippocampus
and right temporal pole, significant correlations for R>N PPl with FCSRT Total and ADAS-
Cog Recognition spatially overlapped. Spatial overlap was also observed in the cerebellum.

3.4. Conjunction of Right Hippocampal Seed Connectivity-Behavior Correlations

A number of clusters were also in common among the behavioral correlations for the right
hippocampal seed connectivity contrasts (Figure 2, Supplementary Figure 2, Table 2). In the
left calcarine sulcus, significant correlations for N>R PPI with ADAS-Cog Recognition,
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FCSRT Free and FCR spatially overlapped (Figure 1). In the right angular gyrus, middle
occipital gyrus, and middle temporal gyrus, significant correlations for N>R PPl with
ADAS-Cog Recall, FCSRT Free and FCSRT Total spatially overlapped. Spatial overlap
between FCSRT Free and FCSRT correlations with N>R PPI was also observed in other
parts of the posterior occipital lobe.

In the right middle frontal gyrus and precentral gyrus, significant correlations for R>N PPI
with ADAS-Cog Total, FCSRT Total, FR, and MMSE spatially overlapped. This overlap
extended into the superior frontal gyrus for at least 3 of 4 regressions. In the left posterior
and middle cingulate cortex, significant correlations for R>N PPl with ADAS-Cog
Recognition and FR spatially overlapped. In the right supramarginal gyrus and postcentral
gyrus, significant correlations for R>N PPl with ADAS-Cog Total and CDR-sb spatially
overlapped. Notably, the spatial overlap of R>N PPI correlations were on more global
measures of cognition compared to the N>R PPI effects, which more closely related to
measures of episodic memory.

3.5. Dynamically Overlapping Task-Specific Intrinsic Networks

To follow up the observation of spatial similarity and disparity across the behavioral test/
measure correlations, we sought to statistically test if these connectivity-behavior
relationships were different from each other and spatially non-random across intrinsic
networks. The proportion of each Smith-adapted network (Smith et al., 2009) that had
voxels in the top 1%, 5%, or 25% of associations is reported in Supplementary Tables 5-7
(Figure 3, Supplementary Figures 4-9). In general, irrespective of the threshold (1 vs 5 vs
25%), N>R PPI relationships were more commonly observed in visual and default-mode
networks; while R>N PPI relationships were more commonly observed in the executive and
frontoparietal networks. In some instances, significant portions of a network contained both
N>R PPI and R>N PPI correlations for the same behavioral task/clinical measure indicating
potential subdivisions in each network (Figure 3, Supplementary Figures 4-9). The graphs
suggested that, irrespective of threshold, there are dissociations amongst the correlations
with the behavioral/clinical measures; these were confirmed for all spatial patterns (p<0.001
bonferonni-corrected, Supplementary Tables 8-10). We also confirmed that the spatial
distribution of voxels above the selected thresholds was not uniform across the Smith-
adapted cognitive networks (p<0.001 bonferonni-corrected). Finally, while substantial
similarities existed, overall the spatial patterns were different between left and right
hippocampal seed regions.

3.6. Differences between the connectivity-behavior correlations of the left and right
hippocampal seeds

A number of regions had different correlations with behavior between the two posterior
hippocampal seed regions (Supplementary Table 11). Compared to the findings for each
seed region, the connectivity-behavior differences, when comparing right and left
hippocampal seeds, were not associated with a specific measure type but were different for
both tests of episodic memory and measures of global cognition. These findings support
laterality in functional connectivity profiles between the left and right hippocampus during
episodic memory encoding.
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4. Discussion

In this study we applied gPPI to assess the nature of fMRI task-based context-dependent
connectivity’s relationship with cognitive, clinical and behavioral assessments. As an
illustration of gPPI’s potential utility as a tool to explore brain context-dependent
connectivity-behavior relationships, these relationships were characterized in patients with
mild AD during the performance of a well-studied and ecologically valid task, the encoding
of novel and repeated face-name pairs, in relation to performance on post-scan memory tests
and to scores on highly relevant assessments of cognitive/clinical function performed
outside the scanner. This is the first study to apply gPPI to assess functional connectivity in
the context of delineating brain connectivity-behavior relationships. Results revealed
performance on behavioral and clinical measures of episodic memory and global cognition
are correlated, in unique spatial patterns within and across intrinsic brain networks, with the
ability to modulate connectivity in response to encoding novel and repeated face-name pairs.
Furthermore, significantly greater and more complex relationships were observed using
gPPI than had been previously observed in patients with AD using fMRI activity-behavior
regression analysis(Diamond et al., 2007).

In support of our a priori hypothesis, tests of episodic memory function were associated
with the ability to modulate hippocampal connectivity within memory network regions. The
observed regions included the temporal pole, middle temporal gyrus, superior frontal gyrus,
supramarginal gyrus and angular gyrus. Additionally, significant connectivity relationships
were observed with regions that support visual integration, facial recognition and cognitive
control. The hippocampal connectivity patterns revealed encoding novel face-name and
repeated face-name pair connectivity differences both within the network containing the
seed as well as throughout other brain networks (Figure 3, Table 2). In particular, increased
ability to modulate connectivity related to behavior was found in the visual (within-network
connectivity), default-mode (out-of-network connectivity), executive control (out-of-
network) and frontoparietal (out-of-network connectivity) networks. For referential
purposes, in this paper we utilized the atlas of resting state functional networks from Smith
et al. (2009) to classify the intrinsic network related to the location of the seed regions based
on the winner take all approach. Based on this classification scheme, the a priori defined
posterior hippocampal seeds fell predominantly within the medial and lateral visual
networks. In a "winner take all" binary categorization, whether a hippocampal region is
classified to fall within the visual or another network is likely most driven by context-
specific functionality. Previous work from our lab (Ward et al., 2013) and by others (Hellyer
et al., 2014; Kahn et al., 2008) supports the observation that at least some hippocampal
regions are functionally apart from the default-mode network. Hence, the results presented
here that demonstrate hippocampal seed-connectivity modulation with default-mode
network and other regions, are interpreted, by definition, to represent detection of out-of-
network connectivity. This is not to suggest that the hippocampus or subdivisions of the
hippocampus are not functionally connected to other networks during the performance of
specific memory tasks and under certain rest conditions. More broadly, these findings
reveal, even in patients with AD, significant fMRI task-based connectivity-behavior
relationships that are unique and span across several brain networks, particularly in relation
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to performance on measures of episodic memory. These findings further corroborate the idea
that brain regions are not part of single networks but are part of multiple networks that have
preferred connections or ‘coordinated states’. In other words, regions that are part of one
network during fMRI resting state may become, more or less, coordinated with subparts of
the network (within-network changes) and subparts of other networks (out-of-network
changes) (Hellyer et al., 2014).

4.1. A cognitive perspective of context-dependent connectivity: ‘coordinated states’

This study and others indicate how networks interact to subserve a multitude of cognitive
processes. Additionally observations from this study provide evidence to support that
cognitive task-specific profiles spatially span different networks, and that the temporal
dynamics of overlapping connectivity should change to yield a different connectivity-task-
specific profile when the task changes. Both anatomical and resting-state connectivity
studies have characterized a core set of brain networks (Beckmann et al., 2005; Fox et al.,
2005; Greicius et al., 2003; Hagmann et al., 2008; Laird et al., 2011; Seeley et al., 2009;
Smith et al., 2009). While these core networks subserve cognition (Laird et al., 2011; Seeley
et al., 2007), they do not necessitate that cognitive processes only occur within a network,
and empirical evidence does not support such an absolute interpretation (Brier et al., 2012;
Kelly et al., 2008). In particular, Kelly and colleagues (2008) observed that out-of-network
connectivity was more predictive of behavior than within-network connectivity. Even at the
electrophysiological level, recordings in cats have demonstrated that task-on and task-off
networks change between uncorrelated and anti-correlated states (Popa et al., 2009). The
predominant resting state can be thought of as a particular ‘coordinated state’ within and
between networks. As the brain becomes engaged in a particular cognitive process, it
transitions into another metastable ‘coordinate state’ (Bressler and Kelso, 2001).
Importantly, the brain can rapidly switch between these metastable states to perform
different cognitive functions (Andrews-Hanna et al., 2010a; Cole et al., 2013). The transition
from one state to another enables the brain to integrate information from a multitude of brain
regions. It can therefore be posited that these stastes can: (1) change with age (Addis et al.,
2010); (2) change with disease states (Greicius et al., 2004; Hedden et al., 2009); (3) change
with pharmacological modulation (Abler et al., 2012; Schon et al., 2005; Sperling et al.,
2002); and (4) recruit subcomponents of different brain networks (Andrews-Hanna et al.,
2010b; Gour et al., 2011; Kim, 2012; Sepulcre et al., 2010). As a result of a predominant
state, the default-mode network can act as a sink to integrate internal and external events —
or episodic information.

Drawing upon the recent finding by Ward and colleagues (2013), which supports that the
hippocampus is not “intrinsically and implicitly” part of the default-mode network, we
propose that: (1) there is a rapid shift to a state when, due to environmental or task demands,
the hippocampus becomes transiently “extrinsically and explicitly” connected to the default-
mode network, and (2) this dynamic underlies episodic memory encoding. Recent work has
indicated that local and distant connectivity differs between the resting and task states
(Sepulcre et al., 2010) and can rapidly change between different task states (Cole et al.,
2013; Hellyer et al., 2014). Additionally, Cole and colleagues demonstrated that the
frontoparietal network, at least for decision-making tasks, has the most variance between
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tasks in its connectivity with other brain regions (2013). Akin to other seed-based resting
connectivity methods, gPPI is likely to be multi-synaptic (Vincent et al., 2007).

4.2. Relationships to Other Brain-Behavior Studies of Memory Performance in AD

Compared to the fMRI task-activity findings presented in Diamond et al. (2007), the regions
identified here, using task-based connectivity-behavior methods, are different. This
observation indicates that task-based connectivity and activation analyses may provide
complementary information about cognitive processing in AD. Frontal areas are more active
during episodic memory tasks in individuals with AD (Grady et al., 2003a; Pariente et al.,
2005; Sperling et al., 2003b) and task activity in these regions is correlated with memory
performance (Diamond et al., 2007). However, medial temporal lobe integrity is still
essential to affect effective episodic memory processing, and the loss of medial temporal
lobe connections to subcortical or cortical areas is also known to impair relational memory
(Dusek and Eichenbaum, 1997). Thus, understanding how these connections effectively
change during performance of memory processes may also be important to understanding
the potential compensatory mechanisms that might remain available in individuals with AD.
It may also be essential to discern which connections are reversibly versus irreversibly
functionally damaged, in addition to connections that are structurally damaged.

While atrophy represents a structural change, it might not be fully indicative of changes in
function-behavior relationships. For example, it has been observed that as the number of
synapses are reduced, the size and number of connections at a synapse might increase
(Scheff and Price, 1993). Nevertheless, structural studies provide evidence of potential
functional changes. Carmichael and colleagues (Carmichael et al., 2012) recently identified
two AD-related patterns of atrophy in individuals with mild cognitive impairment. The first
pattern revealed coordinated atrophy across posterior nodes of the default-mode network,
while the second pattern largely represented atrophy in the medial temporal lobe. Their
observations provide further support that structural changes in AD do not uniformly
encompass entire resting brain/intrinsic networks; nor are they isolated to a single network.
As such, the maintenance of cognitive abilities in individuals with AD need not be limited to
entire networks(Andrews-Hanna et al., 2010b) or isolated to single networks(Grady et al.,
2003b; Wang et al., 2006). Interestingly, the most consistent effects observed here were
across behavioral measures in the posterior nodes of the default-mode network. This further
demonstrates that though posterior default-mode network regions, which are involved in
episodic memory, are anatomically damaged in AD they retain functional importance to
modulate connectivity-behavior relationships.

These context-dependent connectivity results share important similarities to both functional
and structural brain-behavior relationships previously observed and conceptualized (Figure
2, Table 2). For example, a recent study revealed significant correlations between
performance on the FCSRT and grey matter volume in the left supramarginal gyrus, anterior
cerebellum, and left superior temporal gyrus (Rami et al., 2012b). The latter area is similar
to the region observed here that shows a strong correlation between the ability to modulate
connectivity for encoding novel versus repeated face-name pairs and better performance on
FCSRT. In the present study, we also observed correlations with posterior medial parietal
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areas; these areas tend to show task activity differences earlier in the disease process relative
to the lateral temporal lobe areas (Rami et al., 2012a; Sperling et al., 2003b). Evidence from
other brain-behavior studies and this study provide good support for the more general
concept that structure-function relationships that support cognitive tasks in AD can be
uniquely spatio-temporally distributed within and between brain networks.

4.3. Potential Application to Clinical Trials: AD as an illustrative example

Our ability to understand the functional integrity of brain networks is becoming increasingly
important to better interpret both clinical trial data and underlying disease progression. It has
been proposed that it is initial neuronal dysfunction that triggers the accumulation of
amyloid (Cirrito et al., 2005; Jagust and Mormino, 2011; Sperling et al., 2009). While
increases in amyloid plaques or decreases in amyloid in the CSF are considered hallmark
pathological features of AD, recent and historical studies indicate that AD pathology is not
necessary for clinical diagnosis (Mayeux et al., 1998). At issue may not be whether these
patients are misdiagnosed or whether amyloid is a by-product of the disease and not yet
detected (Hyman et al., 2012), but whether individuals diagnosed with probable AD have a
similar phenotype. The development of AD therapeutics should target both the presumed
pathologies and the maintenance or enhancement of the connectivity associated with better
cognitive, functional and behavioral profiles in patients with AD. It is therefore prudent that
such therapeutic approaches not solely depend on binarized biomarkers for the presence/
absence of presumed AD pathologies but consider phenotypic “dysfunction” patterns
characterized by the AD syndrome. In this light, probes of the functional integrity and the
capacity to modulate cognitive and task-specific systems are complementary and, perhaps,
equally important as amyloid load as markers of disease in patients with probable AD.

The utilization of imaging biomarkers is not a replacement for neuropsychological testing,
but rather a complement to them. The significant correlations observed in the present study
provide evidence that important variance related to cognitive performance in AD is being
captured. It also provides support that this particular imaging biomarker, context-dependent
connectivity implemented in the form of gPPI, may potentially further capture a unique
variance that could be leveraged in early phase trials. Thus, the goal is not to replace
neuropsychological 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 changes over time. In particular, fMRI
may potentially reveal signals of effects at the neuronal, neurovascular or synaptic/local
field potential levels that are likely to be present at much earlier points than changes in
behavior; such signals could help guide drug discovery, dose selection, and therapeutic trial
efforts. The results presented here, coupled with prior evidence that quantify fMRI effects in
AD, lend support to further exploratory investigation of fMRI methods in early phase/proof
of concept AD trials(Atri et al., 2011; Putcha et al., 2011).

In showing strong relationships between the ability to modulate connectivity and forced-
choice recognition, a direct measure of performance on this task, we further validate this
face-name encoding paradigm in understanding the integrity of the episodic memory
network in AD. Furthermore, the present study identifies the posterior nodes of the default-
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mode network and frontoparietal network as key regions that have potential as functional
biomarkers in clinical trials. In the default-mode network, these key areas are the lateral
temporal lobe and precuneus. In the frontoparietal network, the key areas are supramarginal
gyrus, inferior parietal lobule, inferior temporal gyrus, middle frontal gyrus and superior
parietal lobule. It should be noted that large portions of the supramarginal gyrus and inferior
parietal lobule also fall in the posterior nodes of the default-mode network. Cognitive,
behavioral, and/or pharmacological interventions may utilize the present hippocampal task-
PPI method to focus on increasing or maintaining the dynamic range of connectivity
between these target regions and the hippocampus.

4.4, Future Directions and Caveats

The present results provide evidence of additional cross-sectional fMRI-task relationships
that complement earlier work (Diamond et al., 2007). However, these results do not provide
an indication of how hippocampal-whole brain connectivity-behavior patterns may change
over time. They also do not quantify the test-retest reliability and sensitivity of gPPI for
detecting various effect sizes, as has already been shown in task activation studies in AD
(Atri et al., 2011; McLaren et al., 2012b). Thus, future work is aimed at: (1) investigating
the longitudinal relationships between task-based connectivity and behavior; and (2)
assessing the test-retest reliability and power analysis for gPPI studies.

Additionally, in this initial gPPI study we utilized posterior hippocampal seeds based on our
earlier work with task-related BOLD activity analysis of this paradigm (Sperling et al.,
2002). While we observed numerous strong connectivity-behavior associations with this
choice of hippocampal seeds, this does not necessarily represent the connectivity
relationships for the entire hippocampus or the optimal hippocampal seed locations that
would reveal the strongest connectivity-behavior association in the context of gPPI analysis.
For example, choosing a more anterior hippocampal seed may have resulted in greater
associations within the default-mode network. Future studies can assess optimization of seed
placements in the context of identifying the strongest connectivity-behavior associations for
any targeted network.

This study also utilized an imaging sequence that essentially had 6mm thick slices, which
may have reduced the ability to detect smaller and more focal changes. However, given the
observed large cluster sizes, the robustness of the correlations and the investigations of the
spatial distribution of connectivity at different thresholds across intrinsic networks, it is
unlikely that utilizing lower slice thicknesses would have changed the major conclusions of
this study. Nevertheless, future studies should use slices of 4 mm or less in thickness.

5. Conclusions

The observation that task-based connectivity during an associative-encoding task bears
unique and significant relationships within and between intrinsic brain networks to task
performance on measures of episodic memory and global cognition, even in subjects with
mild AD, supports the potential utility of gPPI to characterize complex context-dependent
connectivity-behavior relationships; it also backs further exploration of task-based
connectivity-fMRI as a functional biomarker of behavior. Hippocampal-whole brain
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connectivity-behavior relationships were not isolated to single networks, but spanned
multiple brain networks and were unique for each behavioral measure. Importantly, these
connectivity-behavioral performance profiles were more widespread than previously
observed in task activations studies, thus providing complementary information about how
brain function might underlie cognition. Numerous significant hippocampal connectivity
relationships with behavioral performance were observed in our small sample, which
suggests the engagement of ‘coordinated states’. The correlations between PPI differences
and behavioral measures reveal complex patterns of connectivity underlying cognitive
processes that support performance of specific tasks and shared mental functions. Using this
face-name encoding paradigm, the ability to modulate connectivity during encoding of novel
versus repeated face-name pairs between the hippocampus and nodes of the memory
network was most strongly and consistently related to better episodic memory performance
in subjects with AD. Different regions showed different hippocampal connectivity-behavior
relationships. While the particulars of these results require further validation in larger and
longitudinal studies, nonetheless, the general observations here provide evidence that the
capacity to gauge the functional neuroanatomy that supports task-specific performance can
be enhanced by integrative multivariate modeling approaches that simultaneously combine
structural, functional and behavioral contexts.
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Figure 1. Exemplar PPI correlations with cognition
Cortical surface renderings on the PALS CARET surface (Van Essen, 2005) for ADAS-Cog

Delayed Recall, CDR-sh, and FCSRT Free correlations with either the left hippocampal
seed PPI (top rows) or the right hippocampal seed PPI (bottom rows) using multi-fiducial
mapping with the strongest voxel within 2.5 mm of the surface. Results for each regression
were thresholded at p<0.01 (t=2.58) and 174 contiguous voxels resulting in cluster corrected
p<0.05. Red and yellow colors indicate regions where higher N>R PPI was associated with
better performance. Green and blue colors indicate regions where where higher R>N PPI
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was associated with better performance. Blue circles indicate common areas between the
regressions of FCSRT Free-recall and ADAS-Cog Delayed Recall. Orange circles indicate
common areas between the regressions of FCSRT Free and CDR-sbh. Cyan circles indicate
common areas between the regressions of ADAS-Cog Delayed Recall and CDR-sbh.
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Figure 2. Overlap of PPI correlations with cognition
Cortical surface renderings on the PALS CARET surface (Van Essen, 2005) for the number

of tests that reached significance at each voxel. The value of each node was based on the
largest number of tests within 2.5 mm of PALS average fiducial surface. Top row: Number
of tests at each location showing significant correlations between performance and the left
hippocampal seed N>R PPI. Second row: Number of tests at each location showing
significant correlations between performance and the left hippocampal seed R>N PPI. Third
row: Number of tests at each location showing significant correlations between performance
and the right hippocampal seed N>R PPI. Bottom row: Number of tests at each location
showing significant correlations between performance and the right hippocampal seed R>N
PPI. The maximum value was 5 tests; however, this did not fall within 2.5 mm of the
average surface.
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Figure 3. Spatial distribution of PPI correlations with cognition
Spatial distribution of PPI correlations by cortical network (Smith et al., 2009). From left to

right, the plots are based on the top 25% of voxels showing correlations with the left
hippocampal seed N>R PPI (top row) or correlations with the left hippocampal seed R>N
PPI (second row) and the top 25% of voxels showing correlations with the right
hippocampal seed N>R PPI (third row) or correlations with the right hippocampal seed R>N
PPI (bottom row); the top 5% of voxels showing correlations with the left hippocampal seed
N>R PPI (top row) or correlations with the left hippocampal seed R>N PPI (second row)
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and the top 5% of voxels showing correlations with the right hippocampal seed N>R PPI
(third row) or correlations with the right hippocampal seed R>N PPI (bottom row); the top
1% of voxels showing correlations with the left hippocampal seed N>R PPI (top row) or
correlations with the left hippocampal seed R>N PPI (second row) and the top 1% of voxels
showing correlations with the right hippocampal seed N>R PPI (third row) or correlations
with the right hippocampal seed R>N PPI (bottom row);. For 25% of voxel plots, the outside
ring is 0.5; for 5% of voxel plots, the outside ring is 0.15; and for 1% of voxel plots, the
outside ring is 0.05. The dashed line are drawn at 0.25, 0.05, and 0.01 to indicate where the
correlations would be expected if they were uniformly distributed across the networks,
respectively. A: medial visual network; B: lateral visual network; C: default-mode network;
D: cerebellum network; E: sensorimotor network; F: auditory network; G: executive control
network; H: frontoparietal network.
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Table 1

Demographics and Cognitive Tests

Demographics

Age 71.63 (1.71)
Education 16.00 (0.57)
Gender (f/m) 9/15

Cognitive Tests

FR (% correct) 67.00 (3.05)
FCR (% correct) 68.75 (3.31)
FCSRT-Free Recall (# correct) 10.08 (1.72)
FCSRT-Total (# correct) 30.54 (2.78)
ADAS-Cog Total (# of errors) 26.15 (1.90)
ADAS-Cog Recall (# of errors) 5.94 (0.35)
ADAS-Cog Delayed Recall (# of errors)  8.33 (0.39)
ADAS-Cog Recognition (# of errors) 6.71 (0.66)
MMSE (# correct) 24.04 (0.58)
CDR-SB (score) 4.67 (0.50)

For FCSRT, MMSE and post-scan Memory Tests higher scores indicate better performance. For CDR-SB and ADAS-Cog lower scores represent
better performance. Values are the mean and standard error.
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