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This study evaluates electroencephalography
(EEG) and positron emission tomography (PET)
in the same subjects. Fourteen murderers were as-
sessed by using both PET (while they were per-
forming the continuous performance task) and
EEG during a resting state. EEG revealed signifi-
cant increases in slow-wave activity in the tempo-
ral, but not frontal, lobe in murderers, in contrast
to prior PET findings that showed reduced pre-
frontal, but not temporal, glucose metabolism. Re-
sults suggest that resting EEG shows empirical
utility distinct from PET activation findings.

(The Journal of Neuropsychiatry and Clinical
Neurosciences 2001; 13:486–491)

Early electroencephalographic (EEG) studies on vio-
lence reported general abnormalities and increases

in slow-wave activity.1 Whereas earlier studies were
generally more qualitative, EEG technology has become
increasingly more advanced, allowing for detailed
quantitative computerized analyses in place of clinical
visual inspection. Results from these types of studies
have specifically indicated temporal and/or frontal ab-
normalities in violent subjects,2–8 and some studies have
prospectively noted the ability of these deficits to predict
later violent and criminal behavior.9,10 Thus, evidence
indicates that both frontal and temporal EEG abnor-
malities are associated with violent behavior.

Despite advances in EEG technology, EEG studies of
antisocial groups have become less common over the
last several years. The development of more advanced
functional brain imaging techniques such as PET and
fMRI has begun to dominate the field and bring into
question the clinical and research utility of EEG. These
relatively newer techniques provide better spatial reso-
lution and allow for the examination of specific subcor-
tical structures instead of relying on the summation of
relatively diffuse activity as EEG does.11 Results with
imaging studies of this type have generally confirmed
earlier EEG findings in violent and aggressive subjects.
Although both frontal and temporal abnormalities have
been consistently noted in brain imaging studies of vi-
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olent subjects, not all studies have observed deficits in
both regions.12–16 With the increased spatial resolution
of these techniques, subcortical structures have also
been noted to show reduced metabolism in violent pa-
tients.14

Some studies have made use of activation tasks dur-
ing imaging or glucose uptake to activate those brain
areas hypothesized to be dysfunctional in violent of-
fenders.17 Recently, Raine et al.18 reported on 41 mur-
derers pleading not guilty by reason of insanity. These
subjects all received fluorodeoxyglucose (FDG) PET
scans in which they performed the continuous perfor-
mance task (CPT), a frontal lobe challenge. These sub-
jects were found to have bilaterally reduced glucose util-
ization in the prefrontal cortex, increased glucose
metabolism in the occipital cortex, and no difference in
the temporal cortex compared with matched control
subjects. Murderers also showed significantly lower left
and greater right amygdala and hippocampus glucose
metabolism compared with control subjects. Using neu-
ropsychological tasks to activate specific areas of the
brain during imaging may illustrate dysfunction that is
specific to the performance of those regions and that
may not be detected in a resting state.

Because of the relatively higher regional spatial reso-
lution provided by these newer imaging techniques, it
is tempting to assume that they will provide more in-
formation than can be obtained with EEG. Some studies
have begun to compare information obtained by both
EEG and PET in the same subjects to determine what, if
any, relationship exists between them.19–21 Results for
some studies have shown that EEG and activation PET
convey similar information regardless of whether the
EEG was taken simultaneously to glucose uptake or sep-
arately in a resting state.19,20 One study found the com-
bination of EEG and PET to reach higher diagnostic sen-
sitivity than either method alone, suggesting that each
is contributing unique information.21 Results from this
study suggest that it is possible that the information ob-
tained from EEG is qualitatively different from that ob-
tained with PET, and that more diagnostic information
could potentially be rendered by combining the findings
from the two techniques.

We had an opportunity to address this issue in a sam-
ple of murderers. Of the 41 murderers examined by
Raine, 14 had undergone resting EEG. This situation al-
lows a test of the possibility that EEG provides incre-
mental information over and above PET. Alternatively,
EEG may provide information that is the same as that
conveyed by PET, as has been suggested.19,20 If EEG and
PET are measuring similar activation and conveying the
same information, results of EEG analyses in this sample
should demonstrate a bilateral increase in slow-wave

activity over the frontal lobe, which would reflect the
reduction in prefrontal glucose metabolism detected by
PET in the original study.18 Likewise, an increase in fast
wave (beta) activity would appear in the occipital cortex
corresponding with the increase in metabolism found
earlier with PET, and no differences would be evident
in the temporal lobes. However, if EEG does provide
information beyond what can be obtained from activa-
tion-state PET, a different pattern of abnormality could
arise. This study tests these competing predictions.

METHODS

Subjects
The experimental group consisted of 14 murderers (12
male, 2 female) with a mean age of 34.5�6.90 years
(mean�SD reported throughout). The murderer group
consisted of subjects undergoing medical evaluation at
the University of California, Irvine, imaging center as a
part of their plea of not guilty by reason of insanity, or
during the penalty phase of the trial. Details have been
published previously.18

A control group was matched as closely as possible
for age and gender. Control subjects also consisted of 12
male and 2 female subjects, with a mean age of
36.9�8.72 years. A two-tailed t-test revealed no signifi-
cant difference between the groups for age (t��0.817,
df�1,26, P�0.421). Chi-square analyses revealed no
significant differences for gender (mean�SD: murder-
ers, 1.14�0.36; control subjects, 1.14�0.36; v2�0.000,
df�1,1, P�1.0), ethnicity (murderers, 1.79�1.12; con-
trol subjects, 1.21�0.58; v2�4.229, df�1,3, P�0.238) or
handedness (murderers, 1.86�0.36; control subjects,
2.00�0.00; v2�2, 154, df�1,1, P�0.142). All subjects
were informed of the procedures and signed consent
forms approved by the University of California, Irvine,
Human Subjects Committee.

Because this subject sample represents only a portion
of the subjects involved in the original PET study, anal-
yses were conducted to determine if the subgroup of 14
subjects with EEG and PET data differed significantly
from the remaining 27 original subjects with only PET
data. No significant differences were found between the
groups for age, gender, ethnicity, handedness, head in-
jury, temporal glucose metabolism, or prefrontal glucose
metabolism (all P�0.20).

EEG Procedure
EEG was recorded while the subjects rested with their
eyes closed and prior to PET scanning. Full details of
EEG recording have been published previously.19

Briefly, EEG epochs were visually screened for eye
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TABLE 1. Normalized EEG power: delta and theta frequencies
for the murderers and control subjects in the whole
brain array

Frequency Array Mean SD

Delta
Control subjects

Lobe 1 F7-F3-F4-F8 �0.250 0.363
Lobe 2 T3-C3-C4-T4 �0.715 0.179
Lobe 3 TT1-TCP1-TCP2-TT2 �0.827 0.170
Lobe 4 T5-P3-P4-T6 �0.245 0.224
Lobe 5 O1-PO1-PO2-O2 0.389 0.391

Murderers
Lobe 1 F7-F3-F4-F8 �0.134 0.314
Lobe 2 T3-C3-C4-T4 �0.474 0.302
Lobe 3 TT1-TCP1-TCP2-TT2 �0.800 0.277
Lobe 4 T5-P3-P4-T6 �0.115 0.255
Lobe 5 O1-PO1-PO2-O2 0.026 0.439

Theta
Control subjects

Lobe 1 F7-F3-F4-F8 �0.286 0.309
Lobe 2 T3-C3-C4-T4 �0.700 0.150
Lobe 3 TT1-TCP1-TCP2-TT2 �0.881 0.204
Lobe 4 T5-P3-P4-T6 �0.212 0.212
Lobe 5 O1-PO1-PO2-O2 0.387 0.387

Murderers
Lobe 1 F7-F3-F4-F8 �0.309 0.297
Lobe 2 T3-C3-C4-T4 �0.428 0.274
Lobe 3 TT1-TCP1-TCP2-TT2 �0.742 0.253
Lobe 4 T5-P3-P4-T6 �0.014 0.287
Lobe 5 O1-PO1-PO2-O2 0.039 0.525

FIGURE 1. Visual depiction of the 4�5 matrix design testing
medial-lateral and anterior-posterior factors.

movement and other artifacts blind to knowledge of
group membership, and artifacted epochs were deleted.
Power spectrum estimates were computed by using a
fast Fourier transform and expressed as magnitude val-
ues in microvolts (square root of power). EEG values
were normalized by subtracting the mean of all leads
within a frequency band from the raw power value for
each lead and dividing by the standard deviation of all
other leads within that frequency.19,20 Values were z-
transformed in order to account for individual ranges of
variation, and to create transformations analogous to
the PET data collected from the same subjects. Five
bands of EEG activity were measured: delta (0.78–4.30
cps), theta (4.34–7.80 cps), alpha (8.20–12.90 cps), beta1
(13.30–19.90 cps), and beta2 (20.00–30.00 cps).

PET Procedure
Full details on PET scanning procedures have been pub-
lished previously.18 Briefly, fluorodeoxyglucose (FDG)
was injected into the subject in the test room and taken
up by the brain for a 32-minute period during which the
subject completed a degraded stimulus version of the
CPT.22 This task was employed because it has been
shown to produce increases in relative glucose metab-
olism in the frontal lobes in normal control subjects, as
well as increases in right temporal and parietal lobes.23

Brain regions were identified using the cortical peel and
box techniques.23,24

Statistical Analysis
We selected 20 of the 32 leads and entered them into a
4�5 matrix. Factors in the design include 5 “lobes” or
leads grouped together in the anterior–posterior direc-
tion and 4 “hemispheres,” leads grouped together in the
medial–lateral position. Significant main effects for ei-
ther factor were to be followed up with individual t-tests
in order to determine the specific location of the effect.
See Figure 1 for a visual depiction of the design.19 A
repeated-measures multivariate analysis of variance
(MANOVA)25 was performed with a 2 (group) by 4 (col-
umn) by 5 (row) design. The grouping factor is between
subjects and the other two factors within subjects. The
4 columns of leads are designed to test medial–lateral
effects and the 5 rows of leads are designed to test an-
terior–posterior effects. Follow-up t-tests were two-
tailed in every case.

RESULTS

Means for normalized EEG power at delta and theta fre-
quencies in the whole brain array are shown in Table 1.

Delta
No main effect for group was found (F�0.903, df�1,26,
P�0.351). However, a significant group-by-lobe inter-
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action effect was obtained in the delta frequency
(F�4.96, df�4,23,P�0.005). Follow-up t-tests revealed
that the effect existed for lobes 2 and 5 of the matrix.
This corresponds to murderers having an increase of
delta in the temporal-central leads in row 2 (T3, C3, C4,
T4) compared with control subjects (means: murderers,
�0.474; control subjects, �0.715; t��2.575, df�1,26,
P�0.016). The effect for lobe 5 (O1, PO1, PO2, O2) cor-
responds to a decrease in delta for the murderers com-
pared with control subjects (means: murderers, 0.026;
control subjects, 0.389; t�2.311, df�1,26, P�0.029).
There were no significant interactions with hemisphere
(all P�0.13).

Because lobe 2 consists of both temporal and central
leads, t-tests were conducted to specify the region of the
brain that differs between murderers and control sub-
jects. The temporal leads T3 and T4 were averaged to-
gether to create a measure of temporal lobe because
there were no laterality effects. The same was done with
the central leads C3 and C4. We conducted t-tests for the
temporal and the central lobe measures, and results in-
dicate that the temporal leads differ significantly, with
murderers showing an increase in delta in these leads
(means: murderers, �1.04; control subjects, �1.43;
t��2.502, df�1,26, P�0.019). Central leads did not
differ significantly (means: murderers, 0.092; control
subjects, �0.003; t��0.834, df�1,26, P�0.412).

Theta
No main effect for group was found (F�2.039, df�1,26,
P�0.165). However, a significant group-by-lobe inter-
action effect was obtained for theta activity (F�5.63,
df�4,23, P�0.003). Follow-up t-tests revealed the ef-
fects to be due to lobes 2 and 4 of the matrix. Murderers
had an increase in theta for the temporal-central leads
of lobe 2 (T3, C3, C4, T4), compared with control subjects
(means: murderers, �0.428; control subjects, �0.699;
t��3.242, df�1,26, P�0.003). A similar result was
found for temporal-parietal leads of lobe 4 (T5, P3, P4,
T6), with murderers showing an increase in theta
(means: murderers, �0.014; control subjects, �0.212;
t��2.080, df�1,26, P�0.048). The parietal-occipital
lobe 5 (O1, PO1, PO2, O2) showed a decrease in theta for
the murderers that was similar to the effect for delta
described above, but in this case the effect was marginal
(t�1.996, df�1,26, P�0.056). There was no lateraliza-
tion effect for the theta frequency, since there were no
interactions with hemisphere (all P�0.31).

As with the delta frequency, t-tests were run to deter-
mine the specific regions of the brain producing differ-
ences in lobes 2 (between central and temporal) and lobe
4 (between temporal and parietal). Leads within each
lobe were averaged to create one measure, since no lat-

erality effects were found. Results of the t-test for lobe
2 indicate that murderers show greater theta in the tem-
poral leads than control subjects (means: murderers,
�1.155; control subjects, �1.539; t��2.860, df�1,26,
P�0.008). Results for central leads were not significant
(means: murderers, 0.298; control subjects, 0.1411;
t��1.525, df�1,26, P�0.139). For lobe 4, neither the
temporal nor the parietal leads were significant (all
P�0.12).

Alpha
No main group effect was found (F�0.002, df�1,26,
P�0.97). There were also no interaction effects for lobe
or hemisphere (all P�0.27).

Beta
No main group effect was found for the beta1 or beta2
frequencies (respectively, F�0.012, df�1,26, P�0.914;
and F�1.082, df�1,26, P�0.31). A significant interac-
tion effect for lobe by group was found for beta1
(F�4.74, df�4,23, P�0.006). Follow-up t-tests revealed
that the effect was specific to lobe 4 (temporal-parietal
areas T5, P3, P4, T6; t��2.384, df�1,26, P�0.025), with
murderers showing an increase in beta1 compared with
control subjects (means: murderers, 0.216; control sub-
jects, �0.056). No interaction effects were found for
beta2 activity (all P�0.13).

Relationship of EEG to Other Temporal PET Measures
EEG findings suggest a deficit in the temporal area (in-
dicated by an increase in slow-wave activity) not ap-
parent from PET. However, EEG largely provides infor-
mation on lateral cortical activity, whereas PET provides
information on subcortical as well as cortical activity. It
is therefore possible that the mesial temporal findings
in murderers from PET (reduced left relative to right
amygdala and hippocampal activity) relate to the tem-
poral findings in EEG. To examine this possibility, a lo-
gistic regression analysis was conducted using the tem-
poral-central (lobe 2) theta and left amygdala and
hippocampus measures to predict group differences.
Left amygdala and left hippocampus values were en-
tered into the logistic regression in step 1, using forced
entry. EEG measures were then added, using the for-
ward Wald method. The temporal-central leads theta
(consisting of leads T3, C3, T4, C4) predicted group mem-
bership over and above variance accounted for by the
PET measures (v2� 9.92, df�1, P�0.002). Overall these
variables are able to predict group membership with
82.14% accuracy. Conducting this regression using delta
in the temporal-central leads also shows that delta in
these leads predicts group membership above variance
accounted for by PET measures (v2�7.05, df�1,
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P�0.008). These variables are able to predict group
membership with an accuracy of 75.00%. These results
suggest that temporal EEG findings are not accounted
for by any mesial temporal glucose metabolism mea-
sured in the original PET study. Therefore EEG appears
to be detecting new information not reflected in PET
measures.

DISCUSSION

Results from this study suggest that activation PET and
resting EEG provide different information regarding
brain dysfunction in murderers. EEG temporal-central
dysfunction could not be explained by PET findings pre-
viously reported, which include reduced prefrontal, left
amygdala, left hippocampus, left angular gyrus, and in-
creased occipital glucose metabolism.18 Conversely,
slow-wave EEG was not detected in frontal leads, yet as
indicated in the previous PET study, glucosemetabolism
was lowered in the prefrontal cortex.18 However, de-
creases in EEG slow-wave activity in the occipital lobe
may relate to increased glucose metabolism in the PET
findings of the murderers. These findings are of poten-
tial importance because studies of violent offenders do
not use multiple imaging techniques, and thus may miss
potentially important findings. These methodological
differences may also contribute significantly to the con-
flict in findings between various studies.

The neurological literature on violent behavior indi-
cates that dysfunction in the frontal or the temporal lobe
may result in violence.26 Consistent with these reports,
the subjects presented in this study also showed func-
tional deficits in both the frontal and temporal regions
of the brain, when assessed with different imaging tech-
niques and modalities. One possible explanation for the
current discrepant findings is that EEG measures a neu-
rophysiological process distinct from that measured by
PET. EEG is thought to measure the postsynaptic poten-
tial of neurons in the cortex, and thus to represent elec-
trical activity.27 PET, on the other hand, measures utili-
zation of glucose by the neurons.28 Therefore, the
findings may be explained by the different neurophys-
iological processes to which these imaging techniques
are sensitive.

A second possible explanation is that differences may
be accounted for by the different activation states be-
tween the two assessments. The prefrontal PET findings
previously reported in murderers were obtained from a
frontal neuropsychological challenge task (CPT) during
glucose uptake. This task is specifically designed to as-
sess the function of the frontal lobe. Conversely, EEG,
which identified temporal deficits, was obtained in a

resting condition. One possibility is that CPT activation
will reveal frontal deficits, while resting states will il-
luminate temporal deficits. This same explanation was
offered by Seidenwurm and colleagues,15 who found re-
duced temporal glucose in a resting state PET but failed
to obtain the reduced prefrontal metabolism found in
Raine et al.18 On the other hand, several functional im-
aging studies have been able to detect frontal deficits
even in a resting state.14,29,30 Therefore, it is possible that
the discrepancy between resting and activation states
does not entirely account for the differences noted in this
study.

Advances in the field of brain imaging have provided
exciting techniques for studying neural activation. Al-
though advanced brain imaging techniques such as PET
are expensive and invasive, they are superior to EEG for
assessing subcortical structures suspected to be in-
volved in violence, as well as offering better spatial res-
olution. While EEG does not have these same attributes,
it may still offer potentially unique information. Several
researchers have begun to compare EEG and PET data
in the same groups of subjects,19–21 with varied results.
Results from this study indicate that in order to maxi-
mize the different utility of each method, one may com-
bine activation and resting states. Because of the radio-
activity involved in PET research, it is often not feasible
to assess subjects with two PET scans. Therefore, one
possible solution is to use resting EEG to supplement
activation studies with these other techniques. The
study presented here provides evidence that EEG is suf-
ficiently sensitive to detect group differences, even in
relatively small sample sizes. Thus, resting EEG may
continue to be an important tool in the neurological as-
sessment of violent subjects despite the technical supe-
riority of imaging technology.

Caution must be taken in interpreting these findings,
however. Having subjects evaluated with two different
imaging techniques in two different states of activation
creates obvious problems in the identification of the
causes of the findings. However, results from this study
do suggest that utilizing both resting EEG and activa-
tion PET may be useful to researchers wishing to in-
crease the amount of information gathered without sub-
stantially increasing time, cost, or threat to subject.
Future research could explore this relationship in more
detail by comparing both a resting and an activation
PET with EEG data collected simultaneously to FDG up-
take. Additionally, the subject population presents a
problem with generalization. Subjects’ sanity was
brought into question during the course of their trial;
however, details about psychological diagnoses are not
known for these subjects, making it impossible to match
control subjects on this variable. In addition, this may
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represent an extreme or selected group that may not
generalize to other murderers or violent criminals. Fu-
ture studies using multiple techniques and conducted
on a less selected group of violent offenders have the
potential to add substantially to knowledge on brain
mechanisms subserving violence.

This study was supported by NIMH Mental Health Na-
tional Research Service Award 1-F31 MH12352-01A1 to
L.M.G.-K. and by NIMH Independent Scientist Award K02
MH01114-01 to A.R. This work was previously presented at
the 11th Annual Meeting of the American Neuropsychiatric
Association, Fort Myers, FL, February 20–22, 2000.
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