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Summary

Objectives: The measurement of somatosensory evoked potentials (SEPs) with electroencephalog-
raphy (EEG) may serve as a useful tool to predict upper limb recovery post stroke. Few studies
have examined the predictive value of SEPs at source level. The aim of the present study was
therefore to examine the difference in location and orientation between the source of the P50 SEP-
component and that of the P100 SEP-component in healthy subjects and chronic stroke patients.
P50 and P100 were expected to be located in, respectively, the primary and secondary somatosen-
sory cortex, making them excellent candidates for predicting upper limb recovery post stroke.
Methods: 10 young and 4 older healthy subjects and 4 chronic stroke patients were included in
the study. SEPs were evoked by electrical stimulation of the index finger of the dominant hand for
healthy subjects and the affected hand for patients and were recorded using 62-channel EEG. In
addition, three-dimensional T1-weighted MR images were obtained for all subjects.

Analysis: A single equivalent moving dipole was applied to the whole time period and a hierar-
chical clustering approach was used to separate dipole locations belonging to P50 and P100 com-
ponents. Subsequently, a single dipole model was applied to the periods in which the selected
clusters were active and the difference in location and orientation between the subject-specific
P50 and P100 sources was determined and compared between groups.

Results: While the P50 and P100 sources did appear at separate location for all subjects, for most
of them the sources were not located in SI and SII, respectively. Moreover, no differences were
found when the difference in location and orientation between the sources of P50 and P100 was
compared between groups.

Conclusions: The present study did reveal two subject-specific dipolar sources for the P50 and
P100 component. In contrast to the expectation, these sources were not consistently located in SI
and SII, respectively, making their predictive value for upper limb recovery post stroke unclear.

Key words: Stroke; recovery; somatosensory evoked potential (SEP); electroencephalography
(EEG); source analysis
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1 Introduction

Stroke (infarction or hemorrhage) is one of the leading causes of death and long-term disability
in the Western countries. In the Netherlands the lifetime risk of suffering a stroke is around 21%
in people older than 55 years of age (Hollander et al., 2003). Stroke is caused by a critical reduction
in the blood supply to a particular part of the brain, leading to structural damage of neurons (Hoss-
mann, 2006). The resulting impairment of motor and sensory function is dependent on the loca-
tion and extent of the lesion. Motor impairment of the upper limb is one of the most common
deficits among stroke survivors and recovery is generally poor. Less than 15% of the stroke pa-
tients with initial paralysis of the upper limb show complete motor recovery (for review see Hen-
dricks et al., 2002).

Almost all stroke patients show at least some degree of improvement over time, particularly in
the first 6 to 10 weeks after stroke onset (Kwakkel et al., 2006). The processes underlying motor
recovery after stroke may be described as either restitution or substitution of body function. The
restitution model assumes that improvement in body function is caused by true neurological re-
covery (i.e. plasticity), while the substitution model suggests that functional improvement is
mainly a result of adaptation or behavioral compensation strategies (van Kordelaar et al.,, 2013;
Rothi & Horner, 1982). Although both processes occur during the course of recovery, one may
suggest that restitution of body function is dominant in the early period post stroke (for review
see Buma et al.,, 2013; van Kordelaar et al., 2013). In this early period spontaneous neurological
recovery and learning dependent mechanisms of neuroplasticity are thought to take place, which
have been suggested to lead to restoration of neural circuits and contributes to restitution of body
function (for review see Murphy & Corbett, 2009). After this time window of enhanced plasticity,
recovery levels off and it is presumed that substitution of body function is the predominant mech-
anism underlying further functional improvement (for review see Buma et al., 2004; Kwakkel et
al,, 2006).

Knowledge about the duration and extent of enhanced cortical plasticity provides the oppor-
tunity to predict outcome of upper limb function early post stroke (Kwakkel et al., 2006). A relia-
ble prediction of the extent of upper limb recovery would enable physical therapists to focus their
therapy on either the restoration of the existing deficits or on the use of certain compensation
strategies. Currently, the algorithms predicting upper limb recovery after stroke are often based
on clinical assessments. Shoulder abduction and finger extension measured within 72 hours after
stroke, for instance, are strongly related to recovery of upper limb function after 6 months
(Nijland et al., 2010). Patients with some finger extension and shoulder abduction 2 days post
stroke had a probability of 98% to achieve some dexterity at 6 months. However, a number of
patients with initially no voluntary motor control still recovered some dexterity at 6 months
(Nijland et al., 2010). For a more accurate prediction of upper limb recovery in this group of pa-
tients refinement of the existing algorithms is necessary. The addition of neurophysiological
measures, like somatosensory evoked potentials (SEPs) recorded with electroencephalography
(EEG), may improve the predictive accuracy. Both the motor and somatosensory pathways, as well
as the interaction between these pathways, are important for an adequate function of the upper
limb (Rothwell et al., 1982). The SEP can be generated by electrical stimulation of the median
nerve at the wrist or of the fingertip and it is therefore an objective and quantitative measure.

Several studies have investigated the possible value of early cortical SEPs, generated by median
nerve stimulation, to predict upper limb recovery and overall functional recovery (Al-Rawi et al.,
2009; Feys et al., 2000; Hendricks et al., 1994; Hendricks et al., 1997; Keren et al., 1993; Péréon et
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al.,, 1995; Timmerhuis et al., 1996; Tzvetanov & Rousseff, 2003). The early cortical SEPs are be-
lieved to be primarily generated in the contralateral primary somatosensory cortex (SI) (Allison
etal, 1989a; Forss et al., 1994; Hamalainen et al.,, 1990). Sl is located in the postcentral sulcus and
in the depths of the central sulcus (Woolsey et al., 1979) and predominantly encodes the percep-
tion of stimulus intensity, location and duration (Schnitzler & Ploner, 2000). In addition, SI has
direct projections to the primary motor cortex (M1) and is an important source of somatosensory
input to M1 (Jones et al., 1978). Early cortical median nerve SEPs occur between 20 and 40 ms
after stimulus onset (Allison et al., 1989a; Forss et al., 1994), while for finger stimulation the first
reliable responses in SI are present after 50 ms (Forss et al.,, 2012; Hamaldinen et al., 1990). Alt-
hough two studies revealed limited predictive value of early SEPs (Péréon et al, 1995; Tim-
merhuis et al., 1996), others reported that early SEPs correlate well with the level of disability (Al-
Rawietal, 2009; Feys et al., 2000; Hendricks et al., 1994; Hendricks et al.,, 1997; Keren et al., 1993;
Tzvetanov & Rousseff, 2003). All of these studies found that absence of early cortical SEPs in the
acute phase post stroke is a strong indicator of poor (upper limb) recovery. According to the study
of Hendricks and colleagues (1997), for instance, no motor recovery occurred in 89% of the pa-
tients without visible SEPs in the subacute phase post stroke. When SEPs were present 45% of the
patients showed some degree of motor recovery 1 to 4 years post stroke.

When the early cortical SEPs are present conclusions about the predictive value of the SEP
variables, like amplitude and latency, are still inconsistent. Some studies found that both reduced
amplitude and prolonged latency of the early SEPs are correlated with poor motor recovery (Al
Rawi et al,, 2009; Keren et al., 1993), while other studies did only find this relation for the SEP
amplitude (Tzvetanov & Rousseff, 2003), or did not find a difference at all between patients with
abnormal and normal SEPs (Feys et al., 2000). This inconsistency may be due to the different out-
come measures and follow-up times used in these studies.

The long-latency SEPs, which occur after 40 ms for median nerve stimulation (Allison et al.,
1989b) and after 70 ms for finger stimulation (Desmedt & Robertson, 1977), have received little
attention in stroke research. In this time period other regions in the parietal cortex are activated
in addition to SI (Allison et al., 1989b; Forss et al., 1994; Hamaldinen et al., 1990). SEP-components
peaking at around 100 to 140 ms after stimulus onset have been recorded from the secondary
somatosensory cortices (SII) in both hemispheres (Allison et al., 1989b; Hamalainen et al., 1990).
SII is located lateral and posterior to SI in the upper bank of the Sylvian fissure, also called the
parietal operculum (Woolsey et al., 1979). Bilateral activation of SII is thought to be involved in
the execution of higher-order functions, like sensorimotor integration (Disbrow et al., 2000) and
attention (Burton et al., 1999). Few reports have assessed the long-latency SEPs in stroke patients
and found reduced amplitudes and increased latencies after electrical stimulation of the median
nerve (Yuya et al., 1996) and finger (Roosink et al., 2011) of the affected side. In addition, Forss
and colleagues (2012) found correlations between the amplitude of the response in SII and hand
function in the acute phase as well as three months post stroke. They did not find a correlation
between the amplitude and latency of the SI response and hand function. Thus, it remains unclear
whether the amplitude and/or latency of the early and /or late cortical SEPs can be used as reliable
predictors of upper limb recovery after stroke.

Most EEG studies investigating the predictive value of SEP examined the SEP-components at
sensor level. Moreover, some studies investigated the electrical potentials from only a few elec-
trodes placed over the contralateral somatosensory areas (Al-Rawi et al., 2009; Feys et al., 2000;
Hendricks et al., 1994; Hendricks et al., 1997; Keren et al., 1993; Péréon et al.,, 1995; Timmerhuis
et al, 1996; Tzvetanov & Rousseff, 2003). Nevertheless, the electrical potentials measured on the
scalp do not directly reflect the location of the active sources in the brain (Nunez, 1981). When
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more electrodes are used the location, orientation and strength of the sources can be estimated
from the potential distribution on the scalp by the introduction of various a priori assumptions
(Fender, 1987). These source parameters may serve as useful predictors of upper limb recovery,
in particular if they agree with SI and SII coordinates. After stroke Sl is assumed to undergo plastic
reorganization, which is reflected by a topographical shift of the generator sources of the early
SEPs in the chronic phase post stroke (Rossini et al., 2001). It is suggested that SII also has the
capacity for plastic reorganization (Pons et al., 1988). As said, it is believed that SI and SII are
activated in a serial way (Hu et al,, 2012; Inui et al., 2004) and have different functions during the
processing of somatosensory information (Burton et al., 1999; Disbrow et al., 2000; Schnitzler &
Ploner, 2000). However, since SI and SII are assumed to have a functional overlap in somatotopy
(Simoes et al., 2001) one area might be able to compensate for structural damage of neurons in
the other area. This may affect the location and orientation of the generating sources of the early
and late SEP-components.

The aim of the present study was to locate and separate the cortical sources of the P50 and
P100 SEP-component after electrical stimulation of the index finger in healthy subjects and in
chronic stroke patients. Subsequently, the difference in location and orientation between the P50
and P100 source was examined and compared between both groups. The difference in location
and orientation between the P50 and P100 source was expected to be smaller in stroke patients
than in healthy subjects. When one of the sources has (partially) taken over the function of the
other, the difference in location and orientation between the sources will become smaller. Fur-
thermore, P50 and P100 were expected to be located in, respectively, SI and SII, making them
excellent candidates for predicting upper limb recovery post stroke. This study serves as an ex-
plorative study for further research into the predictive value of SEPs. In a longitudinal study the
possible predictors presented in this study can be examined over time in the early period post
stroke and can be correlated with upper limb function.

2 General background

SEPs are generated by electrical stimulation of the afferent peripheral nerve fibers. For upper limb
SEPs electrical pulses are transcutaneous delivered to the median nerve at the wrist or to one of
the fingertips (Nuwer, 1998). After delivery of the stimulus a volley of action potentials will travel
along the afferent nerve fibers to the shoulder, neck and scalp, which can be recorded as a series
of positive and negative potentials. The SEP components can be identified by its archetypical
waveform and can be quantified in terms of post-stimulus latency, amplitude and interpeak inter-
val (Cruccu et al.,, 2008). To label the different SEP components N or P is used to indicate the pre-
sumed polarity (negative or positive), followed by an integer to denote the typical latency (in ms)
in healthy adults, for example P50 denotes a positive surface potential at around 50 ms after stim-
ulus onset.

One of the earliest detectable SEP-components arises in the shoulder, in the brachial plexus
region. This component is called the Erb’s point peak or N9. Subsequently, the sensory fibers join
the posterior columns of the spinal cord and synapse in the midcervical spinal cord, which can be
recorded at the fifth or seventh cervical spine as N13. Around the same time a far-field potential
(P14), arising from a region close to the cervico-medullary junction, can be recorded from the
scalp. When the nerve impulses are further transmitted into the upper midbrain and thalamus a
N18 far-field potential can be recorded. Eventually, the nerve impulses will arrive in the soma-
tosensory cortex (for review see Nuwer, 1998). These cortical SEP-components can be recorded
and localized using EEG.
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Since the median nerve is a mixed sensory-motor nerve, electrical stimulation of the median
nerve will activate both the motor and somatosensory areas (Huang et al., 2004). During finger
stimulation the digital nerves are excited, which branches from the median nerve and only contain
afferent nerve fibers. It is therefore assumed that finger stimulation only evokes a somatosensory
response. Despite these differences between median nerve and finger stimulation the cerebral
responses in the somatosensory areas are similar in configuration. The cerebral response is only
smaller in amplitude and longer in latency after stimulation of the finger. In addition, the different
SEP-components are better defined for median nerve stimulation (Calmes & Cracco, 1971). Be-
cause finger stimulation is assumed to evoke a localized response in only the somatosensory areas
it was decided to use finger stimulation in the present study. Figure 1 provides an example of the
cortical SEP after stimulation of the left middle finger. As can be seen in this figure, the early (P50)
and late (N70, P100, N140) SEP-components were most clearly present in the postcentral region
of the right hemisphere.

Figure 1. The cortical SEP after electrical stimulation of the left middle finger recorded at different locations on
the left and right hemisphere. (from Hamaldinen et al., 1990)

EEG signals are primarily generated by postsynaptic ionic currents of pyramidal neurons in the
cortex which are synchronously active (Babiloni et al., 2009). During the processing of incoming
information from thalamus and brainstem active neurons produce small electrical currents across
their cell membranes. These so-called action potentials will propagate from the cell body of the
neuron to the axon terminals, producing a post-synaptic potential. Although post-synaptic poten-
tials are longer lasting than action potentials they cannot be detected by EEG, because they are
very small and the signal-to-noise ratio for the recording is poor. However, cortical pyramidal
neurons are arranged in organized layers and they are all oriented perpendicularly to the scalp
surface, which makes them suitable for the spatial summation of the post-synaptic potentials. Syn-
chronous activity of the cortical pyramidal cells will result in an electrical potential that is
measureable at the scalp.
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Unfortunately, the measured electrical potentials on the scalp surface do not directly reflect
the location of the active sources in the brain. While EEG recordings have a high temporal resolu-
tion (< 1 ms), its spatial resolution is limited due to volume conduction (Nunez, 1981). Volume
conduction is the transmission of electrical fields from the current source in the brain through the
head tissues (brain, skull and scalp) towards the scalp electrodes. Different conductivities of the
tissues, especially the low conductivity of the skull, attenuate and blur the electrical potentials
measured on the scalp. Consequently, maximal activity at particular electrodes on the scalp sur-
face does not unambiguously indicate that the active sources are located in the underlying area.
To find the exact source locations the source configuration in the brain has to be estimated from
the potential distribution on the scalp (i.e. inverse problem). The inverse problem is, however, ill-
posed (Helmholtz, 1853). A given potential distribution on the scalp can be generated by different
source configurations in the brain.

Unraveling the inverse problem requires the introduction of various constraints, i.e. a priori
assumptions about, e.g., the (spatially extended) volume conductor and the number and type of
sources (Fender, 1987). The volume conductor (or head model) specifies how the sources in the
brain produce the potentials measured on the scalp and includes information about the conduc-
tivities and shape of the volume in which the signals are generated. The simplest head model is
the spherical head model. Using this model one assumes that the head consists of three concentric
homogenous spherical shells, representing the brain, skull and scalp (de Munck, 1988). This
model is computationally fast and easy to implement, but a strong limitation of this model is that
the ‘proper’ head geometry is not taken into account. To improve that one may use a boundary
element method (BEM) model (Fuchs et al., 2002) based on the realistic geometry of the head. For
this, anatomical information from brain images, obtained via MRI, are typically used to extract the
surfaces for the brain, skull and scalp and these surfaces are included in the definition of the BEM
model. For this model one further assumes that the tissue conductivities are uniform and isotropic
(i.e. not directionally dependent). Note that because of this assumption the BEM model neglects
non-uniformities, like skull holes, and anisotropies in, for example the white matter tracts in the
brain. Another realistic head model, the finite element method (FEM) model, takes these factors
into account (Buchner et al., 1997), but this model has large computational costs and detailed in-
formation about the tissue conductivity and anisotropy is most of the times not available. The BEM
model is therefore the most widely used realistic head model, because it is a compromise between
the over-simplified spherical shell model and the complex FEM model.

One of the most commonly used source models to find the generating sources of SEPs is the
equivalent current dipole (ECD) model (Scherg, 1990). According to this model the cortical cur-
rents can be modeled as current dipoles, which are described by their three-dimensional location,
orientation and amplitude. The a priori assumption of the ECD model is that a limited number of
current dipoles in the brain can explain the measured scalp potentials. To find the dipole locations
the forward model has to be included. The forward model, also referred to as the leadfield, pro-
vides an estimate of the scalp potentials for a specific set of dipoles, using the electrode positions
on the scalp and the selected head model. Subsequently, the modeled potential map is compared
with the actual measured potential map using a least-square source estimation. This implies that
the source parameters, the location, orientation and strength of each dipole, are manipulated until
the squared error between the modeled and actual data is minimal. The dipole locations of the
optimal solution are assumed to be the generating sources of SEP.

3
e
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3 Methods & Procedures

3.1 Subjects
Young and older healthy subjects were recruited from the students and staff of the VU University

and the VU University medical center (VUmc). Some healthy subjects were also recruited using
recruitment letters. Patients in the chronic phase post stroke (more than 6 months after stroke)
were recruited from the Department of Rehabilitation Medicine of the VUmc, Amsterdam and the
Reinier de Graaf Hospital (RdGG), Delft. For these patients relevant clinical characteristics, includ-
ing gender, age, location of lesion, time post stroke and degree of upper limb function were regis-
tered. The stroke patients initially experienced acute paresis of the upper limb following stroke
and some patients still had a paresis in the chronic phase. Exclusion criteria were multiple strokes,
other neurological disorders, head trauma, other disorders affecting the hand and arm function
and severe psychiatric disorders. People with metal implants in their body were also excluded
from the study, because they were not able to undergo Magnetic Resonance Imaging (MRI). All
participants gave a written informed consent before participation. This study is part of the 4D-
EEG project in which the relation between upper limb function and brain activity patterns is in-
vestigated (www.4deeg.eu). This longitudinal study with repeated EEG measurements aims to
construct a detailed functional image of the brain in the early period post stroke. The study pro-
tocol was approved by the Medical Ethics Committee of the VU University Medical Center (Proto-
col: NL47079.029.14).

3.2 Procedures

Clinical assessments were first conducted to assess patients’ upper limb function. SEPs were
evoked and recorded using EEG. During the measurements all participants were seated in a wheel-
chair with the hands comfortably resting on the knees. The participant was instructed to look at a
fixed point at eye height and sit as still and relaxed as possible. The neurophysiological examina-
tion took place in a survey van, which made it possible to perform the measurements at partici-
pants’ homes. In addition, three-dimensional T1-weighted MR images were obtained for all sub-
jects using a 3T MRI scanner located in the VU University Medical Center. The MR and EEG record-
ings were performed on different days.

3.3 Data acquisition

3.3.1 Clinical assessments
Motor function was assessed using the upper extremity section of the Fugl-Meyer Motor Assess-

ment (FMA) (Fugl-Meyer et al,, 1975). The FMA measured the extent to which the patient was
dependent on synergistic movements and included items dealing with movements of the shoul-
der, elbow, wrist and hand. Each item was scored on a 3-point ordinal scale and the scores of all
items added up to a maximum score of 66 points. In addition, upper limb capacity was assessed
using the Action Research Arm Test (ARAT) (Lyle, 1981). The items of the ARAT were divided into
four subtests: grasp, grip, pinch and gross movement. Performance on each item was scored on a
4-point ordinal scale, with a maximum score of 57 points. The ARAT and FMA are both reliable
and valid clinical measures (Duncan et al., 1983; van der Lee et al., 2002).

3.3.2 Neurophysiological examination
SEPs were evoked by electrical stimulation (Micromed S.p.A., version ENERGY, Italy) of the index

finger of the affected hand for patients and the dominant hand for healthy controls. Two stimulat-
ing electrodes were placed 1 cm apart on the index finger with the anode distal and the cathode
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proximal to the distal interphalangeal joint. The stimuli were delivered at a repetition rate be-
tween 3 and 4 Hz, with a pulse duration of 400 ps and a stimulus intensity of twice the sensory
threshold. The sensory threshold was determined for each participant independently. Starting at
a low stimulus intensity, the amplitude of the electric current was increased until the subject was
able to detect five of the ten applied stimuli. For patients the sensory threshold was determined
at the non- or less affected upper limb.

SEPs were obtained by averaging the recordings after 1000 stimuli. Two separate blocks of 500
stimuli were performed with a short break between both blocks. Within a block the inter-stimulus
interval between two successive stimuli was varied randomly, between 250 ms and 333 ms, to
ensure attention of the participant.

3.3.3 EEG recordings
The cortical potentials were continuously recorded using a 64-channel EEG Refa-72 system (ANT,

the Netherlands). A 64-channel EEG cap with Ag/AgCl electrodes was placed on the scalp. An ex-
ternal ground electrode was placed on the left mastoid process. The channels M1 and M2, which
were located at the left and right mastoid, were therefore not used. The arrangement of the elec-
trodes in the cap was in accordance with the international 10-20 system. The electrode-skin im-
pedance was monitored at a level below 20 k(), using conductive gel. The signals from all channels
were recorded at a sampling rate of 2048 Hz using ASA software (ANT, the Netherlands) and a
common average reference was used. The onsets of the electrical stimuli were synchronized with
the EEG using Matlab (R2014a, The Mathworks, Natick, MA).

Before the EEG recording the positions of the three fiducials, nasion, left and right pre-auricular
points, and the electrode positions were measured using a 3D digitizer (Xensor 3D Electrode Dig-
itizer system, ANT, The Netherlands). These data were used for source modeling and co-registra-
tion of the 62 EEG electrodes with the subject’s MRI data.

3.4  Data analysis

3.4.1 Preprocessing
The EEG data were analyzed off-line using Matlab (R2014a, The Mathworks, Natick, MA) and the

Fieldtrip Toolbox (Oostenveld et al,, 2011). For all channels an artifact caused by the stimulus was
present around stimulus onset and 10 ms after stimulus onset. The stimulus artifact was therefore
removed for all trials by interpolating a straight line between 1 ms pre to 3 ms post stimulus onset
and between 9 ms and 13 ms post stimulus onset. A 50Hz notch filter and a 1Hz high pass filter
were applied to the stimulus artifact-free data. In addition, a low-pass Savitzky-Golay smoothing
filter was used (Savitzky & Golay, 1964). The Savitzky-Golay filter performs an unweighted linear
least-squares fit to windows of a given size using a polynomial of a given order. The lower the
polynomial order and the larger the window size, the higher the level of smoothing. In this study
a window size of 21 samples and polynomial of order 4 was used.

Independent Component Analysis (ICA) was subsequently applied to the filtered, continuous
data to identify and remove artifacts caused by eye blinks, eye movements and muscle activity.
Independent components (ICs) mainly projecting to the frontal sites and containing large deflec-
tions characteristic for eye blinks and eye movements were removed. ICs projecting to the tem-
poral and occipital sites and containing high amplitude, fast activity (median frequency around
60Hz) were assumed to be muscle artifacts (O’Donnell et al., 1974) and were also removed.

Subsequently, the continuous recordings were segmented in time windows lasting 50 ms be-
fore to 250 ms after stimulus onset. Trials and channels assumed to be outliers, based on their
variance, were removed. The variance varied widely between subjects, but at least 80% of the
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trials were maintained to ensure a sufficient signal-to-noise ratio. The remaining trials were re-
referenced to the common average reference and averaged to one SEP, resulting in one SEP for
every subject.

3.4.2 Sensor level analysis
P50 and P100 were first identified at sensor level. For both P50 and P100 the electrode displaying

the largest positive value and the electrode displaying the largest negative value were selected.
The four nearest electrodes were also selected, forming two clusters of five electrodes. The mean
positive amplitude and the mean negative amplitude for these five electrodes were calculated at,
respectively, the maximal and the minimal peak amplitude. To determine the P50 and P100 am-
plitude the absolute values of the mean positive amplitude and the mean negative amplitude were
summed. Latency for P50 and P100 was defined as the mean of the latency at minimal and at
maximal peak amplitude. Additionally, the interpeak interval between P50 and P100 was deter-
mined for each subject separately by subtracting the latency for P50 from the latency for P100.

3.4.3 Source localization
A single ECD model was performed to locate the generating sources of P50 and P100. Because the

single ECD model will only provide reliable results when the activity is focal, time segments in
which only one of the sources is (primarily) active had to be selected. To select appropriate time
windows for the localization of the P50 and P100 source a single equivalent moving dipole model
was applied to the data in the time period from stimulus onset (t=0) to 250 ms after stimulus onset
(t=0.25). The three-compartment (scalp, skull and brain) boundary element method (BEM) model
(Fuchs et al., 2002) was used as the head model. The BEM model was constructed from the MR
images of the subject’s head using Freesurfer, which is documented and freely available for down-
load online (http://surfer.nmr.mgh.harvard.edu/). The used coordinate system was the Free-
surfer coordinate system, which is based on the so-called RAS coordinates. This means that the x-
axis points towards Right, the y-axis points towards Anterior and the z-axis points towards Supe-
rior. The origin is defined as the center of a 256x256x256 isotropic 1 mm3 volume. The source
space was defined as a three dimensional grid with a grid resolution of 5 mm. For every point in
time the defined source space was scanned with a single ECD and at the most optimal location a
non-linear fit started. Subsequently, the goodness of fit (GOF) was determined for the resulting
dipole locations. The GOF can be expressed as the percentage of explained variance. Only the di-
pole locations having a GOF of 70% of the maximal GOF were selected. These dipole locations were
grouped into clusters using a hierarchical clustering analysis available in Matlab.

The hierarchical clustering procedure starts with a set of K dipole locations with each location
in a cluster of its own. The closest pair of clusters is united into one cluster, which results in K - 1
clusters. It is then examined if a third location should be united with the first pair or that a new
pair is formed. This can be continued until all K dipole locations are grouped into the specified
number of clusters, which is determined a priori. In the present analysis five clusters were used.
The Euclidean distance between dipole locations i and j was defined as:

dj = d(X, X)) = \[(Xi.x - Xj.x)2 + (Xiy — Xj.y)z + (X, — Xj,z)2 (1)

The linkage method defines how the distance between clusters is measured. Several linkage meth-
ods were examined and results were comparable. It was eventually decided to use the Ward’s
method (Ward, 1963) as the linkage method. According to this method the distance between two
clusters is the increase in the within-cluster sum of squares when two clusters are merged. The
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within-cluster sum of squares is defined as the sum of squares of the distance between all dipole
locations and the centroid of the cluster. The distance (D) when cluster A and B are merged into
cluster Cis defined as:

D = Yiec d()?i: Mc) — Yiea d()?i: MA) — YieB d(ii' MB) (2)

where MA, MB, Mc is the center of respectively cluster 4, B and C and i the number of points in it.
In the beginning the total sum of squares is zero, because every cluster contains only one dipole
location. The sum of squares will, however, increase when the clusters are merged. Ward’s method
tries to keep this increase as small as possible.

The clusters formed during the aforementioned procedure were evaluated over time and peri-
ods for the localization of the P50 and P100 source were selected. Different assumptions were
made a priori. First, it was assumed that dipole locations belonging to the P50 source are clustered
into a different cluster than the dipole locations belonging to the P100 source. Secondly, it was
assumed that the dipole location is stable during the period that only the source of P50 or only the
source of P100 is active. Finally, it was assumed that the P50 source can best be localized around
60 ms and the P100 source around 120 ms. Around 60 ms the activity of SI is already high, while
the activity of Sl is just beginning to increase. Around 120 ms SIl is still active, while the SI activity
is decreased (Elbert et al., 1995). The two time segments best meeting these criteria were selected
for the single ECD model. The source space was again defined as a three dimensional grid with a
grid resolution of 5 mm and the location, orientation and strength of the ECD were again estimated
within a three compartment BEM model (Fuchs et al,, 2002).

3.4.4 The source parameters
After estimation of the dipole positions for P50 and P100 the location and orientation were

examined for both sources. To examine the location both dipole locations were first normalized
to a template MRI in MNI space. The MNI coordinate system is comparable to the Freesurfer co-
ordinate system, but the origin is different. The origin of the MNI coordinate system is the anterior
commissure instead of the center of a 256x256x256 isotropic 1 mm3 volume. The difference in
location between the P50 and P100 source was examined using the Euclidean distance between
the normalized dipole locations (1). To verify if the P50 and P100 sources were located in, respec-
tively, SI and SII the normalized dipole locations were compared with an anatomical atlas. The
WFU Pickatlas (Version 3.0.5b, Wake Forest University, School of Medicine, NC, USA) on which the
Brodmann areas (BA) are indicated was used as the anatomical atlas. BA 1, 2 and 3 correspond to
ST and parts of BA 40 and 43 correspond to SII (Benarroch, 2006).

To examine the orientation of the P50 and P100 source a principal component analysis (PCA)
was applied to the dipole moments in the x-, y- and z-direction. PCA is defined as an orthogonal
linear transformation that transforms the original data into a new coordinate system. The princi-
pal components (PCs) are found by calculating the eigenvectors and corresponding eigenvalues
of the covariance matrix of the data. The eigenvector with the largest eigenvalue, also called the
first PC, is the direction of the greatest variance. This direction will become the new x-axis. The
eigenvector with the second largest eigenvalue is the direction of the second greatest variance
and this will become the new y-axis. The last eigenvector will become the z-axis. The first PC was
considered as the orientation of the source, since the eigenvector of the first PC explains most of
the variability that is present in the data. The difference in orientation between the P50 and P100
source was calculated using the dot product of the eigenvectors of the P50 and P100 source. The
dot product is directly related to the cosine of the (smallest) angle between the two vectors. This
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angle is constrained to be between 0 and 1 radians, because it is equal to the shortest great-circle
distance between the two vectors.

3.5  Statistical analysis

Descriptive statistics for all data are expressed as mean + standard deviation and were, if possible,
compared between groups. The differences in latency and amplitude of the P50 and P100 SEP-
component and the differences in interpeak interval between young healthy subjects, older
healthy subjects and patients were examined with a one-way between subjects ANOVA. Partial
eta-squared (np2) values were calculated to determine the effect size. To identify where specific
differences occurred between groups independent sample t-tests were performed using Bonfer-
roni adjusted alpha levels of .0167 per test (.05/3). The assumption of normality was checked by
visual inspection of the Q-Q plots and the box plot of the data within groups. A Shapiro-Wilks test
was also performed on the data within the groups. The assumption of homogeneity of variance
was checked using the Levene’s test. When the assumptions of normality was violated the non-
parametric Kruskal-Wallis test was used.

The difference in location and orientation between the P50 and P100 source were both trans-
formed before statistical tests were applied. The difference in location was biased to positive val-
ues and was transformed using a logarithmic transformation. The difference in orientation was
constrained to be between 0 and . The data were therefore first divided by m, 0.5 was subtracted
and the data were multiplied by 2 to convert the data to a range between -1 and 1. The Fisher z-
transformation was then applied to the data, which is the inverse hyperbolic tangent of the data
(Fisher, 1921). Subsequently, the difference in location and orientation between P50 and P100
was compared between groups using a one-way between subjects ANOVA. Level of statistical sig-
nificance was defined as p <.05. For the statistical analysis the software package IBM SPSS Statis-
tics for Windows was used (Version 22.0, IBM Corp., Armonk, NY, USA).

4 Results

4.1 Demographic data and clinical characteristics

Ten young healthy subjects (5 women, 5 men; mean = 28.5 * 5.4 years; 9 right-handed), four older
healthy subjects (3 men, 1 women; mean = 52.0 + 5.4 years; 4 right-handed) and six chronic stroke
patients (5 men, 1 women; mean = 63.2 * 8.4 years) were included in this study. Clinical charac-
teristics and the scores for the ARAT and FMA are summarized in table 1 for all patients. Patient
4 and 5 were excluded from further analysis, because clear dipolar distributions around 50 ms
and 100 ms were lacking and no visible SEP components could be detected. These subjects also
indicated during the measurements that they were not able to detect the stimuli applied to their
paretic hand. In addition, these patients had the lowest scores for the ARAT and FMA (see table
1). Consequently, only four patients (4 men, 0 women; mean = 64.8 * 9.1 years) were included in
the remainder of the analysis. Age was significantly higher in the group of older healthy subjects
than in the group of young healthy subjects and was also significantly higher in patients when
compared to older healthy subjects. The women/men ratio was higher in the group of young
healthy subjects, when compared to the group of older healthy subjects and patients.
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Table 1. Patient characteristics and the ARAT and FMA scores.

Patient  Gender Age Time Affected body ARAT FMA

number (year) poststroke side
1 Male 64 7 years Left 5/57 13/66
2 Male 63 4 years Right 54/57 39/66
3 Male 77 8 mth Left 51/57 62/66
4 Female 66 18 years Right 3/57 9/66
5 Male 54 1.75 years Left 4/57 8/66
6 Male 55 6 years Left 57/57 58/66

ARAT: Action Research Arm Test, FMA: Fugl-Meyer Motor Assessment

4.2 Amplitude and post-stimulus latency
The stimulus intensity was, on average, 2.2 + 0.6 mA for young healthy subjects, 3.0 £ 0.6 mA for

older healthy subjects and 3.0 = 0.8 mA for chronic stroke patients. Due to a change in the stimu-
lation protocol during the experiment only one block of 500 stimuli was available for one young
healthy subject, for one older healthy subject and for two patients. During the preprocessing of
the EEG data 99 + 48 trials, 3 + 3 channels and 21 + 7 ICs were removed for each subject.

The mean latencies for P50 and P100 and the interpeak interval for all groups are presented in
figure 2. For young healthy subjects the P50 and P100 latency was, respectively, 49.6 + 9.2 ms and
95.2 + 14.8 ms, for older healthy subjects 53.5 + 5.5 ms and 112.5 * 6.4 ms and for chronic stroke
patients 54.5 + 11.1 ms and 105.4 + 14.8 ms. Latency for both P50 (F(2,15)=0.53, p =.601, np2 =
.07) and P100 (F(2,15)=2.57,p=.110, np? =.26) and the interpeak interval between P50 and P100
did not significantly differ between groups (F (2,15)=1.53, p =.249, n,2 =.17).
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Figure 2. Post-stimulus latency for P50 and P100 and the interpeak interval between P50 and P100 for young
healthy subjects (HS Young), older healthy subjects (HS Old) and chronic stroke patients (Patients). Displayed
are the mean values in milliseconds. Error bars indicate the standard deviations.

The mean amplitudes for P50 and P100 for all groups are presented in figure 3. The group
effect for the P50 amplitude almost approached significance (F(2,15)=3.48, p =.057, np? =.32)
and also for the P100 amplitude a weak trend toward significance was present (F(2,15)=2.64,p =
.104, np% =.26). For the P50 amplitude the biggest difference was found between young and older
healthy subjects. The P100 amplitude was bigger for young healthy subjects when compared to
both older healthy subjects and chronic stroke patients. However, this group effect did not reach
significance, which may be due to the small sample sizes and the variations within groups.

For patients the individual values for the amplitude, latency and interpeak interval are also
presented in table 2. As can be seen from this table patient 6 had the biggest and patient 1 the
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smallest amplitude for P50. These patients also had the highest and lowest scores for the ARAT
and FMA (see table 1). This was, however, not the case for the P100 amplitude and the post-
stimulus latency for P50 and P100.
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= I ® Patients
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Figure 3. Amplitude for P50 and P100 for young healthy subjects (HS Young), older healthy subjects (HS 0ld)
and chronic stroke patients (Patients). Displayed are the mean values in microvolts. Error bars indicate the standard
deviations.

Table 2. P50 and P100 amplitude and latency for patients.

Patient P50 P50 P100 P100 Interpeak
number latency amplitude latency amplitude interval
1 64.5 0.86 107.2 1.05 50.5
2 50.7 0.93 112.5 0.49 62.2
3 40.5 1.27 84.2 1.24 42.4
6 62.3 2.28 117.7 1.31 60.1

Latency and interpeak interval are expressed in milliseconds and the amplitude in microvolts.
4.3  Source localization

4.3.1 Young healthy subjects
On average, the time period from 39.7 + 8.6 ms to 52.9 + 9.6 ms and the time period from 82.2 +

14.7 ms to 97.4 + 22.0 ms were selected for the localization of, respectively, the P50 and P100
source in young healthy subjects. This is earlier than the time periods suggested by Elbert and
colleagues (1995). According to this study the best time to locate Sl is around 60 ms and SII around
120 ms. However, the exact latencies are dependent on the inter-stimulus intervals and the side
of stimulation. In the study of Elbert and colleagues (1995) median nerve stimulation was used
instead of finger stimulation and the inter-stimulus-interval was almost four times longer than
the inter-stimulus interval used in this study. Although it was assumed that the dipole locations
belonging to the P50 and P100 source were clustered into different clusters, for seven subjects
the dipole locations fell within the same cluster. For these subjects the number of clusters was
increased to maximal 10 clusters. For three subjects, however, the cluster containing the dipole
locations for both P50 and P100 remained intact and the dipole locations for P50 and P100 were
only separated by time.

Figure 4 provides the results of the hierarchical clustering approach for young healthy subject
1. For this subject the maximal GOF in the time period from stimulus onset to 250 ms after stimu-
lation was 0.697. Thus, all dipole locations having a GOF higher than 0.488 were selected for the
hierarchical clustering approach. Most dipole locations fell within cluster 4 and 5. The dipoles in
clusters 1, 2 and 3 were located in the occipital part of the brain and were therefore excluded.
Because cluster 5 is mainly active after 150 ms it was assumed that the dipole locations belonging
to P50 and P100 both fell within cluster 4. The number of clusters was increased to 10 clusters to
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examine whether cluster 4 would be separated into different clusters when more clusters are
used. Cluster 4 remained, however, intact. The time period in which cluster 4 was first active, from
28 ms to 59 ms, was therefore selected for the localization of the P50 source and the time period
in which cluster 4 was active for the second time, from 73 ms to 85 ms, for the localization of the
P100 source.

Unfortunately, it was not clear for all subjects which clusters and time segments had to be se-
lected for source localization based on the hierarchical clustering procedure. For three subjects
more than two clusters and/or time segments met the pre-determined criteria and the selection
of time windows for source localization was therefore quite arbitrary and subjective. For one sub-
ject none of the clusters did meet the predetermined criteria properly. For these four subjects the
latencies for P50 and P100, which were found at sensor level, were also taken into consideration
during the selection of clusters.
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Figure 4. Dipole locations of young healthy subject 1 grouped into five clusters (A) and plotted over time (B).
Time is expressed in seconds and position in millimeters.
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The normalized location and the orientation of the P50 and P100 source for young healthy
subject 1 can be found in figure 5. As can be seen from figure 5 the dipole for P50 is located some-
what more lateral and posterior to the dipole for P100. Both sources have an inferior-superior
current direction. Figure 6 illustrates the time series of both sources when the analysis was ex-
tended to the whole time period using the positions of the dipoles for P50 and P100 as the loca-
tions of interest. For both sources the response can be found in the inferior-superior direction (z-
axis). The maximal activity for the P50 source is around 37 ms and for the P100 source around 74
ms. This is in agreement with the latencies found at sensor level, where P50 was found at 40 ms
and P100 at 73 ms. However, when the dipole locations for P50 and P100 are compared with the
anatomical atlas the dipole for P50 seemed to be located in BA 6 and the dipole for P100 in BA 1,
3 and 6. BA 6 corresponds to the premotor cortex and supplementary motor cortex, which are
located anterior to SI. BA 1 and 3 corresponds to SI.

Figure 5. The normalized anatomic location of the generator sources of P50 (red) and P100 (white) onto a tem-
plate MRI for young healthy subject 1. The normalized location and orientation of the sources are indicated by the
circle and the bar, respectively. This subject was stimulated on the right side.

The normalized dipole locations for P50 and P100 and the corresponding BA for the other
young healthy subjects are presented in table 3. For all subjects different locations for the P50 and
P100 source were found. For young healthy subject 2 the dipole for P50 is located in SI (BA 1, 2,
3). For the other subjects the dipole for P50 is located anterior (BA 4, 6) or posterior (BA 5, 7, 39,
40) to SI. BA 4 corresponds to the primary motor cortex. BA 5, 7, 39 and 40 all correspond to the
posterior parietal cortex. For subject 8 no BA could be defined, because the dipole was located just
outside the brain, in the scalp. This is probably due to an error in the construction of the head
model or the co-registration of the electrodes with the head model. The dipole locations for P100
were also not located in SII for most subjects. Only for subject 9 the dipole for P100 is located in
BA 40, which corresponds to SII. For the other subjects the dipole for P100 is located in the pos-
terior parietal cortex (BA 7), in SI (BA 1, 2, 3) or anterior to SI (BA 4, 6). For subject 9 the dipole
for P100 is located in the frontal eye fields (BA 8), which is probably due to noise.
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Figure 6. The dipole moments in x, y and z direction for the dipole found for P50 (A) and for P100 (B) for young
healthy subject 1. Time is expressed in seconds and the dipole moment in microvolts.

Table 3. The normalized dipole locations for P50 and P100 and corresponding Brodmann Areas
(BA) for all ten young healthy subjects (HS Young).

P50 P100 AL AO
HS Young X y z BA X y Z BA

1 -20,84  -11,57 84,48 6 -31,53 -18,70 81,55 1,36 13,18 0,22
2 -39,85  -25,62 77,75 1,23 -29,26 -13,34 80,50 6 16,44 0,14
3 -18,64  -37,49 87,37 57 -23,88  -48,21 80,65 7 13,69 1,75
4 -42,06 -2,16 61,58 4,6 -32,38  -53,35 54,20 7 52,62 2,84
5 -21,20  -12,77 87,31 6 -17,56  -32,14 8594 1,25 19,75 0,23
6 -37,00  -34,47 53,72 40 -26,75  -48,72 67,75 7 22,48 0,22
7 -29,38 3,32 76,26 6 -24,15 25,99 43,07 8 40,54 1,57
8 -45,02  -19,61 85,66 Nan  -36,04 -32,98 78,74 2 17,53 1,92
9 49,35 -2,82 64,73 6 70,94 -25,72 36,77 40 42,10 1,44
10 -51,76  -72,21 46,90 39 -45,88 -7,54 72,17 3,46 69,68 0,39

The dipole locations are expressed in millimeter and in MNI space. The x-axis points towards right, the y-axis points
towards anterior and the z-axis points towards superior. Subject 9 is left-handed. AL = difference in location between
the P50 and P100 source. AO = difference in orientation between the P50 and P100 source.
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4.3.2  Older healthy subjects
On average, the time period from 44.1 + 6.9 ms to 54.0 + 10.4 ms and the time period from 91.1 +

11.1 ms to 100.5 + 10.4 ms were selected for the localization of, respectively, the P50 and P100
source. For older healthy subject 2 the dipole locations for P50 and P100 were clearly separated
in two different clusters and it was clear which time segments had to be selected. The dipole loca-
tions for P50 and P100 fell within the same cluster for the other three subjects. For subject 1 it
was still clear which time segments had to be selected, but for subject 3 multiple clusters met the
predetermined criteria. For subject 4 no periods in which the dipole location was stable could be
found. The selection of clusters was for subject 3 and 4 therefore also based on the latencies found
at sensor level.

The normalized dipole locations for P50 and P100 and the corresponding BA for all older
healthy subjects are presented in table 4. For all older healthy subjects different source locations
were found for the sources of P50 and P100. As expected, for subject 3 the P50 response was
located in SI and the P100 response in SII. For this subject the normalized location and the orien-
tation of both sources are presented in figure 7. As can be seen from this figure both ECDs are
pointed in the superior-inferior direction. For subject 2 the dipole for P50 is located in SI, but the
dipole for P100 is located in the posterior parietal cortex. For subject 1 both dipoles are located
anterior to SI (BA 6) and for subject 4 both dipoles are located in and around SII (BA 40).

Table 4. The normalized dipole locations for P50 and P100 and corresponding Brodmann Areas
(BA) for all older healthy subjects (HS Old).

P50 P100 AL AO
HS Old X y Z BA X y Z BA
1 -40.80 0.83 66.60 6 -20.72 8.82 75.22 6 23,27 2,85
2 -43.61 -36.55 75.18 2,5 -29.81  -36.60 77.89 5,7 14,06 0,98
3 -51.03 -6.28 63.03 3,46 -4256 -47.64  65.65 40 42,30 1,71
4 -64.53 -37.40 53.30 40 -53.55 -2798 65.03 2,40 18,62 2,63

The dipole locations are expressed in millimeter and in MNI space. The x-axis points towards right, the y-axis points
towards anterior and the z-axis points towards superior. AL = difference in location between the P50 and P100 source.
AO = difference in orientation between the P50 and P100 source.

4.3.3  Chronic stroke patients
For the group of patients the time period from 46.4 + 15.3 ms to 56.4 + 22.7 ms and the time period

from 104.2 £+ 17.1 ms to 112.1 + 19.0 ms were selected for the localization of the sources of, re-
spectively, P50 and P100. For patient 1 and 4 it was clear which clusters and time segments had
to be selected for source localization. For patient 2 and 3 no periods in which the dipole location
was stable could be found. For these patients the dipolar distribution found at sensor level was
also less present when compared to patient 1 and 4. In addition, the dipole locations having the
highest GOF were located around the eyes or at the back of the head. The latencies for P50 and
P100 at sensor level were therefore also taken into consideration for the selection of the most
appropriate clusters.

The normalized location and orientation of the P50 and P100 source for patient 4 are pre-
sented in figure 8. Both dipoles were located in the posterior parietal cortex and pointed in the
superior-inferior direction. The normalized dipole locations for P50 and P100 and the corre-
sponding BA for all patients are presented in table 5. For all patients different locations were
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found for the sources of P50 and P100. However, for all patients the dipole for P50 was not located
in SI. The dipole was located anterior to SI for patient 1 and 3 and posterior to SI for patient 2 and
4. Although patient 2 is stimulated on the right side the dipole for P50 is just located in the right
hemisphere, indicated by a small, positive x-value. The dipole for P100 is, however, as expected
located in SII for this patient. For patient 3 and 4 the dipole for P100 is located in the posterior
parietal cortex and for patient 1 in the motor area.

Figure 7. The normalized anatomic location of the generator sources of P50 (red) and P100 (white) onto a tem-
plate MRI for older healthy subject 3. The normalized location and orientation of the sources are indicated by the
circle and the bar, respectively. This subject was stimulated on the right side.

Figure 8. The normalized anatomic location of the generator sources of P50 (red) and P100 (white) onto a tem-
plate MRI for patient 4. The normalized location and orientation of the sources are indicated by the circle and the bar,
respectively. This subject was stimulated on the left side.
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Table 5. The normalized dipole locations for P50 and P100 and corresponding Brodmann Areas
(BA) for all patients.

P50 P100 AL AO
Patient X y Z BA X y Z BA
1 36,92 8,99 70,53 6 37,45 10,21 69,19 6 1,88 0,56
2 7,08 -51,68 87,59 7 -62,08  -28,81 54,29 40 80,10 1,81
3 7,53 -55,70 79,54 46 4337  -16,94 72,23 7 53,30 0,55
4 37,65 -52,95 79,54 7 40,90  -42,67 73,09 5,7 10,79 0,16

The dipole locations are expressed in millimeter and in MNI space. The x-axis points towards right, the y-axis points
towards anterior and the z-axis points towards superior. AL = difference in location between the P50 and P100 source.
AO = difference in orientation between the P50 and P100 source.

4.4  Difference in location and orientation
The mean difference in the normalized location between the P50 and P100 source is for young

healthy subjects 30.80 + 19.40 mm, for older healthy subjects 24.56 * 12.41 mm and for patients
36.52 + 36.71 mm. After the logarithmic transformation the data was normally distributed, but
the assumption of homogeneity of variances was violated. The Welch test was therefore per-
formed. No differences were found for the P50-P100 difference in location between young healthy
subjects, older healthy subjects and patients (F(2,15)=0.182, p =.838, 1,2 =.038).

To examine the orientation of the sources a PCA was first applied to the dipole moments of P50
and P100. On average, the first PC explained for P50 95.7 + 6.6 % and for P100 96.7 + 4.2 % of the
total variance that was present in the data. The mean difference in orientation between the P50
and P100 source is for young healthy subjects 1.08 + 0.95 radians, for older healthy subjects 2.04
+ (.86 radians and for patients 0.77 + 0.72 radians. The data was normally distributed after the
Fisher z-transformation (Fisher, 1921) and the groups had similar variance. Like the location, no
differences were found for the difference in orientation between groups (F(2,15)=2.288, p =.136,
Np? =.234).

The difference in location and orientation for all subjects are presented in the last two columns
of tables 3, 4 and 5. As can be seen from this tables the difference in location and orientation varies
widely within groups, especially for patients. For patient 2, for example, the Euclidean distance
between the P50 and P100 source is 80.10 mm, while the dfference is only 1.88 mm for patient 1.

5 Discussion

This study aimed to locate and separate the sources of the P50 and P100 SEP-component after
electrical finger stimulation in healthy subjects and in chronic stroke patients. Subsequently, the
difference in location and orientation between the P50 and P100 source was examined and com-
pared between groups. The difference in location and orientation between the source of P50 and
P100 was expected to be smaller in stroke patients than in healthy subjects, due to reorganization
of the somatosensory areas (Pons et al., 1988; Rossini et al., 2001) and a possible take-over of
function by one of the sources (Simoes et al., 2001). Furthermore, P50 and P100 were expected to
be located in SI and SII, making them excellent candidates for predicting upper limb recovery post
stroke.

In contrast to previous studies no differences in the latency and amplitude of the SEPs were
found between healthy subjects and chronic stroke patients, when the SEP-components were ex-
amined at sensor level (Al-Rawi et al.,, 2009; Roosink et al., 2011; Yuya et al., 1996). These studies
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found longer latencies and smaller amplitudes in patients. Nevertheless, there was a trend to-
wards significance for both the P50 and P100 amplitude. Young healthy subjects showed in-
creased amplitudes for P50 and P100 when compared to older healthy subjects and patients. Since
the differences were also present between the group of young and the group of older healthy sub-
jects the differences may not be the result of the lesion, but may be explained by other effects, like
age. In addition, the group sizes were small and relatively large variations were present within
groups.

For two patients no SEPs could be detected. These two patients also had the lowest scores for
the ARAT and FMA, which is in agreement with previous studies investigating the predictive value
of SEPs in (sub-) acute stroke patients (Al-Rawi et al., 2009; Feys et al., 2000; Hendricks et al.,
1994; Hendricks et al., 1997; Keren et al., 1993). According to these studies the absence of cortical
SEPs is related to poor upper limb recovery. In addition, bigger P50 amplitudes were found in
patients with a more improved upper limb function, which is also reported earlier in (sub-) acute
stroke patients (Al-Rawi et al., 2009; Keren et al., 1993). However, because only four patients were
included in the analysis we were not able to correlate the amplitudes and latencies for P50 and
P100 with upper limb function.

To locate the generating sources of P50 and P100 a single equivalent moving dipole model was
applied to the whole time period and a hierarchical clustering approach was used to separate the
dipole locations belonging to P50 and P100. A single ECD model was subsequently applied to the
two time periods in which the selected clusters were active. For half of the group of young healthy
subjects, two older healthy subjects and two patients the hierarchical clustering approach re-
sulted in clear clusters for the sources of P50 and P100. For the other subjects the latencies for
P50 and P100 found at sensor level were also taken into account during the selection of clusters.
The present study was eventually able to reveal two subject-specific dipolar sources for P50 and
P100 for all subjects. In contrast to the expectation, no differences were found when the difference
in location and orientation between the P50 and P100 source was compared between healthy
subjects and patients. Furthermore, the P50 and P100 sources were not consistently located in,
respectively, SI and SII. For most subjects the sources were located in the motor area (primary
motor cortex, premotor cortex or supplementary motor cortex) or the posterior parietal cortex
instead of SI and SIIL.

According to previous research the Euclidean distance between SI and SII in response to tactile
stimuli is 39.82 mm in healthy subjects (Ploner et al., 2000). The average difference in location
between the P50 and P100 source found in this study was smaller for both healthy subjects and
patients. However, since this study was not able to locate the P50 and P100 source in, respectively,
SIand SII it is difficult to compare the observed differences with this value. Besides, the difference
in location between the P50 and P100 source varied widely within groups, especially in the group
of patients. For two patients a smaller difference in location between the P50 and P100 source
was found, when the difference was compared with the average difference found in healthy sub-
jects. This smaller difference could be caused by (a partial) take-over of function by one of the
areas, as was hypothesized. For the other two patients, however, a larger difference in location
was found compared to healthy subjects. The larger difference may be caused by over-activation
of the unaffected hemisphere. For these patients the P50 source was almost located in the middle
of the brain, indicated by a small x-value. When in addition to the contralateral (affected) hemi-
sphere the ipsilateral (unaffected) hemisphere is activated within 50 ms after stimulation the di-
pole will be located in the middle of both sources. This was not the case for the P100 source, which
makes the difference in location between both sources larger instead of smaller. Contribution of
SI in the unaffected hemisphere after stroke is reported by previous studies and may contribute
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to somatosensory recovery (Jang, 2011; Rossini et al., 2001). Activation of the unaffected hemi-
sphere is suggested to be the result of transcallosal disinhibition. Due to a lack of inhibitory activ-
ity from the affected to the unaffected hemisphere the excitability of the unaffected hemisphere
can increase (Andrews et al., 1993).

It was not possible to compare the difference in orientation between the P50 and P100 source
with earlier studies. According to previous research Sl is pointed in the anterior-posterior direc-
tion and SII in the inferior-superior direction (Forss & Jousmaki, 1998; Mima et al., 1998), but as
far as we know the difference in orientation between SI and SII was never calculated before using
the dot product of the first eigenvectors of SI and SII. In addition, as with location, it is difficult to
compare the orientation of the P50 and P100 source with these studies, since the sources found
in this study were not located in SI and SII.

Different factors may explain why the sources for P50 and P100 were not consistently located
in, respectively, SI and SII. In addition, some important remarks should be made with respect to
the used analysis and methods. First of all, the used hierarchical clustering approach was not able
to separate the dipole locations belonging to P50 and P100 for all subjects. For these subjects the
dipole locations were only separated by time. Furthermore, for a number of subjects it was not
clear which clusters had to be selected, because either multiple clusters or no clusters fully met
the predetermined criteria. A possibility to improve the clustering procedure could be to include
the factor time in the hierarchical clustering approach. When the formation of clusters is not only
dependent on the Euclidean distance between dipole locations, but also on the time period be-
tween dipoles, the separation of P50 and 100 locations into different clusters might improve. This
may lead to a more accurate selection of time segments for source localization. However, the fac-
tor time is not implemented in the hierarchical clustering analysis available in Matlab and the
function should first be adapted.

A second remark that should be made with regard to the analysis is that we were not able to
automatically co-register the 62 EEG electrodes with the subject’s MRI using the recorded posi-
tions of the fiducials. A script for the co-registration of the electrode positions with the subject’s
MRI is available in the Fieldtrip Toolbox, but this script does not work properly. It was therefore
necessary to align the electrodes interactively with the subject’s MRI, which is a time consuming
process and much less accurate. When the electrodes are interactively aligned the electrode loca-
tions may be shifted a few millimeters or possibly even a centimeter to the front, back, left or right.
When the electrodes are not correctly aligned to the head model the sources will not be located
properly. This may explain why for most subjects the sources of P50 and P100 were located ante-
rior or posterior to SI and SIL

Thirdly, the GOF of the dipole locations found using a single equivalent moving dipole model
was in general low and never explained more than 80% of the field variance. One of the explana-
tions could be that too much noise was still present in de data after preprocessing. Especially the
signals of the electrodes placed at the back and at the side of the head contained a lot of noise. For
some participants the EEG cap was not properly aligned to the back of the head, resulting in higher
impedances at the back. The EEG signals may also be contaminated by muscle activity in the shoul-
ders and neck. For some participants it was difficult to fully relax their shoulders and neck during
the measurements. Furthermore, a large artifact caused by the applied stimulus was present im-
mediately and 10 ms after stimulation. To minimize the stimulus artifact it is suggested to use a
ground electrode placed on the stimulated limb close to the stimulation site instead of a ground
electrode placed on the head (Cruccu et al., 2008; Mauguiére et al., 1999).

A second possibility could be that the stimulation frequency used in this study was too high or
the stimulus intensity too low. For the clinical use of SEPs a stimulation rate between 3 to 5 Hz is
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recommended (Cruccu et al., 2008). However, this applies in particular for the early cortical SEPs.
The amplitude of the late SEP components can be reduced at rates over 3 Hz (Mauguiére et al.,
1999). Forss and colleagues (1994) even found that the SII response was smaller when the stimuli
were applied with an inter stimulus interval of 1 second, when compared to inter stimulus inter-
vals of 3 and 5 seconds. In the present study, however, a stimulus frequency between 3 and 4 Hz
was used. To examine both the SI and SII response properly a lower stimulus frequency may be
more suitable. The stimulus intensity was set at twice the sensory threshold, which is recom-
mended and in general high enough to get adequate SEPs (Cruccu et al., 2008). For patients the
sensory threshold was determined at the non- or less affected upper limb. However, the sensory
threshold might be higher at the affected upper limb. The two patients without visible SEPs may
have felt the applied stimuli when the sensory threshold was determined at the affected upper
limb. Furthermore, stimulation of the median nerve instead of the index finger might also have
resulted in visible SEPs for these patients. Median nerve stimulation results in a larger SEP re-
sponse and the different SEP-components are better defined (Calmes & Cracco, 1971). The study
of Rossini and colleagues 2001 used median nerve stimulation in addition to finger stimulation,
because cerebral responses to finger stimulation are sometimes missing, even in healthy controls.
In order to obtain an adequate SEP response in as many patients as possible it may be better to
use stimulation of the median nerve. It is therefore decided to use median nerve stimulation in
the longitudinal study of the 4D-EEG project.

A final explanation for the low GOF could be that the data cannot be explained by only a single
ECD. More dipoles may be necessary to adequately explain the data. In response to electrical stim-
ulation SI and SII are both activated in the first 100 ms and their activities overlap in time. Accord-
ing to a study of Karhu and Tesche (1999) SI and SII are even simultaneously activated after me-
dian nerve stimulation instead of in series. In addition, SII in the ipsilateral hemisphere is acti-
vated shortly after activation of the contralateral hemisphere (Inui et al., 2004). It is therefore
difficult, and maybe impossible, to find time segments in which only one source is active. This is,
however, a prerequisite for the single ECD model. Furthermore, other sources, than contralateral
SI and contra- and ipsilateral SII, may be activated in the first 100 ms after stimulation of the index
finger. Finger stimulation is assumed to only evoke a somatosensory response, but SI has direct
projections to M1 (Jones et al., 1978). The motor areas may therefore be activated in response to
activation of SI. Forss and colleagues (1994) also found that an extra source in the posterior pari-
etal cortex is active in the period from 70 to 110 ms after stimulation of the median nerve. The
additional activation of these two areas may also explain why for a number of subjects the P50
and P100 source were located in the motor area or in the posterior parietal cortex instead of SI
and SII. Because of the possible activation of additional sources, it is worth to consider the use of
a multiple-dipole model instead of a single ECD model. An example of a multi-dipole localization
procedure that could be used is the Multiple Signal Classification (MUSIC) method (Mosher et al.,
1992). The advantage of the MUSIC method is that the number of active sources does not have to
be identified a priori. According to the study of Elbert and colleagues (1995) the MUSIC procedure
is able to separate the overlapping activities of SI and SII. However, a multiple-dipole model will
also introduce more parameters, which increases the risk of overfitting the data, in particular
when a lot of noise is present.

This study did not correlate the difference in location and orientation between the P50 and
P100 source with upper limb function, because only four patients were included in the analysis.
We are therefore not able to say anything about the predictive value of the examined source pa-
rameters. Also, since the sources of P50 and P100 were not located in, respectively, SI and SII the
predictive value of these sources for upper limb recovery is unclear. It is therefore necessary to
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investigate the predictive value of the subject-specific P50 and P100 sources further in the longi-
tudinal study of the 4D-EEG project. In this study the subject-specific P50 and P100 sources can
be examined over time during recovery and possible changes can be correlated with upper limb
function. Furthermore, when the above mentioned adjustments are made the longitudinal study
may be able to locate P50 and P100 in, respectively, SI and SII.

In addition to the location and orientation of the P50 and P100 source, it would be interesting
to examine the source strength in the longitudinal study. This variable was not taken into account
in the present study, because it is difficult to compare source strength between subjects. In the
longitudinal study, however, the relative changes in source strength within a subject and its rela-
tion to upper limb recovery can be studied. Activation of the healthy hemisphere in stroke patients
was also not taken into account in the present study. However, it would be interesting to examine
activation of the healthy hemisphere after stimulation of the affected upper limb as well as after
stimulation of the non- or less affected upper limb. After stimulation of the affected upper limb it
can be examined whether compensatory mechanisms take place in the healthy hemisphere as a
result of transcallosal disinhibition (Andrews et al., 1993; Rossini et al., 2001; Jang, 2011). When
the non- or less affected upper limb is also stimulated the relative difference in SEP response be-
tween the healthy and affected hemisphere could be examined, in addition to the absolute SEP
response. Stimulation of the non- or less affected upper limb is therefore also included in the lon-
gitudinal study of the 4D-EEG project.

6 Conclusions

To conclude, the present study was able to reveal two subject-specific dipolar sources for the P50
and P100 SEP-components. No differences were found when the difference in location and orien-
tation between the P50 and P100 source was compared between healthy subjects and chronic
stroke patients. In contrast to the expectation, the sources for P50 and P100 were not consistently
located in SI and SII, respectively. The predictive value of P50 and P100 for upper limb recovery
post stroke remains therefore unclear and will be further evaluated in the longitudinal study of
the 4D-EEG project. In this study it can be examined how the location, orientation and strength of
the subject-specific P50 and P100 sources change over time in the early period post stroke and it
can be examined how these changes are related to upper limb function. Moreover, when the re-
quired adjustments are made this study may be able to localize the P50 and P100 sources in, re-
spectively, SI and SII.
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