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Abstract: Objective: Focal epilepsies, such as temporal lobe epilepsy (TLE), are known to disrupt net-
work activity in areas outside the epileptogenic zone [Tracy et al., 2015]. We devised a measure of tem-
poral instability of resting state functional connectivity (FC), capturing temporal variations of BOLD
correlations between brain regions that is less confounded than the “sliding window” approach com-
mon in the literature. Methods: We investigated healthy controls and unilateral TLE patients (right and
left seizure focus groups), utilizing group ICA to identify the default mode network (DMN), a network
associated with episodic memory, a key cognitive deficit in TLE. Our instability analyses focused on:
(1) connectivity between DMN region pairs, both within and between TLE patients and matched con-
trols, (2) whole brain group differences between region pairs ipsilateral or contralateral to the epilepto-
genic temporal lobe. Results: For both the whole brain and a more focused analysis of DMN region
pairs, temporal stability appears to characterize the healthy brain. The TLE patients displayed more FC
instability compared to controls, with this instability more pronounced for the right TLE patients. Sig-
nificance: Our findings challenge the view that the resting state signal is stable over time, providing a
measure of signal coherence change that may generate insights into the temporal components of network
organization. The precuneus was the region within the DMN consistently expressing this instability, sug-
gesting this region plays a key role in large scale temporal dynamics of the DMN, with such dynamics
disrupted in TLE, putting key cognitive functions at risk. Hum Brain Mapp 38:528–540, 2017. VC 2016 Wiley

Periodicals, Inc.
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INTRODUCTION

Temporal lobe epilepsy (TLE) is the most frequent form
of refractory epilepsy, and is commonly associated with
mesial temporal sclerosis (MTS). However, there is a
growing body of evidence that brain abnormalities in TLE
are not limited to the epileptogenic region, but extend into
widespread areas of the ipsilateral and contralateral hemi-
spheres [Gross, 2011; Tracy and Doucet, 2015]. Structural
and functional abnormalities both within and outside the
epileptogenic zone have been observed [Catenoix et al.,
2005; Lieb et al., 1991]. The dynamic nature of functional
connectivity (FC) in resting state functional MRI (rsfMRI)
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studies is emerging as a key component for understanding
network behavior of the brain in both healthy and patho-
logic populations [Damoiseaux, 2012], including epilepsy
[Bettus et al., 2010; Bettus et al., 2009; Maccotta et al., 2013;
Morgan et al., 2011; Pereira et al., 2010]. Intermittent dis-
tortion of normal FC in the form of seizures is a defining
feature of epilepsy [Chen et al., 2012; Holmes et al., 2014;
Zhang et al., 2009], but the dynamic connectivity changes
that occur in the interictal state are unknown.

Most resting-state work has implicitly or explicitly
assumed that FC properties of both healthy and TLE sub-
jects are static in time, differing only in response to exter-
nal stimulus demands with known temporal
characteristics. Recent studies, however, have demonstrat-
ed that healthy subjects exhibit differences in connectivity
over time in the absence of known changes in stimulus
input and timing [Barttfeld et al., 2015; Chang and Glover,
2010; Hansen et al., 2015; Hutchison et al., 2013]. Changes
in connectivity can include, but are not limited to, shifts in
regional bivariate correlation (i.e., temporal coherence).
Integrating and collapsing FC signals over time may
obscure important features of network behavior, including
the disruptions caused by the accrual and spread of seiz-
ures. For example, if aspects of pathological connectivity
are transient in time, or are characterized by fluctuations
whose magnitude is time varying, then FC measures col-
lapsed over extended time intervals will fail to capture
them.

FC dynamics will, of course, vary both temporally and
regionally, and do so at several time scales [Honey et al.,
2007] [for an example in epilepsy cellular electrophysiolo-
gy see Kramer et al. (2010)]. Comparable work utilizing
the larger temporal time scale of the BOLD signal is just
beginning to emerge. Laufs et al. [2014] utilized a sliding
window approach, with a hippocampal seed, and found
changes in FC were larger in TLE patients compared to
controls in several prefrontal areas, precuneus, occipital
cortex, and superior frontal gyrus.

In studies of dynamic connectivity, differences between
connectivity measures (coherence, correlation) calculated
within separate time windows are a natural quantity of
interest. Interpreting fluctuations in FC, in particular dis-
tinguishing meaningful changes from those due to chance
variation, is difficult in fMRI studies due to factors such as
low SNR, variation in characteristics of the BOLD signal

over time, and other physiological or scanning artifacts.
FC measures computed with overlapping sliding win-
dows, especially short windows, exacerbate these issues.
For instance, random noise under static correlation condi-
tions (including uncorrelated white noise time series) will
induce smooth fluctuations over time in sliding window
FC measures [Hutchison et al., 2013; Lindquist et al., 2014;
Robinson et al., 2008] which can easily be misinterpreted
as meaningful changes in connectivity. The strong statisti-
cal dependence between neighboring windows inhibits
clear assessment of the significance of changes in FC over
time. Recent neuroimaging work demonstrating the prob-
lems with sliding window analyses through simulation
studies, have advocated alternate approaches. In fields
such as climatology and financial time series analysis, for
instance, the sliding windows have been largely rejected
due to the issues described above. Summary statistics for a
sequence of correlations may be useful as a comparative
tool, as in Laufs et al. [2014]; however, it is difficult to
assign statistical significance to the behavior of the sequen-
ces themselves.

In this work, we seek to understand the relative stability
of FC over time. To avoid potential pitfalls in sliding win-
dow analyses, we propose a simple and novel characteri-
zation of instability using non-overlapping windows to
capture meaningful differences between neighboring tem-
poral period using, inter-regional correlation to assess the
magnitude of FC. We directly compare instability between
healthy controls (HCs) and TLE patients, first within the
default mode network (DMN) and then across the whole
brain. We chose the DMN as it is one of the major resting-
state networks [Raichle et al., 2001], implicated in a wide
range of processes relevant to TLE, such as episodic mem-
ory [Doucet et al., 2014]. More generally, the DMN has
been described as abnormal in TLE patients compared to
matched HCs [Doucet et al., 2014; Haneef et al., 2012;
Zhang et al., 2010]. For the TLE patients, we also explore
and report instability findings specific to the epileptogenic
hemisphere. A sensitivity analysis of the effects of tempo-
ral window length and spatial definition of brain regions
reveals that our results are robust to different modeling
choices in the spatial and temporal domains.

METHODS

Subjects

A total of 95 patients with refractory TLE were recruited
from the Thomas Jefferson University Comprehensive Epi-
lepsy Center (55 LTLE and 40 RTLE patients). The side of
seizure focus was lateralized based using a combination of
EEG, MRI, PET, and neuropsychological testing [Sperling
et al. 1992]. All patient participants met the following
inclusion criteria: unilateral temporal lobe seizure onset
through surface video/EEG recordings (i.e., a single uni-
lateral temporal lobe focus); normal MRI or MRI evidence

Abbreviations

AAL Anatomical automatic labeling
DMN Default mode network
FC Functional connectivity
FD Framewise Displacement
FDR False discovery rate
HC Healthy control
MTS Mesial temporal sclerosis
rsfMRI Resting state functional MRI
TLE Temporal lobe epilepsy
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of mesial temporal pathology such as a MTS in the epilep-
togenic temporal lobe; concordant PET finding of hypome-
tabolism in the temporal lobe (available for most patients),
and no patient had a non-concordant PET. TLE patients
were excluded from the study for any of the following:
medical illness with central nervous system impact other
than epilepsy; prior or current alcohol or illicit drug abuse;
extratemporal or multifocal epilepsy; contraindications to
MRI; psychiatric diagnosis other than Axis-I Depressive
Disorder; or hospitalization for any Axis I disorder listed
in the Diagnostic and Statistical Manual of Mental Disor-
ders, IV. Depressive Disorders were allowed given the
high co-morbidity of depression and epilepsy [Tracy et al.,
2007]. Table I outlines the demographic and clinical char-
acteristics of the subjects. The Edinburgh handedness scale
was used as a measure of handedness [Oldfield, 1971].

A total of 75 HCs were also recruited from the Thomas
Jefferson University community, in order to match the
patient participants in age and gender (Table I). All con-
trols were free of psychiatric or neurological disorders
based on a health screening measure.

This study was submitted for approval by the Institu-
tional Review Board for Research with Human Subjects at
Thomas Jefferson University and all participants provided
a written informed consent.

Imaging Acquisition

All participants were scanned on a 3-T X-series Philips
Achieva MRI scanner (Amsterdam, the Netherlands). Five
minutes of rsfMRI was collected from all participants with
a single-shot echoplanar gradient echo imaging sequence
acquiring T2* signals (120 volumes; 34 axial slices;
TR 5 2.5s, TE 5 35 ms; FOV 5 256 mm, 128 3 128 data
matrix voxels, flip angle 5 908, slice thickness 5 4 mm).
Participants lay in a foam pad to comfortably stabilize the
head, were instructed to remain still, not fall asleep, and
keep their eyes closed during the entirety of the scan.
Each imaging series started with three discarded scans to
allow for signal stabilization. Prior to collection of the T2*
images, T1-weighted images (180 slices) were collected
using an MPRage sequence (TR 5 640 ms; TE 5 3.2 ms,
FOV 5 256 mm, 256 3 256 data matrix voxels, flip

angle 5 88) in positions identical to the functional scans to
provide an anatomical reference.

Imaging Processing

All imaging data were preprocessed using SPM8
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8). Slice
time correction, image realignment within a session,
motion regressor calculation, normalization into a standard
template (MNI 152), segmentation (cerebro-spinal fluid,
gray and white matter), and image smoothing was carried
out using standard parameters and methods [see Doucet
et al. (2015)]. Note, our normalization process was
informed by structural scans. These structural scans were
registered to the MNI152 template, and the functional data
was then placed in this new T1 space. Sources of spurious
variance were then removed from the data through linear
regression (head motion, cerebro-spinal fluid and white
signals). Finally, fMRI data were temporally filtered at
0.008< f< 0.1 Hz using the REST Toolbox [Song et al.,
2011].

Statistical Analysis

To assess the instability of FC in the resting state, we
measured fluctuation over time in the correlation between
pairs of brain regions. In this study, we define temporal
stability as the degree of change (or lack thereof) of corre-
lation in the rsfMRI signal across the five time periods
measured, as captured by our instability index. Changes
in bivariate correlation in the resting state signal between
neighboring time periods (one and two, two and three,
etc) are combined into an overall measure of temporal
instability. Because of the variability in network measures
computed over short time intervals (time scales on which
meaningful changes may occur), we have chosen to restrict
our analysis to a relatively simple, robust measure (pair-
wise correlation), rather than more variable, sensitive glob-
al network properties.

We analyzed instability in the TLE and HC groups
across two different networks. The first is a group of
regions identified as a component derived through group
ICA [Jenkinson et al., 2012] closely matching a standard
template for the DMN. A total of 8 ROI’s emerged as part
of the DMN. The second is a whole-brain analysis of a net-
work of 90 cortical regions segmented through the ana-
tomical automatic labeling (AAL) atlas [Tzourio-Mazoyer
et al., 2002]. For each, a simple measure of the temporal
instability of pairwise FC was employed to assess whether
TLE patients differed from controls with respect to the
degree of instability, and, if so, to identify which pairs of
regions showed differences.

To measure instability, the 5 minute scanning window
was divided into 5 non-overlapping windows of 24 TRs
each. Previous studies found that a window length of
30�60s is efficient for capturing cognitive status, providing

TABLE I. Demographic and clinical information of

sample

Right TLE Left TLE Controls

N (Females) 40 (23) 55 (32) 75 (32)
Age (M 6 SD) 38.8 6 12.3 41.3 6 11.8 36.5 6 11.4
Right-handers 35 50 68
Education (M 6 SD) 14.3 6 2.7 14.1 6 2.3 16.4 6 2.6
MTS 16 23 N.A.
Age of Onset 21.6 6 11.6 23.7 6 14.3 N.A.
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a good trade-off between the ability to resolve dynamics
and the quality of connectivity estimation [Allen et al.,
2014; Shirer et al., 2012]. Selection of window length
requires a somewhat arbitrary choice by the researcher,
but can be guided by considerations of power and validat-
ed using a sensitivity analysis. Relatively shorter window
lengths have the advantage of greater homogeneity in FC
within the window, which will tend to increase the magni-
tude of differences between neighboring windows when
the true underlying FC changes, and thus ability of the
instability index to capture true fluctuations. The disad-
vantage of relatively shorter windows is increased random
sampling variability of the computed correlation coeffi-
cient due to the small number of TRs used to compute it,
increasing the noise in the instability index and decreasing
the power to detect between group-differences where they
exist. Based on these considerations, our goal was to
choose the shortest window length that would not unduly
increase the variability of the sample correlation coeffi-
cient. The standard error of the sample correlation coeffi-
cient decreases nonlinearly with the number of TRs used
to compute it. For example, for independent and identical-
ly distributed (i.i.d) data, an increase in sample size from
18 to 24 will decrease the standard error of the correlation
coefficient by 21%, but an increase of the sample size from
24 to 30 will only decrease the SE by 11%, and an increase
from 30 to 36 will decrease the SE by 9%. Because of the
sharp increase in the SE of the correlation coefficient
between below 24 TRs, windows of length 24 were select-
ed. To assess the sensitivity of this choice, we compared
the results to analyses from window lengths of 20 and 30
and Bayesian information criterion [BIC; Schwarz (1978)]
values were computed for each window length. In short,
our window length was chosen to obtain a good balance

between sufficient BOLD signal, and a sufficient number
of discrete time points to capture any bona fide process of
connectivity change between brain regions.

Correlations between pairs of regions were computed in
each window. For a particular subject i and a given pair of
regions, the degree of fluctuation in correlations over time
(K 5 instability index) was given by

Ki5
X5

t52

qt2qt21ð Þ2

where qt is the correlation between the pair of regions
over time window t, t 5 1, . . . 5. This index is an overall
metric of the changes in correlation across neighboring
windows. Larger values indicate more instability in FC
over time. A schematic for the measure of instability is
shown in Figure 1.

Residual head motion will cause fluctuations in FC [Van
Dijk et al., 2012], and is, therefore, important to properly
address in studies of dynamic FC. Accordingly, all cases
with more than 2 mm head motion were discarded. To
further address the micromotion components, we calculat-
ed Framewise Displacement (FD) and the numbers of vol-
umes that have a FD over 0.5 are minimal for both groups
(3.3% of volumes for TLE; 3.7% for controls). Also, head
motion parameters were included in the design matrix,
removing motion-related variance from the resting state
signal utilized in our analyses. Beyond these standard
realignment correction procedures, we analyzed the rela-
tionship between estimated head motion parameters and
instability (see Supporting Information Data, part 1).
Another important consideration is the possibility that
interictal discharges occurred during each data window, a
factor that could influence the BOLD signal. It is important
to note that any such interictal activity during the resting
state period would not be systematic across subjects, and,
thus, would cancel out, not resulting in any systematic
correlation with our instability index. As a precaution,
however, we did check our EEG summary documents to
classify the TLE patients as having interictal activity or
not, and found no relation to our instability index.

Lastly, we assessed linear relationships between our
instability index and covariates including education, the
presence of MTS, age of seizure onset, chronological age,
disease duration, handedness, type of seizure medication
(sodium channel versus non-sodium channel blocker, or
both), and full scale IQ.

DMN Analysis

We performed a group ICA analysis using the MELOD-
IC procedure in the software package FSL [Smith et al.,
2004] by temporally concatenating the time courses of all
subjects (patients and HCs) and computed a single set of
components for the entire group of subjects using this 2-D
matrix. In this method, temporal activity across each

Figure 1.

Bivariate correlation coefficients are computed over non-

overlapping time windows of 24 TRs (60s). The squared differ-

ences between neighboring windows are then summed to create

an index of correlation instability. [Color figure can be viewed at

wileyonlinelibrary.com.]
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component is correlated within subjects, but the temporal
structure for a given component need not be consistent
across subjects. The component best matching a standard
template of the DMN was selected using a z-score match-
ing procedure [Greicius et al., 2009], and is shown in
Figure 2.

Using the DMN component, spatial regions within the
component were determined by selecting voxels that
exceeded a threshold of 50% (posterior probability) for
inclusion in the component, then subdividing this set of
voxels into spatially distinct regions.

Spatial segmentation of the DMN was performed first
by identifying spatially disjoint regions, and then by man-
ually separating a large connected region consisting of the
precuneus, and left and right inferior parietal regions, into
three sub-divisions. We also excluded regions that were
less than 10 voxels in size, with the largest excluded
region consisting of 6 voxels. This yielded a total of 11
regions. For other details on the spatial segmentation of
the DMN, see Supporting Information Data, part 2.

Regions specific to each subject were created by combin-
ing the segmented component map with subject-specific
components identified by dual regression [see Beckmann
et al., 2009 for a complete description of the procedure].
The group-level average map of the DMN was then
applied as a mask to each subject-specific component map
to create a unique set of regions for each subject while
restricting regions of interest to those showing spatial con-
sistency across subjects. Due to individual differences,
some regions of the whole-group mask did not overlap
with the subject-specific masks. Regions that did not have

an overlap of at least 10 voxels in at least 80% of subjects
were excluded, leaving 8 regions. Differences between
groups in the average number of overlapping voxels for
each region were evaluated to rule out region size as a
potential confounder, and no such group differences were
found. A goodness of fit statistic [average of z-scores from
dual regression results within DMN template minus aver-
age of z-scores outside DMN template, Greicius et al.,
2004] show a small difference between TLE patients and
controls, however the difference is minimal and does not
induce a difference in the number of voxels included in
the subject-specific components after thresholding, as
described above (see details in Supporting Information
data, part 2).

For each subject, the instability index was calculated for
each of the 28 pairs between the 8 DMN regions. Differ-
ences between patients and controls, and between LTLE
and RTLE patients were assessed for each pair of regions.
Individual pairs were tested for group differences in insta-
bility, and the results over all pairs were corrected for
multiple comparisons using a false discovery rate (FDR)
[Benjamini and Hochberg, 1995] procedure.

Our interest is in using the instability index to study the
dynamics of bivariate connectivity. In interpreting
observed between-group differences in the instability
index, we sought to exclude the possibility that these dif-
ferences were explained by phenomena other than changes
in the FC strength between regions. To this end we exam-
ined two rival explanations. First, when the true correla-
tion coefficient between regions is closer to 0, its sampling
variance is increased, causing larger fluctuations between

Figure 2.

The group component best matching the DMN component. [Color figure can be viewed at

wileyonlinelibrary.com.]
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time windows even if the true correlation remains con-
stant. This excess variance reflects the magnitude of the
correlation rather than its instability. To test for this, we
compared the mean correlation over the entire scanning
period for each pair, and compared this between groups,
thereby testing whether a difference in overall correlation

explains any difference in instability. Second, we looked
for differences between groups in the stability of the
BOLD signal variance. Changes in the variances of the
individual time series will be reflected in the correlation
coefficient. We examined variance stability using a formula
identical to the one used for calculating our main

Figure 3.

Pairs of DMN regions that showed significant group-level difference in correlation instability. Col-

umns from left to right show the two regions comprising the pair, the estimated difference in

mean stability between TLE patients (left and right combined) and HCs with associated 95% con-

fidence interval, unadjusted P-value for the test of the null hypothesis of no difference in instabili-

ty, and FDR adjusted P-value. [Color figure can be viewed at wileyonlinelibrary.com.]
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instability measure. Variance instability for each region in
the DMN was then compared between groups to assess
whether differences in variance instability could account
for differences in correlation instability. If neither the over-
all correlation magnitude, nor the instability of the region-
wide BOLD signal variance differed between groups, we
can conclude that differences in the instability index reflect
differences in the magnitude of the regional connectivity
over time. For discussion of other confounds related to
instability see Supporting Information Data, part 3.

Whole Brain Analysis

Instability was also measured for pairs of the 90 regions
across the brain. Instability analysis was restricted to pairs
of regions showing high degrees of FC. For each subject, a
correlation matrix was computed across regions using the
entire scanning interval. The arithmetic mean of these
matrices across subjects was computed and thresholded at
the a 5 0.01 significance level (r 5 0.47). Overall instability
was compared between subjects based on group (HC,
RTLE, LTLE), as well as between regions within subjects.
Overall instability was measured by averaging across all

pairs within a subject. The differences in mean instability
between HC, RTLE and LTLE patients were assessed
using ANOVA.

In addition to overall instability, differences between
RTLE and LTLE patients, and within-subjects differences
between pairs of regions that are ipsilateral to the epilepto-
genic zone, contralateral to the epileptogenic zone, or bilat-
eral, were also analyzed. For LTLE and RTLE, ipsilateral
and contralateral pairs involve regions in the same or
opposite hemisphere as the seizure focus, and bilateral
pairs have a region in each hemisphere. To account for the
correlation between repeated measures of instability with-
in subjects, and to model variation in overall instability
between subjects, a mixed-effects regression model was
used with group (LTLE, RTLE), pair location (ipsilateral,
contralateral, bilateral) as predictors. A random effect
describing variability at the subject level was included as a
random intercept, and the correlation between pairs within
a subject was assumed to be unstructured. The mixed-
effects model was fit using the “lme4” package in the sta-
tistical programming language R. The effects associated
with patient group (RTLE vs LTLE), and region pair classi-
fication with respect to epileptogenic side, as described by

Figure 4.

The variance of differences in correlation from one time interval to the next, var (qt 2 qt-1), for

pairs showing significant differences in instability. Note, the y-axis plots variability across the time

windows for each group. [Color figure can be viewed at wileyonlinelibrary.com.]
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the fixed effect parameters in the mixed-effects regression
model, were estimated along with associated confidence
intervals and tested for statistical significance. In separate
models, the effects associated with disease duration (i.e.,
years since epilepsy diagnosis), exposure to seizure medi-
cation, and the presence of MTS (i.e., presence/absence)
were adjusted for by adding these variables as covariates
to the above regression model.

RESULTS

DMN Analysis

Using group probabilistic ICA, 11 spatial components
were derived from the data. Of these, a component best
matching the DMN was selected, and subdivided into spa-
tial regions using the procedure described in the methods
section, resulting in 8 regions consistently associated with
the DMN component across subjects. These regions were
precuneus, left and right inferior parietal, left and right
middle temporal, left and right middle frontal, and medial
frontal (Figure 2).

For each pair of regions, instability was calculated for
each subject. After assessing each of the 28 pairs of regions
for differences between groups and correcting for multiple
comparisons (FDR procedure), we found 5 of 28 pairs of
regions that show significant differences between HC and
TLE (right and left combined) (see Figure 3). Four other
pairs showed differences that were significant at the 0.05
level before FDR correction. In the case of each significant
difference, the TLE group was, on average, more unstable

than the HC group. There were no significant differences
between RTLE and LTLE patients after FDR correction.

The pairs that showed significant differences after FDR
correction were various combinations of five regions: pre-
cuneus, left and right middle temporal lobes, medial fron-
tal, and left middle frontal regions. Results for these five
pairs are shown in Figure 3. The precuneus was the most
common region emerging from this analysis. As an exam-
ple of the instability involving this and other regions in
TLE, Figure 4 provides a graphical depiction of the change
(i.e., variance) of the difference in correlations as one
moves across the time intervals of our study. One can see
when comparing the first to second periods (1–2), second
the third (2–3), etc., the difference in the correlation
between the successive periods is consistently higher in
the two patient groups compared to controls.

As noted, we assessed linear relationships between our
instability index and covariates including education, pres-
ence of MTS, age of seizure onset, chronological age, dis-
ease duration, handedness, seizure medication, and full
scale IQ. When instability was averaged across pairs with-
in the DMN or across the brain, it showed no significant
relationship with disease duration. However, for two
DMN region pairs (those with the largest between-group
differences in instability), there was evidence of an associ-
ation between instability and disease duration. These pairs
involved the precuneus and left inferior parietal
(P 5 0.003), and the precuneus and left middle temporal
(P 5 0.03) cortices, with higher levels of instability associat-
ed with longer disease duration. These correlations
appeared to be a general effect, as the correlations for left
and right TLE were essentially equivalent. There was no

Figure 5.

Adjacency matrix for instability measure across all connections analyzed (90 by 90 ROI’s). [Color

figure can be viewed at wileyonlinelibrary.com.]
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significant relationship between chronological age and
mean instability, either averaged over all cortical pairs
(P 5 0.76), or over all pairs within the DMN (P 5 0.57).
When region pairs within the DMN were assessed for
their relationship to age, instability in the precuneus and
left inferior parietal pair showed a significant positive rela-
tionship with age (P 5 0.01), but other pairs did not.
Adjusting for age effects did not affect the primary finding
involving the observed between-group difference in insta-
bility. For handedness, age of seizure onset, full scale IQ,
education, and seizure medication, there was no signifi-
cant linear association with instability, either in the DMN
or whole brain analyses.

Whole Brain Analysis

Instability was analyzed across the brain between pairs
of 90 cortical regions. After excluding pairs that did not
exhibit across all subjects a highly significant mean corre-
lation (using an a 5 0.01 threshold), 253 out of a possible
4005 pairs were retained for each subject. An adjacency
matrix displaying mean instability for patients and con-
trols is shown in Figure 5.

An overall measure of instability was created for each
subject by averaging the instability index across all 253
pairs. Average instability was significantly higher
(P 5 0.0002) in both RTLE and LTLE groups vs. HCs, with
larger differences observed between HC and RTLE, than
between HC and LTLE. There was weaker evidence for an
overall difference between LTLE and RTLE patients
(P 5 0.08).

Variation in instability across individual region-pairs
was also analyzed within RTLE and LTLE patients. Utiliz-
ing a mixed effects regression model with instability at
each region pair as the outcome, differences in instability
were also analyzed with respect to whether the pair was
located in the epileptogenic or contralateral non-
epileptogenic hemisphere, or crossed hemispheres (bilater-
al pair). Because of the skewed distribution of instability
for individual pairs, a normalized log transformation was
applied to the instability index. Ipsilateral and

contralateral pairs were found to be significantly more
unstable than bilateral pairs. However, no significant dif-
ferences were found between ipsilateral and contralateral
pairs. We then examined whether controlling for subject-
level differences in duration of the epilepsy disease (time
since diagnosis), presence of MTS, or age of onset would
alter the above effect, and they did not. These results are
shown in Table II.

Sensitivity Analysis

We evaluated the robustness of our results with respect
to the choice of window length. The results using 5 win-
dows of 24 TRs each were compared to those using 6 and
4 windows with 20 and 30 TRs each, respectively. In the
DMN, increased instability in the TLE group versus con-
trols was also observed in using windows of length 20
and 30, although the statistical significance was reduced in
20 TR windows (P-value 5 0.11 for group differences aver-
aged over all DMN pairs) due to increased within-group
variance. As expected, the both the magnitude of the
mean difference in instability and the within-group insta-
bility variances were largest for the 20 TR windows, and
decreased as window length increased. Similar results
were observed in the whole-brain analysis. The results
presented for 24 TR windows were judged to have the
best balance of mean and variance, reflected in the highest
effect sizes. As a more objective criteria, BIC values are
computed for the models with 20, 24, and 30 TR windows.
BIC is computed assuming multivariate normality of the
spatially averaged BOLD values in the 8 DMN ROI, with
covariance matrices assumed to be homogenous within
non-overlapping windows of differing length. We find
that of the three potential window values, the BIC value
for 24 TRs was the lowest (1,010,011.3 for 24 TRs vs
1,010,365.6 and 1,010,445.3 for 30 and 20 TRs respectively),
which validates our more subjective assessment based on
observed variability and effect sizes.

The general consistency of results between the DMN
analysis, which uses an ICA-based parcellation, and the
anatomical-atlas based whole brain analysis, also reflects

TABLE II. Estimated unique effects on log instability associated with group, age of onset, ipsilaterality to epilepti-

genic zone, contralaterality to epileptogenic zone, disease duration, and MTS status

Effect Estimate Standard error 95% Confidence interval

Intercept 21.36 0.055 (21.45, 21.23)
Group: left-right 20.063 0.048 (21.56, 0.032)
Epilepsy duration 0.00016 0.0019 (20.0048, 0.0022)
Ipsilateral vs bilateral 0.135 0.019 (0.098, 0.173)a

Contralateral vs bilateral 0.142 0.019 (0.102, 0.172)a

Ipsilateral vs contralateral 20.0072 0.02 (20.044, 0.03)
MTS 20.036 0.053 (20.14, 0.068)
Age of onset 20.0013 0.0018 (20.005, 0.002)

aSignificantly different from 0 at 0.00001 level.
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the robustness of our results with respect to modeling
choices in the spatial as well as temporal domain.

To assess whether differences in correlation instability
could be explained by differences in the magnitude of cor-
relation over the entire scanning interval (via differences
in sampling variability, as explained in the statistical methods
section), correlation over the entire time period was compared
between groups for each pair of regions. After FDR correction,
two pairs out of 28 showed significant differences in overall
correlation, with one pair (the precuneus and left middle tem-
poral lobe) identified as having significant differences in insta-
bility. Averaged across subjects, the difference in correlation
for this pair was 0.46 in the TLE group vs 0.58 in the HC
group, corresponding to a difference in standard errors for the
sample correlations of 0.189 vs. 0.174, respectively, within
each of the 24 TR windows. While this difference could
account for some of the increased instability in the TLE group
for the precuneus - left middle temporal pair, we believe that
the general inconsistency when comparing the instability and
overall correlation measures indicates that the instability
index is likely capturing an effect distinct from any group dif-
ference related to sampling variability or more general whole
brain effects.

Differences in the stability of variance between groups
was also examined, with no significant differences evident
(e.g., HC vs. TLE; LTLE vs. RTLE) for any of the 8 DMN
regions. This indicates that the observed correlation insta-
bility reflects fluctuations in the connections between
regions, rather than fluctuations in the variance of the
individual region time series.

Comparison to Static FC Analysis

The results on between-group differences in overall
(static correlation) described above highlight both the utili-
ty distinctiveness of our instability index in terms of
understanding group differences in the behavior of brain
networks. Without this information, the dynamic change
occurring in some but lacking in other pairwise connec-
tions would have been invisible, both with reference to
our DMN and whole brain data. Within the DMN, we see
some evidence of reduced overall FC in the TLE patient
group in a subset of region pairs, which differs from the
subset of region pairs exhibiting differences in instability.
For the 28 pairs, nine showed group differences in overall
correlation that were significant at the 0.05, level. After
FDR correction, two pairs out of 28 showed significant dif-
ferences in overall correlation, with one pair (the precu-
neus and left middle temporal lobe) also identified as
having significant differences in instability (one additional
pair of the five showing instability differences also showed
a mean difference at the 0.05 level before FDR correction).
Thus, the complementary rather than redundant informa-
tion provided by the instability analysis, compared to
overall correlation data, contributes additional information
in understanding FC characteristics in our TLE patients.

Analysis of Head Motion as a Confounder

We tested whether head motion was a potential con-
founder in any observed relationship between clinical sta-
tus (patient vs. control) and instability. Head motion was
characterized in two ways: maximum absolute displace-
ment over the 120 TR scanning period for each of 6 motion
measures (displacement and rotation in three dimensions),
and the average absolute displacement over the scanning
period of the 6 motion parameters. The squared maximum
and squared average parameters were also included in the
analysis. In the DMN, neither maximum nor average head
motion was significantly associated with overall (averaged
across region pairs) instability. In the whole-brain analysis,
regression analyses revealed that averaged across all pairs,
a weak (R2 5 0.07, adjusted R2 5 0.03 for maximum dis-
placement, R25 0.08, adjusted R2 5 0.05 for mean displace-
ment) relationship emerged between the instability index
and head motion parameters. There was no evidence,
however, of an association between clinical status and
head motion parameters (P 5 0.18), and the instability dif-
ferences between groups were unaffected by adjusting for
motion parameters as covariates in multiple regression
models involving either the DMN or the whole brain anal-
yses. Thus, while there is some weak association between
instability and head motion, it is not a confounder for the
relationship between group status and instability and,
therefore, does not explain our observed differences
between groups.

DISCUSSION

We report data on a simple, novel measure of instability,
one that uses non-overlapping time windows, thereby
avoiding the problem of temporal dependence and auto-
correlation across sequential windows. With regard to
both the whole brain and a more focused analysis of the
DMN, we found that temporal stability appears to charac-
terize the healthy brain. TLE patients, as a whole, dis-
played greater instability than matched, HCs, and no
differences in this regard emerged when comparing the
right and left TLE groups. In our analysis of the whole
brain, both TLE groups showed higher overall levels of
instability relative to controls, with this difference larger
for the right TLE group. In our DMN analysis, we found
both TLE groups displayed greater FC instability over
time compared to HCs. The precuneus appeared to be the
region within the DMN consistently expressing this insta-
bility in its relationship with other regions. A sensitivity
analysis of the effects of temporal window length and the
fact that our results are consistent across regional and
whole brain analyses, suggests that our modeling choices
were robust in both spatial and temporal domains. Impor-
tantly, these FC effects were not related to group differ-
ences in chronological age, gender, handedness, the
presence of MTS, seizure medication, the overall
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magnitude of the correlation across the measured time
period, nor, lastly, the fluctuations in the variance of the
individual time series.

This finding for the precuneus raises the possibility that
this structure plays a key role in the large scale temporal
dynamics of the DMN. Our data suggest that regardless of
the side of the epilepsy, the precuneus displays instability
in the setting of both left and right epileptogenic regions
compared to controls (i.e., our precuneus/middle temporal
cortex finding). This implies that when the FC of this
major DMN hub is disrupted by TLE, the disruption is not
strictly limited to the epileptogenic hemisphere. Moreover,
instability in some of these precuneus connections was
associated with disease duration, raising the possibility
that connections to this key brain and DMN hub may
become more temporally unstable as the seizures of TLE
become more intractable and chronic. It is worth noting
that our instability finding is consistent with diffusion ten-
sor white matter showing that TLE patients express abnor-
malities in precuneus regions and precuneus-to-mesial-
temporal tracts [Campos et al., 2015; Liao et al., 2011;
Nazem-Zadeh et al., 2016]. This may suggest that the
instability we found associated with the precuneus poten-
tially stems from white matter deficits.

The instability of connections involving precuneus is
broadly consistent with the findings of Laufs et al. [2014],
who in an analysis of regions showing higher BOLD signal
variance in TLE vs HC subjects found greater fluctuations
in connectivity between left hippocampus (the seed region)
and precuneus. We provide, however, a more complete
description of differences in FC stability across the brain
and more carefully account for factors such as education,
age of onset, chronological age, disease duration, handed-
ness, seizure medication, full scale IQ, MTS, and brain
location with respect to the epileptogenic hemisphere.
While the creation of non-overlapping windows may
reduce statistical power if the windows do not accurately
reflect the time scale of true fluctuations, our results are
not subject to the potential misinterpretation associated
with sliding window analyses [Lindquist et al., 2014].

Our analyses focused on the epileptogenic hemispheres
revealed that region pairs strictly unilateral in their con-
nectivity were more unstable than bilateral pairs. This
effect did not appear related to MTS, nor left or right TLE
status. The reason for this is unclear, but it may suggest
that communication involving both hemispheres provides
temporal stability to the DMN system in a way that solely
unilateral connectivity does not. Since this was the case
both for the healthy and epileptogenic hemispheres, the
implication is that disease-related temporal instability in
functional connections are more likely to normalize when
larger areas of cortex provide input to the functional
network.

With regard to the overall instability observed in TLE
patients relative to controls, both in our DMN and whole
brain analyses, it is unclear whether this arises from

pathologic mechanisms directly related seizure impact
(i.e., seizure spread) or a reactive, protective, and adaptive
mechanism (however flawed it may be), to prevent loss of
functional integrity [Tracy et al., 2014]. Unfortunately, in
this study, we lack correlations with cognitive perfor-
mance variables to test the degree to which the instability
we observed is functionally adaptive. Certainly, the link
between the DMN and episodic memory [Doucet et al.,
2014] raises questions as to whether the well-known mem-
ory disorder in TLE [Hermann et al., 2008; Lin et al., 2012]
is related to temporal instability of FC within the DMN,
particularly driven by the precuneus.

Importantly, in this work we present a new measure of
FC that captures temporal variations in the BOLD signal
between regions, without relying on the problematic
“sliding window” approach that is common in the litera-
ture. We should emphasize that most previous studies
have presumed the resting state signal is stable over time.
Our findings, as well as others, are challenging this view.
For instance, without this information, the dynamic con-
nectivity present in some, but absent in the other regions
pairs we examined would have been invisible. By provid-
ing a measure of signal coherence change over time we
hope to generate insights into the temporal components of
network organization (i.e., stability), with the hope that
this will yield important clinical applications. For instance,
in the setting of epilepsy, the data we report here may
have direct relevance for modeling the effects of the inter-
ictal period in our epilepsy patients, a period of potential
epileptiform activity whose impact on cognition and
behavior has been particularly difficult to systematically
characterize.
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