
CHAPTER 9

Locally disturbed neural activity in cortical lesions has global 
impact on functional connectivity

E. van Dellen, A. Hillebrand, L. Douw, J.J. Heimans, J.C. Reijneveld, C.J. Stam

Submitted



 130

Section 4 Modeling lesions and resection

ABSTRACT

Increasing evidence from neuroimaging and modeling studies suggests that local lesions can 
give rise to global network changes in the human brain. These changes are often attributed 
to disconnection of the lesioned areas. However, damaged brain areas may still be active, 
although the activity is altered. Here, we hypothesize that interactions of damaged tissue 
with remaining brain areas cause global functional connectivity alterations. We simulated 
local polymorphic delta activity (PDA), which typically characterizes EEG/MEG recordings of 
patients with cerebral lesions, in a realistic model of human brain activity. 78 neural masses 
were coupled according to the human structural brain network. Lesions were created by altering 
parameters of individual neural masses in order to create PDA (i.e. simulating acute focal 
brain damage); combining this PDA with weakening of structural connections (i.e. simulating 
brain tumors), and fully deleting structural connections (i.e. simulating a full resection). Not 
only structural disconnection but also PDA in itself caused a global decrease in functional 
connectivity. Interestingly, connectivity between regions that were not lesioned directly also 
changed. The impact of PDA depended on network characteristics of the lesioned region in 
the structural connectome. This study shows for the first time that locally disturbed neural 
activity, i.e. PDA, can alter functional connectivity between remote areas, even when structural 
connections are unaffected. We suggest that focal brain lesions should be considered in the 
framework of the full functionally interacting brain network, implying that the impact of lesions 
reaches far beyond focal damage. 
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INTRODUCTION

A key principle in clinical neurology is to localize pathology in specific parts of the nervous 
system. Focal brain damage may manifest itself in functional deficits that can be attributed 
directly to local disruptions, but also in complex cognitive deficits that cannot be explained 
by such simple mapping. The brain is organized as a globally connected network, and the 
structure of this network affects inter-regional communication [41, 42]. Functional Magnetic 
Resonance Imaging (fMRI), Electroencephalography (EEG), and Magnetoencephalography 
(MEG) recordings have revealed alterations in the global functional network organization of 
patients with traumatic brain injury, brain tumors, and stroke [9, 10, 79, 93, 200]. Local lesions 
may cause disruptions within and between remote brain areas, even when these areas are 
not damaged directly. Computational modeling of (pathological) neural activity can be used 
to unravel the impact of lesions on global brain functioning. Previous work has simulated 
functional connectivity on structural networks [4, 47, 109, 119, 211], and studied how deleting 
or weakening of structural connections (i.e. simulating a structural lesion) affected the 
functional network. An important limitation of these modeling studies, however, is that they 
did not take into account that damaged brain areas may still be active although the activity is 
altered;  EEG/MEG measured in patients with glioma or stroke is often characterized by focal 
arrhythmic slow waves with suppression of the resting-state activity, known as polymorphic 
delta activity (PDA) [43, 65, 175, 221]. We studied for the first time whether PDA in itself 
could affect global brain communication in a model of realistically coupled neural masses 
that, normally, produces oscillatory neural activity. To simulate a lesion, some of the individual 
neural masses were altered so that they produced focal abnormalities, as seen in EEG/MEG 
recordings of patients with structural brain lesions (figure 1). Subsequently, we also studied 
the effect of additional weakening of the structural connections to the lesioned area, in this way 
mimicking the destruction of white matter tracts in brain tumors patients. Finally, a resection 
of the lesion was simulated by complete deletion of structural connections to the lesioned 
areas (figure 2). We then evaluated how these lesions affected local and global functional 
connectivity, and studied the impact of lesion location and size. 

Figure 1. Example of generated data. Shape of the excitatory post-synaptic potential (EPSP) (A), and a 
representative sample of five seconds of data for normal NMMs (B) and lesioned NMMs (C). In B and C, 
vertical bars mark 1 second intervals, and amplitudes are given on a arbitrary scale. The EPSP shown 
in A has increased area under the curve in the lesioned NMMs. In addition to the altered shape of the 
EPSP, the noise determining the fluctuations of the subcortical input spike density was also increased 
in the lesioned NMMs. Generated data for normal NMMs (B) consists of a dominant alpha rhythm, while 
polymorphic delta activity (PDA) with high amplitude characterizes the EEG of lesioned areas (C). 
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METHODS

Neurophysiological activity of 78 anatomically connected neural mass models (NMMs) was 
simulated. The NMM represents the activity of a large population of excitatory and inhibitory 
neurons. It generates an EEG or MEG-like time-series and was originally developed to 
simulate a physiological alpha rhythm [143, 261]. See supplementary material for a detailed 
description, an overview of the model parameters (table S1), and a schematic representation 
of the NMM (figure S1). See figure 1 for a visualization of the generated oscillations. 

The NMMs were then coupled according to a realistic structural connectivity matrix of the 
human cortex based on a DTI study by Gong and colleagues [90], as described in [62]. The 
coupling between NMMs, if present, is reciprocal and excitatory. The coupling strength was 
identical for all links, and weighted by coupling strength S. The value of S is arbitrary, and 
therefore data was generated not only for S = 1, but also for different values of S (i.e. S = 
0.5 (weak coupling), and S = 1.5 (strong coupling), which gave similar results, although the 
number of significantly altered ROIs was lower (figure S2) [218]. See figure 2 for a schematic 
representation of the data analysis pipeline.

Simulation of lesions and resection
Changes to the parameters of one or more individual NMMs were made in order to simulate 
polymorphic delta activity (PDA) with high amplitudes, irregular waveforms and suppression of 
the alpha rhythm [221]. Model parameters of the excitatory post-synaptic potential (EPSP) and 
subcortical input were adjusted to simulate PDA (See supplementary material for parameter 
values). Secondly, we studied a type of lesion of combined grey and white matter damage, 
by strongly weakening the structural connections to the lesional NMMs (lesion-type II). This 
was simulated by decreasing the existing connections in the structural coupling matrix from 
and to the lesioned NMMs to 10% of the original values. Finally, we simulated a resection, 
by generating a flat signal for the resected NMMs, and complete deletion of all connections 
to these NMMs (resection). The situation with normal parameters for all NMMs, and using 
unmodified structural connections, served as a control condition. A schematic representation 
of these procedures is given in figure 2. 

Functional connectivity analysis 
The synchronization likelihood (SL) was used as a measure of functional connectivity [160, 
217]. The SL quantifies generalized synchronization between time series and takes linear as 
well as nonlinear synchronization into account. The SL ranges between a parameter Pref = 
0.01 (no functional connectivity) and 1 (full synchronization). SL was calculated over the broad 
band signal (0.5-48 Hz). 

Statistical analysis
Mean SL values for each ROI (average of all pair-wise SL values originating in a particular ROI; 
this is equivalent to “vertex strength” in graph theory) were compared between the conditions 
“lesion” (i.e. lesion-type I, II or resection) and “control”, and also between the different lesion-
types (i.e. lesion-type I and lesion-type II, etc.) using permutation analysis [166]. A null 
distribution for between-group differences in SL was derived by permuting group assignment 
and calculating a t-statistic after each permutation. To correct for multiple comparisons, the 
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maximum t-value across ROIs for each permutation was used to construct a distribution of 
maximum t-values for 1000 permutations. The threshold for this distribution of maximum 
values was determined at the 0.05 significance level and subsequently applied to determine 
whether observed t-values at the individual ROIs reached significance. Similarly, permutation 
analysis was used to determine whether there were significant differences (p<0.05, corrected) 
in the SL values between pairs of ROIs (i.e. specific connections) when comparing the lesion 
conditions and control condition. Arguably, decreased functional connectivity with the lesioned 
ROIs could be trivially expected, hence we discarded direct connections with the lesioned 
ROIs in this analysis (see figure S2 for an uncorrected analysis).

The effects of lesioning each individual ROI affected the functional connectivity in all other 
regions. Correlations were calculated between the affected number of ROIs and average SL 
(averaged over all possible pairwise SL values between the 78 NMMs), and the structural 
network characteristics of each ROI.. The structural network characteristics degree (i.e. 
number of connections to other ROIs), average shortest path length (i.e. the shortest distance 
between the lesioned ROI and any other ROI), clustering coefficient (number of structural 
connections between the ROIs connected to the lesioned node, divided by the number 
of possible connections between these ROIs), and centrality (number of shortest paths 
between any two ROIs passing through the lesioned ROIs). For calculation of the structural 
network characteristics, and values of these characteristics for all ROIs, we refer to Gong 
and others [90]. Correlations between structural network characteristics and both average 
SL and number of affected ROIs were calculated with Pearson’s correlations. Degree and 
centrality did not follow a Gaussian distribution (Kolmogorov-Smirnov tests; p < 0.05) over 
the 78 ROIs, and were therefore log-transformed (Log10[x]), after which the assumption of 
Gaussian distribution was no longer violated. These log-transformed values were used to 
calculate correlations between degree and centrality, and the outcome measures average SL 
and number of affected ROIs.

RESULTS

Effect of lesion type
The approach used here for modeling of neural masses has been used in a number of 
previous studies [62, 211, 218]. Neurophysiological activity of 78 anatomically connected 
neural mass models (NMMs) was simulated. These neural masses were coupled according to 
a realistic structural connectivity matrix, based on the Automated Anatomical Labeling (AAL) 
atlas of the human cortex, as described in a Diffusion Tensor Imaging (DTI) study by Gong 
and colleagues [90]. We created lesions by altering individual neural masses (lesion-type I; 
figure 1), combined polymorphic delta activity (PDA) and weakening of structural connections 
(lesion-type II), and structural disconnection of NMMs (resection) (figure 2). Altered functional 
connectivity patterns were computed with the synchronization likelihood (SL) [160, 217], and 
alterations in the patterns were detected through comparison to a control situation where the 
NMMs and structural connections were unaltered. First, we created lesions of 8 adjacent ROIs 
in the left frontal lobe. Changes in the average SL per ROI that were caused by the lesion are 
shown in figure 3. A decrease in functional connectivity was not only found in the ipsilateral, 
but also in the contralateral hemisphere for lesion-type I, type II and resection. Interestingly, 
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Figure 2. Overview of simulation set-up. Data is generated with 78 NMMs that represent 78 brain 
regions and are coupled according to an anatomical coupling matrix [90]. This results in 78 time series, 
for which the SL is calculated. Lesion-type I was simulated: a subset of the neural masses (the lesion) 
were adjusted in order to simulate lesional EEG signals (marked red in the neural mass model), and 
coupled according to the normal anatomical coupling matrix. For lesion-type II, the same adjustments 
were made to the NMMs of lesion type I, but now the structural coupling matrix was adjusted by 
changing the coupling strength with the lesion area to 10% (marked red in the structural coupling 
matrix). Finally, a resection was simulated by generating flat channels for the resected areas, and 
complete deletion of the structural connections from and towards the resected NMMs. NMM parameters 
were the same as used for the control condition.

Figure 3. Regional alterations in functional connectivity for the three different lesion-types. A) The 
left frontal region that was lesioned is depicted in orange. Significant decreases (blue) and increases 
(red) in SL, compared to the control condition, are shown for B) lesion-type I C) lesion-type II and D) 
resection. The affected ROIs differ slightly between both lesion types and resection (see also Figure 
S3). All lesion types cause widespread decreases of functional connectivity, also in the hemisphere 
contralateral to the lesion. Note that the lesioned ROIs, as well as direct connections with these ROIs, 
were discarded for the computation of the average functional connectivity for a ROI. 
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the specific ROIs that showed significant decreases of connectivity differed between lesion-
type I and II, and between lesion-type I and resection (figure S3). Compared to lesion-type 
II and resection, lesion-type I showed higher SL in the ipsilateral frontal lobe and, compared 
to lesion-type II, also in the occipital lobe. No significant differences were found between 
lesion-type II and resection. A more detailed analysis of the specific connections that were 
altered revealed that ROIs near the lesioned area were mostly involved (figure 4). Both 
intrahemispherical and interhemispherical SL were decreased due to the lesion. As can be 
seen in figures 3 and 4, not only decreased functional connectivity, but also some increased 
functional connectivity was found for all lesion types. These findings indicate that PDA can 
cause global functional connectivity alterations, even when structural connections are intact, 
and functional interactions are altered between brain areas remote from the lesion. Moreover, 
the impact of locally altered activity is significantly different from the impact of structural 
disconnection.

Effects of lesion location and size
We tested how different lesion locations affected our results, by creating lesions (lesion-type 
I) of the same number of ROIs in the left frontal lobe, in the homologous location in the 
right frontal lobe, and in the left and right temporal lobes (figure 5). All lesions resulted in an 
alteration of functional connectivity in regions other than the lesion, but the number of affected 
ROIs differed between lesions. The left frontal lesion caused SL alterations in 16 other ROIs, 
but the right frontal lesion altered functionally connectivity in only 9 ROIs. The left temporal 
lesion caused SL decreases in the parietal lobe, while the right temporal lesion also caused 
significant SL decreases in the occipital lobe. These findings indicate that the impact of a 
lesion is at least partly determined by its anatomical location.

We then analyzed how lesion size affected the impact of the lesion on the functional 
connectivity. It is shown in figure 6 that by gradually increasing lesion size, defined as 
number of ROIs in the lesion, the remote decrease of functional connectivity due to the lesion 
becomes stronger, but this is not a gradual process. A transition from local impact to global 
impact is seen for the increase from five (figure 6C) to eight (figure 6D) lesioned ROIs. This 
transition, as well as the effect of lesion location, can be explained on the basis of the lesioned 
region’s structural network characteristics, i.e. based on its role in the structural network 
(table 1; figure 7). We used the structural network characteristics for each ROI in the AAL 
atlas, as described by Gong and colleagues [90], to calculate correlations between functional 
connectivity alterations due to the lesion, and the network characteristics of the lesioned ROI 
or node. Positive correlations were found between the number of ROIs affected by a lesion 
and the lesioned ROI’s structural degree and centrality, while a negative correlation was found 
between the number of affected ROIs and clustering coefficients, and average shortest path 
lengths. Similarly, decreased average functional connectivity was significantly correlated 
with higher degrees, higher centrality, and lower clustering coefficients of the lesioned ROI, 
indicating that lesions in hub regions affect the highest number of other regions, and cause 
the largest decrease in functional connectivity. Damage to a node that was part of a highly 
interconnected subregion characterized by high local clustering, however, has less impact on 
global functional connectivity than damage to regions with low local clustering. These findings 
indicate that lesions in hub nodes generally have more global impact than lesions in peripheral 
regions. Moreover, the global impact of a lesion may be limited when the damaged area is part 
of a local cluster of highly interconnected nodes.
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Figure 4. Altered functional connections for the three different lesion-types, compared to controls. A 
lesion was simulated in left frontal ROIs (see Figure 3). Most significantly altered connections were 
found with ROIs that were anatomically close to the lesion. Again, the pattern of (mostly decreased) 
functional connectivity is slightly different between both lesion-types and resection (see also Figure S3). 
Both intra- and interhemispheric connections are decreased, while only few connections are increased 
for lesion II and resection. No connection strengths were significantly increased for lesion I (in contrast 
with figure 3, where 1 ROI showed increased average SL for lesion I). This is possibly due to correction 
for multiple comparisons, since connections between any pair of ROIs (compared to average SL per 
ROI used in figure 3) were compared to the control situation. 

Table 1. Pearson correlations between characteristics of ROIs in the structural network and the 
functional impact of lesioning each ROI.

Network characteristic Change in average SL No. affected ROIs

Pearson’s r p-value Pearson’s r p-value

Centrality -.31 .005 .50 <.001
Degree -.27 .015 .55 <.001

Clustering coefficient .48 <.001 -.41 <.001
Path length .14 .226 -.36 <.001

Functional impact of a lesion was characterized by the change in average SL between all 
neural masses, and by the number of ROIs that showed significant SL alterations com-
pared to control data. 
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Figure 5. Impact of lesion location on functional connectivity. Illustration of differences in the impact of 
a lesion based on its location, showing results for lesions of the same size (i.e. 8 ROIs) in the same 
hemisphere, and on the same location in the contralateral hemisphere. Panel A shows locations of a left 
frontal (orange), right frontal (green), left temporal lesion (yellow), and right temporal (blue) lesion. Panel 
B-E show effects of the lesions on average functional connectivity as measured with SL. The left frontal 
lesion induced altered functional connectivity in 16 ROIs (B), which is only 9 ROIs for the right frontal 
lesion (C). The left temporal lesion caused decreased functional connectivity in 7 ROIs, mainly in the 
left parietal cortex (D), while the right temporal lesion (E) also affects not only parietal, but also occipital 
regions (8 ROIs in total). 

Figure 6. Impact of lesion size on functional connectivity. Illustration of differences in the impact of a 
lesion based on its size. Panel A shows the location of the lesions, starting with a lesion of 1 ROI (red), 
which was  gradually increased in size to 5 ROIs (orange), 8 ROIs (green), and 16 ROIs (dark blue). 
The impact of the lesions is shown in panel B-E. A lesion of 1 ROI significantly altered connectivity in 
6 ROIs outside the lesioned area (B); a lesion of 5 ROIs altered SL in 7 ROIs (b); a lesion of 8 ROIs 
altered SL in 16 ROIs (D); and a lesion of 16 ROIs decreased connectivity in 21 ROIs (E). These results 
show that no linear correlation exists between the number of lesioned ROIs and the impact on functional 
connectivity in distant brain areas.
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Figure 7. Impact of lesions as a function of their characteristics in the structural network. The impact of 
type I lesions was simulated for each of the 78 ROIs of the AAL atlas. The functional impact of the lesion 
was characterized by the change in average SL between all regions (upper panels), and the number 
of significantly altered ROIs compared to control data. Pearson’s correlation coefficients r is given for 
each function (* = p < 0.05; ** = p < 0.01; *** = p < 0.001). Structural centrality and degree were log 
transformed, and are presented on a logarithmic scale. Structural network characteristics were used 
as calculated and reported by [90]. Note that lesions in ROIs that are characterized by a high centrality, 
high degree and low clustering coefficient in the structural network cause the highest SL decrease, and 
alter SL in the highest number of ROIs.

DISCUSSION

This study shows for the first time that locally disturbed neural activity, i.e. PDA, can alter 
functional connectivity between remote areas, even when structural connections are 
unaffected. Previous work that has simulated brain lesions focused on the impact of structural 
disconnection of brain regions on functional connectivity [4, 109, 119, 211]. In the current 
study, disturbed activity had different impact on global brain communication than structural 
disconnection. The centrality and degree of the damaged brain regions in the structural 
network determined the magnitude of the impact on functional connectivity. These findings 
suggest that focal damage should be considered in the framework of dynamical neural activity 
on a structurally connected brain network.

Polymorphic delta activity characteristics
The alterations made to the NMMs in order to create polymorphic delta consisted of alterations 
of the EPSP and an increase of the noise that determines the fluctuations of subcortical input. 
Various pathophysiological processes take place in lesional and perilesional brain areas that 
may cause such alterations of the EPSP [48, 61, 106]. Moreover, the prolonged EPSP in 
lesioned NMMs is in line with recent findings using extracellular field recordings in glioma-
implanted mice [48]. 

Functional connectivity analysis
The finding of a global decrease in broadband functional connectivity due to a lesion is in 
line with clinical work by Bartolomei and others, who showed a global SL decrease in brain 
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tumor patients [10]. Although, most MEG and EEG studies in stroke patients that have used 
functional connectivity analysis have focused on the local impact of ischemia, some of them 
have also described similar global effects [79, 257]. An fMRI study by Gratton and colleagues 
in patients with variable lesion-types also showed decreased global functional connectivity 
compared to healthy controls. Importantly, damage to regions that were characterized as 
‘connectors’ in the structural network, indicating a key role for global integration between brain 
areas, had most impact on the functional brain network [93]. This is in line with modeling work 
by Alstott and others [4], and with our finding that structural network characteristics of lesioned 
ROIs determined the impact on the average functional connectivity for the remaining brain 
areas. This observation also explains the different impact on global connectivity for lesions on 
the same location in the left and right hemisphere, as the DTI matrix we used for the structural 
coupling is asymmetric. However, as was shown by Ponten and others, although functional 
networks are related to the underlying structural network, this relation can be quite complex 
[108, 181]. This is further illustrated in figure 7, where the impact of a lesion is shown to vary 
even for lesions with the same degree or centrality.

In previous studies, we have used the Wada test, during which one hemisphere is temporarily 
anesthetized using amobarbital, as a model of an acute brain lesion in patients that were 
candidate for resective surgery [72, 77]. After injection, functional connectivity decreased 
in the hemisphere contralateral to injection, and also for interhemispherical connections, in 
lower frequency (0.5-8 Hz) bands [72]. Additional analyses showed that the global functional 
network became more randomly organized during the Wada test, and that a higher level of 
network randomization correlated with poorer performance on simple memory tasks during 
the test [77]. These findings indicate that the impact of a lesion on functional connectivity is 
directly related to its impact on cognitive performance, as has been shown in several clinical 
studies [79, 169, 236, 238, 257]. If functional connectivity alterations due to a lesion could  be 
modeled for individual patients, this information could perhaps be used to predict alterations 
in cognitive performance due to the lesion or resection, which would be of great value for 
neurosurgical planning [226]. However, although the effects of an anesthetic or resection have 
been studied in relation to both functional connectivity and altered cognitive functioning, this 
does not explain the impact of different lesions such as ischemia, trauma or glioma. Moreover, 
both structural and functional networks of patients that will undergo resection are already 
disturbed by a lesion, which may affect how the brain is reshaped after a resection. Combined 
empirical and modeling studies are needed to fully understand how pathological alterations in 
the brains of patients with lesions lead to complex cognitive symptoms.

Since no spurious interactions (i.e. volume conduction) are present in this model, we chose 
to use the SL, which is a sensitive measure for synchronization of oscillatory as well as non-
oscillatory activity. The use of another, more strict measure of functional connectivity, the 
phase-lag index (PLI) (37), which we used in our recent source-space MEG studies [104, 
236], gave similar results (figure S4).

Study limitations
A limitation of this study is that we did not take plasticity effects into account. In a 
comprehensive review, Desmurget and colleagues showed that the impact of slowly evolving 
lesions such as low-grade gliomas differs from acute injury as seen in ischemic stroke [68]. 
More specifically, the brain seems to be able to redistribute functions (after resection) in low-
grade glioma patients, while acute damage in stroke to eloquent areas is often irreversible. 
We expect that the brain tends to compensate for the damage and reorganizes towards a new 
optimal state [44, 211]. Acute stroke may affect this plastic reorganization process differently 
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than tumors. A neurocomputational model based on training of parallel processing neural 
networks showed that this difference between acute and slowly growing lesions may also 
explain the discrepancy of reversibility of symptoms between these patient groups [121]. 
The implementation of plasticity in the model used here, adjusted to the specific pathological 
condition under investigation, could be used to simulate the alterations of functional networks 
in patients with brain lesions in more detail. Another limitation of our study is that the spectra 
of the generated time-series did not fully resemble the power spectrum of the human EEG, 
and therefore did not allow for detailed band-filtered analysis of functional connectivity, while 
previous empirical studies show frequency-dependent alterations in patients with brain lesions 
[35, 238]. We postulate however that the current approach is sufficient to show the impact of 
functional lesions on functional connectivity involving the dominant EEG/MEG oscillations in 
the resting-state, as both the alpha rhythm and PDA were realistically modeled. 

Conclusion
In this study, we have compared the impact of lesions that are characterized by slow 
wave activity, with and without structural disconnection, or full structural disconnection (i.e. 
a resection). We have demonstrated that altered activity in damaged brain tissue in itself 
may cause global alterations in brain connectivity, that are similar but not the same as seen 
after structural disconnection. These effects are dependent on (local) structural network 
characteristics, and are more prominent when central, highly connected brain regions are 
affected. Future work should elucidate how these alterations react to plasticity.
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SUPPLEMENTARY MATERIAL

Computation of neural mass models
The population of each NMM has an average membrane potential Ve(t) and Vi(t).The NMM 
generates pulse densities that describe the proportion of cells that are firing per unit time, 
E(t) and I(t). Static non-linear functions SE(x) and SI(x) relate the potentials Ve(t) and Vi(t) to 
the corresponding pulse densities E(t) and I(t). The excitatory postsynaptic potential (EPSP) 
and inhibitory postsynaptic potential (IPSP) are modeled by impulse responses he(t) and hi(t), 
respectively. Following [261], the following impulse responses were used:

   btat eeAth       for t ≥ 0
  0th       for t < 0                      (9)

For he(t) the parameter values were: A = 1.6 mV, a = 55 s−1, b = 605 s−1, for normal NMMs, and 
A = 1.6 mV, a = 8 s−1, b = 60 s−1 for ‘lesional’ NMMs (see figure S1 for a schematic presentation 
of the NMM, and figure 1 for generated signals). For hi(t) the parameter values were: A = 32 
mV, a = 27.5 s−1, b = 55 s−1. The sigmoid function relating the average membrane potential, 
Vm, to the pulse density was also taken from Zetterberg et al. (1978):

   dm VVq
dm egVVS    for Vm ≤ Vd

    dm VVq
dm e2gVVS 

  for Vm > Vd                        (10)

Here the parameter values used were: q = 0.34 mV−1, Vd = 7 mV, g = 25 s−1. The excitatory and 
inhibitory populations are coupled with a constant coupling factor C1 (inhibitory to excitatory 
coupling) and C2 (excitatory to inhibitory coupling). For the coupling constants we used C1 
= 32 and C2 = 3 [143]. The excitatory population receives ‘’subcortical’’ input P(t), as well as 
cortical input from coupled NMMs Ei. P(t) has an average number of pulses per time unit that 
fluctuate with Gaussian noise with standard deviation r. The values for P(t) and r were: P(t) = 
550 s−1, r = 1.0 for normal NMMs, and P(t) = 550 s−1, r = 5.0 for lesional NMMs.
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Figure S1. Schematic representation of the neural mass model. See table S1 for model parameters.

Figure S2. Comparison of SL between lesion-type I and control data. Direct connections with the 
lesioned ROIs were included in this analysis. Left panel: lesion location. Other panels show significant 
alterations of SL for different values of coupling strength S that determines the weight of the structural 
connectivity matrix. 
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Figure S3. Comparison of SL between A) lesion-type I and lesion-type II, and B) lesion-type I and 
resection, for a left frontal lesion (figure 3). Significantly higher SL in lesion-type I is marked red, 
lower SL in lesion-type I is marked blue. No significant differences were found between lesion-type II 
and resection. Higher SL for lesion-type I is especially found in  the frontal and occipital lobes of the 
hemisphere ipsilateral to the lesion.

Figure S4. Comparison of results between SL and PLI. Significant differences between lesion-type I and 
control data are shown for SL (left) and PLI (right). ROIs with decreased connectivity are depicted in 
blue; increases in red. Lower panel shown significant alterations for individual functional connections. 
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Table S1. Overview of model parameters.

Symbol Definition Value Normal Value Lesion I Value Lesion II

t Sample time 0.002 s   
P(t) Subcortical input level to each 

neural mass 
550 spikes s−1   

Noise Random fluctuations around 
average level of P(t) 

1.0 5.0 5.0

A he(t) Amplitude of the EPSP 1.6 mV   
A hi(t) Amplitude of the IPSP 32 mV   
a he(t) Shape parameter of EPSP  55 s−1 8 s−1 8 s−1

b he(t) Shape parameter of EPSP  605 s−1 60 s−1 60 s−1

a hi(t) Shape parameter of IPSP 27.5 s−1   
b hi(t) Shape parameter of IPSP  55 s−1   
g Parameter of sigmoid function 

that relates membrane 
potential to impulse density

 25 s−1   

q Parameter of sigmoid function 
that relates membrane 
potential to impulse density

 0.34 mV−1   

Vd Threshold potential in sigmoid 
function. Relates membrane 
potential to impulse density

 7 mV   

C1 Connection strength between 
main population of excitatory 
neurons and inhibitory neurons 

32   

C2  Connection strength between 
inhibitory neurons and main 
population of excitatory 
neurons 

3   

S  Gain factor for the coupling 
between different neural 
masses 

1.0  0.1

Model parameters are shown with the symbols used in the methods section, their definitions, and val-
ues for the different neural mass models. Values for lesion-type I and II are only given when deviating 
from normal. In lesion-type II, the structural coupling matrix was altered for connections of the lesioned 
NMM, such that Slesion was 10% of the normal value. 
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Table S2. Overview of lesioned ROIs.

Experiment: left frontal lesion of 8 ROIs
Left frontal lesion  

Number (AAL altas) Lateralisation Cortical regions
1 Left Gyrus Rectus
2 Left Olfactory Cortex
3 Left Superior frontal gyrus, orbital part
4 Left Superior frontal gyrus, medial orbital 

part
6 Left Inferior frontal gyrus, orbital part
7 Left Superior frontal gyrus, dorsolateral part
11 Left Superior frontal gyrus, medial part
36 Left Anterior pericingulate cortex

Experiment: lesions of 8 ROIs on variable locations
Frontal lesions  

Number (AAL altas) Number (AAL altas) Cortical regions
1 (Left) 40 (Right) Gyrus Rectus                            
2 (Left) 41 (Right) Olfactory Cortex                        
3 (Left) 42 (Right) Superior frontal gyrus, orbital part    
4 (Left) 43 (Right) Superior frontal gyrus, medial orbital 

part
6 (Left) 45 (Right) Inferior frontal gyrus, orbital part    
7 (Left) 46 (Right) Superior frontal gyrus, dorsolateral part
11 (Left) 50 (Right) Superior frontal gyrus, medial part
36 (Left) 75 (Right) Anterior pericingulate cortex

  
Temporal lesions  

Number (AAL altas) Number (AAL altas) Cortical regions
28 (Left) 67 (Right) Fusiform gyrus
29 (Left) 68 (Right) Heschl's gyrus
30 (Left) 69 (Right) Superior temporal gyrus
31 (Left) 70 (Right) Medial temporal gyrus
32 (Left) 71 (Right) Inferior temporal gyrus
33 (Left) 72 (Right) Superior temporal pole
34 (Left) 73 (Right) Inferior temporal pole
35 (Left) 74 (Right) Parahippocampal gyrus
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Section 4 Modeling lesions and resection

Table S2. (continued).

Experiment: left frontal lesions of increasing size

Left frontal lesion, 1 ROI  

Number (AAL altas) Lateralisation Cortical regions
1 Left Gyrus Rectus                            
  
Additional ROIs for lesion of 5 ROIs

Number (AAL altas) Lateralisation Cortical regions
2 Left Olfactory Cortex                        
3 Left Superior frontal gyrus, orbital part    
4 Left Superior frontal gyrus, medial orbital 

part
6 Left Inferior frontal gyrus, orbital part    
  
Additional ROIs for lesion of 8 ROIs

Number (AAL altas) Lateralisation Cortical regions
7 Left Superior frontal gyrus, dorsolateral part
11 Left Superior frontal gyrus, medial part
36 Left Anterior pericingulate cortex
  
Additional ROIs for lesion of 16 ROIs

Number (AAL altas) Lateralisation Cortical regions
5 Left Middle frontal gyrus, orbital part    
8 Left Middle frontal gyrus  
9 Left Inferior frontal gyrus, opercular part
10 Left Inferior frontal gyrus, triangular part
12 Left Supplementary motor area
13 Left Paracentral lobule
14 Left Precentral gyrus
15 Left Rolandic operculum
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