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ABSTRACT

Seizure freedom after resective epilepsy surgery is not obtained in a substantial number of 
patients with medically intractable epilepsy. Functional neural network analysis is a promising 
technique for more accurate identification of the target areas for epilepsy surgery, but a better 
understanding of the correlations between changes in functional network organization due 
to surgery and postoperative seizure status is required. We explored these correlations in 
longitudinal magnetoencephalography (MEG) recordings of 20 lesional epilepsy patients. 
Resting-state MEG recordings were obtained at baseline (preoperatively; T0), and at 3-7 (T1) 
and 9-15 months after resection (T2). We assessed frequency-specific functional connectivity 
and performed a minimum spanning tree (MST) network analysis. The MST captures the most 
important connections in the network. We found a significant positive correlation between 
functional connectivity in the lower alpha band and seizure frequency at T0, especially in 
regions where lesions were located. MST leaf fraction, a measure of integration of information in 
the network, was significantly increased between T0 and T2, only for the seizure-free patients. 
This is in line with previous work, which showed that lower functional network integration 
in lesional epilepsy patients is related to higher epilepsy burden. Finally, eccentricity and 
betweenness centrality, which are measures of hub-status, decreased between T0 and T2 in 
seizure free patients, also in regions that were anatomically close to resection cavities. Our 
results increase insight into functional network changes in successful epilepsy surgery and 
might eventually be utilised for optimization of neurosurgical approaches. 
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INTRODUCTION

Epilepsy is common in patients with circumscribed brain abnormalities, such as primary brain 
tumors and mesiotemporal sclerosis. In a substantial number patients, anti-epileptic drug 
treatment is ineffective [21, 81, 101, 178]. Many patients with medically intractable non-tumoral 
lesional epilepsy are referred to epilepsy surgery programs. The aim of these programs is to 
identify patients in whom it is possible to localize and remove the epileptogenic zone (EZ), i.e. 
the brain regions that need to be resected to achieve seizure freedom. This strategy succeeds 
in only 27-67% of these patients, depending on the specific histopathology of the lesion [230]. 
Although the primary aim of surgery in patients with brain tumors is the removal of the tumor, 
seizure reduction often is an important secondary aim [50]. For both patient groups, seizure 
freedom is extremely relevant, as epilepsy is an important limiting factor for quality of life and 
cognitive functioning [125, 147, 229].

Apart from the EZ, the functional organization of the brain network as a whole is disturbed in 
lesional epilepsy [130]. Overall, functional connectivity is increased particularly in the delta 
and theta frequency ranges (0.5-8 Hz) in MEG and EEG recordings, which is a hallmark of 
(tumor-related) epilepsy [27, 74, 110, 238]. However, network disturbances are not limited 
to this pathological increase in slow wave synchrony. The spatial organization or topology of 
functional neural networks determines to what extent the network facilitates synchronisation 
and the spreading of seizures [82, 177, 245]. The healthy functional brain network is 
characterized by a small-world topology, which is thought to be an optimal network topology 
that combines global integration with local specialization of highly interconnected areas [41]. 
This small-world topology is lost in lesional epilepsy and primary brain tumor patients [9, 34, 
110], and in particular the loss of connections that integrate different functional regions or 
clusters correlates with seizure frequency [78, 238]. Interestingly, functional connectivity and 
network characteristics are altered by neurosurgical resections, and such changes are related 
to postoperative cognitive performance [71, 236]. However, so far, surgery-induced alterations 
in functional network characteristics have not been correlated to postoperative seizure status, 
which might provide valuable insights for more accurate identification of the target areas for 
epilepsy surgery.

For this study several choices were made for an approach that builds upon previous work. 
Firstly, most measures used to characterize networks of lesional epilepsy patients depend on 
the number of nodes and connection density of the network, hence a normalisation strategy 
is needed. Unfortunately, the normalisation approaches that are commonly used introduce 
their own biases [243]. The use of minimum spanning tree (MST) network analysis provides 
a principled way to construct unique networks from neurophysiological data, which uses a 
fixed number of nodes and edges, and is independent of average coupling strength [30]. The 
MST is the subset of strongest connections in the network such that all network nodes are 
connected, without forming loops. It might represent a critical backbone of information flow in 
weighted networks (i.e. it contains with high probability all the shortest paths in the network; 
see figure 1 [252]).

The use of MST analysis also solves a second methodological concern. Functional connectivity 
analysis and the small-world model have proven to be a fruitful starting point for studies on 
brain network topology in lesional epilepsy, but they provide an incomplete representation of 
the networks, as they do not capture other network features such as the existence of so-called 
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hubs [219]. Several studies on electrocorticography (ECoG) recordings show that hub regions, 
which are highly connected regions with a central role in the network, seem to characterize the 
EZ [173, 245, 260]. MST analysis allows for characterization global integration of information 
and hubs in one holistic model (figure 2), and has been used to characterize ECoG and EEG 
recordings of epilepsy patients [136, 174]. These studies showed that networks of left-sided 
and right-sided mesiotemporal sclerosis patients are dissimilar, and suggested that the EZ is 
characterized by nodes with a high centrality in the MST.

Finally, previous studies were either based on spatially confined intracranial recordings (ECoG 
studies), or, in the case of most MEG/EEG studies, were performed in signal-space instead 
of source-space. The use of a recently developed MEG beamformer approach in combination 
with proper correction for the effects of volume conduction and field spread makes it possible 
to study functional connectivity and networks for anatomically defined regions [104]. This 
approach makes it possible to study functional network characteristics of lesioned regions, 
and relate these regional characteristics to epilepsy burden [73].

In the present study, we used source-space MEG data to analyze the relation between 
seizure alterations and functional network alterations in lesional epilepsy patients. First, a 
cross-sectional analysis was performed to investigate the associations between preoperative 
seizure frequency and functional connectivity or MST characteristics. We hypothesized a 
correlation between preoperative seizure frequency and average preoperative functional 
connectivity, especially in the lower frequency bands (0.5-8 Hz), and between preoperative 
seizure frequency and functional network structure characterized by pathological hubs (i.e. 
regions with a high centrality). Secondly, in a longitudinal analysis, the impact of surgery 
on these measures was compared between patients that were seizure free after surgery 
(SF), and patients with postoperative seizures (POS). We expected pathologically increased 
connectivity and pathological hubs to disappear in patients who were seizure free after surgery.

METHODS

Patients
We included consecutive patients who, during the period 03/2010 – 08/2011, were referred 
by the Neurosurgical Center Amsterdam for MEG recordings at the VU University Medical 
Center. Data were collected as part of the LESION study, which is a prospective longitudinal 
observational study of patients eligible for lesional epilepsy or tumor surgery. Inclusion criteria 
were (1) adult (≥ 18 years) patients who (2) had resective surgery for (3A) radiologically 
suspected LGG (WHO grade I or II) with tumor-related epilepsy, or (3B) for medically 
intractable lesional epilepsy, due to non-LGG pathology. MEG recordings and epilepsy burden 
assessments were obtained at three time points: prior to neurosurgical intervention (T0), at 
approximately 3 months after surgery (T1), and approximately 12 months after surgery (T2). 

Ethics statement
Ethical approval was granted by the VU University Medical Center Ethics Committee. All 
patients had given written informed consent before participating. All clinical investigations 
were conducted according to the Declaration of Helsinki. 
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Magnetoencephalography (MEG)
MEG recording and processing was the same as described in [236]. MEG recordings were 
made in a magnetically shielded room (VacuumSchmelze GmbH, Hanua, Germany) using a 
306-channel whole-head neuromagnetometer (Elekta Neuromag Oy, Helsinki, Finland). Five 
minutes of MEG data were recorded during a resting-state eyes-closed condition with a sample 
frequency of 1250 Hz. An anti-aliasing filter (410 Hz) and high-pass filter (0.1 Hz) were applied 
online. An offline spatial filter, the temporal extension of Signal Space Separation (tSSS) [227, 
228], was applied in MaxFilter software (Elekta Neuromag Oy, version 2.2.10). A sliding window 
of 10 seconds was used for tSSS. Channels that were malfunctioning during the recording, for 
example due to excessive noise, were automatically discarded before estimation of the SSS 
coefficients. Additionally, malfunctioning channels were identified by visual inspection of the 
data (EvD; AH), and excluded before applying tSSS. The number of excluded channels varied 
between one and eight. The tSSS filter was then used to remove noise signals that SSS failed 
to discard, typically from noise sources near the head, using a subspace correlation limit of 0.9 
(based on [151], and after fine-tuning for acquisition conditions at our site). 

The head position relative to the MEG sensors was recorded continuously using the signals 
from four head-localisation coils. The head-localisation coil positions were digitized, as well 
as the outline of the participants scalp (~500 points), using a 3D digitizer (3Space FastTrack, 
Polhemus, Colchester, VT, USA). This scalp surface was used for co-registration with the 
patients’ anatomical Magnetic Resonance Images (MRI).

Anatomical MRI
Structural MRI scans were made for co-registration with a sagittal slice distance of 0.5-1.5 
mm. Co-registration of these T1-weighted MRIs with the MEG data was achieved using 
surface matching software developed by one of the authors (AH), resulting in an estimated 
co-registration accuracy of approximately 4 mm [258]. A single best fitting sphere was fitted 
to the outline of the scalp as obtained from the co-registered MRI, which was used as a 
volume conductor model for the beamformer analysis described below. The co-registered 
MRI was then spatially normalized to a template MRI using the SEG-toolbox in SPM8. The 
new segmentation toolbox [254] is an extension of the unified segmentation algorithm [6], 
which incorporates additional tissue priors for improved matching of the subject’s MRI to the 
template. The AAL atlas was used to label the voxels in a subject’s normalized co-registered 
MRI [232]. Subcortical structures were removed, as MEG is more sensitive to  neural activity 
in cortical regions [103], and the voxels in the remaining 78 cortical regions of interest (ROIs) 
were used for further analyses [90], after inverse transformation to the patient’s co-registered 
MRI. 

Time-series estimation for regions-of-interest
We used the beamformer approach as described by Hillebrand and colleagues [104]. In 
summary, neuronal activity was reconstructed using a scalar beamformer implementation 
(Elekta Neuromag Oy, beamformer, version 2.1.28) similar to Synthetic Aperture Magnetometry 
[188]. This beamformer sequentially reconstructs the activity for each voxel in a predefined 
grid covering the entire brain (spacing 2 mm) by selectively weighting the contribution from 
each MEG sensor to a voxel’s time-series. Each ROI contains many voxels and the number 
of voxels will be different for each ROI. In order to represent a ROI by a single time-series, we 
selected, for each ROI and frequency band separately, the voxel with maximum pseudo-Z value 
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in that frequency band [188]. For the computation of the pseudo-Z values we estimated the 
data covariance for, on average, 306 seconds (range: 245-705 sec.) of data, and used a unity 
matrix for the noise covariance. The broad-band (0.5–48 Hz) time-series for these selected 
voxels were used for further analysis. This resulted in 78 time-series for each frequency band, 
one for each ROI. Six frequency bands were analyzed: delta (0,5-4Hz), theta (4-8 Hz), lower 
alpha (8-10 Hz), upper alpha (10-13 Hz), beta (13-30 Hz), and lower gamma bands (30-48 
Hz). Time-series were downsampled 4 times, and for each subject, five artifact free epochs of 
4096 samples (13.1072 seconds) were selected (EvD) and further analyzed using Brainwave 
v0.9.72 [authored by C.S.; available at http://home.kpn.nl/stam7883/brainwave.html].  

Functional connectivity
The phase lag index (PLI) was used to assess functional connectivity between the reconstructed 
signals in source space. The PLI is a measure that is insensitive to the effects of volume 
conduction and field spread [214]. The synchronization between time series is based on the 
consistency of the nonzero phase lag with respect to another signal. The instantaneous phase 
difference for each time sample is computed using the analytical signal concept and the Hilbert 
transform. The PLI characterizes the asymmetry in the distribution of instantaneous phase 
differences between two signals. The reason for using the asymmetry of this distribution as a 
measure of functional interaction, is that a nonzero phase lag between these signals cannot 
be explained by volume conduction. The PLI ranges between 0 (no phase locking) and 1 (total 
synchronization). See chapter 3, formula (2) for a mathematical description of PLI.

Minimum Spanning Tree 
The functional connectivity matrices of each frequency band were converted into graphs, 
consisting of nodes (i.e. each ROI is a node) and edges (i.e. PLI value for functional 
connectivity between each pair of ROIs). We used the Minimum Spanning Tree (MST) to 
characterize network topology from the weighted adjacency matrix of PLI values as described 
by [30]. The MST is a subgraph of the weighted graph, which connects all nodes such that the 
functional wiring cost is minimized without forming loops [251]. In order to reconstruct the MST 
from the weighted PLI matrix, we first computed the wiring cost of each link, calculated as the 
inverse of the PLI value or edge weight for every pair of brain regions or nodes. Consecutively, 
the tree with the minimal wiring cost was obtained using Kruskal’s algorithm [133], resulting 
in an MST for each epoch, containing 78 nodes and 77 links. From these minimum spanning 
trees we calculated several measures to characterize their topology as described by [30]: the 
degree (k), leaf fraction (Lf), betweenness centrality (BC), eccentricity, diameter (D), hierarchy 
(Th) and degree correlation (R) (see also Figure 2):

• The degree ki is the number of links of node i. We used the normalized degree, obtained 
by dividing the degree by the total number of links. As a result, the degree is independent 
of the size of the MST. We used kmax to characterize the degree of the whole tree.

• The Leaf fraction Lf is a measure based on the leaf number L, which is defined as the 
number of nodes that have a degree of exactly one. It ranges between 2 (a line-topology) 
and a maximum value m = n – 1 (with n the number of nodes) (a star-like topology). Leaf 
fraction is the leaf number divided by the maximum possible leaf number: Lf = L / m. The 
leaf number is also related to the diameter (largest distance between any two nodes) 
of the tree, where the upper limit of the diameter is defined as dmax = m – L + 2, which 
implies that the value of the largest possible diameter decreases when the leaf number 
increases.

• Eccentricity of a node is defined as the longest distance (measured in number of edges) 
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between that node and any other node. Eccentricity is low if the node is located in the 
center of the tree. Eccentricity was only calculated for individual nodes, while the diameter 
D was used to characterize the longest path d in the MST, normalized for the number of 
edges: D = d / m.

• Betweenness centrality of a node u is defined as the number of shortest paths between 
any two nodes i and j in the network that are passing u, divided by the total number of 
shortest paths in the tree. BC ranges between 0 (leaf node) and 1 (central node in a star-
like network). The BC of the tree was characterized by the BCmax, i.e. the BC of the node 
with the highest BC in the tree.

• Tree hierarchy is a measure that was defined by [30] to characterize the hypothesized 
optimal topology of efficient organization, where information is transferred from node A 
to node B in the fewest possible steps (i.e. star-like topology), while preventing 
information overload of central nodes: 

max
h mBC2

LT 
  

for a line-like topology  Th is equal to zero, for a star-like topology Th =0.5, and for trees 
with a configuration between these 2 extreme situations, Th can have values up to 1. 

• Degree correlation quantifies to what extent the degree of node i is determined by the 
degree of its neighboring vertices to which it is connected. A network is assortative 
when the degree correlation of the graph is positive (R > 0), and disassortative when 
the degree correlation is negative (R < 0) [165].

The data pipeline is shown in figure 1, and different tree topologies are visualized in figure 2.

Statistics
Statistics were computed using PASW Statistics 18.0. Because of non-parametric distribution 
of seizure frequency at baseline between subjects, correlations between seizure frequency 
and average PLI (averaged over the whole adjacency matrix) were analyzed with Kendall’s 
tau tests. Results were considered significant for p < 0.05, corrected for multiple testing using 
the false discovery rate (FDR). Covariates were not used due to small sample size. 

Further analysis was performed in the frequency band(s) that showed a correlation between 
average PLI and seizure frequency at T0. Since only the seizure frequency was non-
parametrically distributed over subjects, parametric tests were used for remaining analyses. 
ANOVA with repeated measures was performed, using Greenhouse–Geisser corrected 
p-values. One within-patient factor was entered in the model, being time point (T0, T1 and T2), 
while seizure freedom at T2 was used as a between-subjects variable. Similarly, correlations 
between preoperative MST measures and seizure frequency were analyzed with Kendall’s tau 
tests, FDR corrected for multiple testing per frequency band. ANOVA with repeated measures 
was again performed, using Greenhouse–Geisser corrected p-values. Two within-patient 
factors were entered in the model, being time point and MST characteristic, while seizure 
freedom at T2 was used as a between-subjects variable.

Finally, permutation tests were performed for regional analysis in SF patients to analyze 
regional alterations of MST measures between T2 and T0 [166]. Since these tests were 
performed as post-hoc analyses, test were considered significant for p < 0.05, without 
correction for multiple testing.
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Figure 1. Estimates of neuronal activity in 78 ROIs of the AAL atlas were obtained using an atlas-based 
beamformer (upper left). PLI values were calculated to quantify functional connectivity between every 
pair of ROIs, which are represented in an adjacency matrix (upper right). The minimum spanning tree 
was constructed from the adjacency matrix in order to obtain an unique sub-graph (lower right), which 
was then further analyzed in order to characterize the topology of the minimum spanning tree (lower left).

Figure 2. Examples of a star-like (A), hierarchical (B) and line-like tree (C). Red nodes represent leaf 
nodes, green nodes represent central nodes. In figure A, the green node characteristics are: degree = 8, 
Betweenness Centrality (BC) = 1, and Eccentricity = 1. All other nodes in A are leaf nodes with degree = 
1, BC = 0, and Eccentricity = 2. The tree has a Leaf fraction Lf = 1, hierarchy Th = 0.5, and diameter = 2. 
In figure C, which represents the other side of the spectrum of tree topology, green node characteristics 
are: degree = 2, BC = 0.5, and Eccentricity = 2. The tree characteristics are Lf = 0.5, hierarchy Th = 0.5, 
and diameter = 4. In figure B, the small diameter of figure A is combined with the relatively low BCmax of 
figure C, which prevents information overload on the green node, and networks like this are hypothesized 
to have an optimal configuration [219].
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RESULTS

Twenty patients were included in this study (16 male, mean age = 36 years (SD 10)). Group 
characteristics are shown in table 1 (see table S1 and S2 for individual patient characteristics). 
Nine patients were included in a previously described study [236] (see table S1). MEG 
recordings were performed at baseline (T0), and after an average interval of 3.3 (SD 1.2) 
months (T1) and 10.7 (SD 1.8) months after surgery (T2). Fifteen patients were seizure free 
at T1, and thirteen patients were seizure free at T2. Some patients changed AED use between 
T1 and T2: an AED was switched in 2 patients, an additional AED was added in 2 patients, and 
an AED was tapered in 1 patient. No treatment affecting the central nervous system other than 
AEDs was given during follow-up, except for one LGG patient who underwent radiotherapy 
because of tumor progression on MRI at T1. Two other LGG patients showed radiological 
tumor progression at T2.

Functional connectivity
In order to explore the relation between average functional connectivity and seizure frequency 
at baseline, a cross-sectional analysis was performed. Because of non-parametric distribution 
of seizure frequency at baseline between subjects, correlations between seizure frequency 
and average PLI were analyzed with Kendall’s tau tests. Positive correlations were found 
between preoperative seizure frequency and average PLI in the theta (4-8 Hz) (Kendall’s tau 
= 0.338; p = 0.044) and lower alpha (8-10 Hz) band (Kendall’s tau = 0.515; p = 0.002; figure 
3) (table S2). The correlation between theta band PLI and seizure frequency was no longer 
significant after applying the False Discovery Rate (FDR) (p < 0.01). 

As the theta and lower alpha band are adjacent frequency bands, we  inspected the power 
spectra in the frequency range of 4-10 Hz for all 78 ROIs in all patients. We found that the 
peak frequency and power distribution fluctuated around 8 Hz, which is the cut-off frequency 
between the thetaband and lower alpha band. We therefore analyzed data with a band pass 
of 4-10 Hz, which also showed a positive correlation between seizure frequency and PLI 
(Kendall’s tau = 0.483; p = 0.004) (Supplementary Material).

Post-hoc regional analysis in the lower alpha band at baseline showed positive correlations 
between PLI and seizure frequency in the inferior orbital part of the frontal lobe (left), inferior 
occipital gyrus (left), Rolandic operculum (right), Heschl’s gyrus (right), and insula (right) (p < 
0.01; figure 4). Interestingly, strongest correlations between PLI and seizure frequency were 
found in the regions with highest lesion load (defined as the number of patients with a lesion 
for each ROI; figure 4).

We tested whether lower alpha band PLI at baseline differed between SF and POS patients, 
and whether the impact of surgery differed between these groups. Since only the seizure 
frequency was non-parametrically distributed over subjects, parametric tests were used for 
remaining analyses. We performed a repeated measures ANOVA using seizure freedom at 
T2 as a between-subject variable, and time point (i.e. T0, T1 and T2) and lower alpha band 
PLI as within-subject variables. No significant main effects were found for time (F(1.725, 4.2 
E-5) = .458; p = .609), and no interaction effects were found for PLI and seizure freedom at 
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Table 1. Patient characteristics

Lesion type N
WHO grade I glioma 3
WHO grade II glioma 12
MTS 3
Cavernoma 2
Total 20
 
Seizure type N
SPS 4
CPS 5
GTCS / SGS 11
Total 20
 
AED use N
None 1
Single AED 10
Multiple AEDs 9
Total 20
 
Seizure free (T0) 0
Seizure free (T1) 15
Seizure free (T2) 13

Seizure frequency (T0) M = 6.0; SD = 7.7
Seizure frequency (T1) M = 0.4; SD = 0.8

Seizure frequency (T2) M = 0.4; SD = 0.8

Seizure frequency is given per month. Abbreviations: MTS = 
mesiotemporal sclerosis; GTCS = generalized tonic clonic sei-
zures; SPS = simple partial seizures; CPS = complex partial 
seizures; GTCS = generalized tonic clonic seizures; SGS = 
secondary generalized seizures; AED = anti-epileptic drug; M 
= mean; SD = Standard deviation from mean. See table S1 for 
information on individual subjects.

T1 (F(1.725, 4.2 E-5) = 2.277; p = .127) or T2 (F(1.725, 4.2 E-5) = 1.130; p = .329). See figure 
S2 for baseline PLI in seizure-free (SF) patients and patients with postoperative seizures 
(POS).
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Figure 3. Correlation between lower alpha band PLI and seizure frequency at T1. A cross-sectional 
analysis at baseline showed correlations between seizure frequency and average PLI in the lower alpha 
band (Kendall’s tau = 0.515; p =0.002).

Figure 4. The figure shows heatmaps for (A) lesion localization of the study population, and (B and 
C) correlations between preoperative seizure frequency and lower alpha band PLI. Figure A and B are 
shown on MNI standard brain template (MNI z-coordinates are given for each cross section). The legends 
of figure A depicts the number of lesions. Color maps in figure B and C show correlation coefficients as 
calculated with Kendall’s tau tests for p < 0.01. Regions that showed correlations between PLI and seizure 
frequency at this threshold were inferior orbital part of the frontal lobe (left), inferior occipital gyrus (left), 
Rolandic operculum (right), Heschl’s gyrus (right), and insula (right). Note that functional connectivity 
correlates with seizure frequency in or near regions with a high lesion load.
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Minimum spanning tree
We tested whether network topology at baseline was related to preoperative seizure frequency. 
Correlations between MST measures and preoperative seizure frequency were calculated in 
the theta and lower alpha band, but were not significant (table S3). However, in the 4-10 Hz 
frequency band, significant correlations were found at T0 between seizure frequency and 
MST Diameter (Kendall’s tau = 0.545; p = 0.001), and MST Betweenness Centrality (Kendall’s 
tau = -0.443; p = 0.008) at baseline (Supplementary Material). 

We then analyzed whether network topology differed between SF and POS patients, and 
whether the impact of surgery differed between these groups. We performed a repeated 
measures ANOVA using seizure freedom at T2 as a between-subject variable, and time 
point (i.e. T0, T1 and T2) and lower alpha band MST measures as within-subject variables. 
A significant main effect was found for MST measure, and a significant interaction effect was 
found for time point and seizure freedom (table 2). 

Based on these results, we concluded that MST topology changed differently over time in SF 
versus POS patients, but the MST measures did not differ between groups at any of the three 
time points. Post-hoc independent sample t-tests were performed to compare deltascores 
(i.e. T1-T0 and T2-T0) of the MST measures between SF and POS patients. Lower alpha 
band MST Δ leaf fraction (T2-T0) was significantly higher in SF patients (M = .0259 SD .0335) 
compared to POS patients (M = -.0048 SD .010; t(18) = 2.35, p = 0.031) (figure 5; see figure 
S2 for baseline leaf fraction in SF and POS patients). Further post-hoc analysis revealed 
that indeed leaf fraction (T2-T0) was significantly increased in SF patients between T0 (M 
= .567 SD .030) and T2 (M= .593 SD .038; t(12) = 2.79, p = .016). These findings indicate 
that the MST becomes more contracted / integrated after surgery in SF patients. We aimed 
to perform regional analysis to localize MST alterations in SF patients, but leaf fraction can 
only be calculated for the whole tree and not for individual nodes. We hypothesized that 
the more integrated MST topology in SF patients after surgery reflected a less prominent 
role of pathological hubs, which disrupted the normal network topology at T0. We therefore 
performed post-hoc permutation tests comparing regional MST betweenness centrality and 
eccentricity, both measures that can be used to characterize hubs, in SF patients between 
T2 and T0 (figure 6). Betweenness centrality was significantly decreased at T2 in the left 
middle temporal pole and supplementary motor area, but increased in right heschl’s gyrus. 
Eccentricity was significantly decreased in the left inferior temporal lobe, and in the right middle 
orbital frontal lobe, post-central gyrus, superior and inferior parietal gyrus, supramarginal 
gyrus, supplementary motor area, and Heschl’s gyrus.
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Table 2. Repeated measures ANOVA for MST characteristics

Effect F test p

Main effects
Time F(1.879, 33.82) = 1.541 .229
MST characteristic F(2.110, 37.98) = 7352.8 .000**

Two-way interactions   
Time * Seizure freedom F(1.879, 33.82) = 1.879 .029*
MST characteristic * Seizure freedom F(2.110, 37.98) = .107 .908
Time * MST characteristic F(3.350, 60.308) = .918 .446

Three-way interaction   
Time* MST characteristic * Seizure free-
dom

F(3.350, 60.308) = .590 .642

Results of repeated measures ANOVA with the within-subject variables time and lower 
alpha band MST measures, and seizure freedom at T2 as between-subject variable. 
A significant main effect was found for MST characteristic, and a significant interaction 
was found for time and seizure freedom, indicating that MST measure(s) changed dif-
ferently over time for SF and POS patients. * = p < .05; ** = p < .001.

Figure 5. The figure shows mean and 95% confidence intervals for leaf fraction deltascores between 
T0 and T2 for SF and POS patients. Lower alpha band MST Leaf fraction was significantly increased 
in seizure free patients at T2 compared to patients with post-surgical seizures (t(18) = 2.35, p = 0.031). 
This indicates that the lower alpha band network shifts towards a more structured (star-like) topology in 
seizure free patients.
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Figure 6. The figure shows heatmaps for (A) lesion localization and (B) resection cavity localization for SF 
patients, and significant alterations in regional MST (C) betweenness centrality and (D) eccentricity. Color 
maps in figure C and D show significant decreases in blue. Betweenness centrality was increased in right 
Heschl’s gyrus, which is not visible at these sections. Note that eccentricity and betweenness centrality 
are decreased in regions with a high resection load, but also in other regions that are more distant from 
the resection cavities.

DISCUSSION

The main finding of this study is that successful epilepsy surgery is reflected in changes 
in functional network organization that were detected by longitudinal MEG analysis. Firstly, 
seizure freedom at approximately one year after resective surgery correlated with a shift 
towards a more integrated network organization (figure 5), as measured by an increase in MST 
leaf fraction. Secondly, MST eccentricity and betweenness centrality decreased significantly in 
SF patients, also in (but not restricted to) regions close to resection cavities (figure 6). Finally, 
preoperative seizure frequency correlated with lower alpha band functional connectivity as 
measured by PLI (figure 3), especially in regions with a high lesion load (figure 4). 
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Functional connectivity analysis
The finding of a positive correlation between seizure frequency and (interictal) functional 
connectivity is in line with previous findings in glioma and lesional epilepsy patients. 

Higher theta band PLI was found to be correlated with increased seizure frequency in previous 
work [78, 238], while this correlation was found to be strongest in the lower alpha band in 
the present study. This difference in frequency band may well be caused by methodological 
differences. Previous work was done on sensor-space MEG recordings from a 151 channel 
CTF system, while here we analyzed source-space recordings from a 306 channel Elekta 
system. Our analysis of the power spectra for these patients further showed that a neat 
division into a theta (4-8 Hz) and alpha1 (8-10 Hz) was not possible due to a peak in the 
power spectra at approximately 8 Hz. We therefore performed a post-hoc analysis for 4-10 Hz 
band-pass filtered data, which showed that the correlation we observed for the lower alpha 
band is also present for this broader frequency range.

Interestingly, we found the strongest correlations between higher alpha 1 band PLI and 
seizure frequency in regions with a high lesion load. This correlation suggests that PLI is 
especially increased in the epileptogenic zone (EZ). In line with these findings, Varotto and 
colleagues showed in intracranial EEG recordings of patients with cortical dysplasia that 
especially outgoing (directed) connectivity was significantly increased in the EZ [245]. Ortega 
and colleagues used connectivity analysis of ECoG recordings to predict effectiveness 
of surgical intervention [173]. When sharply defined connectivity peaks were found in the 
preoperative recordings, resection of these peak areas was positively related to surgery 
outcome. We compared SF and POS patients, but found no significant functional connectivity 
differences at any of the time points, and no significant differences in functional connectivity 
alterations over time. Alterations in (regional) functional connectivity that are due to surgery, 
irrespective of a correlation with epilepsy, may also be hypothesized. Indeed, we found an 
increased alpha band PLI in two resting-state networks directly after surgery in LGG patients 
in a previous study involving a subset of the data analyzed here, which correlated positively 
with postsurgical cognitive performance [236]. In contrast, Douw and others found a decrease 
in inter-hemispheric theta band PLI after resection in glioma patients [71]. Computational 
modeling may further elucidate how epilepsy, lesion and resection interact to alter functional 
connectivity and network topology. In addition, analysis of a large cohort of patients that 
allows for a multivariate analysis correcting for possible confounders such as tumor pathology, 
presurgical seizure frequency, and time between resection and postsurgical MEG registration, 
should be performed to investigate these interactions.

Minimum Spanning Tree analysis
MST leaf fraction in the lower alpha band was increased after surgery at T2 in SF compared 
to POS patients. This difference was not significant at T1, possibly due to small sample sizes 
(15 SF patients and 5 POS patients at T1, versus 13 SF patients and 7 POS patients at 
T2). This alteration indicates that a more integrated topology of the global functional brain 
network is seen after surgery in SF patients, i.e. a change in the direction of a more “star-
like” topology (see figure 2). We speculate that this reflects a reorganization of the functional 
network towards the normal, healthy situation. Previous network studies have suggested 
that pathological hubs characterize functional networks in epilepsy patients [73, 174, 245, 
260]. We did not find a global decrease of betweenness centrality or smaller diameters in SF 
patients after surgery, but pathological hubs may not necessarily lead to a global increase of 
centrality in network organization. We did find, however, a local decrease of betweenness 
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centrality and eccentricity in ROIs that were anatomically close to the resection cavities in SF 
patients. We speculate that this decrease may reflect the surgical removal of local pathological 
hubs, resulting in seizure freedom. Regional analysis comparing lesional epilepsy patients at 
baseline with healthy controls may reveal that such pathological hubs can also be found using 
MEG before surgery, but such analysis was beyond the scope of the current study.

Study limitations 
Due to the relatively small sample size of our study, we did not correct for covariates such as 
age and gender in our cross-sectional analysis, which may have affected results [76, 91, 152]. 
Longitudinal analyses are not expected to be influenced by such confounders, however, and 
medication was unchanged during follow-up in nearly all patients. Some variability was present 
in the time between surgery and especially T2, and direct surgical effects on connectivity 
may have been present in some patients more than others. Finally, we included patients with 
variable lesion pathology, and different lesion types may have different impact on functional 
connectivity. In a previous study, however, LGG patients and patients with non-glial lesions 
seemed to have similar functional connectivity patterns, different from healthy controls [238].

Future prospects
Our findings implicate that network analysis of MEG recordings could be used for presurgical 
planning of epilepsy surgery. Surgical resection altered network topology in SF but not in 
POS patients. No differences were found between SF and POS patients at baseline, which 
suggests that it is the manipulation of the functional network  (i.e. neurosurgical resection of 
the lesion) that determines post-operative epilepsy outcome, and not the baseline network 
itself. This also suggests that more tailored resections may lead to more seizure freedom 
after epilepsy surgery. Future work should explore whether the impact of surgery could be 
predicted based on the baseline network characteristics of the target area for resection. An 
analysis of functional connectivity and network characteristics in the resected area may in 
this way reveal markers, possibly MST eccentricity or betweenness centrality, that identify 
the EZ more accurately. Promising results regarding the use of MEG functional connectivity 
analysis for the prediction of surgical outcome (neurological deficits) in brain tumor patients 
have already been described [226].

Several additional methodological limitations have to be overcome, however, before such an 
approach can be used in clinical practice. MEG beamformer solutions have variable spatial 
resolution (from several millimeters up to centimeters [8]). This may be improved by applying 
corrections for head movements [162], which were not applied in the current study. Moreover, 
reference source-space functional connectivity patterns and MST characteristics in a large 
cohort of healthy controls is desirable, but inter-subject variability in such studies may be 
high [76]. To solve this problem, previous work in brain tumor patients on individual functional 
connectivity maps used the contralateral hemisphere as a reference [96, 226]. However, 
this approach can be questioned since it has also been shown that functional connectivity 
patterns are globally disturbed in brain tumor and lesional epilepsy patients [9, 110, 238]. 
The mechanisms underlying these observations can be elucidated in anatomically realistic 
simulation models on the effects of lesions on functional connectivity patterns [4]. Finally, 
we used the AAL template to enable comparability of results between subjects, studies and 
modalities, but such an approach is unsuitable for individual navigation maps during surgery, 
which would require a voxelwise analysis for sufficient spatial resolution.

In conclusion, our findings indicate a correlation between higher MEG functional connectivity 
and seizure frequency at T0, especially in regions with a high lesion load, and a correlation 
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between epilepsy surgery outcome and MST measures. In particular, analysis of the minimum 
spanning tree in the lower alpha band revealed a shift towards a more integrated functional 
network topology between T0 and T2 for seizure free patients, but not for patients with 
persistent postoperative seizures. Betweenness centrality and eccentricity were significantly 
decreased in SF patients between T0 and T2, although this decrease was not restricted to 
regions close to the resection cavities. MST analysis provides a useful tool to characterize the 
critical backbone of functional networks in a non arbitrary way, and increases comparability 
between studies and imaging modalities. Future studies should investigate whether MEG 
network analysis using the minimum spanning tree may be used for the prediction of epilepsy 
surgery outcome.
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SUPPLEMENTARY MATERIAL

Alternative low-frequency band analysis (4-10 Hz)
In order to determine if the connectivity correlates with seizure frequency may have been 
biased the distribution of power in the spectrum, the power spectra were calculated with Fast 
Fourier Transforms (FFT). These spectra showed that the peak frequency fluctuated around 8 
Hz, which is the cut-off value of the theta (4-8 Hz) and lower alpha (8-10 Hz) frequency bands. 
We therefore repeated the functional connectivity analyses for signals filtered in the 4-10 Hz 
band. Mean PLI was still significantly correlated with seizure frequency at T1 (Kendall’s tau 
= 0.483; p = 0.004). Seizure frequency was also significantly correlated with MST Diameter 
(Kendall’s tau = 0.545; p < 0.001), while a negative correlation was found between seizure 
frequency and MST Betweenness Centrality (Kendall’s tau = -0.443; p = 0.008). These results 
indicate that a higher seizure frequency is related to trees with a less central organization with 
higher average distance between nodes. However, no significant differences in PLI nor in 
MST measures was found at T1 and T2 between SF and POS patients at the p < 0.05 level. 
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Figure S1. Correlations with seizure frequency (4-10Hz). Correlations between seizure frequency (per 
month) and functional connectivity and MST characteristics are shown for 4-10Hz band-pass filtered data. 
Significant correlations were found between seizure frequency and PLI (panel A; Kendall’s tau = 0.483; 
p = 0.004), MST Diameter (panel B; Kendall’s tau = 0.545; p = 0.001), and MST Betweenness Centrality 
(panel C; Kendall’s tau = -0.443; p = 0.008).
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Figure S2. Baseline comparison between SF and POS patients. Baseline mean and 95% confidence 
interval of (A) average theta band PLI, (B) average lower alpha band PLI, and (C) average lower alpha 
band leaf fraction at baseline for SF and POS patients. Repeated measures ANOVA showed no group 
difference for any of the variables at any of the timepoints.

Table S1. Individual patient characteristics 

Patient Gender Age Lesion preop 
volume

postop 
volume 

EOR Time T1 
[months]

Time T2 
[months]

1 M 36 CAV 1 0 100% 3 12
2A F 19 LGG 7 0 99% 3 9
3A F 48 LGG 72 8 89% 3 10
4 F 29 MTS 5 0 100% 3 9
5A M 29 LGG 68 4 94% 3 10
6A F 54 LGG 106 5 95% 2 9
7 F 34 MTS 2 0 100% 3 14
8A M 29 LGG 78 25 68% 2 14
9 M 40 GANG 11 1 95% 2 10
10 M 38 MTS 2 0 100% 4 9
11 M 50 CAV 1 0 100% 2 11
12A M 52 LGG 49 5 90% 4 9
13 M 25 GANG 8 3 59% 3 15
14A M 46 LGG 80 19 76% 4 10
15 M 28 PYL.A. 2 0 100% 3 11
16A,C F 28 LGG 56 10 82% 4 9
17A,C M 30 LGG 30 11 63% 5 12
18 M 35 LGG 71 38 46% 7 12
19B M 48 LGG 11 0 99% 2 9
20 M 43 LGG 59 1 98% 3 10

Abbreviations: M = male; F = female; CAV = cavernous haemangioma; LGG = low-grade glioma 
(WHO grade II); MTS = mesiotemporal sclerosis; GAN = ganglioglioma (WHO grade I); PAC = Py-
locytic Asttrocytoma (WHO grade I). A = patient was included in a previously described study by 
van Dellen et al., 2013. B = Patient had tumor progression at T2 and was treated with radiotherapie 
between T2 and T3. C = Patient showed tumor progression at T3.
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Table S1. (Continued)

Patient Seiz. 
Freq. 
(T0)

Seiz. 
Freq. 
(T1)

Seiz. 
Freq. 
(T2)

Seizure 
type

Medication 
(T0)

Medication 
(T1)

Medication 
(T2)

1 0,1 0 0 GTCS LEV; VPA LEV; VPA LEV; VPA
2 10 0 0 GTCS; SPS LEV; VPA; 

CAR
LEV; VPA; 
CAR

LEV; VPA; 
CAR

3 0,5 0,33 0,33 SPS VPA VPA VPA
4 15 0 0 CPS TOP; PGA TOP; PGA TOP; PGA
5 1 0 1 GTCS; SPS LEV LEV LEV; LAM
6 1 0 0 GTCS LEV LEV LEV
7 5 0 0 CPS LEV LEV; OXC LEV; OXC
8 14 1 1 SPS LEV; PHE LEV; PHE LEV; PHE
9 30 0 0 CPS; SPS LAM; CAR LAM; CAR LAM; CAR
10 15 0 0 CPS CAR; CLO CAR; CLO CARB; FRIS
11 2 1,25 1,25 GTCS LEV; VPA: 

LAM
LEV; VPA: 
LAM

LEV; VPA: 
LAM

12 11 0 0,2 CPS None None VPA
13 1 2 2 SPS VPA VPA LEV
14 1 0 0 GTCS VPA VPA VPA
15 5 0 0 GTCS; CPS LEV; VPA: 

CAR
LEV; VPA: 
CAR

LEV; VPA: 
CAR

16 0,33 0 0 GTCS LEV LEV LEV
17 2 0 0 GTCS; SPS LEV; PHE LEV; PHE LEV
18 4 3 3 SPS LEV LEV LEV
19 1 0 0 CPS VPA VPA VPA
20 1 0 0 GTCS    VPA VPA LEV

Abbreviations: Seiz. Freq = seizure frequency per month;  GTCS = generalized tonic clonic seizures; 
CPS = complex partial seizures; SPS = simple partial seizures; LEV = levetiracetam; VPA = valproic 
acid; CAR = carbamazepine;TOP = topiramate; PHE = phenytoin sodium; PGA = pregabalin; LAM = 
lamotrigin; CLO = clobazam; OCX = oxcarbazepine.


