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Computational modeling suggests that variability in brain signals provides important information regarding the system’s capacity to
adopt different network configurations that may promote optimal responding to stimuli. Although there is limited empirical work on this
construct, a recent study indicates that age-related decreases in variability across the adult lifespan correlate with less efficient and less
accurate performance. Here, we extend this construct to the assessment of cerebral integrity by comparing fMRI BOLD variability and
fMRI BOLD amplitude in their ability to account for differences in functional capacity in patients with focal unilateral medial temporal
dysfunction. We were specifically interested in whether either of these BOLD measures could identify a link between the affected medial
temporal region and memory performance (as measured by a clinical test of verbal memory retention). Using partial least-squares
analyses, we found that variability in a set of regions including the left hippocampus predicted verbal retention and, furthermore, this
relationship was similar across a range of cognitive tasks measured during scanning (i.e., the same pattern was seen in fixation, autobi-
ographical recall, and word generation). In contrast, signal amplitude in the hippocampus did not predict memory performance, even for
a task that reliably activates the medial temporal lobes (i.e., autobiographical recall). These findings provide a powerful validation of the
concept that variability in brain signals reflects functional integrity. Furthermore, this measure can be characterized as a robust bio-
marker in this clinical setting because it reveals the same pattern regardless of cognitive challenge or task engagement during scanning.

Introduction

Considerable effort has been put toward identifying an fMRI
measure that can serve as a reliable biomarker of functional in-
tegrity in disorders that affect the medial temporal lobe (MTL),
such as Alzheimer’s Disease (AD), and medial temporal-lobe ep-
ilepsy (mTLE). Although much of the work focuses specifically
on MTL activation, more recent studies emphasize functional
connectivity in networks including the default mode network,
where changes in intrinsic activity dynamics correlate with clini-
cal indices of pathology, such as seizure duration and cognitive
dysfunction (Zhang et al., 2010; Pihlajamiki and Sperling, 2009;
Zhang and Raichle, 2010).

Regardless of the imaging tasks used, most brain imaging
studies examining disease pathophysiology focus on signal am-
plitude to characterize brain changes. However, recent computa-
tional modeling suggests that variability in physiological signals
also is an important parameter reflecting the processing capacity
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and functional integrity of biological systems (Deco et al., 2011).
In a complex nonlinear system such as the brain, variability facil-
itates the transition from one network configuration to another
in dealing with ambiguous environmental signals. It enables the
system to explore multiple states and thus generate multiple be-
haviors. In essence, variability provides the kinetic energy that
allows the brain to respond flexibly to the environment (McIn-
tosh et al., 2010).

There are some empirical studies to support this computa-
tional view. In an aging study, Garrett et al. (2011) examined
BOLD signal variability measured during simple cognitive tasks.
They found that younger, faster, more consistent performers ex-
hibited significantly higher brain variability compared with
older, poorer-performing adults. Montez et al. (2009), using
MEG, reported that changes in variability, as characterized by
changes in temporal autocorrelations, were correlated with cog-
nitive deficits in patients with mild AD. With mTLE patients
undergoing intracranial electroencephalography (iEEG), our
group and others found reduced variability in epileptogenic tis-
sue as demonstrated by decreased multiscale entropy or increased
temporal autocorrelations (Parish et al., 2004; Monto et al., 2007;
Protzner et al., 2010). Thus, neurocognitive and neurophysiolog-
ical operations may depend on an optimal amount of internal
variability and this can be disrupted by both focal and more
global brain changes (Frank et al., 1999).

Here, we compare these two different characteristics in BOLD
signal, mean amplitude, and variability, to see which best predicts
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functional integrity (operationalized as “percent retained” on a
standard clinical verbal memory test) in patients with mTLE. We
used percent retained as our criterion indicator because it is a well
established clinical marker of left mesial temporal integrity in this
population (Trenerry etal., 1993; Sawrie et al., 2001). Brain signal
was captured by BOLD activity on an experimental paradigm
involving autobiographical memory (AM), which has been
shown to engage the hippocampus (Svoboda et al., 2006; Addis et
al., 2007; McDermott et al., 2009) and language imaging proto-
cols used for presurgical planning. Using multiple tasks during
scanning allowed us to examine the generalizability of our puta-
tive indices of functional integrity; (1) by focusing on an AM task
that is selective to hippocampal engagement, and (2) by examin-
ing differences between task-positive (language) and task-
negative (fixation) states.

Materials and Methods

Participants

Twenty-three individuals with pharmacologically intractable mTLE who
were evaluated for surgical candidacy at the Epilepsy program at Toronto
Western Hospital, University Health Network were included in this
study. Ten patients had left MTL seizures (6 male, 4 female; mean age,
30.3 years; range = 18—47 years), and 13 had right MTL seizures (4 male,
9 female; mean age, 38.2 years; range = 18—62 years) based on scalp or
(in one case) intracranial EEG recordings from their admission to the
Epilepsy Monitoring Unit. Structural MRI revealed medial temporal lobe
sclerosis (MTS) on the side of the epileptic focus in six left mTLE patients
and six right mTLE patients. All patients had language lateralized to the
left hemisphere based on lateralization indices derived from a panel of
fMRI activation tasks (verb generation, category fluency). Finally, all
were on a combination of two to four antiepileptic drugs at the time of
fMRI and neuropsychological testing, but none had good seizure control
which was the reason for consideration of surgery. Exclusion criteria
included epileptogenic foci or lesions outside of the MTL (e.g., frontal or
temporal neocortical) and structural lesions other than MTS. This re-
search project was approved by University Health Network Research
Ethics Board.

fMRI tasks

We used an experimental memory paradigm (conditions are autobio-
graphical memory and sentence completion) that was run concurrently
with the scans included in our standard language lateralization protocol
for presurgical assessment (conditions are category fluency, verb gener-
ation, and fixation). Autobiographical memory and sentence completion
were scanned in an event-related paradigm, and the remaining tasks were
scanned in blocked design paradigms. No overt responses were collected
during scanning; participants were instructed to generate words or re-
trieve memories silently as long as the cue remained visible. Stimuli for all
tasks were presented as black text on a white background. Detailed in-
structions and practice items were given before scanning to ensure each
participant’s comprehension.

During the autobiographical memory task, participants saw generic
event titles (e.g., first kiss) as prompts to retrieve a relevant autobio-
graphical memory. Each of 20 autobiographical memory trials lasted 12 s,
comprised of an event title presented for 6 s, followed by 6 s of passive
viewing of symbols (e.g., +++++++ or ¥***) A brief postscan
interview was completed at the end of the scanning session to verify
retrieval success. All participants were able to retrieve specific memories
for most cues (i.e., a minimum 18/20).

The autobiographical memory control task was sentence completion,
where participants completed a sentence with a word, thereby retrieving
semantic information. This task controlled for the narrative processes
and semantic retrieval inherent in AM retrieval, which are relatively
spared in MTL damage (Addis et al., 2007; St-Laurent et al., 2009). Par-
ticipants saw a sentence with the last word missing (e.g., “The dog ate a
__.”) and were instructed to complete the sentence silently. Each of 20
sentences were presented for 4 s, followed by 8 s of passive viewing of
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symbols (e.g., +++++++ or ¥*¥*) AM and sentence completion
trials were intermixed, and presented in random order.

Category fluency incorporated common noun generation, proper
name generation and fixation blocks. For the common noun generation,
participants saw category names (e.g., fruits) to which they covertly gen-
erated common noun exemplars (e.g., apples, bananas, etc). For the
proper nouns block, participants saw a category name with stars on both
sides (e.g., *countries*) to which they covertly generated proper noun
exemplars (e.g., Canada, USA, etc.). Fixation blocks required passive
viewing of symbols (e.g., +++++++ or *******) The duration of
each common noun generation, proper name generation and fixation
block was 25 s, and was comprised of two stimuli, presented for 12 s, with
a 500 ms interstimulus interval; there were six repetitions of the para-
digm during the scan.

For verb generation, participants saw either nouns (e.g., glass) to
which they covertly generated related verbs (e.g., break, clean, sip), or
fixation symbols (e.g., *#*#*) which required passive viewing. Both verb
generation and fixation blocks lasted 27 s, and were comprised of five
stimuli, presented for 5 s, with a 500 ms interstimulus interval; there were
10 repetitions of the paradigm during the scan.

Behavioral measures

Two behavioral measures from the standard preoperative clinical neuro-
psychological assessment were included. The first is an indicator of verbal
memory retention from the Rey Auditory Verbal Learning Test (RAVLT)
(Rey, 1964). The RAVLT is a word-list learning task in which participants
recall a 15-word list over five repeated study test trials and again follow-
ing the presentation of an interfering list and following a 20 min delay
filled with other tasks. Percent retained is the number of words recalled
after the 20 min delay divided by the number of words recalled immedi-
ately after the fifth learning trial.

In the context of mTLE, we were concerned with predicting significant
risk to memory function (particularly verbal memory, which is a more
salient domain for patients) should this region be surgically removed in
an attempt to cure seizures. Although a number of neuropsychological
measures are used in our formulation regarding risk, the principal one we
rely on in our practice is percent retained. Thus, we hypothesized that
hippocampal functional integrity would correlate with percent retained
scores, making this measure our “gold standard” for biomarker utility.

We additionally used a second behavioral measure, the Full Scale In-
telligence Quotient (FSIQ) from the Wechsler Abbreviated Scale of In-
telligence (Wechsler, 1999). FSIQ (as estimated by the WASI) is a variable
that expresses complex coordinated functioning of many brain networks.
It is a reflection of both “crystallized” components based on semantic
information as well as “fluid” components that reflect online problem-
solving. Hence it is much less dependent on the integrity of a focal region,
such as the MTL, and not found to be at risk for decline with temporal-
lobe surgery for epilepsy (Sherman et al., 2011). We therefore hypothe-
sized that that FSIQ would not vary systematically across our group of
patients in relation to their epilepsy or their at-risk function (verbal
memory) and could thus serve as a control variable to assess the specific-
ity of our findings.

We used behavioral criterion measures that were collected outside the
context of scanning for two reasons. First, the crucial question we were
trying to address is whether amplitude and variability are “general” bio-
markers for MTL integrity and in this context we considered it important
to link our findings to standard clinical measures used in surgical
decision-making in the mTLE population. The second reason was also
related to our pursuit of generalizability. Specifically, we wanted to test
the robustness of these relationships between brain signal and clinical
memory variables using standard clinical imaging paradigms (such as
our language lateralization protocols) as well as one used in our ongoing
research on autobiographical memory. None of these paradigms em-
ployed behavioral measures.

Data acquisition

Anatomical and functional data were acquired on a 3-T Signa MR System
(GE Medical Systems). Functional data were acquired in an interleaved
order (TR = 2 s; 28 slices or 32 slices determined by head size, 240 mm
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FOV, 64 X 64 matrix, resulting in a voxel size of 3.75 X 3.75 X 5.0). Scans
were taken in an oblique orientation that was orthogonal to the long axis
of the hippocampus to maximize signal intensity and minimize partial
volume effects in the MTL. Three-dimensional anatomical scans were
acquired with higher spatial resolution (T1-weighted sequence, 120
slices, 220 mm FOV, 256 X 256 matrix, resulting in a voxel size of
0.78,125 X 0.78,125 X 1.0 mm).

Data preprocessing

In two recent papers by Garrett et al. (2010, 2011) brain signal variability
was examined in relation to aging. We used the same preprocessing
pipeline, the details of which are given below.

We created an unbiased nonlinear group average anatomical image
(Kovacevic et al., 2005; Chen et al., 2006; Levine et al., 2008; Garrett et al.,
2010), which we refer to as the Common Template. The anatomical scan
for each patient was nonlinearly registered to the Common Template.
Functional data were slice-time corrected using AFNI (http://afni.nimh.
nih.gov/afni) and motion corrected using AIR (http://bishopw.loni.ucla.
edu/AIR5/) by registering all functional volumes to the 100th volume
within each run. By averaging all functional volumes within a motion-
corrected run, we calculated mean functional volumes. For each run, the
mean functional volume was registered with each subject’s structural
image using a rigid body transformation model. After appropriate trans-
form concatenations, from initial volume to the 100th volume within
run, from mean run volume to structural volume, and from structural
volume into the Common Template space, we obtained a direct nonlin-
ear transform from each initial fMRI volume into the Common Tem-
plate space. We then applied the FSL/FNIRT registration algorithm to
find a nonlinear transform between our anatomical Common Template
and MNI 152_T1 provided with FSL software (www.fmrib.ox.ac.uk/fsl).

Due to our focus on variability in brain signal, we performed several
additional preprocessing steps to reduce data artifacts. Functional vol-
umes in the Common Template space were corrected for artifacts via
independent component analysis (ICA) within separate runs, as imple-
mented in FSL/MELODIC (Beckmann and Smith, 2004). The ICA de-
noising procedure was performed with an in-house classifier, very similar
to that used by Tohka et al. (2008). We randomly selected seven right and
left mTLE patients. One of the authors (A.B.P.) manually identified ar-
tifactual components for one run per subject. Each component was
visually evaluated based on combined information from spatial distribu-
tion, time series, and spectral power distribution. We then defined a set of
features that captured the most common characteristics of artifacts, such
as focality of the spatial distribution, ratio of weights within ventricles
versus brain, ratio of weights along the outer edge of the brain versus the
rest of the brain, relative spectral power distribution within low, medium
and high-frequency ranges, and presence of spikes within the time
course. A quadratic classifier based on the evaluated features was trained
using manually classified ICA decompositions. The classifier was applied
to the remainder of the data for all subjects and runs, and all components
were classified as either artifact or nonartifact. By subtracting the signal
from the artifactual components (using fsl_regfilt function from FSL) we
extracted denoised fMRI time series. Because we used a conservative
approach during identification of artifacts, voxel time series were further
adjusted by regressing out motion correction parameters, white matter
(WM), and CSF time series. For WM and CSF regression, we extracted
time series from unsmoothed data within small ROIs in the corpus cal-
losum and ventricles of the Common Template, respectively. ROIs were
selected such that they were deep within each structure of interest (cor-
pus callosum and ventricles) to avoid signal contamination from external
tissues due to misregistration and partial volume effects. The rationale
for using small ROIs and unsmoothed data was to ensure that the ROIs
would not contain any signal of interest (i.e., gray matter signal) for any
of the subjects. The choice of a single 4 mm? voxel within corpus callo-
sum for WM and a same-size voxel within one lateral ventricle for CSF
was based on our experience in having excellent registration of these
structures. Finally, voxel signal was spatially smoothed using 8 mm
Gaussian kernel.

We localized gyral locations and Brodmann areas from our functional
output by reference to Talairach and Tournoux (1988) after transform-
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ing MNI coordinates to Talairach space with the Nonlinear Yale MNI to
Talairach Conversion Algorithm (Lacadie et al., 2008) and associated
online Java-based applet.

Data analyses

Calculation of BOLD signal mean and SD. To calculate BOLD signal mean
for each task, we first expressed signal value as a percentage change from
its respective block onset value. Tasks collected during the event-related
paradigm (autobiographical memory and sentence completion) con-
sisted of long trials, and were transformed into mini-blocks for the pur-
pose of these analyses. We then calculated a mean percentage change
within each block and averaged across all blocks. To calculate BOLD
signal SD, we normalized all blocks for each task such that the overall
four-dimensional mean across brain and block was 100. For each voxel,
we subtracted the block mean and concatenated within-task across all
blocks. Finally, we calculated within-task voxel SDs across this concate-
nated mean-block corrected time series.

Partial least-squares analyses. For each of the two fMRI signal mea-
sures, SD and mean, we performed separate partial least-squares (PLS)
analyses (http://rotman-baycrest.on.ca/index.php?section=84) (McIn-
tosh et al., 1996). Additionally, we performed separate analyses for tasks
presented in event-related versus blocked design paradigms.

Task PLS. We performed Task PLS on mean fMRI signal only, to
confirm task engagement. Task PLS uses singular value decomposition to
identify distributed activity patterns, or latent variables (LVs), that show
similarities or differences between experimental conditions. Each LV
contains three vectors. The first vector contains a singular value, which
indicates the strength of the effect expressed by the LV. The remaining
two vectors relate and experimental design and brain activity. The exper-
imental design vector contains task saliences, which indicate the degree
to which each task is related to the brain signal pattern identified in the
LV. These task saliences can be interpreted as the optimal contrast that
codes the effect depicted in the LV. The brain signal vector contains voxel
saliences. These are numerical voxel weights that identify the collection
of voxels that, as a whole, are most related to the effects expressed in the
LV. PLS is similar to other multivariate techniques, such as principal
component analysis, in that the algorithm extracts LVs explaining the
covariance between conditions and brain activity in order of the amount
of covariance explained, with the LV accounting for the most covariance
extracted first.

Behavior PLS. As our primary interest was patterns of brain activity
that explained variation in memory performance, we used behavior
PLS to examine task-dependent correlations between our behavior
measures (percent retained and FSIQ) and voxel signal (either BOLD
mean or BOLD SD) throughout the brain (for a detailed description
of PLS’s application to SD in blocked design fMRI data) (Garrett et al.,
2010).

Although our behavior measure of interest was delayed verbal reten-
tion (percent retained), which typically is associated with left medial
temporal lobe integrity (Hermann et al., 1994; Miller et al., 1993; Milner,
1971), we focus on PLS analyses that were performed across all patients
regardless of group. Although the typical pattern of poorer performance
in left mTLE than right mTLE patients was seen in our sample, there was
overlap in the distribution of scores, allowing us to exploit the full range
of performance across the sample in the multivariate analysis. In essence,
we were interested in characterizing the relationship between brain pat-
terns and performance and not any particular link to the side of seizure
focus. However, to ensure that our results would hold in each group
considered independently, we additionally performed the analyses with
left and right mTLE patients separated into two groups.

For the behavioral PLS analyses, we first created a correlation matrix,
comprised of the covariance between voxel signal and measures of be-
havior across participants. Singular value decomposition of this matrix
produces a set of distributed activity patterns, or LVs that show similar-
ities or differences between experimental conditions and brain-behavior
correlations. Each LV contains three vectors. The first vector contains a
singular value, which indicates the strength of the effect expressed by the
LV. The remaining two vectors relate experimental design and brain
signal. The experimental design vector contains task saliences, which
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Figure1. A, Correlation bar graph and singularimage (B) for LV1 from the mean fMRI Signal
in autobiographical memory and sentence completion behavior-PLS analysis. The correlation
bar graph () captures the task-dependent correlations between our behavior measures (per-
cent retained and 1Q) and the regions identified in the singular image. The error bars show the
95% confidence interval derived from bootstrap estimation. The error bar crosses zero for IQ
scores in both AM and SC tasks, indicating that there is no stable contribution from IQ to the
pattern identified in the singular image. B, The singular image shows brain-behavior correla-
tions for AMand SC, displayed on axial slicesin MNI atlas space. The brain s displayed according
to radiological convention (L = R). Regions highlighted in in yellow indicate a positive corre-
lation between increased brain activity during AM and better verbal memory performance.
Regions highlighted in blue indicating a positive correlation between increased brain activity
during SCand better verbal memory performance. SC, Sentence completion.

indicate the degree to which each task is related to the brain-behavior
correlation pattern identified in the LV. The brain signal vector contains
voxel saliences. These are numerical voxel weights that as a whole identify
a brain pattern that optimally relates brain signal to the correlation effect
expressed in the LV. Note that for each LV, there is one salience per voxel
that applies for all behavior measures and tasks.

Statistical assessment. Statistical assessment for PLS was done using
permutation tests for the LVs and bootstrap estimation of SEs for the
voxel saliences. The permutation test assesses whether the effect repre-
sented in a given LV, captured by the singular value, is sufficiently strong
to be different from random noise (Mclntosh et al., 1996). This was
accomplished using sampling without replacement to reassign the order
of conditions for each subject. PLS was recalculated for each sample, and
the number of times the permuted singular values exceeded the observed
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Table 1. Local maxima for the mean fMRI signal in autobiographical memory and
sentence completion behavior PLS analysis

Region X y z BSR

Right middle temporal gyrus (BA 37) 39 —45 —6 418
Right middle frontal gyrus (BA 8) 42 30 36 495
Right superior frontal gyrus (BA 6) 15 21 66 4.19
Right superior parietal lobule (BA 7) 30 —54 51 4.05
Left dorsomedial frontal gyrus (BA 10) -3 51 0 4.54
Left lingual gyrus (BA 18) —24 —60 —6 —538
Right superior temporal gyrus (BA 42) 57 —24 3 —431

Only voxels in supratentorial regions are reported. Regions indicate the gyral locations and BA associated with the
cluster peak.

X, y, and z indicate voxel coordinates in MNI space. BSR represents each voxel's PLS parameter estimate
divided by its SE.

singular values was calculated. Exact probabilities are presented for all
LVs.

The SE estimates of the voxel weights/saliences from the bootstrap
tests (i.e., bootstrap ratios) were used to assess the reliability of the non-
zero voxel saliences in significant LVs. Bootstrap tests were generated
using sampling with replacement, keeping the assignment of experimen-
tal conditions fixed for all subjects. PLS was recalculated for each boot-
strap test. A salience whose value depends greatly on which subjects are in
the sample is less precise than one that remains stable regardless of the
sample chosen (Sampson et al., 1989). No corrections for multiple-
comparisons are necessary because the voxel saliences are calculated in a
single mathematical step on the whole brain. The bootstrap ratio is pro-
portional to a z-score, but should be interpreted as a confidence interval.
For this paper, we designated a threshold of 3.4 corresponding approxi-
mately to a 99.9% confidence interval, or a p value <0.001. We used
different bootstrap thresholds to capture visually all the stable voxel clus-
ters, but keep these clusters small enough that they are easy to differen-
tiate. Our minimum cluster size was 10 voxels. Some clusters may appear
smaller in our figures because we do not display every slice, and clusters
that meet our criterion via spatial contiguity in the z-plane may not be
evident.

To ensure that our additional preprocessing steps for variability anal-
yses successfully removed motion artifact, we calculated an average head
motion index for each participant (i.e., mean framewise displacement)
(Power etal., 2012). We then covaried out this motion measure from our
data, as previously described (Pedhazur, 1982; McIntosh and Gonzalez-
Lima, 1991; O’Neil et al., 2012), and replicated our SD analysis on the
residualized dataset. In addition, to ensure that our results were not
influenced by age, we covaried out age, and again replicated our SD
analysis on the residualized dataset. We found no effect of either motion
or age; that is, the correlation between the bootstrap ratio thresholded
results from the dataset using the preprocessing pipeline described by
Garrett et al. (2010, 2011) and the residualized dataset ranged from 0.96
to 0.99. Given that the spatial distribution of the effects overlap between
the datasets (i.e., the effects of interest held in all cases), we elected to
present the data using the preprocessing pipeline already published for
SD analyses by Garrett et al., (2010, 2011).

Results

Neuropsychological data

Scores on FSIQ and RAVLT percent retained, the criteria mea-
sures in the behavioral PLS analyses, were compared between left
and right mTLE. We distinguish between these groups here be-
cause there is a clear expectation that they would differ on the
verbal retention measure. That was indeed the case; for RAVLT
percent retained (left mean = 47.7, SD = 21.3; right mean =
78.4, SD = 17.5; t5;, = 3.8; p = 0.001). According to age-
referenced norms, the right mTLE patients are relatively
unimpaired and the left mTLE group shows a substantial def-
icit (left mean z = —3.49, SD = 1.72; right mean z = —0.98,
SD = 1.38). Note that percent retained is a meaningful index
of memory as both groups recalled ~75% of list items on the



Protzner et al. * Brain Variability Predicts Memory Success in mTLE

A

1.0

B

o
n

]
7

%, -

«»
-]
2
z
e
£ A AAA, AAD| v
&)
0.5 + L
C3AM
1.0 EZasc
' % Retained 1Q
B
e 'r\/\' "I\f" \/ \
2
7
=
=
-«
Figure2. Correlation bar graph (4) and singularimage (B) for LV1 from the SDin fMRI signal

in autobiographical memory and sentence completion behavior-PLS analysis. The correlation
bar graph (4) captures the task-dependent correlations between our behavior measures (per-
cent retained and |Q) and the regions identified in the singular image. The error bars show the
95% confidence interval derived from bootstrap estimation. The error bar crosses zero for 1Q
scores in both AM and SC tasks, indicating that there is no stable contribution from IQ to the
pattern identified in the singular image. The singular image (B) shows brain signal variability-
behavior correlations for AM and SC, displayed on axial slices in MNI atlas space. The brain is
displayed according to radiological convention (L = R). Regions highlighted in in yellow indi-
cate a positive correlation between brain variability in both tasks and memory performance.

fifth learning trial. Thus there is no issue of a “floor effect”
influencing our retention measure. There was no difference
between the groups for FSIQ (left mean = 98.8, SD = 11.2;
right mean = 101.4, SD = 11.9; t,,, = 0.6; p = 0.60).

Task PLS analyses

We performed Task PLSs on mean fMRI signal to confirm task en-
gagement. Because activations are completely in line with the pub-
lished literature from ours and other labs, we do not display them in
figures. In the autobiographical memory and sentence completion
analysis, we identified one significant LV, differentiating brain activ-
ity during autobiographical memory from sentence completion
(p < 0.001). Importantly, we found preferential autobiographical
memory activation in typical regions, including the medial temporal
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Table 2. Local maxima for the standard deviation of fMRI signal in
autobiographical memory and sentence completion behavior PLS analysis

Region X y z BSR
Right inferior temporal gyrus (BA 21) 48 6 —36 6.27
Right inferior temporal gyrus (BA 20) 45 —12 -33 6.90
Right temporal pole (BA 38) 36 27 —24 571
Right hippocampus 9 —6 =15 7.52
Right putamen 27 -3 —6 5.71
Right thalamus 0 —6 15 6.56
Right caudate nucleus 12 0 18 6.28
Right anterior cingulate (BA 32) 9 48 9 5.44
Right anterior cingulate (BA 24) 3 -3 27 6.60
Right inferior frontal gyrus (BA 44) 54 3 27 572
Right medial frontal gyrus (BA 9) 3 54 27 6.01
Right superior parietal lobe (BA 7) 24 —45 60 533
Left fusiform gyrus (BA 20) —36 —6 —42 6.01
Left inferior temporal gyrus (BA 37) —54 —66 -3 6.76
Left parahippocampal gyrus (BA 28) =27 —6 —36 5.77
Left parahippocampal gyrus (BA 30) —24 -39 -9 6.03
Left hippocampus —30 -30 -3 5.19
Left thalamus -9 =30 9 7.19
Left inferior frontal gyrus (BA 47) =27 24 =21 5.41
Left cuneus (BA 18) =21 —9% 12 5.87

Only voxels in supratentorial regions are reported. Regions indicate the gyral locations and BA associated with the
cluster peak.

X, y, and z indicate voxel coordinates in MNI space. BSR represents each voxel’s PLS parameter estimate
divided by its SE.

regions in evidence (data from a subset of these patients are pub-
lished in McAndrews and Cohn, 2012). We found preferential sen-
tence completion activation in a set of regions including left inferior
prefrontal cortex, posterior middle temporal cortex, and inferior
parietal lobe.

For the fixation, verb generation, and category fluency analysis,
we identified one significant LV, differentiating brain activity during
fixation versus verb generation and category fluency (p < 0.001).
We found preferential language-related activation in a canonical
left-lateralized set of regions in frontal and temporal-parietal lobes.
This LV did not reveal many of the regions that have been associated
with the default mode network (Fox et al., 2005) during fixation, but
we did find preferential fixation-related activity primarily in a dorsal
region of the posterior cingulate cortex as well as right posterior
temporal lobe. Finally, as part of our standard clinical practice for
presurgical language localization, we performed univariate analyses
with AFNI (http://afni.nimh.nih.gov/) (Cox, 1996) on each patient
individually to confirm task engagement. These analyses also dem-
onstrated language-related activation in frontal and temporal-
parietal regions with left dominance in each TLE participant
included in this study.

Behavior PLS analyses

Because our primary interest is in distributed patterns that cor-
related with percent retained, our measure of hippocampal integ-
rity, we do not report in detail significant LVs that have a stable
contribution from FSIQ only. We first report, in detail, PLS anal-
yses that were performed across all patients regardless of side of
seizure focus, and then briefly describe analyses performed on the
left and right mTLE patients in separate groups.

Mean fMRI signal in autobiographical memory and

sentence completion

Our first behavior PLS analysis focused on mean fMRI signal in
the autobiographical memory and sentence completion tasks,
and examined task-dependent correlations between our behavior


http://afni.nimh.nih.gov/
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measures (percent retained and FSIQ) and voxel signal mean
throughout the brain. We identified one significant LV that
showed regions in which increased activity supported good ver-
bal memory performance (i.e., high percent retained scores), and
had no relationship with general intelligence (p < 0.038, ex-
plained covariance = 37%; Fig. 1; Table 1). The correlation bar
graph shows that there is no overlap in the 95% confidence inter-
vals for percent retained scores and for FSIQ scores, indicating
that the lack of contribution to this LV from FSIQ is stable (i.e., a
stable zero contribution) (McIntosh and Lobaugh, 2004), and
that the distributed pattern identified is specific to better verbal
memory performance. Dominant positive saliences (indicating a
positive correlation between increased brain activity during au-
tobiographical memory and verbal memory performance) in-
cluded left dorsomedial frontal gyrus (BA 10), right middle (BA
8), and superior frontal (BA 6) gyri, right middle temporal gyrus
(BA 37), and right superior parietal lobule (BA 7). Dominant
negative saliences (indicating a positive correlation between in-
creased brain activity during sentence completion and verbal
memory performance) included left lingual gyrus (BA 18) and
right superior temporal gyrus (BA 42). Of note, medial temporal
regions did not contribute to this pattern.

SD of fMRI signal in autobiographical memory and

sentence completion

This analysis allowed us to identify task-dependent correlations be-
tween our behavior measures (percent retained and FSIQ) and voxel
signal SD throughout the brain. We found one significant LV that
showed regions in which increased variability during both tasks sup-
ported good verbal memory performance, and had no relationship
with general intelligence (p < 0.001, explained covariance = 68%;
Fig. 2; Table 2). The correlation bar graph shows that there is no
overlap in the 95% confidence interval for percent retained scores
and for FSIQ scores, suggesting that there is a stable zero contribu-
tion from FSIQ (McIntosh and Lobaugh, 2004). Here, dominant
positive saliences (indicating a positive correlation between brain
variability and memory performance) were located in medial tem-
poral regions, including bilateral hippocampus and left parahip-
pocampal gyrus (BA 28 and 30). Other temporal-lobe regions
included left fusiform gyrus (BA 20), left inferior temporal gyrus (BA
37), right inferior temporal gyrus (BA 20 and 21), and right temporal
pole (BA 38). Other regions in frontal cortex, cingulate, and subcor-
tical structures are listed in Table 2. To further illustrate the relation-
ship between brain signal variability and memory performance, we
plotted the correlation between our most representative hippocam-
pal voxel (i.e., the one with the highest bootstrap ratio) and percent
retained (Fig. 3A, B). As illustrated, the r-squared for this voxel and
percent retained in autobiographical memory is 0.38, and in sen-
tence completion is 0.26.

Mean fMRI signal in fixation, verb generation and

category fluency

We examined task-dependent correlations between our behavior
measures (percent retained and FSIQ) and voxel signal mean
throughout the brain, and identified distributed patterns of
brain-behavior correlations. We identified two significant LVs.
The first significant LV showed regions in which increased activ-
ity supported good verbal memory performance, and had no
relationship with general intelligence (p = 0.014, explained co-
variance = 32%; Fig. 4; Table 3). The dominant positive salience
(indicating a positive correlation between increased brain activity
during fixation and verbal memory performance) was located in
left inferior temporal gyrus (BA 37). Dominant negative saliences
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Figure3. Correlation between BOLD SD in our most representative hippocampal voxel (i.e.,
the one with the highest bootstrap ratio) and percent retained from the autobiographical mem-
ory and sentence completion analysis (4, B; MNI voxel coordinate —18.0 —33.0 —6.0), and
the fixation, verb generation and category fluency analysis (C—E; MNI voxel coordinate 24.0
—33.0 —6.0). FX, Fixation; VG, verb generation; CF, category fluency.

(indicating a positive correlation between increased brain activity
during both word generation tasks and verbal memory perfor-
mance) included left fusiform gyrus (BA 20), left posterior cin-
gulate (BA 31), and left superior frontal gyrus (BA 8). As above,
medial temporal regions did not contribute to this pattern.

The second significant LV showed regions in which increased
activity supported high general intelligence, and had no relation-
ship with verbal memory or with hippocampal activity (p = 0.01,
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general intelligence (p < 0.001, explained
covariance = 65%; Fig. 5; Table 4). The
correlation bar graph shows that there is
no overlap in the 95% confidence interval
for percent retained scores and for FSIQ
scores, suggesting that there is a stable
zero contribution from FSIQ (McIntosh
and Lobaugh, 2004). As with the previous
variability analysis, hippocampus and
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Figure 4.

during VG and SC and better verbal memory performance.

Table 3. Local maxima for the mean fMRI signal in fixation, verb generation, and
category fluency behavior PLS analysis

Region X y z BSR

Left inferior temporal gyrus (BA 37) —57 -39 =15 479
Left fusiform gyrus (BA 20) =27 -33 =2 —4.88
Left superior frontal gyrus (BA 8) —45 27 45 —5.94
Left posterior cingulate (BA 31) -3 —57 12 —4.46

Only voxels in supratentorial regions are reported. Regions indicate the gyral locations and BA associated with the
cluster peak.

X, y, and z indicate voxel coordinates in MNI space. BSR represents each voxel's PLS parameter estimate
divided by its SE.

explained covariance = 29%). Because this LV does not inform
our hypothesis, we will not discuss it further.

SD of fMRI signal in fixation, verb generation, and

category fluency

This analysis identified one significant LV that showed regions in
which increased variability supported good verbal memory per-

1Q

parahippocampal cortex were included
among the dominant positive saliences
that indicate a positive correlation be-
tween brain variability, here in all three
task conditions, and memory perfor-
mance. Several other regions in the tem-
poral lobe were part of this distributed
pattern, including left middle temporal
gyrus (BA 37 and 39), bilateral temporal
pole (BA 21 and 38), and left superior
temporal gyrus (BA 21). Of interest, bilat-
eral precuneus (BA 7), which is consid-
ered the “hub” of the default-mode
network, was also part of this distributed
pattern, as were several other cortical and
subcortical regions listed in Table 4. To
further illustrate the relationship between
brain signal variability and memory per-
formance, we plotted the correlation be-
tween the hippocampal voxel with the
highest bootstrap ratio and percent re-
tained (Fig. 3C-E). The r-squared for this
voxel and percent retained in fixation is
0.27, in verb generation is 0.25, and in cat-
egory fluency is 0.29.

Correlation bar graph (A) and singularimage (B) for LV1 from the mean fMRI signal in fixation, verb generation and
category fluency behavior-PLS analysis. The correlation bar graph (4) captures the task-dependent correlations between our
behavior measures (percent retained and 1Q) and the regions identified in the singular image. The error bars show the 95%
confidence interval derived from bootstrap estimation. The error bar crosses zero for 1Q scores in all three tasks, indicating that
there s no stable contribution from IQ to the patternidentified in the singularimage. The singularimage (B) shows brain-behavior
correlations for FX, VG, and CF, displayed on axial slices in MNI atlas space. The brain is displayed according to radiological
convention (L = R). Regions highlighted in in yellow indicate a positive correlation between increased brain activity during FX and
better verbal memory performance. Regions highlighted in blue indicating a positive correlation between increased brain activity

Analyses performed with left and right
mTLE patients in separate groups

To ensure that our results do not change
when mTLE patients are separated into
two groups based on laterality of seizure
onset, we replicated all above analyses in
each patient group. The results were very
similar to those described above, with the
notable exception that in the variability
analyses, dominant hippocampal saliences were no longer bilat-
eral. The hippocampal voxels that were most reliably associated
with percent retained were left lateralized for left mTLE patients,
and right lateralized for right mTLE patients (Fig. 6).

Discussion

New computational and empirical research indicates that brain
signal variability may be an important parameter for character-
izing the functional integrity and processing capacity of neural
systems (Nenadovic et al., 2008; McIntosh et al., 2008, 2010;
Lippeetal., 2009; Deco et al., 2011; Garrett et al., 2011; Vakorin et
al., 2011). Results of the current study with mTLE patients sup-
port this proposition. Across a variety of task conditions, we
found that increased BOLD variability in a set of regions that
included bilateral hippocampus was linked to better verbal
memory retention measured outside the scanning session.
This retention measure, derived from a standard neuropsy-
chological test, is used clinically to determine the functional
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functioning. Furthermore, the link be- % Retained 1Q

tween signal in the hippocampus and
individual differences in memory per-
formance was only apparent for BOLD
signal variability and was not observed
when we assessed signal amplitude, even
in conditions that have been shown to en-
gage relevant medial temporal regions
(i.e., autobiographical recall). Thus, dif-
ferences in memory retention among pa-
tients were uniquely captured by intrinsic
differences in brain signal variability in a
distributed pattern of regions including
bilateral MTL. The present finding ex-
pands on our previous intracranial EEG
data, which demonstrated greater vari-
ability in the “healthy” versus epilepto-
genic hippocampus (Protzner et al,
2010), by now linking MTL variability to
individual differences in a meaningful be-
havioral outcome.

In this study, we found a distributed
set of brain regions that related mean sig-
nal specifically to our clinical measure of
memory performance. However, these
patterns did not include the hippocampus

Axial Slice
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or other MTL structures (the critical area  Figure5. Correlation bar graph (4) and singular image (B) for LV1 from the SD of fMRI signal in fixation, verb generation and
of interest for TLE), even for an autobio-  category fluency behavior-PLS analysis. The correlation bar graph () captures the task-dependent correlations between our
graphical memory task known to rely on  behavior measures (percent retained and IQ) and the regions identified in the singular image. The error bars show the 95%
hippocampal integrity (Viskontas et al.,  confidence interval derived from bootstrap estimation. The error bar crosses zero for IQ scores in all three tasks, indicating that
2000; St-Laurent et al., 2009; McAndrews, thereisnostable contribution from IQ to the pattern identified in the singular image. The singular image (B) shows brain signal

2012) and to activate this region reliably
in fMRI studies (Svoboda et al., 2006; Ad-
dis et al., 2007; McDermott et al., 2009).
This finding is not in line with previous
mTLE patient studies that have reported positive correlations
between task-dependent regional activation in the hippocampus
(or the MTL more broadly) and preoperative memory perfor-
mance and/or postoperative memory decline (Rabin et al., 2004;
Cheung etal., 2009; Bonelli et al., 2010; Guedj et al., 2011). How-
ever, there are several studies suggesting that straight-forward
correlations between hippocampal activation and functional in-
tegrity of this region are not always the case. For example, Dick-
erson and Sperling (2008) have described increased MTL activity
(relative to healthy controls) in individuals with very mild
MCI and decreased activity in patients with more severe symp-
toms. In addition, we reported robust MTL activation in an
individual during an episode of transient global amnesia dur-
ing which memory formation and retrieval was dramatically
impaired (Westmacott et al., 2008). Indeed, positive correla-
tions between focal MTL activation and memory in patients
with mTLE may not even be the modal pattern, although there

radiological convention (L =

variability; behavior correlations for FX, VG, and CF, displayed on axial slices in MNI atlas space. The brain is displayed according to
R). Regions highlighted in yellow indicate a positive correlation between increased brain variability
during all three tasks and better verbal memory performance.

are not yet enough relevant published data to derive firm
conclusions.

In our view, there are many underspecified parameters in the
relationship between task-dependent activation and processing
integrity in mTLE patients. Among them are the nature and de-
gree of structural damage, task engagement and performance,
and duration of epilepsy. All of these may be crucial to predicting
when imaging data are likely to reflect functional adequacy of the
affected system versus compensation, or functional reserve of the
rest of the brain (McAndrews and Cohn, 2012). Concerns like
these have led to a strong interest in exploring the task-negative
or resting state networks to characterize functional integrity.
One feature that has shown promise in research on mild cog-
nitive impairment and Alzheimer’s Disease is the capacity to
“toggle” between task-positive and task-negative networks.
That is, the ability to “turn off” the default mode network
(more precisely, the posterior cingulate cortex) when atten-
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Table 4. Local maxima for the standard deviation of fMRI signal in fixation, verb
generation, and category fluency behavior PLS analysis

Region X y z BSR
Right temporal pole (BA 21) 45 21 -30 7.33
Right middle temporal gyrus (BA 20) 48 —12 —24 6.84
Right parahippocampal gyrus (BA 28) 15 -9 —30 4.15
Right hippocampus 24 -33 -9 5.25
Right amygdala 18 -3 =15 6.96
Right caudate nucleus 12 18 9 4.67
Right medial frontal gyrus (BA 8) 6 33 39 461
Right medial frontal gyrus (BA 9) 36 51 12 479
Right medial frontal gyrus (BA 10) 3 66 -3 6.30
Right postcentral gyrus (BA 2) 30 —42 57 8.06
Right precuneus (BA 7) 3 —60 57 7.02
Left hippocampus —42 =27 -9 413
Left amygdala =30 =3 -12 4.02
Left middle temporal gyrus (BA 37) —54 —69 0 4.85
Left middle temporal gyrus (BA 39) —45 —57 21 4.90
Left superior temporal gyrus (BA 21) —60 —6 -9 5.24
Left inferior frontal gyrus (BA 47) —21 27 —21 5.35
Left precentral gyrus (BA 6) —48 -3 33 5.81

Only voxels in supratentorial regions are reported. Regions indicate the gyral locations and BA associated with the
cluster peak.

X, y, and z indicate voxel coordinates in MNI space. BSR represents each voxel's PLS parameter estimate
divided by its SE.

Right

FXN G/CF

Left

AM/SC AM/SC FXNG/CF

Figure 6.  Axial slices, displayed according to radiological convention (L = R), showing the
hippocampal voxels that were most reliably associated with percent retained (i.e., the voxels
with the highest bootstrap ratio) in analyses performed with left and right mTLE Patients in
separate groups.

tion should be engaged to external stimuli during memory
encoding has been shown to be related to clinical status in
these patients (Petrella et al., 2007; Pihlajamiéki and Sperling,
2009; Rombouts et al., 2009). In examining our own data, the
task PLS for fixation and language tasks (data not shown) did
not reveal many regions associated with the default mode net-
work during fixation. Our behavioral PLS (Fig. 4) actually
showed a modest positive relationship between inferior pos-
terior cingulate activity during language tasks and percent
retained. Although our current data do not speak to these
activation or connectivity patterns involving task-negative
networks, a recent study from our lab involving an overlap-
ping cohort of TLE patients has shown connectivity between
the more dorsal posterior cingulate (the hub of the default
mode network) and hippocampus to account for a substantial
proportion of variance in memory performance (McCormick
etal., 2013). We contend that it will be an important challenge
for future research to assess how well each of these metrics
(task-related activation magnitude, downregulation of task-
negative regions of interest, measures of connectivity, and
variability) fare in characterizing functional integrity of re-
gions and networks.
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One aspect of our results that deserves further commentary is
our finding that variability in both left and right hippocampi were
related to memory performance, despite the fact that verbal
memory retention is considered to be strongly associated with left
medial temporal dysfunction. Of interest, the correlations were
strongest for distributed patterns involving the epileptogenic
MTL in both groups, which suggests variability may be a sensitive
indicator of MTL capacity to contribute to memory performance
comparable to other metrics such as degree of atrophy. Clinical
studies of memory outcomes in mTLE surgical patients empha-
size that both functional adequacy of the ipsilesional MTL and
functional reserve of the contralateral MTL and cortex may be
equally important considerations in predicting surgical outcome
for memory (Loring et al., 1992; Chelune, 1995). This finding
would certainly comport with our variability findings when con-
sidering the entire cohort.

We found that the relationship of signal variability to memory
performance was constant across a variety of activation para-
digms, including fixation, word generation, and autobiographi-
cal memory. This is important for two reasons. First, it suggests
that the variability measure can give the same answer across a
range of cognitive challenges during scanning and thus it may be
useful in many situations and patient populations. Second, it may
be a more robust biomarker in that it appears to relate to func-
tional integrity of clinically relevant brain structures in the indi-
vidual, regardless of clinical condition/task engagement. Thus,
although variability may scale with other independent variables,
such as age (McIntosh et al., 2008,2010; Lippe et al., 2009; Garrett
etal., 2010,2011; Vakorin et al., 2011) and disease state (Protzner
etal., 2010), it provides unique information regarding individual
differences in functional integrity. This information, and the
brain regions revealed as critical, is likely to vary with the partic-
ular biological context and system disorder. For example, if our
main interest had been identifying regions associated with se-
mantic knowledge in patients with semantic dementia, verbal IQ
could be the criterion of interest and left frontal/temporal neo-
cortex would be the neural substrate for interrogation. Extrapo-
lating from computational modeling concepts, we might
speculate that BOLD variability is a metric that reflects what the
system (or regions of interest) is capable of doing whereas BOLD
amplitude (or signal change in a specific contrast) reflects what
the system is doing at any given moment of observation. That is,
for clinical purposes, we would like to predict how the patient
might be able to respond in a variety of cognitive challenges.
Variability may capture this capacity to a greater extent than
task-dependent activation during one circumscribed challenge.
In this sense, variability may be similar to metrics derived from
resting-state connectivity (McCormick et al., 2013). As it is in-
deed possible to derive all three measures from most fMRI studies
with a sufficient number of observations, we would advocate
systematic comparisons across patient populations to help us to
further exploit the promise of BOLD as a useful and robust clin-
ical biomarker.
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