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ABSTRACT: The objectives of the present study were to evaluate the relationship between the fractional amplitudes
of the EEG derived from power spectral analysis (PSA) of the electroencephalogram (EEG) and depth of coma
measured clinically with the Glasgow Coma Score, and to assess the accuracy of PSA in predicting long-term
outcome. Thirty-two patients rendered unconscious by blunt head injury (mean (GCS = 7) had intermittent EEG
recordings daily from 1-10 days post injury. There was a significant correlation between fractional amplitude of the
EEG and the GCS. The rate and magnitude of change in the EEG and GCS were also correlated. There were
significant differences in PSA parameters between improved and deteriorated patient groups at the termination of
monitoring (p = .02} and in the change of PSA parameters over time (p = .02). Using linear discriminant analysis of
PSA parameters, the accuracy of outcome prognostication based on the six month outcome was approximately 75%.
Accurate classification of outcome was possible in a number of patients in whom there was little or no change in the
GCS during the period of monitoring.

RESUME: Analyse spectrale de PEEG dans les traumatismes craniocérébraux. L’objectif de la présente étude était
d’évaluer la relation entre les amplitudes fractionnelles de 'EEG provenant de I’analyse spectrale de I’électroen-
céphalogramme et la profondeur du coma mesurée cliniquement avec I’échelle **Glasgow Coma Score’’, et d’évaluer
I'exactitude de I’AS dans la prédiction de I’évolution a long terme. Trente-deux patients devenus inconscients a la
suite d’un traumatisme crinien par contusion (GCS moyen = 7) ont eu des enregistrements EEG intermittents
quotidiens de 1-10 jours apres le traumatisme. Il existait une corrélation significative entre I’amplitude fractionnelle
de ’EEG et le GCS. Le taux et I’'ampleur des changements de I'EEG et du GCS étaient également en corrélation. Il y
avait des différences significatives dans les parameétres de I’AS entre le groupe des patients qui s’étaient améliorés et
celui des patients qui s’étaient détériorés a la fin de la période de surveillance (p = .0222) ainsi que dans la modification
des paramétres dans le temps (p=.0186). En utilisant I’analyse linéaire discriminante des parametres de I’AS, la
précision du pronostic était de 80% (estimée rétrospectivement). Une classification précise de I'issue a long terme a
été possible dans un certain nombre de cas chez qui il n’y avait pas de changement dans le GCS pendant la période de
surveillance.
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Monitoring of the neurologic function of comatose head-
injured patients has traditionally been carried out by the use of
an abbreviated version of the neurologic exam, usually consist-
ing of a measure of the depth of coma (i.e. the Glasgow Coma
Score)' and one or several measures of brainstem function (i.e.
pupillary reaction, oculocephalic responses, etc.). Inthe deeper
levels of coma the assessment of level of consciousness becomes
restricted to the observation of a few stereotyped motor responses
to painful stimuli. At this level of coma it is possible that
significant change may occur in the patient’s neurologic status
before this is measurable by the clinical neurologic examination.

The problem of monitoring depth of coma is further com-
pounded when patients requiring ventilator support for respira-
tory care or the control of raised ICP must be sedated and or
pharmacologically paralysed to facilitate ventilator management.
The development of an objective, quantitative, on-line measure
of neurologic status is therefore desirable for its immediate
clinical benefit as a monitoring tool, its potential use in the
study of the relation of neural function to physiological parame-
ters such as intracranial pressure, and in monitoring the effi-
cacy of standard or new treatment modalities in head-injured
patients during the acute treatment phase.
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The background frequency of the electroencephalogram (EEG)
and changes therein have been shown in a number of studies to
be related to the level of consciousness.?” The large amount of
data produced by the standard paper chart EEG and the require-
ment for expert interpretation of the data have worked against
the adoption of conventional EEG as a monitoring tool. One
approach to these problems, made possible by advances in
microcomputer technology, is the continuous characterization
of the EEG in the frequency domain by use of the Fast Fourier
Transform.® Power spectral analysis (PSA) provides a concise
electronic summary of quantitative information on the back-
ground frequencies and amplitude of the EEG. The output may
be either graphic or numeric with the latter being well-suited to
statistical analysis.’ The data compression and simplification of
analysis make PSA attractive for use as a monitoring tool in the
intensive care setting.

The present study was designed as a preliminary assessment
of the usefulness of this technique in monitoring comatose
head-injured patients. The objectives of the study were twofold:
first we wished to confirm in a quantitative manner the relation-
ship between the background frequency of the EEG and the
depth of coma; secondly, we wished to define the relationship
between spectral parameters of the EEG, their change over
time, and patients’ clinical outcomes.

CLINICAL MATERIAL AND METHODS

The patient group consisted of 32 patients rendered uncon-
scious by blunt head injury. Mean GCS at admission was 7
(mode = 5). The age range of the patients was from 6 to 62
years. The mean age was 27.4 years. Twelve of the patients had
well-defined mass lesions such as extra-axial haematomas or
brain contusions. Eleven of these were treated by craniotomy
and evacuation of the mass. Five patients died, four from un-
controllable intra-cranial pressure. All patients were cared for
in the neurosurgical intensive care unit according to a standard-
ized head injury protocol.'® Neurologic examination was car-
ried out at least once daily. The examination consisted of the
GCS and assessment of the pupillary, oculocephalic, and cor-
neal responses. The duration of patient follow-up for outcome
determination was at least six months in all patients.

EEG recording was carried out following admission to the
ICU, either from the emergency room or postoperatively. The
average duration of monitoring was 4.5 days. All patients were
monitored for at least two days. EEG recording was terminated
when the patient either regained consciousness, died, or the
neurologic state was clinically unchanged over several days.

Ten to thirty minutes of EEG per day were recorded onto
magnetic tape at one to four hourly intervals. The four channels
used were C3, C4, 01, and 02 to linked ears. The EEG was
inspected at the time of recording and playback to eliminate
recordings containing artefact. The Fourier analysis was done
off-line using a microcomputer system. The analysis was based
on the fractional amplitudes in four frequency bands: delta
(1-3 hz.), theta (4-7 hz.), alpha (8-12 hz.), and beta (13-30 hz).
Two second epochs of EEG were used and the sampling fre-
quency was 128 hz.
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DATA ANALYSIS

Inorder to attempt to quantify the strength of the relationship
between the background frequency of the EEG and level of
consciousness observed clinically, multiple regression was car-
ried out for the first and second days post injury, and on the
final day of monitoring. The latter was the day on which moni-
toring was discontinued either because the patient had died,
regained consciousness, or was clinically unchanged for a num-
ber of days. The PSA values for each day were averaged and
compared with the GCS for the same day in each patient. The
channel containing the highest percentage of high frequency
activity (i.e. alpha and beta) and the least low frequency activity
was chosen for comparison in order to obviate the effects of
localized disturbances in the EEG, which were present in a
number of patients with focal pathology. This was especially
striking in two patients whose GCS ranged from 9-14 and 10-15
and who had well defined hemispheric neurologic deficits
(dysphasia and hemiplegia). Both of these patients had a large
discrepancy in the amount of slowing between the injured and
uninjured hemispheres (greater slowing on the injured side).
This discrepancy increased as the patients regained conscious-
ness. The magnitude of change in the GCS was correlated with
that of the PSA by subtracting the initial day values of each
from the final day values. Similarly the rate of change was
estimated by dividing the magnitude of change by the number
of days monitored.

Outcome was classified according to the Glasgow Outcome
Scale determined at six months post-injury.'' Improved patients
were those with a good or moderate outcome. Conversely,
deteriorated patients were those who were dead, severely
disabled, or vegetative at six months post-injury. Multivanate
T-squared tests and linear discriminant analysis were used to
contrast the differences between the improved and deterio-
rated patient groups, and to estimate the accuracy of outcome
prediction using parameters derived from PSA.

Multiple regression, multivariate T-squared tests, and linear
discriminant analysis procedures were carried out using the
SAS statistical package. Significance testing of the outcome
classification error rate was done using the Chi-squared test
with Yate’s correction.

RESULTS

Correlation Data

The results of the correlation analyses are presented in Tables
1-S. All correlations are reported for the group as a whole, and
for the diffuse injury and mass lesion subgroups. The statistical
programme selected the best one to three variable models. The
fourth variable (i.e. fourth frequency band) is linearly related to
the other three soits inclusion does not add any new information.
The correlation coefficients and their probability values are
given for each model.

There is a significant correlation between the GCS and the
fractional amplitude of the EEG determined by PSA. If one
looks at the frequency bands individually, delta is inversely
correlated with GCS and alphaand beta are positively correlated.
The delta frequency band (1-3 hz.) appeared to be the best
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Table 1: Correlation of PSA Parameters with GCS — Initial Day.

Table 5: Correlation of the Rage of Change* in the PSA and GCS.

All Patients Mass Lesions  Diffuse Injury All Patients Mass Lesions  Diffuse Injury

Model (n = 32) (n = 12) (n = 20) Model n=32 n=12) (n = 20)
1 Variable D* D D I Variable B** B D

r 43 .Sl 48 r .58 .76 .64

p .01 .09 .03 p .0005 .005 .002
2 Variable D,B D,B D, T 2 Variable A/B D, T D, T

r .44 .55 .48 r .62 .80 .70

p .04 19 .10 p 001 01 .003
3 Variable D, T, A D, T,B D,A,B 3 Variable D, T, A D,T,B D,A,B

r 44 .61 .48 r .62 .81 72

p .10 .27 .23 p .003 .03 .007

* A = Alpha, B = Beta, D = Delta, T = Theta (relative amplitudes)

Table 2: Correlation of PSA Parameters with GCS — Second Day.

All Patients Mass Lesions  Diffuse Injury
Model (n = 32) (n = 12) (n=19)
I Variable B* D B
r .67 .56 72
p .0001 .06 .0005
2 Variable T,B D,B T,B
r 71 .59 75
p .0001 .14 001
3 Variable D, T, A D, T, A D,A,B
r Tl .60 .76
p .0003 .30 .005

* A = Alpha, B = Beta, D = Delta, T = Theta (relative amplitudes)

Table 3: Correlation of PSA Parameters with GCS — Final Day.

All Patients Mass Lesions  Diffuse Injury
Model (n=32) n =12) (n = 20)
1 Variable D* A D
T .76 .82 .81
p .0001 001 .0001
2 Variable D,B A/B D, A
r .79 .90 .85
p .0001 .0005 .000t
3 Variable T,A,B D,A,B T,A,B
T .79 91 .86
p .0001 .002 .0001

* A = Alpha, B = Beta, D = Delta, T = Theta (relative amplitudes)

Table 4: Correlation of the Magnitude of Change* in the PSA and

GCS.
All Patients Mass Lesions  Diffuse Injury

Model (n = 32) (n = 12) (n = 20)
1 Variable B** T D

r .62 7 .61

p .0001 .003 005
2 Variable A, B D, T D, A

T .64 .81 .67

p .0005 .009 .004
3 Variable D,A,B D,A,B D,A, B

r .64 .81 70

p .002 .03 .01

* Magnitude of change was determined by subtracting initial day from

final day values.

** A = Alpha, B = Beta, D = Delta, T = Theta (relative amplitudes})
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* Rate of change was determined by subtracting initial day values from
final day values and dividing by the number of days monitored.

** A = Alpha, B = Beta, D = Delta, T = Theta (relative amplitudes)

single correlate of the depth of coma. More information was
obtained by correlation with two frequency bands. Little improve-
ment was obtained by employing more than two frequency
bands.

The day by day correlation with GCS improves over time,
both for the group as a whole and for the subgroups. Dawson et
al reported a lag between the onset of clinical changes in head-
injured patients and their manifestation in the EEG.!? The
correlation data herein may in part be a reflection of that
phenomenon. Another factor is that there is a greater range in
the GCS among the patient cohort during the second and final
days of the study, accounting for some of the improvement in
the correlation coefficients.

The rate and magnitude of change in the GCS and PSA are
also significantly correlated. This indicates that those patients
having the largest and most rapid changes in their level of
consciousness have the largest and most rapid changes in the
EEG.

All the correlations were substantially improved by segrega-
tion of patients according to injury type (i.e. diffuse injury or
mass lesion) implying differing effects of different injury types
on the EEG generators (see Figure 1). The tendency was for the
diffuse injury group to have an equal or greater amount of
slowing of the EEG than the mass lesion group, in spite of the
fact that the latter group had a lower mean GCS at all times.

OUTCOME ANALYSIS

Table 6 shows the characterization of spectral parameters for
the improved and deteriorated patient groups on the initial and
final days of monitoring, and the change in these parameters
over time. Only three variables were compared due to the linear
relationship between the variables (i.e. by knowing any three
variables the fourth can always be exactly calculated). There is
no difference between the groups on the initial day. There is a
statistically significant difference on the final day (p = .02).
The change in PSA parameters over time is also significant (p =
.02). Those patients who deteriorated showed an increase in
slow activity and a decrease in fast activity.

Figure 2 illustrates the error rate for outcome classification
derived from linear discriminant analysis using the *‘jacknife’’
method of error estimation, The minimum number of parame-
ters giving the optimal prediction accuracy were used. The PSA
parameters were the change in fractional delta over time and
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Figure 1 — Final day regression plot of GCS vs PSA by lesion type — This
figure shows the separate regression lines obtained on the final day of
monitoring for patients with mass lesions (left line, diamonds) and patients
with diffuse injuries (right line, stars). The units on the Y axis are the GCS
measured clinically. Those on the X axis are a dimensionless measure
derived from the three variable regression equation for the final day data.
The presence of two quite distinct regression lines implies a different effect
of the two injury types on the EEG generators.

Table 6: Fractional Amplitudes in Improved vs Deteriorated Patients.

Deteriorated Group Improved Group

mean std.dev. mean std. dev. p*

Initial D*** 32 .06 32 .07 ns
Day A 21 .04 .20 .03 ns

B 22 .05 22 .05 ns

.87

Final D .37 .04 31 .07 *k
Day A A7 .02 .20 .04 **

B A8 .03 .24 .07 **

.02

Change D .05 .05 -.01 .06 **
Over A -.03 .04 .00 .04 ok
Time B -.04 .04 .01 .07 *x
.02

* The numeric p value is derived from the multivariate T-squared test
which controls for overall error for three variables.

** Indicates a p < .05 for individual comparisons.
*** A = Alpha, B = Beta, D = Delta.

the final fractional amplitude of beta. The error rate was 25%,
.01 > p > .00S. Of a total of eight errors seven were falsely
pessimistic (i.e. patients who improved were erroneously classi-
fied into the deteriorated group). In three cases this occurred
when the patients suffered reversible complications (e.g. uraemia,
sepsis) which produced transient neurologic worsening (re-
flected accurately in the PSA), but from which the patients
ultimately made a good recovery.

DISCUSSION

There is a substantial literature regarding EEG findings in
coma of varying aetiology, including head injury. In general
these show that the most common changes are slowing of the
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Figure 2 — Prediction Accuracy of Power Spectral Analysis (PSA) — This
graph illustrates the accuracy of outcome prediction (improved or
deteriorated) in individual patients. The light bars indicate the number of
correct predictions, and the dark bars indicate the number of errors. The
PSA parameters used to generate the predictions were the change in
Jractional delta over time and the final fractional value of beta.

background frequencies. Furthermore, changes in the depth of
coma tend to be paralleled by changes in the background fre-
quencies with increased slowing occurring with increasing depth
of coma.?” A common feature of these studies is their reliance
on a qualitative interpretation of the pattern characteristics of
the EEG. One problem with this method is the limited quantita-
tive resolution in terms of the relative or absolute amount of
amplitude in a given frequency band. Over an average period of
4.5 days the difference in the amount of change in the delta
frequency band in those patients who deteriorated and those
who improved was in the neighbourhood of 6%. This is very
likely beyond the resolution of visual interpretation of the
standard EEG record, yet represents a statistically significant
difference in this patient population.

Our data tend to confirm the observations recorded in the
literature on the frequency characteristics of the EEG in coma
(i.e. the amount of slowing of the background frequencies of the
EEG s proportional to the depth of coma). Furthermore the rate
and magnitude of change in the EEG was significantly corre-
lated with the rate and magnitude of change in the depth of
coma measured clinically. This suggests that the depth of coma
and changes therein may be objectively quantified by PSA.

Characterization of the mean fractional amplitudes of the
EEG power spectrum at the initiation and termination of moni-
toring failed to show any significant differences in outcome
groups at the start of monitoring, but was significant at the
termination of monitoring (usually 3-6 days later). This feature
suggests the presence of transient reversible damage in those
patients who improve, and/or potentially salvageable function
in those who go on to deteriorate.

The correlation data confirm the general relationship of the
spectral parameters of the EEG to the depth of coma and the
magnitude and rate of change therein. The outcome analysis
addresses the issue of the accuracy of the technique in predict-
ing the outcome of individual patients. Bricolo et al has reported
on the prognostic value of both the EEG and power spectral
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analysis in coma. He found that spontaneous and induced
variability in the EEG and power spectrum were associated
with a good prognosis. The analysis of the power spectrum was
aqualitative one based on a graphic presentation of the data (i.e.
Compressed Spectral Array).'*'* Based on a similar sort of
qualitative analysis of the CSA, Sironi et al found a difference
in mortality in groups with different types of CSA patterns.'’
More recently the persistence or return of a peak in the CSA
display between 4 and 13 hz. during the first 10 days of coma
has been associated with a good recovery.'¢ Steudel et al described
the relationship of quantitative parameters of the EEG power
spectrum to prognosis in 50 adult patients with severe brain
injuries. He found that an increase in the absolute and relative
values of alpha and theta during the first week was associated
with survival.'” Karnaze et al found that the prognostic capabil-
ity of the CSA based on the presence of spontaneous alteration
in the amplitude or frequency was equivalent to the GCS.'®

The accuracy of outcome prediction in this study was 75%.
Most of the errors were of the falsely pessimistic variety (seven
or eight errors). In three of these cases the patients suffered
reversible neurologic setbacks from which they went on to
make a good recovery. The transient neurologic decline of
these patients was accurately reflected in the PSA. Therefore
as an estimate of monitoring accuracy, the quoted error rate
(i.e. 25%) based on outcome prediction is likely overly pessi-
mistic.

Although the prognosis was self-evident in the four patients
who died early in uncontrollable ICP and in those who rapidly
regained consciousness, in 16 patients the GCS changed by one
or less during the period of monitoring (10/16 had no change).
The accuracy of outcome prediction in this subgroup with
minimal or no change in the clinical neurologic examination
was 80%, suggesting that the PSA may in fact be a more sensi-
tive measure of neurologic function in comatose patients than
the clinical examination.

Future analysis of the utility of PSA as a real-time monitor of
neurologic status in comatose head-injured patients will require
the prospective collection of continuous PSA data and its com-
parison with clinically measured changes in patient status in
order to determine which occur first. One of the anticipated
difficulties of such a study is the postulated lack of sensitivity of
the clinical neurologic examination in the comatose patient.
One possible way around this difficulty is the provision of
corroborative evidence of deteriorating cerebral function, per-
haps using measurement of cerebral blood flow and metabolism,
or biochemical markers of cerebral metabolic function. The
effects of sedative drugs and variations in physiologic parame-
ters such as PC02 and ICP on the EEG must also be carefully
studied in this patient population.

CONCLUSION

Based on an off-line analysis of the fractional amplitude of
the EEG generated by power spectral analysis, we conclude
that quantitative measurement of the background frequencies
of the EEG is significantly correlated with the level of con-
sciousness determined clinically, and is accurate in predicting
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the outcome. These results indicate the potential use of the
technique in monitoring comatose head-injured patients in the
ICU. Definitive demonstration of the usefulness of the tech-
nique will require a prospective study using continuously col-
lected EEG data.
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