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Abstract: Amplitude and functional connectivity are two fundamental parameters for describing the
spontaneous brain fluctuations. These two parameters present close coupling in physiological state,
and present different alteration patterns in epilepsy revealed by functional MRI (fMRI). We hypothe-
sized that the alteration of coupling between these two imaging parameters may be underpinned by
specific pathological factors of epilepsy, and can be employed to improve the capability for epileptic
focus detection. Forty-seven patients (26 left- and 21 right-sided) with mesial temporal lobe epilepsy
(mTLE) and 32 healthy controls underwent resting-state fMRI scans. All patients were detected to have
interictal epileptic discharges on simultaneous electroencephalograph (EEG) recordings. Amplitude-
connectivity coupling was calculated by correlating amplitude and functional connectivity density of
low-frequency brain fluctuations. We observed reduced amplitude-connectivity coupling associated
with epileptic discharges in the mesial temporal regions in both groups of patients, and increased cou-
pling associated with epilepsy durations in the posterior regions of the default-mode network in the
right-sided patients. Moreover, we proposed a new index of amplitude subtracting connectivity, which
elevated imaging contrast for differentiating the patients from the controls. The findings indicated that
epileptic discharges and chronic damaging effect of epilepsy might both contribute to alterations of
amplitude-connectivity coupling in different pivotal regions in mTLE. Investigation on imaging cou-
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INTRODUCTION

Rapidly expanding arrays of resting-state functional
MRI (fMRI) approaches facilitate comprehensive under-
standing of spontaneous brain activity from various
aspects [Fox and Raichle, 2007; Zhang and Raichle, 2010].
Interestingly, recent imaging studies have found that the
resting-state human brain presents largely similar topolog-
ical patterns in different functional domains [Anderson
et al., 2014; Baria et al., 2013; Liang et al., 2013; Tomasi
et al., 2013]. The convergences of imaging findings suggest
ubiquitous coupling across the properties of neural activ-
ity. Investigation of imaging coupling provides synergistic
and complementary strategy to assess physiological and
pathological processes of human brain.

Amplitude [Zang et al., 2007] and functional connec-
tivity [Biswal et al., 1995] are two fundamental fMRI
parameters describing local and network properties of
resting-state brain fluctuations, respectively [Fox and
Raichle, 2007]. These two parameters present close cou-
pling in physiological state [Baria et al., 2013; Tomasi
et al., 2014], but show divergent alterations in mesial
temporal lobe epilepsy (mTLE). For amplitude of low
frequency fluctuation (ALFF), increase was found in the
epileptogenic regions and decrease was in the default-
mode regions [Ji et al., 2013; Zhang et al., 2010a]. For
functional connectivity, decrease was found in both the
regions associating with epileptic focus [Bettus et al.,
2010] and the default-mode network (DMN) [Pittau
et al., 2012; Widjaja et al., 2013; Zhang et al., 2010b]. We
hypothesized that uncoupling of these parameters in
mTLE may be underlain by specific pathological factors.
Moreover, both increased ALFF [Zhang et al., 2010a] and
decreased connectivity [Bettus et al., 2010; Morgan et al.,
2012] in the temporal lobe have been suggested to have
clinical implication for detection of epileptic focus in
mTLE. Thus we considered that combining application
of these two parameters may elevate the imaging con-
trast, and improve capability of resting-state fMRI for
epileptic focus detection.

To test these hypotheses, we combined measures of
amplitude and functional connectivity density (FCD) of
low-frequency BOLD fluctuations, and assessed the altera-
tion of amplitude-connectivity coupling in mTLE, which
might provide synergistic approach to unravel the features
of functional changes in epilepsy. Moreover, we proposed
a new index by subtracting values of connectivity from
amplitude of low-frequency fluctuations, and applied it to

resting-state fMRI data for more effectively differentiating
the patients from controls.

METHODS

Forty-seven patients with mTLE were included in this
study, consisting of 26 patients with left- (ages: 29.5 6 10.3
years [Mean 6 std]; genders: 12 females and 14 males; epi-
lepsy durations: 10.5 6 9.3 years) and 21 patients with right-
sided mTLE (ages: 27.8 6 8.1 years; genders: 11 females and
10 males; epilepsy durations: 12.6 6 8.0 years). They were
selected from 64 patients underwent simultaneous EEG and
fMRI, and had interictal epileptiform discharges (IEDs) dur-
ing fMRI scans. Diagnosis and lateralization of mTLE was
performed through a comprehensive evaluation, including
seizure history and semiology, neurological examination,
diagnostic MRI, and EEG records in all patients. All
patients presented hippocampal sclerosis on structural MRI.
Patients were compared to 32 healthy controls (HCs) (ages:
30.3 6 9.1 years; genders: 17 females and 15 males),
recruited from the staff of Jinling Hospital. Controls did not
suffer from neurological or psychiatric disorders at the time
of the study. There were no age (P 5 0.51, one way-
ANOVA) and gender (P 5 0.86, Kruskal–Wallis ANOVA)
differences among patient and control groups. This study
was approved by the Medical Ethics Committee in Jinling
Hospital, Nanjing University School of medicine. All exami-
nations were carried out under the guidance of the Declara-
tion of Helsinki 1975. Written informed consent was
obtained from all the participants.

Simultaneous EEG and fMRI Data Acquisitions

The patients underwent simultaneous EEG and fMRI
data acquisitions on a 32 channels MRI-compatible EEG
(Brain Product, Munich, Germany, 5 kHz sampling
rate) and a 3T MRI scanner (SIEMENS Trio, Erlangen,
Germany). The patients were instructed to keep rest and
not fall in sleep. Foam pads were used to help secure the
EEG leads, minimize motion, and improve patient comfort.
For EEG recording, FCz was set as the reference and elec-
trocardiography was recorded using an electrode placed on
the back. For MRI data scanning, the functional data were
acquired using a T2*-weighted single-shot echo planar
imaging sequence (TR/TE 5 2,000 ms/40 ms, FA 5 90�,
matrix 5 64 3 64, field of view 5 24 3 24 cm, thickness/
gap5 4.0 mm/0.4 mm, 30 transverse slices aligned along
the anterior–posterior commissure, two sessions with each
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consisting of 500 volume measurements, after excluding the
first five volumes). Moreover, conventional T1 and T2-
weighted images using spin echo sequence were acquired
for radiological diagnosis, and high-resolution three-dimen-
sion (3D) T1-weighted anatomical images in sagittal orienta-
tion using a magnetization prepared rapid gradient-echo
sequence TR/TE 5 2,300 ms/2.98 ms, flip angle 5 9�, field
of view 5 256 3 256 mm2, voxel size 5 1 3 1 3 1 mm3).
For the HCs, high-resolution structural and fMRI data were
acquired. Each HC had one functional data session consist-
ing of 250 volume measurements. The other scan protocols
were identical to those for the patients. Nobody was fall
into sleep during MRI scan.

Data Preprocessing

The EEG data was offline-processed to remove gradient
and ballistocardiogram artifacts using the Brain Vision Ana-
lyzer 2.0 software. IEDs were marked independently by an
experienced electroencephalographer (Q.L) and a neurologist
(F.Y), disagreements about the IEDs markers were resolved
by discussion. For matching with the data length of the con-
trols, an fMRI subsession of 250 volumes was extracted for
each patient under the guidance of EEG output. This fMRI
subsession covered the maximal IEDs number during the
two sessions (left/right mTLE: 3.7 6 3.3/3.3 6 2.7 events of
IEDs). The fMRI data preprocessing was performed using a
resting-state fMRI pipeline of DPARSF [Yan and Zang,
2010]. After slice-timing adjustment and realignment for
head-motion correction, data were realigned with corre-
sponding 3D anatomical images and warped into the ana-
tomical MNI152 template using 12 parameters affine linear
transformation at a resolution of 3 3 3 3 3 mm3 for normal-
ization, and spatially smoothed with an isotropic Gaussian
kernel (8 mm full width at half maximum). Subsequently,
data were linear trend removed and temporal band-pass fil-
tered (0.01–0.08 Hz). Several nuisance variables, including
six head-motion parameters, the global brain signal, the
averaged signal from white matter and ventricles, were
removed by multiple linear regression analysis. Considering
the potential effect of morphological alteration on functional
data, the gray matter (GM) volume of each subject extracted
from voxel-based morphometric analysis, was also regressed
voxel-wisely. Moreover, we applied a GM mask to all fMRI
data to exclude artifactual affection from non-GM voxels.
This mask was generated from GM tissue probability
greater than 20%. The GM tissue probability template was
released as part of tissue priors in SPM8 (http://www.fil.
ion.ucl.ac.uk/spm/software/spm8).

Data Analysis

FCD mapping

Global FCD mapping was calculated to measure the
voxel-wise functional connectivity strength [Tomasi and
Volkow, 2010; Zuo et al., 2012]. The number of functional

connections was determined through Pearson correlations
between time-varying signals of a voxel and those in other
voxels using an arbitrary threshold r 5 0.3; this correlation
threshold was estimated with statistical significance
P< 0.05, FWE correction [Zuo et al., 2012].

ALFF mapping

To calculate ALFF measure at each voxel, the time series
was transformed to the frequency domain by using fast
Fourier transform. The power spectrum was then com-
puted and square root-transformed at each voxel. The
averaged square root of activity in the low-frequency band
(0.01–0.08 Hz) was taken as the ALFF [Zang et al., 2007].

FCD and ALFF calculations were performed both using
a resting-state fMRI data analysis toolkit of REST (http://
www.restfmri.net).

ALFF-FCD contrast analysis

To test the proposal that the opposite alterations of
ALFF and FCD in epilepsy may elevate imaging contrast
to differentiate patients from HC, we computed the con-
trast of FCD to ALFF. In each subject, ALFF and FCD
were firstly normalized by dividing the full-brain mean
values of each parameter, in order to scale the values of
these two parameters to an identical level. Subsequently,
map of FCD was subtracted from that of ALFF, and then
divided FCD plus ALFF for normalization (FCD2ALFF/
FCD1ALFF) [Bianchin et al., 2011; Lee et al., 2000].
The calculation was performed voxel-by-voxel, and then
produced an ALFF-FCD contrast map.

Relationship between ALFF and FCD

To describe the features of “uncoupling” between ALFF
and FCD in mTLE, we investigated the relationship
between these two parameters. In line with previous stud-
ies performing across-modality analysis [Anderson et al.,
2014; Baria et al., 2013; Liang et al., 2013], we conducted
correlation analyses across subjects and across voxels to
quantitatively evaluate the relationship between ALFF and
FCD. For each subject, both ALFF and FCD values were
first standardized to z scores so that they could be aver-
aged and compared across subjects [Liang et al., 2013].
Across-subject correlation analysis was performed at each
voxel to investigate the relationship between ALFF and
FCD in the patient group and HC group, respectively.

Across-voxel correlation analyses were performed at
group level and individual level. At group level, ALFF
and FCD values were averaged within each group, respec-
tively, and then were correlated voxel-by-voxel within the
whole brain and three specific regions, respectively. These
specific regions were selected according to group compari-
son outputs (see the Results section), including the mesial
temporal lobes, regions of the parietal cortices and poste-
rior cingulate cortex, and the precentral cortices. For
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individual level, correlation was calculated in each subject.
For computational efficiency [Liang et al., 2013], we down-
sampled the data to 6-mm isotropic voxels (a total of 5,025
voxels in GM).

Group comparisons

Group comparisons were performed to investigate the
alteration of each imaging parameter in mTLE relative to
HCs. The ALFF, FCD, and ALFF-FCD contrast maps of
each patient group was compared with those of the con-
trol group using one way ANOVA implemented in SPM8.
All the statistical maps were corrected for multiple com-
parisons to a significant level of P< 0.05 by combining the
individual voxel P< 0.01 with cluster size >1,350 mm3

based on using Monte Carlo simulations [Ledberg et al.,
1998].

Moreover, we performed a confirmatory test using
regions-of-interest (ROI)-based comparison of each imag-
ing parameter within the mesial temporal structures
(including the hippocampus and parahippocampal gyrus
ipsilateral to the epileptogenic side, which was identified
according to the AAL templates [Tzourio-Mazoyer et al.,
2002]). The averaged scores within the ROIs of each imag-
ing parameter underwent two-sample t-test analysis
between the patient and control groups. The individual
subject data were also plotted as a scattergram, which was
used to select a cutoff point in the parameter scores that
provided the optimal sensitivity and specificity in distin-
guishing patients from HCs [Greicius et al., 2004; Zhang
et al., 2010a].

To test whether the spatial coupling (i.e., across-subject
correlation between ALFF and FCD) were significantly dif-
ferent between the patient and control groups, correlation
coefficients were converted into z values by using Fisher’s
r-to-z transform. This transformation generated values that
were normally distributed. A z statistic was then used to
compare these transformed z values to determine the sig-
nificance of the between-group differences in correlations
[He et al., 2008] FDR correction at q value of 0.05).

Moreover, one way ANOVA were employed to compare
the across-voxel correlation coefficients (after Fisher’s r-to-
z transformation) between patients and controls using soft-
ware of SPSS 17.0.

Correlations with pathological factors

Pathological factors of the IEDs numbers and epilepsy
durations were correlated with ALFF and FCD in the
patient groups using multiple regression analyses, which
were assumed to reflect the effects of epileptic discharges
and chronic damaging effects caused by epilepsy, respec-
tively. These two factors were cross-regressed in the mul-
tiple regression models (P< 0.05, multiple correction
using Monte Carlo simulations by combining the individ-
ual voxel P< 0.01 with cluster size >243 mm3, con-
strained by mask produced from one-way ANOVA

comparison). Moreover, to investigate the pathological
effects on the ALFF-FCD coupling strengths (i.e., correla-
tion coefficients between two imaging parameters), these
two pathological factors were further correlated with the
individual across-voxel correlation coefficients within the
whole brain and specific regions using Pearson correla-
tion. To account for the potential influence of outliers, we
also used the Shepherd pi correlation analysis [Schwarz-
kopf et al., 2012].

RESULTS

Comparing Results of Imaging Parameters

Supporting Information sFigure 1 showed the group
result of ALFF and FCD in each group conducted by one
sample t-test. For two-sample t-test comparisons between
patients and controls (Fig. 1, Table I): (1) ALFF. Increase
was distributed in the bilateral mesial temporal lobes
with predominance in the ipsilateral side to epileptogenic
focus, the bilateral precentral gyri and the thalamus;
decrease was located in the bilateral parietal cortices,
post cingulate cortex and lateral temporal cortex. (2)
FCD. Decrease was distributed in the bilateral mesial
temporal lobes with predominance in the ipsilateral side
to epileptogenic focus, posterior cingulate cortex, lateral
temporal and parietal lobes; Increased FCD was located
in the bilateral precentral gyri. Visual inspections
revealed that reverse alterations of ALFF and FCD was
located in the mesial temporal structures. Consistent
increases of ALFF and FCD were located in the bilateral
precentral gyri, and consistent decreases were mostly
located in the default mode regions, including the poste-
rior cingulate cortex, lateral temporal cortex and parietal
cortex. Thus, the overlaps between increased ALFF and
decreased FCD in the mesial temporal structures, consist-
ent increases of ALFF and FCD in the precentral cortices,
and consistent decreases of ALFF and FCD in the parietal
cortex were selected as ROIs. These three ROIs were used
as mask to constrain the post hoc across-voxel correla-
tions between ALFF and FCD. (3) ALFF-FCD contrast map.
Increased value was located in the bilateral mesial tempo-
ral structures (predominance in the ipsilateral side to epi-
leptogenic focus), which is stronger than either the single
ALFF or FCD outputs.

ROI based analyses revealed that there were significant
differences in each imaging parameters between the
patients and HCs. Moreover, scattergram showed that the
parameters of ALFF-FCD (accuracy 5 0.95 for LmTLE vs.
HC, and accuracy 5 0.92 for RmTLE vs. HC. Accuracy was
defined by averaged scores of sensitivity and specificity)
could more effectively differentiate the patients from the
HCs than parameter of ALFF (accuracy 5 0.82 for LmTLE
vs. HC, and accuracy 5 0.80 for RmTLE vs. HC) or FCD
(accuracy 5 0.78 for LmTLE vs. HC, and accuracy 5 0.75
for RmTLE vs. HC) (Fig. 2, Table II).
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Altered Coupling Between ALFF and FCD

in the Patients

Across-subject correlation analyses between ALFF and
FCD revealed widely distributed positive correlation in
the midline and lateral cortical structures in the either
healthy or patient groups. In the patient groups, the tem-
poral structure ipsilateral to epileptogenic side showed
weak coupling strength. Compared with the HCs, the
patients showed decreased correlation between ALFF and
FCD in the mesial temporal structures of epileptogenic
side, and increased correlation in the posterior cingulate
cortex (Fig. 3).

In the averaged group level, across-voxel correlation anal-
yses showed positive correlations between ALFF and FCD in
the whole brain and each ROI (Supporting Information sTa-
ble 1). In the individual level, the patients showed increased
correlation strengths in the parietal cortex and decreased
correlation strengths in the mesial temporal structures (Table
III). Moreover, ALFF-FCD coupling strengths within the
mesial temporal structures were negatively correlated with

the numbers of IEDs in both patient groups (left-sided
mTLE: Pearson correction: r 5 20.39, P< 0.05;no correlation
in Shepherd pi correlation analysis: pi 5 20.33, P 5 0.24.
right-sided mTLE: Pearson correction: r 5 20.49, P< 0.05
Shepherd pi correlation: pi 5 20.68, P< 0.01); and ALFF-
FCD coupling strengths within the default mode regions
were positively correlated with epilepsy durations in the
right mTLE patients (Pearson correction: r 5 0.52, P< 0.01;
Shepherd pi correlation: pi 5 0.46, P< 0.05) (Fig. 4).

Correlations with Pathological Factors

Correlations with numbers of IEDs. The mesial temporal
structures (mostly ipsilateral to the epileptogenic side)
showed positive correlation with ALFF, and negative cor-
relation with FCD. The posterior cingulate cortex and pari-
etal cortex showed negative correlation with both ALFF
and FCD.

Correlation with epilepsy durations. Negative correla-
tion was found in the mesial temporal structures, posterior

Figure 1.

Comparing results of imaging parameters between mTLE

patients and HCs. Group comparison of ALFF (A) and FCD (B).

In the patients with mTLE, opposite alterations of ALFF

(increase) and FCD (decrease) were found in the mesial tempo-

ral lobes and insula; consistent decreases of ALFF and FCD was

found in the regions of the default-mode network; and consist-

ent increases was found in the precentral cortices. Moreover,

increased ALFF was also found in the thalamus. (C) Group com-

parison of ALFF-FCD contrast map showed more pronounced

group differences in the mesial temporal lobes. [Color figure

can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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cingulate cortex and parietal cortex for both ALFF and
FCD. Positive correlation was found to be with the ALFF-
FCD coupling strengths in the parietal cortex (Supporting
Information sFigure 2).

DISCUSSION

By combining fMRI parameters of ALFF and FCD, we
comprehensively assessed alteration patterns of resting-
state brain activity in mTLE. We found that the
amplitude-connectivity was reduced and were mildly cor-
related with epileptic discharges in the mesial temporal
regions in both groups of patients, and increased coupling
was correlated with epilepsy durations in the posterior
regions of the DMN in the right-sided mTLE. Moreover,
based on divergence of ALFF and FCD alterations in
mTLE, we proposed a new imaging index of ALFF-FCD
contrast by subtracting connectivity from amplitude,
which elevated imaging contrast for differentiating the
patients from the controls than using single index of ALFF
or FCD.

ALFF and FCD are two prevalent fMRI indices for
describing the characteristics of resting-state brain activity
from different aspects. ALFF depicts the local property of
brain activity by measuring averaged deviation of fMRI
fluctuations during a short period of time [Zang et al.,
2007], and reflects brain energetic metabolism [Tomasi
et al., 2013]. FCD unbiasedly measures functional connec-
tivity strength over the whole brain using graph-theory
way, and reflects the communication amounts [Tomasi
and Volkow 2010; Tomasi et al., 2013, 2014]. In the present
study, we for the first time demonstrated specific altera-
tion patterns ALFF and FCD in epilepsy, which offer a
more complete picture of brain function disrupted by
disease.

We found opposite alterations between ALFF and FCD
in the epileptogenic regions in the patients. In line with
our previous studies [Ji et al., 2013; Zhang et al., 2010a],
the mesial temporal structures showed increased ALFF,
and the ALFF value was positively correlated with epilep-
tic discharges in these regions. Interictal epileptic dis-
charges can induce specifically positive and negative
BOLD responses [Benar et al., 2002; Kobayashi et al.,
2006a], then the signal deviations would increase the
amplitude values of BOLD fluctuations, which has been
identified in our previous study [Zhang et al., 2010a].
In addition, given the evidence that ALFF is linear corre-
lated with energetic metabolism [Tomasi et al., 2013], we
proposed that increased ALFF in the mesial temporal
structures might reflect the “core of interictal hyper-
metabolism” of epileptogenic region [Nelissen et al., 2006;
Witte et al., 1994]. Moreover, decreased FCD was found in
the mesial temporal structures, which was negatively cor-
related with epileptic discharges and epilepsy duration.
Decreased functional connectivity in epilepsy has been
interpreted as functional impairment due to damaging
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effect from epilepsy [Bettus et al., 2010; Pittau et al., 2012;
Zhang et al., 2010b]. In this study, we also proposed that
decreased FCD might attribute to dyssynchronization
between mesial temporal region and the whole brain, since
the different BOLD responses to epileptic activity [Kang
et al., 2003; Stefanovic et al., 2005] may lead to loss of

BOLD signals synchronization in different brain regions.
Moreover, chronic damaging effect of epilepsy might also
contribute to decrease in FCD.

Significantly, the opposite alteration patterns of these
two fMRI parameters provide a window for elevating
imaging contrast to detect abnormalities in the epileptic

Figure 2.

Individual scores for imaging parameters in the mesial temporal structures ipsilateral to epilepto-

genic. There were significant group differences of each imaging parameter between patients and

HCs. Scattergrams show that parameter of ALFF-FCD contrast could yield higher accuracy for

differentiating the patients from HC than a single parameter of ALFF or FCD. The dash line indi-

cate a cutoff point. [Color figure can be viewed in the online issue, which is available at wileyon-

linelibrary.com.]

TABLE II. ROI-based analyses of imaging parameters for differentiating patients and healthy controls

ALFF FCD ALFF-FCD

LmTLE
versus HC

Comparison t 5 6.72;
P< 0.001

t 5 24.93;
P< 0.001

t 5 10.61; P< 0.001

Differentiating Se 5 0.69,
Sp 5 0.96;

Ac 5 0.82 (CO 5 0.447)

Se 5 0.65,
Sp 5 0.46;

Ac 5 0.78 (CO 5 0.463)

Se 5 0.94, Sp 5 0.96;
Ac 5 0.95 (CO 5 0.029)

RmTLE
versus HC

Comparison t 5 6.27; P< 0.001 t 5 24.29; P< 0.001 t 5 8.67; P< 0.001
Differentiating Se 5 0.67,

Sp 5 0.94;
Ac 5 0.80 (CO 5 0.421)

Se 5 0.59,
Sp 5 0.90;

Ac 5 0.75 (CO 5 0.477)

Se 5 0.94, Sp 5 0.90;
Ac 5 0.92 (CO 5 0.032)

R mTLE: right-sided mesial temporal lobe epilepsy, HC: Healthy controls; ALFF: amplitude of low-frequency fluctuation, FCD: func-
tional connectivity density. Se: sensitivity, Sp: specificity, Ac: Accuracy, defined by averaged scores of sensitivity and specificity, CO5

cutoff point. Comparing analyses were performed using two-sample t-test, and differential analyses were performed by selecting a cut-
off point, which providing the optimal sensitivity and specificity in distinguishing patients from HCs.
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regions. This phenomenon is in analogy with the strategy
of subtracted ictal-interictal SPECT co-registered with MRI
(SISCOM), which employs the uncoupling of ictal hyper-
perfusion and interictal hypoperfusion to more effectively
localize epileptogenic focus [Bianchin et al., 2011; Lee
et al., 2000]. Here, we proposed that subtracted amplitude-
connectivity of BOLD fluctuations provides an noninva-
sive, fMRI-based imaging approach, and is more sensitive
than either of the two single measures for epileptic region
detection.

In contrast, wide distributed cortical structures showed
consistent decreases in ALFF and FCD, including the lateral

temporal lobe, parietal structures belonging to the posterior
regions of the DMN [Fox et al., 2006; Raichle et al., 2001].
The DMN abnormalities in mTLE have been well-addressed
in a large body of imaging studies [Laufs et al., 2007; Widjaja
et al., 2013; Zhang et al., 2010b], which have been regarded
as functional impairments caused by effects of interictal epi-
leptic discharges suspension and [Gotman et al., 2005]
chronic seizures damages [Zhang et al., 2010b]. In agreement
with these previous studies, we found that the amplitude
values in the DMN were both negatively correlated with epi-
leptic discharges and epilepsy duration. The current findings
might support the proposal that wide cortical structures are

Figure 3.

Across-subject correlation between ALFF and FCD. (A) Coupling

between ALFF and FCD was calculated using across-subject cor-

relation in each subject group. Visual inspection revealed weaker

coupling in the temporal lobe ipsilateral to epileptogenic side in

the patient groups. (B) Comparing results of coupling between

ALFF and FCD between patient groups and healthy group. The

patients showed decreased coupling in the temporal lobe ipsilat-

eral to epileptogenic side, and increased coupling in the posterior

cingulate cortex. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

TABLE III. Across-voxel correlation in individual level

Brain regions HC (r) LmTLE (r) RmTLE (r) ANOVA
LSD (LmTLE vs. HC);

(RmTLE vs. HC)

Whole brain 0.32 6 0.11 0.31 6 0.14 0.30 6 0.17 F 5 0.22, P 5 0.80 P 5 0.76; P 5 0.51
Mesial temporal lobe 0.30 6 0.14 0.20 6 0.17 0.24 6 0.14 F 5 6.06, P< 0.05* P< 0.01*; P< 0.05*
Default-mode regions 0.23 6 0.10 0.32 6 0.15 0.31 6 0.15 F 5 5.06, P< 0.05* P< 0.05*; P< 0.05*
Precentral cortices 0.27 6 0.16 0.28 6 0.18 0.30 6 0.20 F 5 0.23, P 5 0.79 P 5 0.84; P 50.50

L mTLE: left-sided mesial temporal lobe epilepsy, R mTLE: right-sided mesial temporal lobe epilepsy, HC: Healthy controls.
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functionally impaired in mTLE [Kobayashi et al., 2006b;
Laufs, 2012].

In addition, a few of other regions, which are frequently
addressed in mTLE studies, showed various alteration pat-
terns in these two imaging parameters. The insula showed
increased ALFF and decreased FCD; while the thalamus
showed significant increase in ALFF, but no difference in
FCD. These structures are essential nodes involved in
mesial temporal epilepsy network [Spencer, 2002], and
associated with generation and propagation of epileptic
activity [Blumenfeld, 2002; Isnard et al., 2000]. Moreover,
the precentral cortices, as the primary motor areas,
showed both increases in ALFF and FCD. These cortical
regions were affected by seizures activity generated from
hippocampus [van Rooyen et al., 2006], and might be asso-
ciated with neocortical hyperexcitability in TLE [Silva
et al., 2002]. However, it is currently not well understood
about the pathophysiological mechanism underlying the
different imaging alteration patterns across these regions.

Importantly, we further assessed alterations of
amplitude-connectivity coupling by investigating the rela-
tionship between ALFF and FCD. These two parameters
present close coupling with similar distribution patterns in
physiological states [Baria et al., 2013; Tomasi et al., 2014],
and the coupling could be modulated by different task
loadings [Tomasi et al., 2014]. These studies suggested that
the local fluctuations of BOLD in the brain are modulated
by network-specific properties of connectivity [Baria et al.,
2013]. In the present study, we found that the coupling
between ALFF and FCD was decreased in the mesial tem-
poral structures and increased in the posterior cingulate
cortex in mTLE, and the coupling strengths in these
regions were correlated with clinical factors. This finding
indicated that the amplitude-connectivity coupling could
be disrupted by pathological factors of epilepsy. Moreover,
Tomasi and colleagues have recently correlated ALFF and
FCD of fMRI signals with glucose metabolism, and further
indicated that the regions showing higher energy demands

Figure 4.

Across-voxel correlation between ALFF and FCD. Coupling

between ALFF and FCD was calculated using across-voxel correla-

tion in individual. Coupling calculated within the whole brain (A)

and the precentral cortex (B). There was no group difference of

coupling strengths within the whole brain and precentral cortex.

Group differences of coupling strengths within the mesial tempo-

ral structures. (C) and default-mode regions. (D) Moreover,

ALFF-FCD coupling strengths within the mesial temporal struc-

tures were negatively correlated with numbers of IEDs in both

patient groups (left-sided mTLE: Pearson correction: r 5 20.39,

P< 0.05;no correlation in Shepherd pi correlation analysis:

pi 5 20.33, P 5 0.24. right-sided mTLE: Pearson correction:

r 5 20.49, P< 0.05 Shepherd pi correlation: pi 5 20.68, P< 0.01);

and ALFF-FCD coupling strengths within the default mode regions

were positively correlated with epilepsy durations in the right

mTLE patients (Pearson correction: r 5 0.52, P< 0.01; Shepherd pi

correlation: pi 5 0.46, P< 0.05). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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of brain communication might be more vulnerable to defi-
cits in energy delivery or utilization [Tomasi et al., 2013].
Our results provided supplementary implication that the
brain regions with abnormally high energy could also
render to disruption of communication. The specific pat-
terns of amplitude-connectivity uncoupling provided a
novel depictor for presenting the pathological characteris-
tic of functional changes in epilepsy.

Methodological Consideration and Limitations

With multiple analysis approaches, resting-state fMRI has
been increasingly proven promising tool for depicting the
features of epileptic activity. This study for the first time
simultaneously applied two different parameters to fMRI
data of mTLE patients. This strategy provided synergistic
way for comprehensively assessing the features of functional
changing in epilepsy. Moreover, the specific alteration pat-
terns between these two parameters provided a more effec-
tive way to differential epileptic patients from normal
controls. Whereas, several methodological considerations
and limitations are noteworthy. First, various optional proce-
dures during FCD calculation can lead to results diversifica-
tion, which may render to different results [Stufflebeam
et al., 2011]. Moreover, we only measured the global FCD,
and did not specifically consider the local effects [Tomasi
and Volkow, 2010]. Second, this work only involved the
patients whom the lateralization diagnosis was already iden-
tified by other methods. It is required to test the practical
value of this approach in epilepsy lateralization by applying
it to patients with negative structural MRI in the future
work. Third, our design does not allow us to control for con-
founding effects of antiepileptic drugs, which can affect nor-
mal neuronal function [Drane and Meador, 2002]. Fourth,
the parameters ALFF and FCD are based on blood oxygen-
ation level-dependent fluctuations, future study combining
imaging modalities quantitative measuring physiological
indices is needed. Fifth, the sample size of involved patients
was rather small, future study with large patient sample is
needed for validating the method reliability of this work.

CONCLUSION

In this study, we observed the specific alteration patterns of
amplitude-connectivity coupling of low frequent fMRI fluctu-
ations in mTLE. The findings indicate pathological factors
lead to specific alterations of amplitude-connectivity coupling
in the pivotal regions in mTLE. Moreover, we proposed a
new index of amplitude subtracting connectivity, which ele-
vated imaging contrast for epileptic focus detection. Investiga-
tion on imaging coupling provides synergistic approach to
unravel the features of functional changes in epilepsy.
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