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ABSTRACT. Objective. Somatosensory evoked potentials
(SEP) have been shown to be a useful tool in monitoring of
the central nervous system (CNS) during anaesthesia. SEP
analysis is usually performed by an experienced human oper-
ator. For automatic analysis, appropriate parameter extraction
and signal representation methods are required. The aim of
this work 1is to evaluate the discrete wavelet transform
(DWT) as such a method for an SEP representation. Meth-
ods. Median nerve SEP were derived in 52 female patients,
scheduled for elective surgery with SEP monitoring, under
clinically proven conditions in the awake state. The discrete
wavelet transform implemented as the multiresolution analy-
sis was adopted for evaluating SEP. The suitability of the
wavelet coefficients was investigated by calculating the error
between the averaged response and the corresponding wavelet
reconstructions. Results. SEP can be represented by a very
small number of wavelet coefficients. Although the individual
SEP waveform has an influence on the number and selection
of wavelet coefficients, in all subjects more than 84% of the
SEP waveform energy can be represented by a set 16 wavelet
coefficients. Conclusions. The discrete wavelet transforma-
tion provides an efficient tool for SEP representation and
parameterisation. Depending on the specific problem the
DWT, can be adjusted to the desired accuracy, which is
important for the subsequent development of automatic SEP
analysers.

KEY WORDS. Somatosensory evoked potentials, discrete wave-
let transform, multiresolution analysis.

INTRODUCTION

Somatosensory evoked potentials

Somatosensory evoked potentials (SEP) are electrophy-
siological responses in reaction to the stimulation of
an afferent pathway measured over the somatosensory
cortex. SEP are usually derived by stimulating the
median or tibial nerve with a short electrical stimulus.
Depending on the stimulation and measurement mo-
dalities, short-latency, mid-latency, and long-latency
SEP waveforms can be recorded from the scalp and
become visible after averaging 200—-2000 sweeps. While
the short-latency components reflect subcortical activ-
ity, the mid-latency components indicate the arrival of
the afferent volley at the primary somatosensory cortex
and long-latency SEP components reflect associated
cortex areas. However, the generators of the different
components are still debated [1, 2].

There is a broad application of SEP monitoring in
the clinical routine, for ecither diagnosis or guiding
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therapy. During neurosurgical, vascular or orthopaedic
surgery SEPs serve as a standard technique to monitor
neural tracts at risk in order to provide early indication
of neural impairment [3, 4]. Moreover, SEPs are useful
to measure the functional state of the central nervous
system (CNS) for scientific reasons [5].

Recently SEPs have been proposed to assess the level
of anaesthesia [6, 7]. Supervision of anaesthesia itself is
important in order to control the adequate level of
anaesthesia. A low level of anaesthesia runs the risk of
intraoperative awareness, movement and neuroendo-
crine stress response during surgery. Is the anaesthesia
too deep, a prolonged recovery or to cardiovascular
problems are more likely to occur. Therefore, anaesthe-
tists are interested in research on evoked response in
order to measure the depth of anaesthesia and to guide
application of anaesthetics via a close-loop feedback
system [8]. Finally, SEP recording is helpful in critically
ill patients, in whom the clinical investigation of the
neurological status is impaired due to sedation and
relaxation [9].

Median nerve somatosensory evoked responses are
frequently used for the questions addressed above. They
are derived by the electrical stimulation of the median
nerve at the wrist. SEP, which are recorded at the
contralateral primary somatosensory projection area at
the scalp, usually extend over a time range of 20-70 ms
after somatosensory stimulation. They contain subse-
quent peaks (N20, P25, N35, P45 and N50) labelled to
their polarity and time in milliseconds after stimulation,
which are used as markers in SEP interpretation [1].
Figure 1 shows a typical (sweep averaged) SEP of a
female subject in the awake state, where all peaks are
well identifiable.

The most widely used analysis of somatosensory
evoked potentials is based on the classification by a
human expert who has to identify the SEP markers
from N20 to N50. Both latencies and amplitudes are
usually used for analysis. However, this subjective eval-
uation has several disadvantages. First, for correct classi-
fication, usually the expert requires a long period of
training. Second, even after excessive training the ex-
perts’ decisions can be prone to errors and depend on
subjective experience. Hence, a fully automatic analysis
of SEP by digital signal processing techniques is desir-
able as it enhances both reproducibility and objective-
ness of the SEP analysis.

Signal processing of evoked potentials

The discrete Fourier transform (DFT) is an established
tool to extract frequency information. For representa-
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Fig. 1. Typical SEP as a response of median nerve stimulation at t=0
in an adult subject (awake) with pre-stimulus interval (10 ms),
stimulus artefact and SEP components (N20, P25, N35, P45,
N50). According to the midlatency standard negative scalp deflec-
tions are shown in upward direction.

tion of time-dependent signals such as SEPs the useful-
ness of the DFT is rather limited since the temporal
information is not represented adequately by the DFT
coefficients [10]. The discrete wavelet transform
(DWT), resolving with respect to both time and fre-
quency domain, was originally developed for evalua-
tion of seismographic data, and formed a focus of
research applied to many signal analysis problems over
the last decade [11]. Consequently, many studies dealt
with the applicability of the DWT to the representation
of auditory evoked potentials. The aim of this work is
to investigate the applicability of the DWT to somato-
sensory evoked potentials. Both the accuracy of the
SEP representation and the amount of required data
will be investigated. This is important as the results of
this work forms the basis for further research into e.g.
the automatic recognition of the status of awakening by
means of SEP analysis.

MATERIALS AND METHODS

Patients

After obtaining approval from the local Ethics commit-
tee and written informed consent 52 female patients

(41 £ 12 years, 1.67 £ 0.08 m, 67.9 + 14 kg, ASA



[American Society of Anaesthesiology] classification:
I-1I), who were scheduled for elective surgery with SEP
monitoring intra-operatively, were included in this
prospective study. Patients with neurological discases
were excluded. The patients had not taken any drugs
acting on the CNS.

SEP measurements

The day before surgery the patients got accustomed to
the procedure of SEP recording in order to obtain base-
line values in the awake state. SEP recording was per-
formed in a standardised matter with an Evomatic
4000® system (Dantec, Copenhagen, Denmark). Gen-
erally, the right median nerve was stimulated, and in
only few cases in which the planned operation inter-
fered with this side the whole procedure was performed
on the left median nerve. The stimulus intensity was
increased to the individual level of tolerance. This in-
tensity was kept throughout the whole study, and two
replicate baseline recordings were performed. The stim-
ulus frequency was 3 Hz with a 0.2 ms duration of the
monophasic rectangular pulse. The SEP waveforms
were recorded simultaneously on three amplifier chan-
nels using sterile platinum needle electrodes placed over
the ipsilateral brachial plexus (Erb’s point), the spinous
process of the 6th cervical vertebra and the contralateral
cortical hand area at the scalp (C3' or C4'). For refer-
ence, a frontal electrode was applied on Fpz. Electrode
impedances were kept below 10 k€. The analogue
waveforms were digitised with a sampling rate of 10.24
kHz by the measurement equipment, which always
recorded a post-stimulus interval of 90 ms (“sweep”).
For later analysis, 200 consecutive sweeps were averaged
and stored using a software package (EvoPC®, Miiller,
Hamburg, Germany). The latencies were manually
evaluated. The following peak latencies were registered:
N10 appeared at Erb N10, N13 at C6, and at the scalp
three negative markers (N20, N35, N50) and two pos-
itive peaks in between (P25, P45) could be observed.
Signal analysis of the digitised SEP signals was per-
formed oft-line using the software Matlab.

Wavelet analysis

The discrete wavelet transform (DWT) was developed
to represent time signals by appropriate time-frequency
windows. Similar to the Fourier transform, the wavelet
transform performs a least squares fit of an analysis
function to the time domain data. However, rather than
a sinusoid extending over an infinite interval, here

Hoppe et al: Wavelet Representation of SEP 229

v} {(2) [Desis)

Fig. 2. Discrete wavelet transform (DW'T) implemented as an
octave filter bank: The signal x(n) is decomposed by subsequent
lowpass and highpass filtering combined with subsampling (12). The
Details form the DW T coefficients.

wavelet functions with limited support are employed as
basis, which is advantageous when analysing transient
signals [12]. For the discrete wavelet transform (DWT)
considered here, a set of orthogonal basis functions is
obtained by scaling and translation of a mother wavelet.

An efficient calculation of the DWT coefficients in
the case of discrete-time data can be performed using
the multiresolution analysis (MR A) [13]. For a dyadic
DWT, this MR A is performed by filtering the signal to
be analysed with an octave filter bank as shown in
Figure 2. The highpass filter HP(n) forms a quadrature
mirror filter (QMF) pair [14] with the lowpass TP(n) of
the filter bank, where n indicates the discrete time
index. The input sequence to the octave filter bank is
the signal x(n) to be analysed. Through successive low-
and highpass filtering of the samples in the lower
frequency band, o, (n) and decimation of the resulting
signals by a factor of 2 (denoted as |2), subband samples
Om(n) (“details”) are obtained, which, except of the
lowest frequency band, represent the DWT coefficients.
The coeflicients ayy, (n) are intermediate values and cor-
respond to a dual basis function of the wavelet, a so
called scaling function [13]. The filters TP(n) and HP(n)
are sampled versions of the underlying scaling function
and wavelet, and therefore determine which DWT —
amongst a large variety of possible wavelet functions
[12,14] —is being implemented.

Since the signal to be analysed, x(n), is only defined
on a finite interval n € [0;N-1], suitable signal exten-
sions [10] or boundary filters have to be selected. As
both yield identical results [15], for ease of implementa-
tion the first possibility will be pursued. Zero padding
is not viable for decomposition with a deep octave filter
bank with many consecutive filtering operations, as
information will be blurred over large intervals by the
transient behaviour. Periodisation of the original data
and of all intermediate filtering results au,(n) however
permits to filter in steady-state and thus retain all
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required information within a preserved period of the
signal. With the possibilities of odd or even period-
isations [10], the MR A yields N DWT coefhicients that
completely describe the original time series x(n) com-
prised of N samples. Recently, it was shown that odd
extension is more suitable for application on evoked
potentials [16]. However, restrictions to symmetric
wavelets apply, if an odd periodic extension is selected
[13]. An inverse discrete wavelet transform (IDWT) can
be casily implemented by passing through the filter
bank in backward direction. This IDWT allows either
an exact reconstruction of the original signal from the
DWT coefficients, or a partial reconstruction from a
selected subset of coefficients.

RESULTS

Both the wavelet function and periodic extensions have
to be chosen appropriately in order to achieve a good
wavelet representation of the SEP. It is important to
choose a wavelet function which offers good time do-
main localization properties and provides, at the same
time, good frequency resolution. A realisation of such a
function including the calculation of corresponding
filter coeflicients was proposed by Mallat [13], which
was applied in our study.

SEP waveforms as provided by the measurement
system consist of 1024 samples representing a time
interval of 100 ms. As shown in Figure 1, a pre-stimulus
interval of 10 ms and a post-stimulus interval of 90 ms
was recorded. Prior to analysis, the signals were baseline
corrected by subtracting the mean value of the first
90 samples contained in the pre-stimulus interval. The
stimulus itself is clearly identifiable as a large peak at
t = 0 ms. Additionally, the stimulus influences the first
10—20 ms of the SEP recording due to saturation effects
of the EEG amplifiers.

The first SEP component which is detectable is the
N20 with a latency of about 20 ms after the stimulus.
Therefore, the first 256 samples (representing the presti-
mulus interval and 15 ms poststimulus interval) were
discarded form further analysis and subsequent process-
ing was only applied to the remaining 768 samples.

The representation of SEP in the awake state was
analysed by means of DWT. For this, the SEPs of all 52
patients were decomposed using the DWT with a wave-
let function as proposed by Mallat.

For this decomposition, the time domain signal x(n)
was identified with the digitised SEP, with the discrete
time index n = 1,...768 covering the SEP time interval
15 and 90 ms . Further, let y(n) be the reconstruction
obtained from a certain set of DWT coefficients calcu-

lated from x(n). We are interested in the reconstruction
error REK ;or , here defined as

REKerror = Z(X(n) - Y(n))z/ Z(X(n))z

The maximally possible reconstruction error is a zero-
line signal reconstructed with all DWT coeflicients set
to zero, yielding REK.;,, = 1. The minimum of
REK,or = 0is reached for a perfect reconstruction y(n)
= x(n) based on all 768 DTW coefficients. For any other
number of DWT coefficients used in the reconstruction,
the error REK,; varies between the values 0 and 1,
therefore indicating the quality of the reconstruction
and providing a measure how good the information
within the SEP can be parameterised within only few
DWT coefficients.

For evaluation of the most SEP significant DWT
coefficients, the SEP of all 52 subjects were decomposed
with the DWT. For each of the 768 coeflicients a
reconstruction y(n) was computed via an IDWT and a
R EK,or was calculated. First, the wavelet coefficient
giving the best reconstruction, i.e. with the lowest
REK, o was identified. Next, a second DWT coeffi-
cient was identified, which minimizes the error in
combination with the previously determined one in the
same way. This procedure was repeated until a set of
sixteen DWT coeflicients were determined.

The mean values of REK,,o; (averaged over the 52
patients) are given in Figure 3 using the cumulated
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Fig. 3. Mean SEP reconstruction error using just 1, 2, 3... DW'T
coefficients for all subjects in awake. Additionally, standard devia-
tions are plotted.
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Fig. 4. SEP of a single patient (dotted line) with corresponding
wavelet reconstructions (dashed and solid lines). From top to bottom
the number of DW T coefficients used for reconstruction is increased.
Solid line represents cumulative reconstruction with the n most
relevant coefficients (n shown on the right), dashed line represents
single coefficient reconstruction.

DWT coefhicient sets as described above. Additionally,
the standard deviations over all subjects are given. As
shown in this figure, sixteen DWT coeflicients give a
reasonably low REK,,o; values — here less than 5% for
most of the SEP — and hence provide enough informa-
tion to represent most of the SEP features faithfully.
The largest single error REK,, occurring with all
sixteen DWT coeflicients was 16%.

As an example for the quality of reconstruction based
on the selected set of DWT coefficients, Figure 4 shows
the SEP (dotted line) x(n) for a single patient in combi-

B
= 30
S /V
© 28 4 o %
= L)
5 .
2 .
8 26 - .
e . . e
24 - o2
> : e
LC) 22 = .' y/ [ )
) /
I
& 20 I I [ I
o 20 22 24 26 28 30

P25 latency (original) [ms]

Fig. 5. P25 latency as determined by analyzing the original SEP
(x-axis) and the DW T reconstruction using 16 coefficients (y-axis).
The dashed line marks the identical (errorless) latency determination.

nation with its reconstruction y(n) (solid line). Starting
with just the first coefficient in the selected set at the
top, with each step towards the bottom, one more
coefhicient is added to the set until the final set of sixteen
DWT coefficients is reached. The dashed line always
shows the information added to the new reconstruction
by the added coeflicient. Obviously, from top to bot-
tom the cumulated reconstruction resembles more and
more the original SEP.

The reconstruction shown on the top of Figure 4
was calculated using a single DWT coeflicient only.
However, the reconstruction shows that this coefficient
represents the N35 component with the correct latency.
The reconstruction error REK, .., as defined above
decreases monotonically with increasing number of
DWT coefficients used as already evident from Figure 3.
Additionally, the representation of the SEP components
(i.e. the amplitudes and latencies) is improved. The P45
deflection, for example, is very small in the shown data.
Hence, P45 emerges within the reconstructed wave-
forms with correct latency not until approximately 12
DWT coeflicients are used for reconstruction. With 16
DWT-coefficients the here shown SEP can be repre-
sented with an error of 2 %. The reconstruction allows
correct identification of all previously described SEP
markers. Peak latencies for the original SEP and the
reconstruction are identical when 16 DWT coefficient
were used.

The latencies are important features of the SEP,
because the inter- and intra-individual variability is
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lower than for amplitudes, which are more depending
on stimulation modalities like intensity of the stimulus.
Therefore we performed a comparison of the latencies
determined by a human expert for the original SEP and
for the wavelet reconstruction. The marker P25 was
chosen because it is the most prominent one. Figure 5
shows the P25 latencies for the original SEP and the
wavelet representation when sixteen DWT-coefhicients
are used. The maximum incurred error in latency is 4.3
ms. The mean deviation of the P25 latency between
both representations is 0.84 ms.

DISCUSSION

The DWT implemented as the multiresolution analysis
was shown to provide a useful tool for representation of
somatosensory evoked potentials. For the first time, the
application of the DWT to SEP was demonstrated. It
was shown that the DWT representation is more appro-
priate than a complete time or complete frequency
domain evaluation since it enables the decomposition of
an SEP in positive and negative deflections with specific
time extensions at characteristic times (latencies). Each
SEP component (N20, P25, ...) is represented by a
couple of DWT coefficients.

By defining a quantitative measure for SEP represen-
tation based upon the reconstruction error it was shown
that the more coefficients are used, the higher is the
accuracy for SEP representation and consequently the
determination of SEP latencies. When the complete set
of DWT coeflicients is used, the SEP can be reconstructed
without any error. The number of DWT coefficients
which are required for an adequate SEP representation
depends upon the specific problem.

From the clinical point of view the latencies can be
regarded as an important feature during follow up of
patients, e.g. in patients during coma or intraopera-
tively [17]. SEP latencies have been shown to be sensi-
tive parameters to document the effects of anaesthetics
[7]. Compared with SEP amplitudes the latencies can be
determined with higher reliability within one subject.
They have physiological relevance as they may be re-
garded as the runtime which is necessary for signals to
reach specific anatomical regions within the brain. It
was shown in this paper, that the wavelet representation
does not influence the determination of latencies sub-
stantially, even when large data reduction (i.e. a very
small set of DWT coefficients in the reconstruction) is
applied. However, depending upon the specific task,
the degree of data reduction, i.e. the number of DWT
coeflicients which have to be included into analysis, has
to be adjusted carefully.

The wavelet decomposition of SEP may be used for a
large variety of applications. First, it may serve as a data
reduction algorithm in order to minimize computer
storage [18]. Second, the DWT can be used to extract
most prominent time frequency regions within the SEP
signals [19, 20]. Third, the DWT may be used as a
preprocessing step for objective signal detection. In this
case, only a few coefficients are needed. Recently it was
shown for auditory evoked potentials that even with a
very small number of DWT coeflicients objective detec-
tion of evoked potentials is possible [16].

In summary, it was shown that the wavelet represen-
tation of SEP is a useful tool for any preprocessing step
towards automatic evaluation. Since rapid on-line eval-
uation of SEPs in anaesthetized patients means an im-
portant step to detect changes in cerebral processing
with minimal time delay intraoperatively, further stud-
ies are warranted, to document the feasibility of SEP
analyses by DWT in clinical settings. When DWT
analyses is applied to single sweeps it may allow to
monitor SEP wvariations during anaesthesia without
time delay and unrivalled accuracy
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REFERENCES

1. Allison T, McCarthy G, Wood CC, Jones S]J. Potentials
evoked in human and monkey cerebral cortex by stimula-
tion of the median nerve. A review of scalp and intra-
cranial recordings. Brain 1991; 114: 2465-2503

2. Srisa-an L, Lei L, Tarkka IM. Middle latency evoked
potentials: Noninvasive source analysis. ] Clin Neuro-
physiol 1996; 13: 156—-163

3. Haupt WF, Horsch S. Evoked potential monitoring in
carotid surgery: A review of 994 cases. Neurology 1992;
42: 835-838

4. Claasen J, Hansen H-C. Early recovery after closed trau-
matic head injury: Somatosensory evoked potentials and
clinical findings. Cri Care Med 2001; 29: 494-502

5. Valeriani M, Le Pera D, Tonali P. Characterizing somato-
sensory evoked potential sources with dipole models:
Advantages and limitations. Muscle Nerve 2001; 24:
325-339

6. Rundshagen I, Kochs E, Schulte am Esch J. Surgical
stimulation increases median nerve somatosensory
evoked responses during isoflurane-nitrous oxide anaes-
thesia. BrJ Anaesth 1995; 75: 598—-602

7. Rundshagen I, Schnabel K, Schulte am Esch J. Midlatency

median nerve evoked responses during recovery from



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

propofol/sufentanil total intravenous anaesthesia. Acta
Anaesthesiol Scand 2000; 44: 313—320

Huang JW, Lu Y-Y, Nayak A, Roy R]J. Depth of Anaes-
thesia Estimation and Control. IEEE Trans Biomed Eng
1999; 46: 71-81

Chiappa KH, Hill RA. Evaluation and prognostication
in coma. Electroencephalogr Clin Neurophysiol 1998;
106: 149-155

Strang G, Nguyen T. Wavelets and Filter Banks. Cam-
bridge: Wellesley-Cambridge Press, 1996: 263—298
Mallat SG. A wavelet tour of signal processing. San Diego:
Academic Press, 1998

Daubechies I. Ten lectures on wavelets. Philadelphia:
SIAM, 1992

Mallat SG. A theory for multiresolution signal decom-
position: The wavelet representation. IEEE Trans Pattern
Anal Machine Intell 1989; 11: 674—692

Crochiere RE, Rabiner LR. Multirate digital signal
processing. New York: Prentice Hall, 1996

Herley C. Boundary filters for finite-length signals with-
out border distortions. IEEE Trans Circuit Syst II 1995;
42:102-114

Hoppe U, Weiss S, Stewart RW, Eysholdt U. An auto-
matic sequential recognition method for late auditory
evoked potentials. IEEE Trans Biomed Eng 2001; 48:
154-164

Manninen PH. Monitoring cvoked potentials during
spinal surgery in one institution. Can J Anaesth 1998; 45:
460—-465

Bartnik EA, Blinowska KJ, Durka PJ. Single evoked
potential reconstruction by means of wavelet transform.
Biol Cybern 1993; 67: 175-181

Heinrich H, Dickhaus H, Rothenberger A, Heinrich V,
Moll GH. Single-sweep analysis of event-related poten-
tials by wavelet networks — methodological basis and
clinical application. IEEE Trans Biomed Eng 1999; 46:
867-879

Samar V], Bopardikar A, Rao R, Swart K. Wavelet
analysis of neuroclectric waveforms: A conceptual tuto-
rial. Brain and Language 1999; 66: 7-60

Hoppe et al: Wavelet Representation of SEP 233



