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a  b  s  t  r  a  c  t

Patients  with  tremor  can benefit  from  wearable  robots  managing  their  tremor  during  daily  living. To
achieve  this,  the interfaces  controlling  such  robotic  systems  must  be able  to  estimate  the  user’s  intention
to move  and  to distinguish  it  from  the  undesired  tremor.  In this  context,  analysis  of  electroencephalo-
graphic  activity  is  of  special  interest,  since  it provides  information  on  the  planning  and  execution  of
voluntary  movements.  This  paper  proposes  an  adaptive  and  asynchronous  EEG-based  system  for  online
detection  of the  intention  to  move  in  patients  with  tremor.  An experimental  protocol  with  separated
self-paced  wrist  extensions  was  used  to test  the  ability  of  the  system  to detect  the  intervals  preceding
voluntary  movements.  Six  healthy  subjects  and four essential  tremor  patients  took  part  in  the  experi-
ments.  The  system  predicted  60 ± 10%  of  the  movements  with  the control  subjects  and  42  ±  27%  of  the
movements  with the  patients.  The  ratio  of  false  detections  was  low  in  both  cases  (1.5  ±  0.1  and  1.4  ±  0.5

false  activations  per minute  with  the controls  and  patients,  respectively).  The  prediction  period  with
which  the  movements  were  detected  was  higher  than  in  previous  similar  studies  (1.06  ±  1.02  s  for  the
controls  and  1.01  ±  0.99  s with  the  patients).  Additionally,  an  adaptive  and fixed  design  were  compared,
and  it was  the  adaptive  design  that  had  a higher  number  of  movement  detections.  The  system  is  expected
to  lead to  further  development  of  more  natural  interfaces  between  the  assistive  devices  and  the  patients

wearing  them.

. Introduction

Electroencephalography (EEG) systems assisting patients
ith motor disabilities have achieved relevant advances in
uman–machine interfaces during the last decade [1–4]. EEG
easures the cortical activity directly related to movement

ntention and motor awareness [5]. Therefore, its integration with
ther sensor modalities that track actual human movements (like
lectromyography (EMG) and Inertial Measurement Units (IMUs))
akes it possible to characterise a volitional movement from its

lanning to its execution [6]. This is desired in systems controlling
europrosthetic (NP) or neurorobotic (NR) devices that aim to
ssist patients with motor disabilities as naturally as possible, i.e.
educing the impact of the assistive technology.
The application of such natural interfaces improves
uman–machine communication by encouraging user’s involve-
ent [7,8]. This will eventually lead to better recovery of the
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lost functionality in the affected limb. A natural human–robot
interface must meet three objectives: (1) the system must reliably
distinguish the user’s intentions to move from the periods of
non-intended activity (when the robot is in an idle state), (2)
it must react with minimum latency with respect to the user’s
intentions to move [8], and (3) the assistive technology must rely
on the biosignals that appear when the user performs an action
in a normal way, i.e. the user does not need to concentrate on
artificial mental strategies to control the device.

Here we present an Online EEG-based Detector of the Inten-
tion to Move (ODIM). This system distinguishes resting states from
intervals preceding the execution of upper-limb movements in
patients suffering from tremor. It is intended to be integrated
in a multimodal Human–Robot Interface (mHRI) that provides
the EMG/IMU-based systems with information on the patient’s
movement intention [6]. This application helps to meet the afore-
mentioned requirements of a natural interface. First, given that
EEG holds information on the patient’s intentions to move, it
enables the IMU/EMG-based movement tracking systems to detect
voluntary actions. Besides, providing the IMU/EMG systems with
predictive information on voluntary action is useful to detect move-

ment onset with short delay (this can be complicated if tremor
is present before the movement begins). Finally, the ODIM pro-
posed here is based only on the EEG patterns present before a
subject self-initiates a movement with the upper-limb. Therefore,
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earning artificial mental strategies to command the interface is not
equired.

The integration of EEG in such a mHRI is hence justified. Nev-
rtheless, the EEG-based system must demonstrate its ability to
nticipate intended actions and also its robustness against false
ctivations during long periods of non-activity. Additionally, the
ystem must demonstrate its suitability for tremor patients. The
EG movement-related patterns in the most typical tremor-related
athologies may  be somewhat different to those observed in
ealthy subjects [9–12].

Two EEG patterns are suitable for movement intention detec-
ion. The Bereitschaftspotential (BP) refers to a reduction of DC
ignal amplitude starting about 2 s before the onset of the volun-
ary movement. The BP presents a steeper decay 400 ms  before
he movement starts, known as “late BP” [13]. The Event Related
esynchronisation (ERD) over the sensorimotor cortex refers to

he decrease of EEG signal power in the contralateral alpha and
ower-beta rhythms starting around 2 s before the onset of vol-
ntary movements [14–16]. Although both EEG processes appear
pproximately 2 s before the onset of voluntary movements, using
he BP to detect the intention to move presents an important draw-
ack: the early part of the BP (until 400 ms  before the movement
tarts) presents small amplitudes (2–3 �V) [17], barely detectable
n a single-trial analysis. Therefore, robust online single-trial detec-
ion of the BP relies on “late-BP” detection. This makes it difficult
o predict the onset of the movements using the BP. ERD, on the
ther hand, overcomes this problem since the switch between the
ynchronised and the desynchronised states is faster and more pro-
ounced [17,18].

Several previous works have dealt with the problem of detec-
ing the intention to move [19,17,20,21]. On the one hand, [19]
nd [21] use the BP to locate the onsets of voluntary movements
erformed with the ankle and the arm, respectively. A high percent-
ge of movements is detected, although no anticipation is achieved
ue to the characteristics of the BP. On the other hand, Bai et al.
17] use subject-specific ERD-patterns to detect the intention to

ove in healthy subjects. High prediction periods (0.62 ± 0.25 s) are
btained with an average precision of 75 ± 10%, but a small number
f movements is detected with most subjects analyzed (less than
0% of the movements are detected with the best subject). Impor-
antly, most of these studies provide results of paradigms in which
est intervals preceding voluntary actions last on average 5̃ s, thus
educing the chances of the systems to generate false detections.

Here, the ODIM is tested with an asynchronous and continu-
usly validated paradigm on 6 healthy subjects and 4 patients with
ssential Tremor (ET), the most common tremor-related neuro-
ogical disease [22]. It achieves better performance than previous
tudies in terms of number of detections and specificity, and it does
t with an experimental paradigm with long (>15 s) intervals of res-
ing condition, thus ensuring a rigorous evaluation of the specificity
f the system. Additionally, the adaptive design taking advantage of
he synchronised acquisition of EEG and IMU  information is com-
ared with non-adaptive alternatives.

. Methods

.1. Subjects

Two age-unmatched groups of subjects were recruited for the
resent study: six healthy subjects (one female), all right-handed
nd between 27 and 36 years old, and four patients diagnosed

ith essential tremor, males, right-handed and between 75 and

5 years old. None of them had any prior experience with EEG/BCI
aradigms. The group of patients and 2 control subjects were mea-
ured in a single session, while the rest of the control subjects
sing and Control 8 (2013) 822– 829 823

participated in two measurement sessions performed over differ-
ent days. Patients were diagnosed as ET according to the Movement
Disorders Society Diagnostic Criteria [23] by experienced neurol-
ogists. All of them presented bilateral postural and action tremor
of mild and moderate severity. P01 and P02 presented also mild
rest tremor. None of them had other neurological symptoms. The
patients were asked not to take antitremorogenic drugs within the
24 h before the experiments. None of the patients showed head
tremor. All patients signed an informed consent to participate in the
study; the Ethical Committe at Universidad Politécnica de Valencia
and at Hospital 12 de Octubre gave approval to the experimental
protocol. The reason why  the two  experimental groups were age-
unmatched was to ensure that the system proposed was able to
adapt to an heterogeneous group of subjects.

2.2. Data acquisition

EEG signals were recorded from 13 positions over the motor
area (FC3, FCz, FC4, C5, C3, C1, Cz, C2, C4, C6, CP3, CPz and CP4
according to the international 10–20 system) with passive Au scalp
electrodes. The electrode–skin impedances were kept below 7 K�
and monitored throughout the measurement sessions. The refer-
ence was  set to the common potential of the two  earlobes and
Fz was used as ground. The amplifier (gUSBamp, g.Tecgmbh, Graz,
Austria) was  set to filter the signal between 0.1 and 60 Hz, and an
additional 50 Hz notch filter was  used. The data was acquired at
256 Hz.

Reference-free estimations of the EEG signals were obtained by
spatially filtering the 13 channels acquired. A Laplacian filter was
applied to the C3, C1, Cz, C2, and C4 positions [24]. For bound-
ary channels, a Common Average Reference was used. The way  in
which the information of different EEG channels was combined (a
Naïve Bayes Classifier assuming independency between features
was used as described in Section 2.5) overcame the problem of
the statistical differences between channels with different spatial
filtering methods.

Wrist extension/flexion was  monitored by means of two IMUs
(Technaid S.L., Madrid, Spain) placed on the hand and forearm.
Wrist rotation was obtained by computing the difference between
both IMUs [25].

Both measuring systems were acquired in two different comput-
ers and they were synchronised by means of a pulse signal that was
generated by the computer storing the IMU  data and sent through a
DAQ to the EEG (two pulses at the start and the end of the recordings
and one pulse each time the IMUs detected a wrist extension).

2.3. Experimental protocol

During the experimental sessions, subjects were seated in a
comfortable chair and with the arms supported. One measurement
session of one subject was divided into 3-min long runs. In each run,
the subject was  asked to stay steady and to repeat a motor task con-
sisting of focusing on the dominant hand and performing a single
wrist extension followed by a return to the resting position (with
the arm and hand relaxed on the armrest of the chair). The subjects
were asked to stare at a fixation cross presented on a wall in front of
them. An acoustic signal sounded 10 s after each movement onset
to indicate to the subjects that a trial had finished and a new trial
was starting. This acoustic signal was used to ensure long enough
rest intervals between consecutive movements, so that the speci-
ficity of the EEG-based detector could be analyzed. The subjects

were asked to remain as relaxed as possible during the measure-
ments, they were also allowed to gulp, blink their eyes or slightly
correct their position right after the end of the movements, thus
minimizing the impact of these actions on the final results.
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Fig. 1. Graphical re

A valid trial thus contained an initial acoustic signal followed by
 period of no motor activity (before the subjects decided to start
he movement), an execution of the motor task and an additional
0 s time period without motor activity (see Fig. 1). In each trial,
he measured subjects were asked to wait more than 3 s between
he acoustic signal and the execution of the movement.

All patients and two control subjects (C05 and C06) completed
ix to eight 3-min runs in a single session, and the rest of the mea-
ured subjects completed two sessions on two different days. A
ummary of the trials recorded with each subject is presented in
able 1 together with the time percentage of the recording sessions
here the subjects were in a resting condition.

.4. Detection of the movement onset with the IMUs

In order to detect online the time at which each movement
tarted, wrist movement in the resting condition was  characterised
t the beginning of each session, and the threshold amplitude was
et as two times the maximum amplitude value in this interval. The
ata from the IMUs were low-pass filtered (Butterworth, order 2,
6 Hz). Movements incorrectly detected by the online IMU-based
lgorithm were either corrected or discarded manually after the
essions, to ensure a rigorous evaluation of the ODIM. This correc-
ion affected less than 5% of all movements.

.5. Description of the ODIM

The system was designed to predict the execution of vol-
ntary movements asynchronously, i.e. without using external
ues [26,27]. The ODIM estimated every 125 ms  whether a pre-
ovement state was detected.
In order to detect these pre-movement intervals, the ODIM

ooked for EEG signal segments where the ERD phenomenon was
iven at certain scalp positions and frequency bands. Since the spa-
ial and frequential distribution of the ERD presents high inter-
nd intra-subject variability [28,29] the system was designed to
dapt its configuration based on the data acquired from each mea-

ured subject, taking into account the most recent set of examples
etected by the IMUs, as depicted in Fig. 2.

The core of the ODIM consisted of a Bayesian Classifier (BC)
ed by the logarithmic Power Spectral Density (PSD) values at

able 1
ummary of the trials measured in the training and detection sessions and distribu-
ion of these trials into movement and resting intervals.

Subject No. of training
trials

No. of trials for
validation

% of time in the
resting

C01 60 40 85.7
C02  40 75 89.4
C03  64 57 84.8
C04  61 60 87.2
C05  20 56 86.5
C06  20 60 89.2
P01  22 43 83.3
P02  19 59 90.6
P03  23 47 85.3
P04  23 67 92.1

Average 35 ± 19 56 ± 11 87.4 ± 2.8
tation of one trial.

three subject-specific EEG channels and frequencies. This number
of features has proven to be suited for the prediction of volun-
tary movements in previous experiments [6]. Therefore, the ODIM
focused on the EEG data related to the ERD phenomenon, i.e. on the
channels and frequency bands best representing it for each subject.
The PSD estimation and the BC were selected based on previous
results presented in [30], where these methods showed the best
classification performances with similar experiments.The BC also
presents the advantage of requiring low computational load during
its online function and during its training process. This is a relevant
aspect in the design of the system.

The power estimations were performed using Welch’s method
(Hamming windows, 128 samples, 75% overlap).

2.5.1. Initial training of the ODIM
Before the ODIM started generating probabilities of pre-

movement interval detection, a set of trials was acquired and used
as the initial training dataset (first column in Table 1). The features
for the BC were selected from this dataset, and the classifier and the
threshold were then initialised. The features selected by the ODIM
were the logarithmic PSD values of the EEG in three channel and
frequency pairs. These pairs were selected using the average ERD
obtained from the training trials. The way  in which this was done
is described in Section 2.5.4.

The BC was trained with the logarithmic power values of the
movements from the training dataset for the three features (chan-
nel/frequency pairs) selected. The windows used to extract the
training logarithmic power values were intervals 2-s long starting
before the movements and containing them.

The threshold applied to the output probability of the BC was
initialised using the training dataset and following a criterion of
maximising both the number of movements predicted and the rate
of false detections.

2.5.2. Online detection of the intention to move
During the online function, the values of the three selected fea-

tures were extracted from the EEG signal every 125 ms using 2-s
windows. The BC was  fed with these three logarithmic power val-
ues and the three output probabilities (one per channel/frequency
pair) were combined to generate the final output probability.

A threshold was  then used to convert this probability into a
binary signal, and a Refractory Period (RP) was applied in order
to maintain each positive output interval of the ODIM active for
at least 2.5 s [26]. This RP generated a stable output of movement
predictions to be used by other systems.

2.5.3. Online training of the ODIM
Every time the IMUs detected a movement during the classifi-

cation, the BC and the threshold were retrained using the updated
training dataset containing the most recent movements acquired
(including the one just detected). The number of past movements

taken into account for online retraining of the system was con-
figurable and for this study, the 30 most recent trials were used.
This amount of past movements is expected to be large enough to
correctly characterise the ERD phenomenon [31].
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Fig. 2. Flowchart of the ODIM. The arrows crossing the block

.5.4. Selection of subject-specific optimal channels and
requencies for the ERD characterization

The process of channel-frequency selection was  divided into
wo steps. First, the system looked for the frequency at which
he largest ERD was observed in each channel. This frequency
as the one that maximized the ratio between the average fre-

uency spectra of the basal and movement states. In previous
ests with the training data of the control subjects, using this
riterion provided better results in the selection of optimal fre-
uency components than the Bhattacharyya index, the two-sample
-test and the Kullback–Leibler distance. The frequency spectrum
f the movement state was characterised by averaging the PSDs
f all the movement intervals included in the training dataset. The
ovement intervals were taken from 2 s before the onsets of the
ovements (when the average ERD is expected to begin in most

ubjects [16]) until they ended. Similarly, the frequency spectrum
f the basal state was characterised by averaging the PSDs of all the
asal intervals. The basal intervals were taken from the end of the
ovements until 3 s before the subsequent movements. Welch’s
ethod was used to estimate the spectra. At the end of this first

tep, it was obtained the frequency at which the ERD was most
rominent in each channel.

Second, in each channel, the average ERD was obtained at the
elected frequency by filtering the training trials (Butterworth,

rder 4, band-pass, 2 Hz resolution) and averaging over the trials.
he resulting 13 curves were used to estimate ERD prediction with
espect to the real movement in each channel. The amount of pre-
iction of ERD in each channel was obtained as the integration of

ig. 3. Smoothed ERD of one channel at the optimum frequency. The amount of predictio
n  this case) until the movement onset (time = 0 s).
esent the adaptive design of the parameters in these blocks.

ERD from the time at which the average ERD fell below the baseline
level until the movement onset detected by the IMUs (see Fig. 3).

The three most perdictive channels at the best pre-determined
frequencies were selected for the subsequent modelling and clas-
sification of the pre-movement state.

2.5.5. Classifier performance and threshold selection
In order to select the optimum threshold applied to the output

probability of the BC during the online function of the ODIM, the
latter’s performance was evaluated after each new movement had
been detected by the IMUs, and a subset with the 30 most recently
acquired trials as described above was  taken into account.

The optimum threshold was  the one that maximised the number
of predicted movements (recall) while keeping the false positives
per minute rate (FPMR) below a maximum level of 1.5 false acti-
vations per minute for the training data.

The recall and specificity rates were defined as:

Recall = TP · (NumberOfTrials)−1 (1)

FPMR = FP · (1 minute)−1 (2)

where TP (True Positives) was the number of time intervals during
which the output of the ODIM was  true and the movement onset

(reported by the IMUs) was inside it. FP (False Positives) was the
number of time intervals during which the output of the ODIM was
true and they were located in the resting intervals, when the sub-
jects were not performing any kind of movement. Similar metrics

n is the gray area under the ERD curve from its beginning (at around time = −2.5 s
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The prediction period column refers to the average distance
between the times at which the EEG-based movement detections
start and the onset of the movement. RecallLate refers to all the

Table 2
Selected features (channel–frequency pairs) by the ODIM.

Subject Ch.1 Fr.1 (Hz) Ch.2 Fr.2 (Hz) Ch.3 Fr.3 (Hz)

C01 C5 10.5 C3 10.5 CP4 10.5
C02  C3 11.5 C1 11.5 CP3 11.5
C03  FC3 12.5 C5 12.5 C3 12.5
C04  FC3 12.5 C3 12.5 CP3 12.5
C05  C3 12.5 Cz 9.0 C6 9.0
C06  FC4 11.5 C3 11.0 C1 11.5
P01  FC4 8.5 C5 8.0 CP3 8.5
P02  C1 15.5 C2 15.0 CP3 11.0
P03  FCz 16.5 FC4 17.5 C5 17.5
P04  C3 8.5 Cz 8.0 CP3 8.5

Table 3
Classification results of the ODIM.

Subject Recall (%) FPMR Prediction
period (s)

RecallLate (%)

C01 65 1.5 0.77 ± 0.96 100
C02 77 1.3 0.80 ± 0.90 100
C03 44 1.6 1.27 ± 1.02 84
C04 55 1.6 0.99 ± 0.87 98
C05 57 1.3 1.17 ± 1.17 89
C06 60 1.5 0.83 ± 1.02 100

Controls average 60 ± 11 1.5 ± 0.1 0.97 ± 0.99 95 ± 7

P01  14 1.7 0.98 ± 1.24 74
elected by the ODIM, (2) the raw wrist flexion/extension recorded with inertial sen
ine),  and (3) the ODIM output probability (gray area) and the system’s binary outpu
nsets of the movements (M.O.).

ave been used in previous studies dealing with asynchronous BCIs
26,27,32,19].

.6. Data organization for training and validation

Since the patients and two control subjects (C05 and C06) were
nly measured during one session each, the runs performed dur-
ng these single sessions were divided into training and classifying
uns. The first 2 runs performed by each of these subjects were used
o select the features (channel/frequency pairs) used for training
he BC and defining the initial threshold. The remaining runs of
ach subject’s sessions were used to validate the ODIM.

As for the rest of the control subjects, the feature selection and
he initialisation of both the BC model and the threshold were
erformed with the data acquired in the first of the two  sessions
erformed. The whole second session was used for validation.

For both groups the pre-movement model of the BC and the
etection threshold were updated each time the IMUs detected the
nset of a new movement. The BC was always trained with the 30
ost recent movements performed by each subject, as described

n Section 2.5.5.

. Results

The ODIM results obtained with all subjects who  took part in
his study are presented in the following subsections along with
he comparison of an adaptive and fixed design.

.1. Results

The plots in Fig. 4 show 140 s of continuous function of the
DIM with C02. Four movements are performed along this period
f time. Three movements are predicted, no false detections are
enerated and a late detection is achieved in the second trial. The
DIM outputs higher probabilities when more significant ERD is

ound in the selected channels. The anticipation is achieved through
n optimized selection of the most anticipative channels and of the
hreshold.
Table 2 shows the channel/frequency pairs selected as features
y the ODIM for each of the measured subjects. Channels of the
ontralateral hemisphere are selected more frequently. In some
ases ipsilateral positions are also selected, implying an anticipated
gray areas) and the movement intervals obtained with this information (solid black
r applying the threshold (solid black line). The vertical solid black lines indicate the

activation of this cortical region, also observed in other studies
involving the upper-limb [17,33]. The frequencies chosen with the
control subjects are mostly from the upper-alpha band (between
10 Hz and 13 Hz), while in the case of the patients’ group, the
frequencies where the ERD phenomenon is more predictive cor-
respond either to the lower-beta band (P02 and P03) or to the
lower-alpha band (P01 and P04).

The results obtained with the ODIM are summarised in Table 3.
P02 76 0.7 0.90 ± 0.95 100
P03  28 1.3 0.81 ± 0.67 91
P04 50 1.9 1.36 ± 1.11 100

Patients average 42 ± 27 1.4 ± 0.5 1.01 ± 0.99 91 ± 12
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ig. 5. Histogram of the distances between the movement intention detections and
he onset of the actual movements detected by the IMUs.

ovements performed by a subject and detected by the ODIM,
egardless of whether the detection anticipates or not the onset
f the movement (ODIM activations after the onset and considered
alse negatives in the estimation of the Recall ratio are considered
rue positives in this case). On average, 60 ± 11% of the movements
erformed by the control subjects were predicted. Two patients
resented Recall ratios equal to or above 50%. The ODIM generated
n average 1.5 ± 0.1 false activations per minute with the controls
nd 1.4 ± 0.5 with the patients. Given that in the experimental pro-
ocol used, resting intervals represented more than 80% of the total
ength of the measuring sessions, 2.25 false activations would be
iven in a minute of permanent resting state in the worst case (with
04). The Wilcoxon rank sum test showed no significant difference
n Recall (P = 0.26) and FPRM (P = 0.90) between results obtained

ith patients and controls. Subjects C03, P01 and P03 presented
ecall ratios under 50%, while in these cases, the RecallLate results
ubstantially increased, suggesting a late initiation of the ERD in
ost trials.
The mean prediction period achieved with all the subjects

as longer than 700 ms.  Fig. 5 shows the histogram of distances
etween the movement predictions with the ODIM and the onsets
f the actual movements observed in all the classified runs of all
ubjects. Most detections were achieved with prediction periods
etween −1 s and 0 s.

.2. Comparison of the results using adaptive and nonadaptive
RD detection designs
To check whether the online adaptations of the model used by
he BC and the threshold were appropriate for the detection of the

C01 C02 C03 C04 C05 C06 P01 P02 P03 P04
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ig. 6. Comparison of the Recall and FPMR results for three conditions: (1) Both the
odel of the BC and the threshold are adapted (black), (2) only the model is adapted

gray), and (3) only the threshold is adapted (white). Mean and standard deviations
cross runs are presented.
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intention to move, Fig. 6 compares the Recall and the FPMR for three
cases: (1) the ODIM adapts both the threshold and the model of the
BC, (2) only the threshold is adapted, and (3) only the model of the
ODIM is adapted. When no adaptation was used for the threshold
or the model, fixed values were assigned to these parameters and
only the initial training dataset was taken into account.

Differences in four subjects were found between the cases
where the threshold was adapted and not. For P03 and P04,
the recall results were maintained and the FPMR significantly
increased when no threshold adaptation was carried out. The recall
results with C01 and C04 fell sharply when the fixed threshold
was used and ODIM performance clearly deteriorated for both
cases.

Slight differences in the results were observed between an adap-
tive model for the BC and a fixed model, although in most cases
Recall and FPMR were higher with the adaptive version.

Only in the case of P01 the results obtained using the ODIM with
the adaptive threshold and model were worse than using the other
two cases (the FPMR increased while the Recall virtually did not
change). In the previous section, the ODIM was  unable to robustly
detect intentions to move in this patient, and hence the differ-
ences in this case may  not be representative of the suitability of
the adaptive ODIM design for the objectives defined.

4. Discussion

This study presented and ERD-based system to predict online
simple voluntary movements with the arm. The robustness of
the system against false detections was  demonstrated using a
protocol with non-action intervals lasting over 15 s on average
(1.4 ± 0.3 false activations per minute were generated). With most
subjects, more than 50% of the movements were predicted. With
two patients small recall results were obtained, although the late
detection of the movements was achieved, suggesting a delayed
appearence of the ERD pattern.

The ODIM represents a step forward in the development and
validation of BCI technology for patients with tremor, which was
started in [6]. The proposed interaction between EEG and other
sensor modalities is also original. The ODIM is conceived to give
advanced information on voluntary movements to other sensors,
such as EMG  and IMUs. These sensors are in turn expected to trigger
the NR/NP that assists tremor patients. EMG- and IMUs-based sys-
tems require muscle contraction or actual movements to assess that
an action is being performed, increasing the latency of the system’s
response. This is especially critical with tremor patients, since the
tremor is superimposed to the voluntary movement and the pre-
cise detection of the movement onset becomes more complicated.
A synchronised operation of an active device and the user’s com-
mands governing it is desired to improve the interface between
man  and the machine [34]. This depends on how accurately the
user’s intentions are estimated. Moreover, after anticipating infor-
mation on future volitional movements it is then also interesting
to start characterizing the patient’s tremor before each movement
starts. In such case, and with patients suffering from resting, the
tremor cancellation can be tackled already before the start of the
voluntary movement [35].

ODIM performance has been tested with ET patients. ET seems
to be due to abnormal oscillations within the thalamocortical and
olivocerebelar pathways [36], and this may  cause variations in
the characteristics of the ERD patterns in patients with tremor as
observed in previous studies [9,10]. Besides, the proprioception of

hand movements while the tremor is present can also influence
the ERD patterns during the intervals of intended basal activity in
patients with rest tremor. The ERD single trial detection system
must hence be tested with these kind of patients. Here, several
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ifferences were observed in the results with the ET group com-
ared to the ones obtained with the control group. The feature
election showed that the frequencies at which the tremor patients
xhibited ERD corresponded to the lower alpha- and beta-bands
7–10 Hz and 13–19 Hz), while with the controls, most features
ere at frequencies in the 10–13 Hz range. The channels selected

n both groups differed slightly, and the C3 position (covering
he right hand cortical area) was more frequently selected in the
ontrol group than in the patients’ group. In this regard, patholog-
cal oscillations of cerebellothalamocortical pathways causing ET
37] could be causative of such differences, although other factors,

ainly the age of the patients, may  also affect the frequencies and
patial distribution of their ERD, in agreement with previous stud-
es [38]. No statistically significant differences were found in the
ecall and FPMR results obtained here, although two  patients (P01
nd P03) showed the worst performances. These results could be
aused by the pathology of these patients, although it may  also
e due to differences in the task involvement (fatigue, concentra-
ion, motivation) of these patients as compared to the rest of the
ubjects measured. As no studies of ERD in ET patients have been
ocumented to date, further research may  be done in this area.
evertheless, the performance of the ODIM with P02 and P04 is
ncouraging to consider the ODIM as a valid interface for patients
ith tremor.

An adaptive design for the ODIM was tested to face the expected
nter-subject variability caused by changes in the subjects’ fatigue,
oncentration and degree of involvement, among others [28,39].
revious studies have demonstrated the benefits of adaptive BCIs
ased on sensor motor rhythms [40]. In the present study, no feed-
ack was given, so no learning was expected. The ODIM worked
sing a training dataset acquired on a different day (in 4 control
ubjects) or with a small amount of training examples (all patients
nd 2 control subjects). In both cases the ODIM can benefit from
ynchronised movement tracking with the IMUs, by enriching the
raining dataset each time new examples are accomplished. The
esults obtained with the adaptive design have been compared with
on-adaptive alternatives. Using a fixed threshold worked worse
ith 4 subjects because it was too restrictive (C01 and C02) or

oo tolerant (P03 and P04). These differences were probably due
o aforementioned changes in the subjects’ brain processes, which

ade the training dataset unrepresentative when a threshold for
he validation dataset was chosen. Comparing the adaptive design
ith a design only adapting the threshold showed similar results.

 higher number of movements predicted and of false detections
as obtained in 9 out of 10 subjects with the adaptive alterna-

ive. For the here proposed application, the minimization of false
etections was not so critical as the maximization of true positives,
ecause the final decision for triggering an active strategy with the
R/NP would rely on the EMG/IMU-based system. Therefore, the

esults obtained with the adaptive model are more suitable in this
ase.

Finally, comparing the results obtained here with other works
s difficult, since the experimental protocols used, the subjects

easured and the goals addressed vary significantly. Niazi et al.
eported similar specificity and higher recall ratios without antici-
ation of voluntary movement [19]. The fact that movements were
etected and not anticipated may  be a crucial aspect of the sig-
ificant difference in this regard. The important increase in the
umber of late detections (RecallLate) achieved in our study sup-
orts this idea. The characteristics of the experimental protocol
sed are also an important factor, since using longer non-action

ntervals has a direct influence on the specificity of the system (the

onger the basal intervals, the more likely it will be that the sys-
em generates false activations). On the other hand, Bai et al. in
17] presented results of an EEG-based system predicting volun-
ary movements, but only 50% of the movements were detected in

[
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the best case. In their study the length of the rest intervals preced-
ing the movements was  similar to that in [19] and thus shorter than
here.

5. Conclusion

A methodology for the development and validation of an online
asynchronous EEG-based system to predict the execution of vol-
untary hand movements has been presented. The system has been
designed as part of a mHRI for tremor patients, in which it supports
other sensor modalities by detecting when the patient is plan-
ning to start a movement. On average, 60 ± 10% and 42 ± 27% of
the movements were anticipated with the control subjects and the
patients, respectively. The number of false activations generated
per minute was  kept low in both groups (1.5 ± 0.1 and 1.4 ± 0.5)
despite using an experimental protocol in which long non-action
intervals were given. Moreover, the prediction periods achieved
were long enough to be used by other systems to detect precisely
when a movement starts and to characterize the undesired tremor
before it needs to be cancelled.
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