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Highlights 
 

- stroke lesions should be modeled in MEG source reconstruction 

- special care for the study of deep sources or asymmetric brain activity 

- strong effects can extend up to 20 mm from the lesion 

- bigger lesions lead to stronger effects, independently from the lesion location 

- more priority should be given to usability and accessibility of computational tools 

4. Highlights (for review)                   
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Abstract

Source reconstruction of magnetoencephalography (MEG) has been used to as-

sess brain reorganization after brain damage, such as stroke. Lesions result in

parts of the brain having an electrical conductivity that differs from the nor-

mal values. The effect this has on the forward solutions (i.e., the propagation

of electric currents and magnetic fields generated by cortical activity) is well

predictable. However, their influence on source localization results is not well

characterized and understood. This is specifically a concern for patient studies

with asymmetric (i.e., within one hemisphere) lesions focusing on asymmetric

and lateralized brain activity, such as language. In particular, it is good prac-

tice to consider the level of geometrical detail that is necessary to compute and

interpret reliable source reconstruction results.

To understand the effect of lesions on source estimates and propose recom-

mendations to researchers working with clinical data, in this study we consider
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the trade off between improved accuracy and the additional effort to compute

more realistic head models, with the aim to answer the question whether the

additional effort is worth it. We simulated and analyzed the effects of a stroke

lesion (i.e., an asymmetrically distributed CSF-filled cavity) in the head model

with three different sizes and locations when performing MEG source recon-

struction using a finite element method (FEM). We compared the effect of the

lesion with a homogeneous head model that neglects the lesion. We computed

displacement and attenuation/amplification maps to quantify the localization

errors and signal magnitude modulation.

We conclude that brain lesions leading to asymmetrically distributed CSF-

filled cavities should be modeled when performing MEG source reconstruction,

especially when investigating deep sources or post-stroke hemispheric lateraliza-

tion of functions. The strongest effects are not only visible in perilesional areas,

but can extend up to 20 mm from the lesion. Bigger lesions lead to stronger

effects impacting larger areas, independently from the lesion location. Lastly,

we conclude that more priority should be given to usability and accessibility of

the required computational tools, to allow researchers with less technical exper-

tise to use the improved methods that are available but currently not widely

adopted yet.

Keywords: MEG, source localization, chronic stroke, brain asymmetries,

volume conduction modeling, FEM

1. Introduction

Magnetoencephalography (MEG) is a non-invasive neuroimaging technique

that combines a high spatial and temporal resolution. Initially used clinically

mainly to identify epileptic foci (e.g., [1]), MEG has advantages for superficial

tangential cortical activity over electroencephalography (EEG) because of its5

higher spatial resolution and lower sensitivity to noise and cerebrospinal-fluid

(CSF) channeling effects ([2], [3]). Using sophisticated source reconstruction

techniques, whole-head multichannel MEG sensors allow for source reconstruc-
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tion with a good spatial resolution, boosting the clinical use of MEG technology

to analyze more complex problems of predicting recovery and assessing brain10

reorganization after brain damage, such as stroke.

Globally, stroke is one of the most common causes of death and adult dis-

ability (disability-adjusted life-years). The World Stroke Organization estimates

that one in four adults over the age of 25 will have a stroke in their lifetime.

Apart from physical disability, stroke survivors are prone to develop cognitive15

impairment, with a prevalence of more than 20% in the subacute and chronic

phases (e.g., [4]). Some of the cognitive domains known to be affected by stroke,

including language, memory, executive function, and visuospatial function (e.g.,

[5]), are associated with lateralized brain activity. The aforementioned advan-

tages of MEG make it an important tool to study functional changes in the brain20

following stroke. However, since naturally occurring lesions are asymmetrical

(i.e., within one hemisphere) in the large majority of cases, a within-patient

left/right hemispheric comparison may become flawed if the observation of the

function (brain activity) in the left and right hemispheres is different due to a

trivial difference in volume conduction that has no bearing on brain function.25

MEG source reconstruction, or estimating the position and/or strength of

the neural sources of the MEG data that is recorded over the scalp, requires

solving the so-called inverse problem, which is ill-posed with no unique solution

([6]). Solving the inverse problem requires model assumptions on the sources.

The subsequent accuracy of the inverse solution depends, among other factors,30

on the accuracy of the so-called forward solution. The forward solution or

forward model comprises the spatial distribution of the MEG signals due to the

activity of known sources. The forward solution requires a volume conduction

model of the head (or head model) in order to model the distribution of neuronal

and volume currents. It is custom to use simplified approximations of the head35

geometry, as these allow for computationally efficient and (quasi-)analytical

([7], [8]) solutions, which are accurate enough in most applications. For more

complex geometries, the solution needs to be computed numerically ([9]). Both

the construction of more complex geometries and the numeric computation of
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the forward model add a level of complexity to the analysis pipeline and work40

to be done by the researcher, which is not always explicitly considered when

considering the benefits of potentially improved forward model accuracy.

There are nevertheless particular scenarios for which a higher complexity

and resolution of the head model is justified, for example when the researchers

focus is on deep sources, such as medial temporal lobe structures. The case45

that we consider here comprises lesions that form localized and asymmetric

pockets in the brain with a conductivity that is substantially different from the

neighboring areas, such as chronic stroke lesions resulting in cavities filled with

cerebrospinal fluid (CSF).

1.1. Rationale of the present study50

The goal of the present paper is to model the effect of asymmetrically dis-

tributed CSF-filled cavities, which we do through the use of stroke-induced

lesions, on MEG source reconstruction to study the effects of asymmetrical

anatomical abnormalities in asymmetric brain activity, such as language lateral-

ization. There is a vast literature on the effects of modeling head compartments55

with different conductivity in the forward ([10], [2], [11], [12] ) and inverse ([13],

[14], [15]) solutions, and, in a reciprocal sense ([16]), in brain stimulation simula-

tions ([17], [18], [19], [20]). Nevertheless, while CSF shunting effects on volume

currents and thereby on forward (and inverse) solutions are well known (see,

e.g., [2]), these effects have not been well quantified in the particular scenario60

of stroke lesions or, more generally, asymmetric localized cavities. It is good

practice to consider the level of geometrical detail that is necessary to compute

and interpret reliable source reconstruction results. To propose concrete recom-

mendations, we study whether the additional effort required for more realistic

head models is worth it, using analysis pipelines based on readily available FEM65

solvers and easy-to-use toolboxes.

To focus on the asymmetries due to CSF-filled cavities and their effects on

source reconstruction, we want to ignore the normally occurring asymmetries

between the left and right hemispheres. Therefore, we artificially symmetrized
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an MRI scan along the midline before building the head model. Thus, the nor-70

mal asymmetries such as differences in cortical volume and folding between the

hemispheres are excluded from our model. The model is nevertheless based on a

real anatomical MRI and the asymmetry along the anterior-posterior direction

is retained in the model.

Taking the head model with the lesion to represent the ground truth and75

using it as the forward model to simulate the measured MEG data, we performed

source reconstruction assuming a head model with no lesion. This represents a

scenario in which a researcher records data from a patient with a stroke lesion

and does not include the lesion in the analysis of that data. We investigate the

effects of neglecting this abnormal asymmetry and quantify the displacement of80

estimated source locations and the attenuation/amplification of the amplitude

of the reconstructed source activity.

The shape, size, location, and composition of lesions vary from subject to

subject. Since individual lesions can be irregular in shape, accounting for them

in the head model is challenging if the forward solver requires specific constraints85

(e.g. smoothness or regularity) of the geometric model of the head. For example,

in most Boundary Element Method (BEM) implementations, the head model

needs to be represented as a set of nested non-intersecting surfaces [21], which

are not straightforward to create from anatomical MRIs with lesions. Moreover,

more surfaces and more detail in these surfaces implies more degrees of freedom90

in the linear system to be solved, resulting in an increase of the computational

effort. There are nevertheless state-of-the-art BEM solutions for arbitrary piece-

wise homogeneous conductors ([22]). In the case of other numerical methods,

such as the finite volume methods [23], the finite difference methods (e.g., [24])

and the finite element methods (FEMs) ([25], [26], [27]), the irregularity in the95

geometries does not pose a specific problem. In our study, we deal with FEM

which requires a volumetric mesh where every element of the mesh can be repre-

sented as a hexahedron. The mesh can directly be extracted from a segmented

MRI in which the lesion is specified as one of the tissue types. Each of the mesh

elements is assigned with a conductivity that is based on the dominant tissue100
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type of the corresponding voxels.

There are dedicated tools for the automatic segmentation of stroke lesions

from MRI scans, avoiding the burden of manual work. In this study, we used

LINDA ([28]) in combination with meshing routines embedded in the FieldTrip

toolbox ([29]) to create a volumetric mesh.105

There are several open-source tools that implement most of the analytic

steps needed for source reconstruction pipelines, including the modeling of ge-

ometries with different levels of detail and complexity. Examples of such tool-

boxes are FieldTrip, Brainstorm ([30]), and MNE-Python ([31]). Apart from

offering (quasi-) analytical MEG solutions ([8], [32]), these toolboxes support110

BEM solutions through integration with the OpenMEEG toolbox ([33]). As

already discussed, the level of detail we want to explore in this study extends

beyond the limits dictated by BEM implementations that are readily available

in open source tools; we are therefore interested in FEM solvers. Open-source

FEM solvers are available for MEG forward solution computation like DUNEuro115

([34]) and SimBio (https://www.mrt.uni-jena.de/simbio). Here, we imple-

ment an analysis pipeline mainly based on FieldTrip, with the external com-

putation of MEG leadfields implemented in DUNEuro-Python. The complete

analysis pipeline is shared together with the present paper.

2. Materials and Methods120

In this section, we describe how we model the effects of lesions in MEG

source reconstructions. The main steps are schematically visualized in Figure

1.
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Figure 1: Schematic representation of the main steps involved in our pipeline. Gray box:

input data consisting of a T1w MRI scan, and MEG sensor position and orientation; Blue

boxes: processing of input to create seven symmetrized headmodels, six with and one without

the lesion, and sensors; Green boxes: MEG forward and inverse problem computation; Red

boxes: output maps. We marked with asterisks the steps that are repeated for three different

lesion sizes and three different lesion locations.

2.1. Data acquisition and selection125

In this study, we used the anatomical data of three patients in the chronic

phase of stroke (more than 1 year post-onset). The data were acquired under the

approval of the Ethics Committee ’CMO regio Arnhem-Nijmegen’ (NL58437.091.17)

and the participants gave written informed consent. The subjects were scanned

at the Donders Centre for Cognitive Neuroimaging with a 3T MAGNETOM130

PrismaFit scanner: a T1-weighted MRI scan was acquired. The subjects also

participated in a MEG study which was performed with a 275-channel MEG

system (CTF-MEG, VSM MedTech Inc., Coquitlam, Canada). The MEG data

itself is not used here, but we do use the head and sensor position information

of this measurement. Out of a collection of 15 subjects’ data already published135

(see [35]), we selected three subjects whose lesions were similar in size (i.e., in

a range from ≈ 90 and 110 ml) but different in location (i.e., from frontal to

more posterior). See Figure 2.
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2.2. Modeling the head, the sources, and the sensors

We built seven different head models: one homogeneous head model, where140

the lesion is neglected, three head models with an incrementally larger lesion,

and three head models with the lesion in different locations. To disentangle the

effects on source reconstruction of normal and abnormal brain asymmetries and

to reduce the anatomical differences between head models to the ones related

to the lesions, we constructed head models that were explicitly made symmetric145

along the midline, starting from the MRI scan of one of the three patients, i.e.,

subject A. We describe the procedure in the following.

As the first step of our pipeline, we delineated the lesions of the three sub-

jects using the LINDA toolbox ([28]). LINDA is an R package for automatic

segmentation of chronic stroke lesions based on machine learning algorithms.150

The input for LINDA is a T1w MRI scan, while the output is a volumetric

description of the lesion.

After re-aligning and reslicing both the input MRI of subject A and the

lesion volumes of subjects A,B and C produced by LINDA, we symmetrized

the MRI scan of subject A by flipping the volumetric anatomical matrix of155

the non-lesioned hemisphere over the midline. The symmetrized MRI scan was

segmented into four different components (brain, CSF, skull, and scalp), and the

lesion volume was added as a fifth compartment. After this step, we had seven

segmentations, one without, and the others with six different realistically shaped

lesions. The six lesions were added to the same MRI flipped segmentation, the160

one from subject A. As to the lesion size, we eroded the lesion volume of subject

A into two consecutive steps, in order to have two smaller lesions with the same

shape as the one of subject A. In particular, the lesions are 1.5%, 5% and 9.5%

of the brain volume, respectively. As to the lesion location, we considered the

lesion of three different subjects, i.e., subject A, B, and C, and added them165

to the symmetrized segmentation of subject A. Axial sections of the six head

models are visualized in Figure 2. After downsampling the segmented volumes

to a 2 mm resolution, we built hexahedral volumetric meshes, consisting of

approximately 600K nodes and elements.
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The conductivity for the non lesion tissues was assigned following the liter-170

ature (brain = 0.33 S/m, CSF = 1.79 S/m, skull= 0.1 S/m and scalp = 0.43

S/m). The stroke lesions consist of a mixture of a CSF-filled cavity (the core)

and injured gray and white matter in the vicinity of the cavity (the penumbra).

While the CSF conductivity is known in the literature ([36], [37]), the conduc-

tivity of the penumbra is unknown. Following previous literature (e.g., [18]), we175

modeled the lesion identified by LINDA as a CSF-filled cavity.

We modeled the sources as dipoles. To avoid numerical instability, the po-

sitions of the sources were chosen as the centroids of the elements in the mesh

corresponding to brain tissue (excluding the lesion). For each dipole position,

we considered three orthogonal source orientations.180

The MEG helmet is constructed so that the MEG sensors are symmetrically

distributed, but in the MEG experiment the subjects head does not need to be

exactly in the middle of the helmet. To rule out left-right differences due to the

asymmetric placement of the head in the helmet, we symmetrized the sensor

positions by centering them on the head model.185

2.3. MEG forward and inverse solutions

We created seven sets of forward models, based on the head model with

and without the lesion. The six forward models with the lesions were used

to simulate the sensor-level topographies that would have been recorded. The

head model without the lesion was subsequently used in the source reconstruc-190

tion to evaluate the effect of omitting the lesion. MEG forward solutions were

computed applying a FEM with Lagrangian basis functions ([25], [27]) and the

so-called partial integration source modeling approach ([38], [39], [40]) using the

code implemented in the DUNEuro software ([34]), validated in [26], and made

available in the Donders Repository (https://data.donders.ru.nl/login/195

reviewer-161275029/8zU_UbcwW4U1FhJTwXi2ZlA5Uc-BHe2EybNs9qXcPms).

For the simulated MEG scalp topography corresponding to each source, we

computed a dipole scan fitting one dipole using the FieldTrip toolbox ([41]) in

the head model with the lesion.
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2.4. Evaluating the effect of omitting the lesion on source reconstruction results200

We quantified the lesion effect with three different maps: sensitivity, dis-

placement, and attenuation/amplification. This was repeated for the six head

models and three axial slices for each model. Two of these slices intersected

the lesion, and one slice was located approximately 20 mm above or below the

lesion. We visualized the slices color-coded with each of these three measures.205

The slices of interest and their location in relation to the lesion and head are

shown in Figure 2. Since the two slices crossing the lesion lead to similar results,

we present here the analysis relative only to one of the two crossing axial planes.
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a

d

g

b c

e f

h i

Figure 2: Clipped symmetrized mesh (a,d,g) and the two axial slices considered in this study

(center and right columns) for subject A (a,b,c), B (d,e,f) and C (g,h,i). For each subject we

considered a slice crossing (c,e,i) and not crossing (b,f,h) the lesions. The colors follow the

conductivity profile.

2.4.1. Sensitivity maps210

The amplitude of the sensor-level MEG signal varies with the location and

orientation of the source, even if the source amplitude is kept constant. MEG is

known to be considerably less sensitive to radially oriented sources compared to

tangential sources, and to deep sources compared to superficial sources (e.g., [3]).

11

                  



This inherent variability in MEG sensitivity needs to be taken into account. We215

therefore quantified sensitivity maps for the simulated sources to the computed

MEG signal. For every dipole we computed the mean over channels of the

forward solution normalized by its maximum, i.e.,

sensi = avgi/maxi=1,...,Ndip(sensi), (1)

where

avgi = 1/Nch ·
Nch∑

j=1

|sol(i, j)|. (2)

for every dipole i, i = 1, ..., Ndip and every channel j, j = 1, ..., Nch. sol(i, j)

is the MEG forward solution corresponding to the i-th dipole and the j-th chan-220

nel; Ndip is the number of dipoles; Nch is the number of MEG channels. The

MEG sensitivity is expressed in percent for each dipole location and visualized

to aid in the interpretation of the remainder of our results.

2.4.2. Displacement maps

One effect of neglecting the asymmetry due to the lesion when performing225

source reconstruction is the dipole localization error, which can be quantified

in mm. Using the model without the lesion, we fitted dipoles to the forward

model topographies that were created using the head model with the lesion.

We computed the displacement as the Euclidean distance between the original

dipole location, and the reconstructed location.230

2.4.3. Attenuation/Amplification maps

Another error that can result from neglecting the asymmetry due to the

lesion is that the amplitude of the activity is estimated incorrectly. We com-

puted the ratio (in dB) between the MEG topography from the head model with

the lesion and the one from the head model without the lesion, for each dipole235

position and dipole orientation in each of the three axial slices. The attenua-

tion/amplification value for the dipole in the i-th original location is quantified

12

                  



by

ai = 10 ∗ log10(diag(pinv(topography withi) ∗ topography withouti)), (3)

where topography withi and topography withouti are the forward solutions

computed when the lesion is included or not in the model, respectively. In240

particular, the product pinv(topography withi) ∗ topography withouti) gives a

3 × 3 matrix where on the diagonal are the ratios between leadfields from the

head model with the lesion and the ones without. The first element of the di-

agonal of such matrix stands for the ratio in the x-axis, the second for the ratio

in the y-axis and the third for the ratio in the z-axis.245

From equation 3 we see that the value of ai in dB is negative in the case of

attenuation, i.e., when topography withouti is smaller than topography withi;

vice versa, ai is positive (i.e., there is signal amplification) when topography withouti

is bigger than topography withi.

3. Results250

We present the results considering the effects of lesion size, location and

distance for each of the three maps computed, i.e., sensitivity, displacement and

attenuation-amplification.

3.1. Sensitivity maps

The sensitivity maps need to be considered for the interpretation of the255

the following results (i.e., displacement and attenuation/amplification maps).

In particular, areas with a low a priori sensitivity might be prone to larger

displacement errors which are not due to forward modeling inaccuracies, as we

will see in detail in the next section.

3.1.1. Size effects260

Figure 3 shows the sensitivity maps for dipoles pointing into the x-direction

(posterior to anterior axis, leftmost column), the y-direction (left to right axis,

13

                  



central column), and z-direction (inferior to superior axis, rightmost column)

for different lesion sizes (top-down). In general, we see that, as expected from

literature (e.g., [3]), the sensitivity is largest (up to 100%) for superficial tangen-265

tial dipoles, and rapidly decreases for deeper dipoles. The closer the dipole is to

the center of the head, the weaker the sensitivity of the MEG becomes. For x-

oriented dipoles (left column), tangential dipoles are on the outer left and right

contours of the left and right hemispheres, respectively; for y-oriented dipoles

(center column), tangential dipoles are mainly in the anterior and posterior ar-270

eas; for z-oriented dipoles (right column), tangential dipoles, and corresponding

brighter colors in the map, follow the whole contour of the slices and concentric

isolines are visible. This behaviour becomes clearer in the sphere simulation

study in the Supplementary Material.

From Figure 3, we see that the symmetry of the maps becomes more dis-275

rupted the larger the lesions. This effect is especially notable along the dipole

orientation axis. In particular, when looking at the sensitivity maps for y-axis

oriented dipoles in Figure 3b,e,h, we can see that areas between the center of

the brain slice, i.e., ventricles, and the lesion have higher sensitivity for bigger

lesions. Similarly, for the same dipoles, the contralesional hemisphere appears280

more sensitive as well, i.e., the areas with the lowest sensitivity are shrunk.

Overall, we see that there is higher sensitivity for bigger lesions (cfr. Supple-

mentary Material).
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Figure 3: MEG sensitivity map in percentage relative to x- (a,d,g), y- (b,e,h), and z-oriented

(c,f,i) original dipoles in one slice crossing the lesion, for increasing lesion sizes (top to bottom).

A schema representing the contour of the inner skull compartment, the lesion and the cutting

axial plane (in red) is visualized on the right. In each dipole position, the mean over channels

is normalized by the maximum. Brighter pixels stand for high sensitivity, dark purple pixels

for low sensitivity. Note the MRI coordinate system (in mm) shown in the axes. Dipoles

orientations are schematically indicated at the bottom of the figure.

3.1.2. Location effects285

In Figure 4, we visualized the sensitivity maps for x- (left column), y- (central

column) and z-oriented dipoles (right column) corresponding to head models

where lesions are positioned differently in the brain compartment that is, lesions

delineated from subject A (a,b,c), subject B (d,e,f) and subject C (g,h,i). From

15

                  



Figure 4, we see a disrupted sensitivity symmetry caused by the lesion. This290

effect seems to be independent from the lesion location, and it can be seen more

evidently in the sphere simulations in the Supplementary Material.

-50 0 50

-50

0

50

-50 0 50 -50 0 50

-50 0 50

-50

0

50

-50 0 50 -50 0 50

-50 0 50

-50

0

50

-50 0 50 -50 0 50

Figure 4: MEG sensitivity map in percentage relative to x- (a,d,g), y- (b,e,h), and z-oriented

(c,f,i) original dipoles in one slice crossing the lesion, for different lesion locations, i.e., anterior

(a,b,c), middle and medial (d,e,f), middle and posterior (g,h,i) lesions. A schema representing

the contour of the inner skull compartment, the lesion and the cutting axial plane (in red)

is visualized on the right. In each dipole position, the mean over channels is normalized by

the maximum. Brighter pixels stand for high sensitivity, dark purple pixels for low sensitiv-

ity. Note the MRI coordinate system (in mm) shown in the axes. Dipoles orientations are

schematically indicated at the bottom of the figure.

16

                  



3.1.3. Distance effects

In Figure 5, we see that the effects of the presence of the lesion can still295

be captured by the maps even when 20 mm away from the lesions. This is

particularly evident in Figure 5c,i,d,e, where the sensitivity is higher right above

(c,i) or below (d,e) the lesion.

The z-level of the slice and the distance to the sensors indeed play a role.

Dipoles lying on the midline turn out to be tangential, since they are closer300

to the upper surface of the head and are therefore visible with MEG. We also

notice high sensitivity values for dipoles lying in the upper slice, z-oriented, and

located in posterior areas.
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Figure 5: MEG sensitivity map in percentage relative to x- (a,d,g), y- (b,e,h), and z-oriented

(c,f,i) original dipoles in one slice away from the lesion, i.e., above (a,b,c,g,h,i) and below (d,e,f)

for different lesion locations, i.e., anterior (a,b,c,g,h,i), middle and medial (d,e,f), middle and

posterior (g,h,i) lesions. A schema representing the contour of the inner skull compartment,

the lesion and the cutting axial plane (in red) is visualized on the right. In each dipole

position, the mean over channels is normalized by the maximum. Brighter pixels stand for

high sensitivity, dark purple pixels for low sensitivity. Note the MRI coordinate system (in

mm) shown in the axes. Dipoles orientations are schematically indicated at the bottom of the

figure.

3.2. Displacement maps305

Figure 6 shows the dipole displacements (on the left) and the MEG sensi-

tivity map (on the right) for subject A in one axial slice crossing the lesion.
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Overall, large displacements are observed along the symmetry axis on which

they are oriented. For example, for x-oriented dipoles (toward the nose), max-

imum displacement values up to 50 mm are along the x-axis, i.e., the head310

midline (see Figure 6 a). In addition, z-oriented dipoles (toward the vertex)

located in posterior areas show displacement values around 30 mm. The dipole

displacement is not symmetrically distributed; the highest displacement values

are observed close to the lesion. This effect is especially noticeable in Figure 6

a and c, where we see a cluster of dipoles between the lesion and the center of315

the brain exhibiting high displacement values. A similar asymmetrical cluster

is visible above the lesion in Figure 6c, for z-oriented dipoles.

The sensitivity maps shown in Figure 6d,e,f guide the interpretation of the

displacement maps. We can see that the displacements peaks, i.e., above 30

mm, are present in areas where the sensitivity is below 20%. Nevertheless, we320

can also notice that there are areas where the sensitivity is above 45% and the

displacement is above 15 mm. One example of this can be seen in Figure 6b

and e. In the brain tissue between the lesion and the ventricles, we notice 10

mm displacement and more than 85% sensitivity.
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Figure 6: Left: Dipole-fit displacement map relative to x- (a), y- (b), and z-oriented (c)

original dipoles for subject A in one axial slice crossing the lesion. In each dipole position, the

magnitude of the vector difference between the original dipole location and the reconstructed

dipole location is visualized in the original dipole location. Brighter pixels stand for high

displacement, blue pixels for low displacement. Note that the colormap was clipped at 45 mm

for visualization purposes. Right: MEG sensitivity map in percentage relative to x- (d), y-

(e), and z-oriented (f) original dipoles for subject A in one axial slice crossing the lesion. In

each dipole position, the mean over channels is normalized by the maximum. Brighter pixels

stand for high sensitivity, dark purple pixels for low sensitivity. Note the MRI coordinate

system (in mm) shown in the axes. Dipoles orientations are schematically indicated at the

bottom of the figure. A schema representing the contour of the inner skull compartment, the

lesion and the cutting axial plane (in red) is visualized in the center.

325

3.2.1. Size effects

In general, from Figure 7 we notice that highest displacement values are

concentrated around the lesion. In addition, we can see that displacement val-

ues get higher for larger lesions. In particular, for the biggest lesion (Figure

7g,h,i), which corresponds to the actual lesion of subject A, we see that, despite330

being low, displacement values are also found in the contralesional hemisphere.

Particularly high displacement values, i.e., up to 45 mm, are visible in the per-

ilesional area confined between the ventricles and the lesion, especially high for

x-oriented dipoles (Figure 7g). This effect becomes more visible in the sphere

simulations.335
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Figure 7: Dipole-fit displacement map relative to x- (a,d,g), y- (b,e,h), and z-oriented (c,f,i)

original dipoles in one slice crossing the lesion, for increasing lesion sizes (top to bottom). A

schema representing the contour of the inner skull compartment, the lesion and the cutting

axial plane (in red) is visualized on the right. In each dipole position, the magnitude of the

vector difference between the original dipole location and the reconstructed dipole location is

visualized in the original dipole location. Brighter pixels stand for high displacement, blue

pixels for low displacement. Note that the colormap was clipped at 45 mm for visualization

purposes. Dipoles orientations are schematically indicated at the bottom of the figure.

3.2.2. Location effects

In Figure 8, we see high displacement values in the perilesional areas, inde-

pendently from the location of the lesion (different rows of Figure 8). As already

noticed in Figure 7g,h,i, displacement values are found also in the contralesional340
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hemisphere. Note that the lesion size does not change in this comparison.
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Figure 8: Dipole-fit displacement map relative to x- (a,d,g), y- (b,e,h), and z-oriented (c,f,i)

original dipoles in one slice crossing the lesion, for different lesion locations, i.e., anterior

(a,b,c), middle and medial (d,e,f), middle and posterior (g,h,i) lesions. A schema representing

the contour of the inner skull compartment, the lesion and the cutting axial plane (in red) is

visualized on the right. In each dipole position, the magnitude of the vector difference between

the original dipole location and the reconstructed dipole location is visualized in the original

dipole location. Brighter pixels stand for high displacement, blue pixels for low displacement.

Note that the colormap was clipped at 45 mm for visualization purposes. Dipoles orientations

are schematically indicated at the bottom of the figure.
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3.2.3. Distance effects

In Figure 9, we see that the effects of having the lesion in the head model

are still strong in areas that are around 20 mm away from the lesion and where345

the sensitivity is not so low. This effect is particularly visible in Figure 9c and

f, for z-oriented dipoles. In the ipislesional hemisphere, there are displacement

values up to 20mm where the sensitivity is over 70%.
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Figure 9: Left: Dipole-fit displacement map relative to x- (a), y- (b), and z-oriented (c) original

dipoles for subject A in one axial slice not crossing the lesion. In each dipole position, the

magnitude of the vector difference between the original dipole location and the reconstructed

dipole location is visualized in the original dipole location. Brighter pixels stand for high

displacement, blue pixels for low displacement. Note that the colormap was clipped at 45 mm

for visualization purposes. Right: MEG sensitivity map in percentage relative to x- (d), y- (e),

and z-oriented (f) original dipoles for subject A in one axial slice not crossing the lesion. In

each dipole position, the mean over channels is normalized by the maximum. Brighter pixels

stand for high sensitivity, dark purple pixels for low sensitivity. Note the MRI coordinate

system (in mm) shown in the axes. Dipoles orientations are schematically indicated at the

bottom of the figure. A schema representing the contour of the inner skull compartment, the

lesion and the cutting axial plane (in red) is visualized in the center.

3.3. Attenuation/Amplification maps350

3.3.1. Size effects

Figure 10 shows the attenuation/amplification maps for different lesion sizes

(top to bottom). These are not symmetric and show non-negligible amounts of

attenuation and amplification around the lesion. For dipoles radial and close to

the lesion, we see amplification effects (red clusters), while for dipoles tangential355

and close to the lesion, there are attenuation effects (blue clusters). This is

confirmed in the sphere simulations in the Supplementary Material. In addition,

we notice stronger and wider amplification/attenuation effects with increasing

lesion size.
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Figure 10: Attenuation/amplification map relative to x- (a,d,g), y- (b,e,h), and z-oriented

(c,f,i) original dipoles in one slice crossing the lesion, for increasing lesion sizes (top to bottom).

A schema representing the contour of the inner skull compartment, the lesion and the cutting

axial plane (in red) is visualized on the right. In each dipole position, the ratio between the

leadfield relative to the head model without and with the lesion (in dB and centered around

the value 0) is visualized in the original dipole location. Blue pixels stand for attenuation, red

pixels for amplification, white pixels for neither amplification nor attenuation. Note that the

colormap was clipped between 5 and -5 dB. Note the MRI coordinate system (in mm) shown

in the axes. Dipoles orientations are schematically indicated at the bottom of the figure.

360

3.3.2. Location effects

From Figure 11, we see high attenuation and amplification values around

the lesion, with the same orientation mentioned above: amplification effects
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for dipoles radial and close to the lesion, and attenuation effects for tangential

dipoles.365
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Figure 11: Attenuation/amplification map relative to x- (a,d,g), y- (b,e,h), and z-oriented

(c,f,i) original dipoles in one slice crossing the lesion, for different lesion locations, i.e., anterior

(a,b,c), middle and medial (d,e,f), middle and posterior (g,h,i) lesions. A schema representing

the contour of the inner skull compartment, the lesion and the cutting axial plane (in red) is

visualized on the right. In each dipole position, the ratio between the leadfield relative to the

head model without and with the lesion (in dB and centered around the value 0) is visualized

in the original dipole location. Blue pixels stand for attenuation, red pixels for amplification,

white pixels for neither amplification nor attenuation. Note that the colormap was clipped

between 5 and -5 dB. Note the MRI coordinate system (in mm) shown in the axes. Dipoles

orientations are schematically indicated at the bottom of the figure.
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3.3.3. Distance effects

Amplification and attenuation effects are also visible when considering a

slice 20 mm away from the lesion, as seen in Figure 12 a,b,c. In the same areas,

the sensitivity reaches up to 80%, similarly to what was already seen for the370

displacement results.
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Figure 12: Left: Attenuation/amplification map relative to x- (a), y- (b), and z-oriented

(c) original dipoles in one axial slice not crossing the lesion. In each dipole position, the

ratio between the leadfield relative to the head model without and with the lesion (in dB

and centered around the value 0) is visualized in the original dipole location. Blue pixels

stand for attenuation, red pixels for amplification, white pixels for neither amplification nor

attenuation. Note that the colormap was clipped between 5 and -5 dB. Right: MEG sensitivity

map in percentage relative to x- (d), y- (e), and z-oriented (f) original dipoles for subject A

in one axial slice not crossing the lesion. In each dipole position, the mean over channels is

normalized by the maximum. Brighter pixels stand for high sensitivity, dark purple pixels

for low sensitivity. Note the MRI coordinate system (in mm) shown in the axes. Dipoles

orientations are schematically indicated at the bottom of the figure. A schema representing

the contour of the inner skull compartment, the lesion and the cutting axial plane (in red) is

visualized in the center.

4. Discussion

In this study, we simulated and analyzed the effects of not including a chronic

stroke brain lesion in the head model when performing MEG source reconstruc-375

tion. For this, we computed displacement maps to quantify the distribution of

localization errors and attenuation/amplification maps to quantify the errors in

estimated source amplitude, while including the lesion model for the forward

solution and neglecting it for the inverse solution. In addition, general MEG

sensitivity maps guided the interpretation of these maps. We additionally stud-380

ied the influence of lesion size and location both in realistically shaped head
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models and in spherical models (see Supplementary Materials).

We found high displacement and attenuation/amplification values asymmet-

rically located around the lesion, even for dipoles approximately 20 mm away

from the lesion. Although the MEG sensitivity is not the highest for these385

dipoles, these cortical areas are accessible in MEG studies. Bigger lesions lead

to stronger effects impacting larger areas, independently from the lesion loca-

tion. Some of these effects become clearer in the simplified scenarios analyzed

in the Supplementary Material with sphere models.

Our results highlight that care is required in the interpretation of source390

reconstruction results when studying sources that are close and radial to the

lesion, for which we observed amplification effects of up to 5 dB. Especially

delicate is the scenario where these sources happen to be superficial, as we saw

for example, in the z-oriented dipoles 20 mm above the posterior part of the

lesion (Figure 12c). In these cases, the MEG sensitivity is high and bigger effects395

are expected in source reconstruction results.

From the displacement maps (Figure 6), we see high displacement values

(up to 50 mm) along the corresponding dipole-orientation axis. This can be

explained by the fact that a similar pattern is found in the sensitivity maps

with an opposite trend, i.e., the sensitivity is low for deep dipoles lying in their400

orientation axis. In particular, it is reasonable to assume that low norms of the

leadfields cause the dipole-fit algorithm to be more sensitive to small numeric

discrepancies between the two sets of leadfields, resulting in large displacement

values. This effect can be compared to the effect of adding noise (i.e., decreas-

ing the signal-to-noise ratio), which leads to higher localization errors (e.g., [42])405

and, here, adds to the discrepancy between the measured topography (i.e., sim-

ulated MEG data, with the lesion), and the model topography (i.e., without the

lesion).

The stroke lesion taken into account in this study can be considered an

illustration of a more general phenomenon, i.e., localized brain asymmetric vol-410

umes, filled with CSF. It is reasonable to assume that in cases of surgically

resected brain areas in epilepsy and brain tumors, similar source localization
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effects might occur.

When considering different types of localized brain asymmetries, i.e., brain

tumors and cerebral edemas that are caused for example by traumatic brain415

injury (e.g., concussions), the conductivity might be very different and therefore

influence the displacement and attenuation/amplification maps. In our case,

we model the stroke lesion as a CSF-filled cavity and thus assign it the high

conductivity of the CSF. The CSF is the most conductive physiological material

in the human head and leads to strong electric current channeling and deviations420

(e.g., [3]).

Our study has a number of limitations. Following other examples in the

literature (see, for example, [18]), we modeled the stroke lesion as a CSF-filled

cavity. It is nevertheless visible from the MRI of other patients (see, for example,

Figure 1 A, upper subfigure, in [18]) that the effects of chronic stroke on the425

head are not only to create a cavity (stroke core area) but also to injure brain

tissues usually surrounding the cavity. In our simulations, we treated the former

(but not the latter) as CSF. Assigning the high conductivity of CSF to the CSF-

filled cavity of the core lesion might not be realistic though, as it represents the

most extreme scenario and even the CSF-filled cavity may still contain small430

portions of mixed tissue otherwise not easily visible in a T1-weighted MRI.

Therefore, here, similarly to what is done in [44], we are taking into account

the worst-case scenario, that is, we are indeed assigning to the lesion volume

the conductivity of the CSF, i.e., the highest in the head model, to the extent

that the voxels in the lesion volume were segmented by the segmentation tool435

as CSF. Some effects might be therefore overestimated with respect to other

patients data. Nevertheless, we expect the overestimation to be only minor,

if compared with the effects of not including the lesion in the model at all.

Another limitation might be due to the process of symmetrizing the head model

that was not optimal. From Figure 2, first slice on the left, we can see artificial440

and non-realistic segmented tissue along the midline in the inter-hemispheric

areas. A possible strategy to improve this is to use an affine co-registration of

the flipped MRI to the original MRI and compute the average between the two
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volumes. This procedure is used when creating brain atlases (see, for example,

[45]). Nevertheless, we do not think that a better-symmetrized head model445

would have changed our findings. Furthermore, in this analysis, we did not

explicitly simulate noise. The study presented here focuses on quantifying the

effect of a lesion on the source estimate (location, orientation, and amplitude).

Since we found that these effects can be sizable, a possible follow-up analysis

might involve in-detail analyses of source reconstruction results of real data with450

regards to different signal-to-noise-ratios, which can therefore be quantified with

measures like goodness-of-fit.

Additional studies could also focus on using different conductivity values

assigned to the core-lesion and their impact on the source localization, analo-

gously to what we partially explored in [35]. Similarly, given that the focus of455

our study was not on comparing source reconstruction techniques, future studies

would need to address this issue.

Modeling lesions poses some technical challenges. The geometrical resolution

of the imaging data of the patient should be high enough. Segmentation tools are

able to segment CSF-filled cavities, therefore volumetric meshes are relatively460

easy to build. Building a volumetric mesh from an MRI is well supported in

various open source and easy-to-use pipelines. One of the solvers that can take

more sophisticated geometries into consideration is FEM. FEM implementations

are openly distributed in the community, but still not easily accessible to a

broader audience. Nevertheless, some first attempts have been carried out, for465

example, to facilitate the usage of DUNEuro for MEG solutions. Further efforts

in distributing the code might be beneficial to a wider audience. In theory, BEM

approaches would also be able to take lesions into consideration (see, e.g., [22],

[21]). Nevertheless, in practice, it requires more effort to build the geometry

in this case, since the most distributed implementation of BEM requires non-470

intersecting superficial meshes, which are not straightforward to create.
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5. Conclusions

Brain lesions that lead to asymmetrically distributed CSF-filled cavities

should be modeled when performing MEG source reconstruction, independently

from the lesion location. This is particularly important when investigating deep475

sources or functions associated with lateralized brain activity, and the lesion is

around 10% or more of the whole brain volume. The strongest effects of a CSF-

filled stroke lesion, both in terms of displacement of the reconstructed sources

as well as the strength of the source, are visible not only in perilesional areas

but can extend up to 20 mm from the lesion. Higher priority should be given to480

the implementation and accessibility of FEM solvers, to extend the possibility

for clinical neuroimaging researchers with less technical expertise to improve the

interpretation of the patients MEG data.
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