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Abstract

The e-OPRA Implant System (Integrum AB, Sweden) is a system which employs
permanently accessible implantable neuromuscular electrodes in combination
with osseointegrated attachment of the prosthesis to the skeleton, in order to
create a more natural control of advanced robotic upper-limb prostheses. The
system enables the possibility of sensory feedback, via a cuff electrode to the ul-
nar nerve which allows for direct neurostimulation of the nerve.

This work proposes a method using electroencephalography (eeg) to quantita-
tively evaluate the cognitive workload of a person controlling a prosthesis, and
how said workload changes when sensory feedback is enabled. Based on previous
studies on eeg and cognitive workload, the proposed methods include collecting
eeg data from subjects who are performing a grasping task while listening to a
selection of sounds and counting the number of times a specific tone is presented.
The data is analysed using both event related potentials (erps) as well as spectral
analysis.

The method was used in a trial run consisting of two healthy subjects, and one
transhumeral amputee implanted with the e-OPRA system. Although the subject
group was not large enough to draw any statistical conclusions, the trial run and
the results from it suggest that the methods could be used in a larger study to
evaluate the cognitive workload of amputees implanted with the e-OPRA system.
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1
Introduction

1.1 Motivation

The Biomechatronics and Neurorehabilitation Laboratory (BNL) is a part of the
Biomedical Signals and Systems research group at Chalmers University of Tech-
nology. One of their major research projects is called Natural Control of Arti�cial
Limb Through an Osseointegrated Implant. The project is a collaboration between
BNL, Centre for Advanced Reconstruction of Extremities in Sahlgrenska Univer-
sity Hospital, and Integrum AB. The main aim of this project is a more natural
control of advanced robotic prosthesis, using implantable neuromuscular elec-
trodes which are permanently accessible through osseointegration - the e-OPRA
Implant System (Integrum AB, Sweden). The project includes research on the e-
OPRA; electronics (e.g.biopotential amplifers, �lters, microcontrollers); bioelec-
tric signal processing, pattern recognition, control algorithms; and the clinical
implementation of this technology.

The e-OPRA is based on a system called Osseointegrated Prostheses for the Reha-
bilitation of Amputees (OPRA) which has been in use since 1990. OPRA consists
of a �xture which is attached to the bone at the stump of an amputee, and an
abutment which is used to anchor the prosthesis to the �xture. The �xture and
the abutment are connected by an abutment screw. The e-OPRA system, which
is currently used for upper-limb amputees, uses the abutment screw by embed-
ding connectors which are used for bidirectional electrical communication. The
system is presented in �gure 1.1. The connectors allows the prosthesis to be
controlled through epimysial electrodes, with pattern recognition control. Fur-
thermore, a spiral cu � electrode connected to the ulnar nerve allows direct neu-
rostimulation of the nerve, i.e. sensory feedback. This enables the possibility of
distally referred tactile perception, i.e. tactile feeling in the phantom limb. [1].
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2 1 Introduction

Which type of movements that can be performed and how the sensory feedback
is perceived di� ers between users. Previous work on the function of this spe-
ci�c prosthetic control has been focused on opening and closing of the prosthetic
hand.[2] Nonetheless, other movements are also possible, and there is continuous
work to enable more detailed movements.

Figure 1.1: The e-OPRA Implant System [1]. The abutment and the �xture
are used to attach and secure the prosthetic limb. (1) is a connector that is
embedded in the screw, interfacing the prosthetic limb. It is linked to con-
nector (4) in the soft tissue, via connectors (2) and (3). The neuromuscular
electrodes ("e.") are connected to (4). The cu� electrode is used for sensory
feedback.

It is intuitive to imagine that sensory feedback would lessen the cognitive work-
load with a person who is performing a grasping task - e.g. cracking an egg, pour-
ing a glass of milk or making the bed. Without sensory feedback, one would have
to rely heavily on visual feedback instead. If and how the cognitive workload
is in fact lessened can be evaluated qualitatively, for example using self-report
questionnaires.

Electroencephalogram (eeg) has often been used to evaluate cognitive workload
quantitatively. Furthermore, there are examples of eeg being used to evaluate
the workload in motor tasks (e.g. [3] and [4]), including a few examples of motor
tasks which include prosthetic usage ([5], [6]). On the basis of this, the aim of this
thesis is to employ eeg to investigate how to quantitatively evaluate the cognitive
workload induced by controlling a prosthesis. Speci�cally, the aim is to examine
how sensory feedback a� ects this workload.

1.2 Problem formulation

The following questions will be investigated in the thesis:
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• Which methods can be used to evaluate cognitive workload with EEG?

• How can these methods be applied to evaluate the cognitive workload with
a person controlling a prosthesis?

• Can these methods be used to show a di� erence in cognitive workload when
a person is performing a task with and without sensory feedback?

1.3 Limitation

At the time of this thesis project, only a handful amputees had received the e-
OPRA Implant System. Therefore, the number of possible subjects for the ex-
periment was very limited. To facilitate testing of the methods, two intact-limb
subjects took part in the experiment. In addition, the experiment was run with
one transhumeral amputee implanted with the e-OPRA, for a �nal test of the
methods. Owing to this, the results from the experiment cannot be used to draw
any statistical conclusions, but merely to give an indication of the outcome of the
methods.





2
Theory and Related Work

2.1 Electroencephalogram

The electrical activity of the brain can be measured using electrodes attached to
the scalp. The electrodes detect the voltage potential across the scalp, and these
detections are ampli�ed and recorded. This measurement is called an electroen-
cephalogram (eeg), and can be used to analyse the brain function in a variety of
ways. The electrical activity origins from the cerebral cortex which is the outer
layer of the cerebrum. The cerebral cortex is divided into two hemispheres, left
and right, and each hemisphere is in turn divided into four lobes, which are
named frontal , temporal , parietal and occipital . Because di� erent areas are in
control of di � erent actions, the electrical activity will not be uniform across the
brain. Therefore, the eeg data will di � er depending on where on the scalp the
activity is being measured. Consequently, it is necessary to place the electrodes
in such a way that the analysis can be done correctly. [7]

The standardised way of placing the electrodes is called the 10-20 system, and is
based on measurements of the skull, see �gure 2.1. The measurements emanate
from two baselines: one from nasion to inion, and one between the preauricular
points. The electrodes are placed on 10% and 20% points along these lines and
in between them. The original 10-20 system employs only 19 electrodes (plus
two reference electrodes placed on the earlobes). [8]. Therefore, additions to the
original 10-20 system are usually made in order to include a larger number of
electrodes. Furthermore, the electrodes are commonly placed on the skull using
a cap or a headband with pre-placed electrodes.

In accordance of the 10-20 system, the electrode sites are labelled based on their
location. Electrodes are labelled with numbers together with letters according

5



6 2 Theory and Related Work

to the placement on the skull, e.g. Fp (fronto polar), F (frontal), C (central), P
(parietal) or O (occipital). Sites along the line from the nasion to the inion are
labelled 'z', e.g. Pz, see �gure 2.1.

Figure 2.1: The 10-20 system. [8] Nasion and inion marked as 'Nz' and 'Iz',
respectively. Preauricular points are located right in front of the ears, close
to 'A1' and 'A2'

There exist multiple ways to analyse eeg data. For this thesis, two methods are
used: analysis of event related potentials, and a simple analysis of frequency
power.

2.1.1 Event related potentials

Event related potentials ( erp s) are based on the idea that speci�c brain activity is
triggered by certain stimuli. When employing an erp paradigm, eeg is recorded
continuously. Short stimuli that trigger certain brain process are presented re-
peatedly and time-locked to the eeg data, see �gure 2.2. The triggers can be e.g.
auditory, visual, or somatosensory. When processing the data, short segments
of the eeg data are extracted, e.g. from 100 ms before each stimulus, to 900
ms after. The segments are then averaged together. Becauseeeg activity that is
not triggered by the stimuli will be unrelated between each segment, the stimuli
related activity will be enhanced and the unrelated activity will be dampened.
When using a large enough number of triggers, the resulting averaged segment
will show only the stimuli related activity - the erp . [7]
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Figure 2.2: eeg with trigger markers

An erp has a typical waveform, and the components of the waveform can be
analysed in regards to latency and amplitude. Components of interest will vary
between studies. The components are typically named from a naming convention
based on the latency in regards to the trigger, or based on the position in the
waveform (e.g. the P3 component is the third positive peak). Both the names,
and more importantly, the latency ranges and how they are selected vary between
studies. Some studies (e.g. [9], [6]) use a method reported in Handy et al. [10],
where the grand average of all erp s in the study is calculated, and narrow time
windows are centred around the maximum of each component. In contrast, Luck
([11], Ch. 9) advises against using the grand average to draw conclusions about
the components' latencies, stating that choosing the measurements based on the
basis of the data could cause the results to be misinterpreted.

Commonly, only a few components are mentioned in erp studies on cognitive
workload and only these will be mentioned in this thesis for simplicity. Further-
more, because the naming convention di� ers between studies, this thesis will
follow the same convention used in a study by Miller et al. [9]. See table 2.1 and
�gure 2.3 for the components and their respective latencies (as used in the study
by Miller et al.).

2.1.2 Spectral analysis

Analysis of the power spectrum of the eeg data is quite commonly employed
in studies on cognitive workload. On occasion, this is performed in conjunction
with an erp analysis, see e.g. [4], [12], and [5]. In these studies, the analysis is
done by estimating the power spectrum of the eeg signal using Fourier transform,
and subsequently calculating the power across di � erent frequency bands. The
absolute powers of the frequency bands are then compared across conditions.
Which frequencies that dominate the signal will depend on the subject (age etc.),
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Table 2.1: The di� erent components of an erp . Names and component laten-
cies of the components are presented, following the same convention used in
[9].

Component Component latency [ms]

N1 140-160
P2 225-255
P3 290-320
LPP 570-610

Figure 2.3: ERP components

as well as the mental state of the subject. [7]

The frequency bands are presented in table 2.2. As with peak latencies in erp s
(see 2.1.1), the speci�cations di� ers between studies. This thesis will follow the
bandwidths speci�ed by Sörnmo et al. [7], but dividing the alpha rythm into
low-alpha and high-alpha, as in [5].

Table 2.2: Bandwidths of eeg signals, as speci�ed in [7] and [5]. In bold
are the bandwidths used in this thesis. In parenthesis, abbreviations for the
names are presented, which are used in other tables in this thesis.

Name Bandwidth [Hz]

Delta (D) < 4
Theta (T) 4 � 7
Low-alpha (lA) 8 � 10
High-alpha (hA) 11 � 13
Beta (B) 14� 30
Gamma (G) > 30
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(a) Before low-pass �lter (b) After low-pass �lter (cuto � 35
Hz)

Figure 2.4: eeg signal before and after applying a low-pass �lter that �lters
out power line noise.

2.2 EEG signal processing

Recording and analysing eeg can be troublesome on account of the many sources
of disturbances. Firstly, there is power line noise from any electrical equipment in
the vicinity of the eeg recording equipment. In Sweden, the power line frequency
is 50 Hz. [13] eeg signals are usually measured in � V , meaning that there is a
great risk of eeg signals being overpowered by power line noise.

Secondly, there are biological disturbances to the eeg signals in form of e.g. eye
blinks and eye movements, electromyography activity ( emg, i.e. muscle signals)
such as jaw movements etc., and cardiac activity. These types of contaminations
are more di� cult to remove, since they are not predictable and uniform in the
same way as power line noise.

Thirdly, artefacts can be caused by the equipment, e.g. by bad electrodes, elec-
trodes moving on the scalp on account of the subject moving, sub optimal contact
between the skin and the electrodes, etc.. [7]

On account of the previously mentioned issues, it is necessary to process the
eeg data prior to analysis. This section aims to describe some commonly used
processing methods for eeg data.

2.2.1 Low-pass, high-pass and notch �ltering

Power line noise

As mentioned in 2.2, the power line frequency can cause disturbances in the eeg.
If frequencies above the power line frequency are of interest in a study, a notch
�lter is required to �lter out the power line noise. However, if only frequencies
below the power line frequency are of interest a low-pass �lter will su � ce. This
is often the case in studies concerning cognitive workload (e.g. [3], [14]).
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Slow voltage shifts

According to Luck ([11], Ch. 1), slow voltage shifts in the eeg often arise from
the electrodes and the skin. To suppress these slow drifts, one usually applies a
high-pass �lter of e.g. 0.1 Hz to the eeg signal. A higher cuto � -frequency is not
suitable, as it would risk distorting valuable traits of the signal. [11], Ch. 7

2.2.2 Re-referencing

When the eeg is recorded, the electrical potentials between the electrode sites
and a common ground electrode are measured. Depending on the eeg recording
system, a reference electrode might also be used online (i.e. during the record-
ing).

The purpose of the reference is based on the fact that the ground electrode is by
necessity connected to a ground circuit in the ampli�er, which creates electrical
noise. Let A be the absolute voltage at a speci�c electrode, and G the absolute
voltage at the ground electrode. Then the potential between A and G will be A� G,
and becauseG contains electrical noise, so will A � G. By including a reference
R (online or o � ine), the noise from the ground electrode can be eliminated. The
potential is instead measured as the di� erence in potential between A � G and
R� G, i.e. (A � G) � (R � G) = A � R. Consequently, the ground, which is required
for the ampli�er to record the signal, is removed in the actual output signal.

The referencing can be done online in the recording, or o � ine when process-
ing the data. If a reference is used online, it can still be re-referenced o � ine, if
another reference is desirable. Common reference sites include earlobe(s), mas-
toid(s) (bone located behind the ear), tip of the nose, or an average of all elec-
trodes. Which reference site(s) that is used depends on the application. ([11], Ch.
5)

2.2.3 Independent Component Analysis ( ICA)

In order to describe Independent Component Analysis ( ica ), it should, as already
has been mentioned, be noted that recorded eeg data consist of not only cor-
tical activity, but also of recorded activity from other sources, such as muscle
movement (scalp, jaw, etc.), eye blinks and eye movements, cardiac activity, and
non-biological noise from electrodes and environment. Furthermore, the corti-
cal activity measured from one electrode site on the scalp will be a mixture of
electrical potentials across the scalp - di � erent eeg sources. The purpose of ica
is to divide the recorded eeg signals into independent sources, thus making it
possible to remove unwanted activity such as eye blinks from the signal.

For a simpli�ed example, let there be two di � erent independent eeg sources,
and one additional source from eye movement, i.e. in total three sources. When
recording the eeg from three electrode sites in between the sources, the recorded
signal will be a compound of these sources. Depending on where the electrodes
are placed, the weighting of how much of each source is recorded will di � er.
([15]) The example can be expressed mathematically as in (2.1).
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x1 = a11s1 + a12s2 + a13s3

x2 = a21s1 + a22s2 + a23s3

x3 = a31s1 + a32s2 + a33s3

(2.1)

Here, xi are the recorded signals, sj are the independent sources (let e.g. s3 be
the eye movement source), andai j are the weights. Because the interesting part
of the recorded signal is the part that stems from the eeg sources, it is desirable
to be able to remove s3, the source from the eye movement. However, the matrix
(2.1) contains twelve unknown variables, and only two known, meaning that is
it not possible to solve the equations exactly. Instead, ica aims to approximate
the weights and the sources, by estimating the so called unmixing matrix W,
according to (2.2)

x = As
ICA
) s = W x (2.2)

where W = A � 1. [16]

ica estimates the unmixing matrix, e.g. by taking the recorded signals x as in-
put to a neural network which uses a learning algorithm. The estimation is done
under the assumption that the sources are statistically independent and nongaus-
sian, and the estimation of the unmixing matrix is performed by maximising the
independence of the components in the matrix. ([11], Ch. 6)

ica components are visually inspected, and components that corresponds to e.g.
eyeblinks (and not cortical acitivity) are removed from the eeg signal.

In general, the visual inspection of the ica components is quite subjective. Al-
though there exists software designed for automatic detection of components
with artefacts (e.g. ADJUST [17]), manual inspection is still required to choose
which components to reject. The following example follows the recommenda-
tions of a lecture by Cohen [18], and is used to describe the process of manual
inspection of the ica components.

Visual inspection of ica components

Figure 2.5 shows an image of a few channels of recordedeeg data, along with
a few of the ica components calculated from the data, and the time activations
of said components. Looking at component 3 in �gure 2.5c, it is obvious that
the distribution of weights is mostly anterior, i.e. it corresponds to activity in
the front of the skull. Looking at the eeg channels in 2.5a, eye blinks are clearly
visible at around time stamps 126, 127, 128, and 129.5 s, which corresponds to
the ica time course in component 3. In addition, component 3 does not seem to
contain any additional activity. Therefore, component 3 can be safely removed.

Similarly, the eeg channels appear to contain an horizontal eye movement slightly
before time stamp 128 s, judging by the sudden and square motion in the signal.
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This corresponds to component 6 in the ica components, which does not seem to
contain much else information beside the eye movement. Like component 3, com-
ponent 6 has a primarily anterior weight distribution. Based on this, component
6 can also be removed.

emg artefacts can also be removed usingica . However, according to Luck ([11],
Ch. 6), there is controversy concerning the suitability of using this method. In
addition, judging from the result from the literature review for this thesis, it
appears that it is more common to use ica only for eye movement artefacts, and
rely on other methods for rejection and correction of emg artefacts (see e.g. [19],
[20], [3]).

2.2.4 Epoching

If conducting an erp study, it is necessary to epoch the data, i.e. to segment
the data in regards to the time-locked stimuli ( erp is described brie�y in section
2.1.1). This is a simple procedure, where segments, orepochs, of a speci�c time
interval are extracted from the data. When performing an erp study, the epochs
are extracted in regards to the stimuli, which are time-locked to the eeg signal
during the recording. The length of the epochs di � ers between studies, but a
common length is around 1 s, e.g. starting 200 ms before the stimulus and ending
800 ms after. ([11], Ch. 8)

On occasion, epoching is used in non-erp studies as well, e.g. in [12]. This is to
be able to apply baseline correction to the epochs (see 2.2.5), and for an easier
artefact rejection procedure (see 2.2.6).

2.2.5 Baseline correction

To remove slow drifts from the epochs, a baseline correction is ususally per-
formed after the epoching. The correction can be performed in di � erent ways,
but a common way is to take the mean of the pre-stimulus voltage and subtract
the result from each point in the epoch. The slow drifts are the same that are men-
tioned in 2.2.1, where high-pass �lters are used to remove slow drifts. Luck ([11],
Ch. 8) promotes using an explicit baseline correction in addition to a high-pass
�lter, arguing that �ltering alone can cause di � erences across conditions.

2.2.6 Artefact rejection

Artefact detection and rejection are necessary parts of an EEG study. As has
already been mentioned, artefacts in the eeg can be caused by either biological
disturbances, or by equipment and environment. It has already been discussed
in 2.2.3 that ica can be used to correct theeeg data for e.g. eye blinks.

In addition to this, the data can be visually inspected, and artefacts can be manu-
ally removed. This can be done either on the continuous data, or on the epoched
data. Periods of data in the eeg signal which are dominated by e.g. muscle sig-
nals are simply removed. If performing the artefact rejection on epoched data,
epochs which are contaminated by artefacts are rejected as a whole. Along with a
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