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Abstract: This paper describes the development and testing of a computer algorithm to automate the
process of peak identification and somatosensory evoked potential (SSEP) grading. We tested the accu-
racy of computerized peak detection and evaluated grading schemes using a test set of 60 SSEPs
ranked from worst to best by the programmer (RJM) and a blinded grader (PO). The computer algo-
rithm recognized 95% of peaks identified by visual inspection. Twelve percent of peaks identified by
the computer were noise. Summed peak to peak amplitude gave the most accurate ranking of SSEPs.
Rank correlation between computer and blinded and unblinded expert grading was r = .82 for PO, r =
.92 for RIM, p < .0001 for both. Computer and manually summed amplitudes were highly correlated
(Pearson r = .98, p < .0001). Correlation between the 2 expert graders was .86, p < .0001. Computer
graded SSEPs were significantly related to clinical outcome at 3 months, p < .0001. Automatic grading
of SSEPs using summed peak to peak amplitude is highly correlated with expert grading. The measure
is objective, continuous, and well suited to statistical analysis.

Résumé: Une nouvelle méthode quantitative pour évaluer les potentiels évoques somesthesiques. Dans cet
article, nous décrivons le développement et 1’évaluation d’un algorithme informatique pour automatiser 1’identifi-
cation des pics et la classification des potentiels évoqués somesthésiques (PES). Nous avons étudié la précision de
la détection informatisée des pics et la cote de classification au moyen de 60 PES classifiés du plus mauvais au
meilleur par le programmeur (RJM) et un évaluateur travaillant en aveugle (PO). L’algorithme a reconnu 95% des
pics identifiés par inspection visuelle. Douze pourcent des pics identifiés par I’ordinateur étaient des artefacts. La
sommation de 1I’amplitude d’un pic & I’autre donnait I’ordre le plus précis des PES. La corrélation entre la classifi-
cation de I’ordinateur et celle des experts, en aveugle ou non, était de r = .82 pour PO, r = .92 pour RJM, p < .0001
pour les deux. Les amplitudes calculées par ordinateur ou manuellement étaient hautement corrélées (Pearson r =
.98, p < .0001). La corrélation entre les 2 évaluateurs experts était de .86, p < .0001. Les PES évalués par ordinateur
étaient significativement reliés a I’issue clinique a 3 mois, p < .0001. L'évaluation automatique des PES au moyen
du calcul de I’amplitude d’un pic a I'autre est hautement corrélée a I’évaluation par des experts. La mesure est
objective, continue et se préte bien a I’analyse statistique.
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Evoked potential studies have been shown to be well correlated
with outcome from severe closed head injury.l23
Somatosensory evoked potentials (SSEPs) are the single best
predictor of outcome.> Our own work has shown that it is feasible
to monitor SSEPs at hourly intervals for up to several days at a
time. With computer automation, a monitoring system can be
designed to run without operator intervention for up to 12 hours,
with the collection of high quality, artefact-free tracings.* In our
intitial group of 36 patients, survival and death or vegetative
survival at 3 months were correlated to the longest latency peak
in the SSEP at the conclusion of monitoring. Approximately
2/3 of patients in whom monitoring was begun within 24 hours
of injury, and who died or survived in a vegetative state, lost
evoked potential activity progressively from the time of initiation

of monitoring. The time course for this deterioration varied
from 12 hours to 4-5 days post-injury.* We were surprised at the
frequency of deteriorating evoked potentials, as this had not
been apparent in other studies using single, 2, or 3 isolated
evoked potential studies, usually to determine prognosis.
Newlon et al. found instances of deteriorating evoked potentials
when repeated measurements were conducted, and attributed
these changes to “secondary insults” such as raised ICP, delayed
hematomas, hypoxia, etc.’
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As evoked potential measurement evolves from single studies
for the purpose of determining prognosis to repetitive studies at
short intervals to monitor patient progress or correlate cerebral
function with other physiologic parameters (e.g., intracranial
pressure (ICP)), some form of data simplification/compression
becomes desirable.® Statistical comparison of SSEPs mandates
some form of data classification or feature extraction. As a
result several grading schemes for SSEPs have evolved, based
on the central conduction time,”* the number of peaks in the
SSEP23 or a more subjective evaluation of the peak latencies
and amplitudes in the SSEP.” To be most useful for long-term
monitoring (i.e., over several days), an ideal grading scheme for
SSEPs should lend itself to computer automation, should
include information for the entire duration of the SSEP (250
msec. in our case), should be objective, and should approximate
a smooth function over the entire range of SSEPs seen in the
severely head-injured population. This would allow trending of
SSEP measurements over time and would facilitate statistical
comparisons within and among patients.

This paper describes the development and validation of a
method of automatically identifying peaks in the SSEP tracing,
and automatically grading SSEPs based on the input from the
peak detection programme. Summed peak to peak amplitude,
beginning at the P,.-N,, complex is the extracted feature used to
trend SSEPs over time and for statistical analysis.

MATERIALS AND METHODS

All severely head injured patients (GCS £ 8) who are not
moribund (i.e., GCS = 3 with unreactive pupils) are admitted to
our neurosurgical intensive care unit and undergo a standard
intensive monitoring and treatment protocol. This involves
mechanical ventilation, sedation, pharmacologic paralysis,
continuous ICP monitoring, continuous monitoring of SSEPs,
brain stem auditory evoked potentials (BAEPs), the electroen-
cephalographic power spectrum, intermittent measurement (12
hourly) of transcranial oxygen extraction (AVDOZ2), and
cerebral blood flow (CBF) measurement using the nitrous oxide
clearance technique.

The SSEP monitoring paradigm has been described in detail
in previous work.* Briefly, median nerve SSEPs are collected
automatically at approximately hourly intervals. Seventy-three
patients were monitored in this fashion prior to this study. Each
SSEP tracing comprises 250 averages of 250 msec. duration.
Analysis is carried out on the tracing from the contralateral C3'
or C4' electrode positions referenced to linked ears.

A peak detection programme was written for use on a per-
sonal computer. The algorithm consists of the iterative determi-
nation of maxima and minima (negative and positive peaks) in
the digitized evoked potential data array over successively
shorter intervals within the array (Figure la and b). Once a
peak is identified the interval between the newly identified peak
and the previous peak is searched for new local minima and
maxima. The interval at which the search for peaks is stopped
varies according to the position within the SSEP trace, with
shorter time periods employed in the early post-stimulus period.
The time intervals correspond to frequencies above which one
would not reasonably expect non-artefactual activity. This
frequency decreases from 1000 Hz. at the start of the SSEP trace
to 20 Hz. at the end of the trace. Peaks thus identified are then
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Figure 1: Peak detection algorithm in intact (a.) and severely attenuated
(b.) SSEPs. The numbers opposite the peaks indicate the order in
which they were selected by the peak detection algorithm. In Figure
1b the first deflection chosen was negative near 100 msec. It was sub-
sequently rejected as noise by the slope and amplitude rules, so that
peak 1 does not appear in the final output of the programme. Total
amplitude is the sum of the absolute values of (peak 2 - peak 3).+
(peak 4 - peak 3). Total amplitude in la is the sum of the absolute val-
ues of (peak 4 - peak 7) + (peak 6 - peak 7) + (peak 6 - peak 5) + ... +
(peak 1 - peak 8).

screened and accepted or rejected based on slope ( minimum .08
uV/msec.) and amplitude (minimum .25 puV.) criteria. Finally,
no later peaks are selected if the P,; - N,, complex cannot be
identified within the initial portion of the tracing. The frequency,
slope, and amplitude criteria were empirically derived and
refined in order to minimize errors of peak identification.

In order to test the peak detection and grading algorithm sin-
gle tracings from 60 different patients were selected. These
were not randomly selected, but rather were chosen to represent
the full spectrum of activity seen in the course of monitoring
these patients (Figure la and b). One blinded (PO) and one
unblinded grader (RIM) ranked the SSEP tracings from worst to
best. The criteria for ranking the peaks included the number,
latency, amplitude, and morphology of the peaks in the SSEP.
Peaks were initially identified by visual inspection (RIM) and
features of interest (see below) were extracted from the peak
amplitude and latency data and correlated with the worst to best
rankings of both graders using Spearman rank correlation. The
feature with the best correlation coefficient was then implemented
on the computer with input from the peak detection programme.
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The correlation of this measure was checked against the rank-
ings of the blinded and unblinded graders. As a final check on
the validity of the method, the results of the peak detection and
grading algorithms were applied to the full data set of 73
patients and compared with their Glasgow Outcome Scale'? at 3
months using univariate ANOVA. Outcome was compressed
into 3 categories (good/moderate, severe, and dead/vegetative).
All statistical calculations were done using the SAS™ software
package.

RESULTS

The peak detection programme performed best in high signal
to noise conditions. In low signal conditions there was a ten-
dency to misidentify noise as SSEP peaks. Table 1 shows the
error counts when peaks identified manually were compared to
those identified by the computer. A total of 347 peaks, in 60
SSEP tracings from different patients, were identified and
labelled by visual inspection. The computer algorithm made a
total of 57 errors (17%) in 30 patients. There were no errors in
30 patients. The algorithm failed to detect 17 peaks (5%) that
were identified on visual inspection. Forty peaks (12%) identi-
fied by the computer were considered to be noise on visual
inspection. These errors tended to occur in patients with severely
abnormal evoked potentials. The algorithm was purposely
adjusted to err slightly on the side of over-identification of
peaks for reasons to be discussed subsequently. Peaks were
identified as such on visual inspection if there was a well-
defined peak or trough at an appropriate latency in the SSEP.
There was clearly some degree of subjectivity in this method,
but we felt that it was a fair representation of the “real world”
situation in which patients’ SSEP morphology is frequently
changing, and in which there may already be severe abnormalities
in SSEP morphology at the time of baseline measurement.
These factors render the use of replicative studies to verify
peaks difficult or impossible in this clinical context.

In order to select a grading algorithm we looked at 4 methods
of grading SSEPs based on simple feature extraction: the number
of peaks, the latency of the final peak in the SSEP, the central
conduction time, and the sum of the absolute values of the peak
to peak amplitudes of all the peaks in the SSEP beginning at the
P, and extending to the last identified peak in the tracing
(Figure la and b). If only the P, is present then the summed
amplitude is 0. Table 2 shows the correlations between waves
ranked by those 4 grading methods, and the same set of waves
ranked by the programmer (RJM) and a blinded grader (PO).
Summed amplitude gave the highest correlation with expert
ranking of the SSEP traces (r = .97 for RIM, r = .84 for PO, p <
.0001 for both). Central conduction time performed most poorly
(r=-.62 for RIM, r = —.61 for PO, p < .0001 for both).

The summed amplitude algorithm was programmed and the
peak detection and summed amplitude grading programs were
run on the test data. Table 3 shows the correlations between
subjective rankings by the programmer, the blinded expert grader,
and between manually and computer summed tracings from the
test data. There is excellent correlation between the manually
summed and computer summed amplitudes (r = .98, p < .0001,
Figure 2), and between the latter and the unblinded grader/

*SAS Institute Inc., Box 8000, Cary, North Carolina 27511-8000.
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programmer. The correlation is slightly less between the blinded
grader and the computer summed amplitudes, but the magnitude
of correlation is of the same order as that between the rankings
achieved by the blinded and unblinded graders.

As a final check on the validity of the computer peak detec-
tion and grading programmes, these were run on the full data set
of all waves from 73 patients monitored up until the time of this
study and compared with 3 outcome categories based on the
Glasgow Outcome Scale at 3 months. Figures 2a and b show
the summed amplitude means for each of the clinical outcome
groups for the best, worst, and both hemispheres at the start and
end of monitoring. These are significantly different at the end
of monitoring in each of the outcome categories for the best,
worst, and both hemispheres (F = 11.5, 18.9, and 15.3 respec-
tively, p < .0001 for all three). The differences in total ampli-
tude were much less at the start of monitoring (achieving
statistical significance only between the best and worst outcome
groups for the worst hemisphere, p = .032), confirming our ear-
lier obervation of significant change in evoked potential activity
over the course of monitoring in a substantial proportion of
patients.* The usual duration of monitoring was 3-5 days with a
range of 1-10 days. The reasons for this progressive deterioration

Table 1. Peak Detection Programme Accuracy.

Number of Number of
Peaks Percent Patients
Missed Peaks 17/347 5 11/60
Noise Identified as a Peak 40/347 12 25/60
No Error 30/60

A total of 347 peaks in 60 SSEP tracings from different patients were
identified by visual inspection of the SSEP waveforms.

Table 2. Grading Algorithm Correlations.

r (RJM) pvalue r(PO) p

Central Conduction Time -.62 .0001 -.61 0001
Number of Peaks .86 0001 .79 0001
Latency of Final Peak 87 .0001 .80 .0001
Summed Peak to Peak Amplitude .97 .0001 .84 .0001

Spearman rank correlations were made between tracings ranked subjec-
tively by unblinded (RJM) and blinded graders (PO) and the grading
schemes listed above using visually identified peaks as the input to the
grading paradigms.

Table 3. Correlations with Computer-Generated Total Amplitude.

r p value
Manual vs. Computer Total Amplitude 98* .0001
Computer vs. Unblinded Grader 92 .0001
Computer vs. Blinded Grader (PO) 82 .0001
Blinded (PO) vs. Unblinded Grader (RJM) .86 .0001

* Pearson correlation coefficient. All others are Spearmann rank corre-
lations.
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Figure 2: Summed amplitudes for the start (a) and end of monitoring (b) in 3 clinical outcome groups: dead/vegetative (vertical stripe), severely
disabled (stippled), and good outcome/moderate disability (diagonal stripe). The error bars indicate the standard errors of the means. At the end
of monitoring there are significant (p < .0001) differences between all 3 outcome groups in the best, worst, and both hemispheres. At the start of
monitoring there is a much smaller difference (p < .02) in the worst hemisphere only between patients with good outcome/moderate disability and

vegetative/dead patients.

in SSEP activity in the early hours after severe head injury,
including the role of raised intracranial pressure, are the subject
of ongoing research.

DISCUSSION

Monitoring of SSEPs and BAEPs over periods of hours to
days has been shown to be technically feasible and to produce
clinically useful data.*!! The large volumes of data thus generated
were the impetus for the development of an automated system of
SSEP analysis. Automated and semi-automated peak detection
and grading schemes have been previously implemented using
BAEPs.!'t12 Our monitoring efforts are focussed largely on
SSEPs because of their greater utility in head injury.>’ Various
schemes have been employed to grade SSEPs, thereby simplifying

the process of making within and between patient comparisons.
For the most part these rely on subjective rating of the number,
amplitude, morphology, and latency of peaks in the SSEP trac-
ing.>"® Greenberg et al.,” and later Newlon!* employed a four
point grading scheme. In earlier work we found that the longest
latency activity present in the SSEP correlated well with out-
come.* Other workers had described similar findings previously.?
Lindsay et al. have described a simple grading scheme based on
the number of peaks in the SSEP.> The latter techniques are
considerably more objective and simpler to implement than
more complex and subjective grading schemes. There is likely
significant intercorrelation between the various features used to
grade SSEPs (peak latency, amplitude, and morphology), thereby
explaining the clinical validity of all these approaches.
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However, none of these techniques approximates a continuous
function, particularly the subjective grading schemes that
employ a relatively small number of grades. Changes in peak
amplitudes short of complete disappearance may be of physio-
logic significance, but cannot be expected to be reliably shown
by any of these methods. Hume and Cant,? and later Lindsay et
al.” described the use of central conduction time to determine
prognosis following severe head injury. Although central con-
duction time has the advantage of being a continuous, objective
measure with relatively little within and between patient vari-
ablity, it may not be sufficiently sensitive to the earliest changes
in the SSEP, i.e., those that tend to occur in intermediate and
long latency peaks ( > 30 msec. post stimulus) and initially consist
of changes in amplitude only. Our data show that central conduc-
tion time correlated least well with expert ranking of a test set of
evoked potentials, presumably in part due to lack of sensitivity
to changes in intermediate and long latency peaks. The particu-
lar SSEP measurement paradigm (250 msec. recording duration)
may have adversely affected accuracy to some extent, but was
probably not the major reason for the poor correlation.
Compared with the measures listed above, we found that the
summed peak to peak amplitude in the SSEP correlated best
with SSEPs ranked by expert graders. We did not test the vari-
ous subjective grading schemes described in the literature as
these are extremely difficult to automate compared with simpler
feature extraction techniques.

Grading SSEPs becomes more difficult when one is relying
on a computer for identification of peak amplitudes and laten-
cies to be used as input to the grading algorithm.
Misinterpretation of noise as signal is bound to occur to some
extent, particularly in conditions of severely attenuated signal
(i.e., a patient with very low amplitude or absent SSEPs).
Grading schemes which rely very heavily on the identification
of certain peaks (subjective grading schemes, central conduction
time) are bound to be more prone to error in this circumstance,
as are peak counts and grading based on the last peak in the
tracing. Summing the peak to peak amplitude over the entire
250 msec. trace has the advantages of not being dependent on
identification of particular peaks, and of minimizing the effects
of small amounts of noise. Noise is generally of low amplitude
compared to genuine peaks, and therefore contributes relatively
little to total amplitude. The algorithm was purposely adjusted
to miss fewer real peaks, in favour of the inclusion of some low
amplitude noise. This approach is borne out by a comparison of
the raw error counts with the correlation between amplitudes
summed manually and by computer. Although there is an over-
all error rate of 17% with respect to identifying particular peaks,
primarily as a result of identifying noise as SSEP peaks, the
impact of this on the summed amplitude is negligible, as shown
by the nearly perfect correlation between manually and computer
summed amplitudes ( r = .98). Excellent correlation was seen
between computer summed amplitude and peaks ranked by
blinded and unblinded experts. Although there was some dis-
crepancy in the correlations between the unblinded and blinded
graders and computer grading (r = .92 vs. r = .82), the latter cor-
relation coefficient was of approximately the same magnitude as
the correlation between the blinded and unblinded graders ( r =
.86).

The summed amplitude algorithm relies heavily on ampli-
tude components from later peaks in the SSEP. The increased
weighting of these peaks may be justified in light of recent work
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showing that the presence of long latency activity (i.e., N,,) in
the SSEP was the best predictor of good quality survival follow-
ing cardiac arrest.'> It is also true that the later peaks are the
most variable peaks both within and between patients.'® Further
work will be necessary to characterize the random variability
over time, and to characterize the degree of change typically
associated with clinically meaningful change. As a first approxi-
mation, a fall in amplitude summed from both hemispheres of
20% or greater from the baseline value, was associated with
severe disability or worse outcome at 3 months in our patients.
The use of summed amplitude to reduce the volume of data and
to facilitate the trending of data over long periods of time (typi-
cally 2 - 10 days) necessarily involves some loss of information,
as does any data simplification/compression technique. Raw
tracings are stored on disk at the time of recording so that no
data is lost, and individual patients’ tracings can be reviewed
and analyzed with respect to the presence or absence of particular
peaks. The automated grading system was devised primarily to
allow objective statistical analysis of trends over time, within
and among patients, and for correlation of SSEP data with other
monitored parameters, a number of which are the subjects ongo-
ing studies in our unit, particularly in the realms of cerebral
blood flow and metabolism, and ICP management.

Computer peak detection and SSEP grading based on a
summed peak to peak amplitude algorithm is well correlated
with subjective expert grading and clinical outcome in a group
of severely head-injured patients. The technique allows rapid
analysis of the large amounts of data that are typical in a long-
term monitoring application. Trends can rapidly be discerned
and the technique is well-suited to statistical analysis.
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