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Neuromagnetic Assessment of Pathophysiologic Brain
Activity Induced by Minor Head Trauma
Jeffrey David Lewine, John T. Davis, John Henry Sloan, P. W. Kodituwakku, and William W. Orrison, Jr

BACKGROUND AND PURPOSE: Patients with mild traumatic brain injury (TBI) often show
significant neuropsychological dysfunction despite the absence of abnormalities on traditional
neuroradiologic examinations or EEG. Our objective was to determine if magnetic source imaging
(MSI), using a combination of MR imaging and magnetoencephalography (MEG), is more
sensitive than EEG and MR imaging in providing objective evidence of minor brain injury.
METHODS: Four subject groups were evaluated with MR, MSI, and EEG. Group A consisted of 20 neurologically normal control subjects without histories of head trauma. Group B
consisted of 10 subjects with histories of mild head trauma but complete recovery. Group C
consisted of 20 subjects with histories of mild head injury and persistent postconcussive symptoms. The 15 subjects included in group D underwent repeat examinations at an interval of 2
to 4 months.
RESULTS: No MR abnormalities were seen in the normal control group or the asymptomatic
group, but five (20%) of the patients with persistent postconcussive symptoms had abnormal
MR findings. EEG was abnormal for one subject (5%) from the normal control group, one
(10%) from the asymptomatic group, and five (20%) from the group with persistent postconcussive symptoms. MSI was abnormal for one subject (5%) from the normal control group,
one (10%) from the asymptomatic group, and 13 (65%) from the group with persistent postconcussive symptoms. There was a direct correlation between symptom resolution and MSI
findings for the symptomatic head trauma group.
CONCLUSION: MSI indicated brain dysfunction in significantly more patients with postconcussive symptoms than either EEG or MR imaging (P , .01). The presence of excessive abnormal low-frequency magnetic activity provides objective evidence of brain injury in patients
with postconcussive syndromes and correlates well with the degree of symptomatic recovery.
Patients with mild traumatic brain injury (TBI) often show significant neuropsychological dysfunction despite the absence of any abnormalities on
traditional neuroradiologic examinations or EEG. It
is well established that severe blunt trauma can
cause brain atrophy, but the neural consequences of
relatively minor head injury remain poorly understood (1–3). Symptoms such as persistent headaches, nausea, cognitive decline, and personality

changes may be identified clinically, but traditional
neuroimaging studies rarely reveal consistent brain
changes to explain these problems (4–6). The significant structural changes that CT and MR imaging show in cases of severe TBI tend to be absent
in cases of mild TBI (7–9), and EEG generally
shows normal or only mild, diffuse pathophysiology, even in patients with very specific cognitive
and psychological deficits (10, 11).
Because the sensitivity of traditional methods to
trauma-induced brain dysfunction is so low, many
patients with neurologic bases for their posttraumatic psychological deficits fail to be diagnosed with TBI or are misdiagnosed as psychiatric
problems (12). As a result, the conditions of many
of these patients are not treated or the patients are
referred for inappropriate psychotherapy. Especially in cases of mild trauma, there is a general reluctance to medically treat specific postconcussive
problems, such as attentional deficits, in the absence of a clear neurobiological basis for the problem. Clearly, availability of reliable, objective evidence that a particular brain region has been
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rendered dysfunctional by mild TBI would augment patient care by allowing clinicians to better
develop cost-effective, individually tailored treatment and therapy programs (13).
Considering the above, the need to develop neuroimaging techniques responsive to mild TBI is all
too apparent. Magnetic source imaging (MSI) offers promise because it provides a high degree of
resolution of normal and abnormal brain physiology in both spatial and temporal domains (14–19).
MSI involves the integration of anatomic data obtained by the familiar method of MR imaging with
electrophysiological data obtained by magnetoencephalography (MEG). Electrical currents flowing
within dendrites give rise to extracellular current
sources and sinks, which establish the scalp potential gradients measured by EEG. These currents
also give rise to a surrounding neuromagnetic field
that is measured by MEG. The biophysics of EEG
and MEG are complementary. MEG provides a selective reflection of activity in dendrites oriented
parallel to the skull surface, whereas EEG reflects
mostly activity arising in dendrites perpendicular to
the skull. It is noteworthy that electrical conductivity differences between the brain, CSF, skull, and
scalp smear and distort the scalp-EEG view of the
brain’s electrical activity but have minimal impact
on MEG (14–19). In many instances, MEG data
can be evaluated using straightforward mathematical models that allow localization of the neuronal
generators of particular signal components.
Normal MEG data, like normal EEG data, are
dominated by frequencies above 8 Hz. Severe TBI
usually causes a shift in the background EEG power spectra toward lower-frequency signals, but similar changes are rarely apparent in cases of minor
TBI (10). Several investigators have observed that
MEG more often reveals low-frequency signals
than does simultaneously conducted EEG (16, 20).
We therefore hypothesized that MEG might reveal
trauma-induced changes in the spectral content of
spontaneous brain activity, even in cases of relatively minor trauma. MEG studies of patients with
stroke and of patients with tumors frequently reveal
the presence of abnormal low-frequency magnetic
activity (ALFMA) with a dipolar magnetic field
configuration. Source modeling of ALFMA shows
that individual dipolar slow-wave events are generated by compromised tissues at the margins of
lesions (15, 16, 21–23). In patients with epilepsy,
MSI reveals that sources of focal ALFMA co-localize with sources of spikes, even when there is
an absence of gross structural pathologic findings.
Taken together, these data indicate that dipole modeling is useful in the identification of compromised
brain tissue, and they suggest that source analyses
of MEG data may aid in the identification of TBIinduced regional brain dysfunction. To test these
hypotheses, we used MEG, MR imaging, and EEG
to examine four groups. Group A consisted of neurologically normal control subjects without a history of trauma. Group B consisted of subjects with
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a history of mild head trauma who had achieved
complete recovery. Group C consisted of subjects
with postconcussive symptoms subsequent to mild
head trauma. The subjects included in group D
were a subset of control subjects and symptomatic
patients who underwent repeat examinations.

Methods
The study population consisted of four subject groups.
Group A was composed of 20 healthy volunteers (age range,
18–57 years; 10 men and 10 women) with no history of closed
head injury or other neurologic or psychiatric problems. These
volunteers were studied as a normal control population.
Group B consisted of 10 subjects (age range, 14–60 years;
six male and four female subjects) with a history of mild
closed head injury with brief loss of consciousness (,20 minutes). At the time of the neuroimaging evaluation (2–16
months after the initial trauma), no postconcussive symptoms
were present, as indicated by self-report, mini-mental status
screening, clinical evaluation, and a symptom questionnaire
modified from the Structured Clinical Interview DSM-IIIR
nonpatient version interview schedule. All the subjects in
group B were free of diagnosed neurologic or psychiatric dysfunction. All had Glasgow Coma Scale scores of 131 at the
time of initial hospital admission, and all were discharged
within 24 hours.
Group C consisted of 20 subjects (age range, 17–62 years;
12 male and eight female subjects) with a history of mild
closed head injury with brief loss of consciousness (,20 minutes). In all cases, trauma was blunt and associated with a
motor vehicle accident, a blow to the head, or a fall. The results of the CT study were interpreted as normal for all patients
except two, one of whom had right frontal and parietal subdural hematomas and one of whom had a right temporal tip
contusion. (Additional information regarding these patients,
subjects 3 and 6, respectively, is provided in Table 1.) At the
time of neuroimaging evaluation (2–38 months after the initial
trauma), significant postconcussive symptoms were present, as
indicated by self-report, mini-mental status screening, and a
symptom questionnaire modified from the Structured Clinical
Interview DSM-IIIR interview schedule. All the subjects in
group C were free of premorbid diagnosed neurologic or psychiatric dysfunction. All had Glasgow Coma Scale scores of
131 at the time of initial hospital admission, and all were
discharged within 24 hours. Sixteen subjects showed some degree of cognitive dysfunction (memory or attentional problems), two reported only pain (frequent headaches and body
aches) as a persistent symptom, and two reported pain and
depression without cognitive changes.
Group D consisted of 15 subjects (10 from the normal control group and five from the symptomatic head trauma group)
who underwent complete follow-up examinations during a 2to 4-month interval after the initial study. An attempt was
made to follow up all the subjects, but only 50% of the control
subjects and 25% of the trauma subjects were available.

MR Imaging
Imaging examinations were performed with a 1.5-T wholebody MR system. Gradient-echo and conventional spin-echo
sequences included sagittal 1.5-mm contiguous (40/6 [TR/TE])
sections, coronal 5.0-mm (800/15) sections with a 1-mm gap,
axial 5.0-mm (2500/90) sections with a 1-mm gap, and axial
5.0-mm (2500/22) sections with a 1-mm gap. The images were
examined for pathologic abnormalities by two neuroradiologists who were blinded to the clinical status of the subjects.
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TABLE 1: Traumatic brain injury patient data
Examination Time
(from
injury,
in mo)

Patient
No.

Age (y)/
Sex

1

62/M

2

39/M

3

31/M

4

34/M

5

46/F

6

52/F

7

36/F

8

28/F

9

17/M

Attention problems,
poor impulse control

8

10
11

29/M
17/F

2
9

12

54/M

13

38/M

14

54/M

15

20/M

16

21/M

17
18
19
20

27/M
27/F
28/F
59/F

Attention problems, pain
Memory problems,
attention problems
Attention problems,
depression,
poor impulse control,
pain
Memory problems,
attention problems, pain,
poor impulse control
Memory problems,
depression,
poor impulse control
Attention problems,
poor impulse control
Sensorimotor problems,
pain
Depression, pain
Depression, pain
Pain
Pain

Symptoms
Memory problems,
attention problems, pain,
poor impulse control
Memory problems,
attention problems,
depression, pain
Depression, pain,
poor impulse control
Memory problems,
attention problems,
depression,
poor impulse control
Memory problems,
poor impulse control,
sensorimotor problems,
attention problems
Memory problems

20

Memory problems,
attention problems,
depression, pain
Attention problems

23

8

2
9

2

12

3

7

36

Area of
Dysfunction

MEG
EEG
MEG
(m-SI)
EEG
(e-SI)
MR
(ALFMA) (Spectral) (Slowing) (Spectral) Imaging

R temporal
R parietal
L temporal
R parietal
L parietal
L temporal
R parietal

1
1
1
1
1
1
1

1
1
2
1
1
1
1

2
1
2
1
1
2
2

1
1
2
1
1
1
1

1
1
2
2
1
2
1

R temporal
R parietal
R occipital
L temporal
L temporal
L parietal
L frontal

1
1
1
1
1
1
1

1
1
2
2
1
1
2

2
2
2
2
1
2
2

2
2
2
2
1
2
2

1
1
2
2
2
2
2

R temporal
L temporal
L temporal
L parietal

1
1
1
1

1
1
1
1

1
2
2
2

1
1
2
2

2
2
2
2

R parietal
L parietal
R parietal
R frontal
L parietal
L frontal
R parietal
L temporal
R parietal
L parietal
L frontal

1
1
1
1
1
1
1
1
1
1
1

1
2
1
2
2
2
2
2
2
2
2

2
2
2
2
2
2
2
2
2
2
2

2
2
2
2
2
2
2
2
2
2
2

2
2
2
2
2
2
2
2
2
2
2

L temporal
L parietal

1
1

2
2

2
2

2
2

2
2

2

2

2

2

2

2

2

13

2

2

2

2

2

2

10

2

2

2

2

2

2

38
8
9
6

2
2
2
2

2
2
2
2

2
2
2
2

2
2
2
2

2
2
2
2

2
2
2
2

Note.—MEG indicates magnetoencephalography; ALFMA, abnormal low-frequency magnetic activity; m-SI, magnetic slowing index; EEG,
electroencephalography; e-SI, electrical slowing index.

MEG Examination
Neuromagnetic data were collected in a magnetically shielded room using a 37-channel, axial-gradiometer system (Magnes; Biomagnetic Technologies, San Diego, CA). Three minutes of continuous data were collected at each of eight
placements of the sensor array. The placements were over the
following cortical regions: midline frontal, left temporal/inferior frontal, right temporal/inferior frontal, left temporal-occip-

ital-parietal junction, left parietal, right parietal, right temporaloccipital-parietal junction, and midline occipital regions.
The data were recorded with the subject in a prone, supine,
or lateral position, as needed for appropriate positioning of the
sensor. The subjects were instructed to rest quietly with their
eyes closed during the data collection period. Data were collected at a digitization rate of 300 Hz, with on-line filtering
from 1 to 100 Hz. The data set from each probe position was
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FIG 1. Spontaneous MEG data are waveforms showing how magnetic flux changes with time. Data regarding the trauma patients often
show generalized slowing of the background activity and focal slow waves. Ten seconds of data are shown from several channels. Two
examples of slow waves are marked by the green and red lines. One way to express the data is as a power spectrum, shown on the
right. Most slow waves have complicated magnetic field patterns, as shown by the leftmost iso-field contour map. Some slow waves
have very dipolar patterns, and the source can be localized and plotted on spatially aligned MR images. The red dot shows the location
of the indicated slow wave, with black dots showing slow-wave sources from other points in time.

TABLE 2: Magnetic source imaging (MSI), MR imaging, and electroencephalography (EEG) in cases of minor head trauma

No. of Participants
MEG-ALFMA
MEG-Spectral (m-SI)
MR Imaging
EEG-Slowing
EEG-Spectral (e-SI)
MR Imaging/EEG
MR Imaging/MEG (MSI)
MR Imaging/MEG/EEG

A

Group
B

C

Control
No. (%)

TBI-AS
No. (%)

TBI-S
No. (%)

n 5 20
0 (0)
1 (5)
0 (0)
0 (0)
1 (5)
1 (5)
1 (5)
1 (5)

n 5 10
0 (0)
1 (5)
0 (0)
0 (0)
0 (0)
0 (0)
1 (5)
1 (5)

n 5 20
13 (65)
9 (45)
4 (20)
4 (20)
5 (25)
6 (30)
13 (65)
13 (65)

Note.—TBI-AS indicates traumatic brain injury, asymptomatic;
TBI-S, traumatic brain injury, symptomatic; MEG, magnetoencephalography; ALFMA, abnormal low-frequency magnetic activity; m-SI,
magnetic slowing index; e-SI, electrical slowing index.

analyzed separately. Two analysis procedures were applied to
each data set. One procedure involved spectral analysis, whereas the other involved dipole modeling of ALFMA (Fig 1). All
data processing was computer-automated, and the interpreta-

tion of the data was performed in a blinded fashion with respect to trauma history.
For spectral analysis, the 180 seconds of the continuous data
stream recorded at each sensor position was broken into 90 2second sequential epochs. A fast-Fourier transform was applied
to the data of each epoch, and the average power spectrum was
calculated. The relative power in the 1- to 6-Hz (delta and
theta) and 8- to 13-Hz (alpha) bands was determined and a
ratio calculated at each sensor. An average of the ratios across
the 37 sensors of a single probe placement was then calculated
to provide a magnetic slowing index (m-SI) for each probe
placement. Each m-SI value was subjected to a log transform
that provided a new index, L(m-SI), that was normally
distributed.
The L(m-SI) values at each probe position, for each subject
in this study, were transformed into z scores relative to mean
and standard deviation values in a normative database previously derived from 36 neurologically normal subjects (studied
and analyzed in an identical fashion). The database contained
information derived from 22 male and 14 female subjects (age
range, 17–55 years). The newly derived z scores indicated the
likelihood that a particular L(m-SI) value was not from the
distribution of L(m-SI) values derived for the normal database
population. For this study, a z score greater than 2.5 was considered to be indicative of an abnormality. A z score greater
than 2.5 implies 95% confidence against false-positive
identification.
The dipole analysis of ALFMA involved four steps: 1) filtering and peak selection, 2) dipole modeling, 3) cluster anal-
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FIG 2. Summary of initial neuroimaging data from all subjects. Group A represents the normal control subjects, group B is the asymptomatic head trauma subjects, and group C is the symptomatic head trauma patients. The set diagram shows what diagnostic tests, if
any, provided abnormal findings for each subject. Of particular note are the low false-positive rates for group A and B subjects (all
without symptoms), the high sensitivity of MEG to abnormalities in patients with postconcussive symptoms, and the finding that MEG
identified abnormalities in all group C subjects who had MR imaging or EEG abnormalities plus seven additional group C subjects who
had normal MR imaging and EEG findings.

ysis, and 4) generation of magnetic source localization images.
First, MEG data were digitally filtered with a bandpass of 1
to 6 Hz to isolate ALFMA in the delta and theta bands. Independent analyses were performed on the data collected at
each dewar position. After identification of the latencies of
local amplitude peaks for which the magnetic field strength
was greater than 200 femtoTesla, single dipole modeling was
performed every 8 milliseconds during a 40-millisecond window spanning each amplitude peak. In most cases, more than
5000 dipole fits were calculated for the data stream collected
at each dewar position. Only dipole fits for which the correlation coefficient between the model and empirical field pattern
exceeded 0.97 were considered in subsequent analyses. As a
consequence of this strict criterion for dipolarity, more than
99% of the total amount of data collected was rejected from
further consideration. A spatial clustering algorithm was used
to determine whether a particular cortical region was responsible for the generation of multiple dipolar low-frequency
events. A 1-cm radius volume element was considered to be
pathologic only if it was responsible for the generation of 15
distinct low-frequency events. Magnetic source localization
images were generated by identifying the fiducials that defined
the MEG coordinate space on the appropriate MR images.
Through a series of axis translations and rotations, it was then
possible to plot MEG dipoles on appropriate sections. For this
study, we plotted only dipole sources of ALFMA that were
members of a cluster of 15 events (see Fig 1).

tinuous records were obtained (each simultaneous with data
collection at one of the eight MEG sensor placements). EEG
signals were digitized at a rate of 300 Hz by the same system
that digitized the MEG data. The data were examined for evidence of abnormal slow waves by a trained neurophysiologist
who was blinded to the patients’ histories.
The data were then re-referenced using an average-reference
strategy, and the data stream collected at each electrode (combined across the eight MEG recording blocks; total time, 24
minutes) was divided into a sequence of 2-second epochs. In
a fashion similar to that used for the analysis of MEG data,
the ratio of 1 to 6 Hz power to alpha power was calculated at
each electrode. Average, regional electrical slowing indexes (eSIs) were then calculated for eight electrode groupings that
approximately corresponded to the eight MEG probe positions:
midline frontal (Fp1, Fp2, Fz, F3, F4); left temporal/inferior
frontal (F7, F3, C3, T3); right temporal/inferior frontal (F8,
F4, C4, T4); left temporal-occipital-parietal junction (C3, P3,
T3, T5); left parietal (Cz, Pz, C3, P3); right parietal (Cz, Pz,
C4, P4); right temporal-occipital-parietal junction (C4, P4, T4,
T6); and midline occipital (Pz, P3, P4, O1, O2). The data regarding the subjects in the normative database were used to
provide for a z score analysis of log-transformed e-SI data
identical to that described for the log-transformed m-SI data
in the MEG analysis.
Repeat Examinations

EEG Examination
Neuroelectric data were collected simultaneously with MEG
data using an electrode cap with 19 contacts positioned at standard 10 to 20 locations referenced to Cz. Eight 3-minute con-

The repeat examinations were performed in the exact same
manner as the initial studies in each case. The follow-up evaluations were performed at a 2- to 4-month interval from the
initial study, based on the availability of the subject.
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Results
The results for the first three groups of subjects
are summarized in Table 2.
MR Imaging
Structural changes revealed by MR imaging
were not found for any of the control subjects.
None of the patients who had suffered head trauma
without postconcussive symptoms showed MR abnormalities. Four (20%) of the 20 patients who had
suffered head trauma with postconcussive symptoms showed structural MR abnormalities. These
included right hemisphere atrophy (case 1), left parietal white matter disease (case 2), right parietal
hematoma (case 3), and right temporal and parietal
white matter disease (case 4). The findings in the
symptomatic patient group are summarized in Table 1.
EEG
None of the EEG examinations of the control
subjects showed gross delta or theta activity in the
continuous polygraph record, although an abnormal
right parietal e-SI was found for one of the patients.
This patient also had an abnormal m-SI value over
the right parietal area. The clinical EEG results and
e-SI values were normal for all asymptomatic patients. Of the 20 symptomatic patients, EEG
showed gross delta and theta activity in four (20%).
All symptomatic patients with obvious theta and
delta activity revealed by clinical EEG, plus one
other (total, five patients; 25%) showed abnormal
e-SI values indicative of low-frequency dominance
of the EEG power spectra at one or more regions.
In patients with MR findings, the regions that
showed the most abnormal values were near the
site of structural compromise.
MEG
The magnitude of the m-SI varied across probe
positions. Data from the control subjects agreed
well with data in the previously established normative database. For the control subjects, posterior
placements demonstrated m-SI values below 0.75
(indicating dominance of posterior rhythms by alpha activity), whereas m-SI values from the midline frontal placement were close to 1.0. At no
placement did normative values exceed 1.2. One of
the 20 normal control subjects from this study had
an ‘‘abnormal’’ m-SI value (1.4, z 5 2.6) at the
right parietal probe positions. (This single falsepositive finding is not surprising considering the
total number of statistical evaluations [8 3 30 5
240], and this area was also abnormal on the EEG
e-SI.) Only one subject from the asymptomatic
head trauma group had an abnormality shown by
MEG, a result indicating a general lack of persistent brain injury in trauma victims who achieve
complete recovery from their accidents. In marked
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contrast, nine (45%) of the patients who suffered
head trauma with postconcussive symptoms had
one or more abnormal m-SI values shown by MEG.
There was no significant correlation between the
presence of abnormal slowing and time since injury
( P . .1).
Spatial clustering of 15 or more dipolar sources
of ALFMA was observed in two (10%) of the control subjects. In each case, only a single cluster was
observed, and it was invariably located in a midline
occipital region. Careful visual inspection of the
waveform morphology at the time points at which
the automatic processing routines identified these
dipoles revealed that the relevant activity was actually high-amplitude alpha activity that was not
adequately suppressed by the digital 1- to 6-Hz filtering procedure. That is, these dipole clusters were
not associated with pathologic abnormalities but
rather with a normal spontaneous rhythm. The results were, therefore, not coded as indicating abnormal activity (see Table 2).
By automatic processing, one subject from the
asymptomatic head trauma group also had an initial
occipital ALFMA cluster that reflected alpha activity. Careful visual inspection subsequently determined this to be within normal limits, and it was
not included as an abnormal finding (see Table 2).
Each of 13 patients (65%) with posttraumatic
symptoms had one or more clusters of ALFMA that
could not be traced to normal spontaneous rhythms,
although two of these patients had ‘‘false alpha
clusters’’ in addition to the clearly abnormal clusters. Eight of the 13 trauma patients with postconcussive symptoms, clusters of ALFMA, and abnormal m-SI values had been hit by blunt objects. In
each of these cases, the most abnormal m-SI value
was for the probe position nearest the site of impact
or at a contrecoup location. Clusters of ALFMA
localized to the underlying brain region or at a contrecoup site (see Table 1).
All patients with MR abnormalities had abnormal MEG findings. Abnormal m-SI values and dipole clusters tended to be located in the vicinity of
the structural damage (within 2 cm) or at a contrecoup location.
Comparison of Methods
Figure 2 is a set diagram summarizing the interrelationship among findings from the procedures
for all the subjects. It is noteworthy that all of the
patients’ data that were characterized as abnormal
by either MR imaging or EEG were also characterized as abnormal by MEG. For seven patients
with postconcussive symptoms, MEG was the only
examination to reveal abnormalities. For example,
the patient data shown in Figure 3 was characterized as abnormal by MEG but as normal by MR
imaging and EEG. The superior diagnostic sensitivity of MEG relative to either EEG or MR imaging was highly significant ( P , .01); separate
tests for significance of the difference between two
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FIG 3. A–C, Magnetic source localization images of a 29-year-old man who, 2 months before the examinations, hit his head after falling
from a ladder. At the time of the study, attentional problems and neck pain had precluded his return to work. The results of MR imaging
and clinical EEG were normal, but MEG showed focal right parietal ALFMA.

FIG 4. A and B, Magnetic source localization images of a 17-year-old patient who
suffered diffuse blows to the head during a
fight at school. The patient showed a significant cognitive decline and manifestation
of an attentional deficit syndrome subsequent to the trauma. An initial examination
was performed 4 months after the trauma
occurred (A). The results of MR imaging
and EEG were normal. MEG revealed abnormal m-SI values bilaterally at temporal
and parietal sites. Multiple dipole clusters of
low-frequency activity were found in each
hemisphere. Sources spread throughout
the right and left parietal and frontal
regions, with more activity on the right. At
the 9-month follow-up examination (B), the
patient continued to show an impaired cognitive profile, and similar MEG results were
found. There was some minor lessening of
the right hemisphere MEG abnormalities,
but the residual ALFMA was still significant
and widespread.

correlated proportions, as developed by McNemar
(6), were used.
Repeat Examinations
Ten control subjects underwent follow-up MSI
examinations (2- to 4-month interval). Intersession
m-SI values were highly stable for the control subjects, never changing by more than 0.2 at any probe
position and never reaching ‘‘abnormal’’ values.
Five patients with postconcussive symptoms and
abnormal MSI findings during their initial examinations also participated in 2-month follow-up examinations. Two patients indicated complete alleviation of their previous symptoms at the time of
reexamination. In both cases, all m-SI values were
normal at the time of follow-up, and previously observed dipole clusters of ALFMA were no longer
present. One patient presented with partial alleviation of symptoms at the 2-month follow-up examination, with a reduction but incomplete normaliza-

tion of initially abnormal m-SI values. There was
also a reduction of dipolar ALFMA, but it did not
disappear completely (Fig 4). The remaining two
patients had stable postconcussive symptoms (attentional and mnemonic deficits), and follow-up
MEG examinations indicated stable m-SI values
(that remained abnormal) and stable dipolar ALFMA (see Table 3).
Discussion
The presented data confirm previous observations that posttraumatic syndromes are not necessarily limited to cases with gross structural pathologic abnormalities (7). The best neuromagnetic
index of pathophysiology was the ALFMA evaluation, which indicated abnormalities in 13 of the
20 patients with postconcussive symptoms. The diagnostic sensitivity of MSI (combined ALFMA and
m-SI data) for the identification of brain abnormalities as a consequence of trauma was more than
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TABLE 3: Repeat magnetic source imaging (MSI) in control participants and patients with traumatic brain injury (TBI)

No. of
Participants

Examination Interval
(in mo)

10
2
1
2

2–4
2
2
2

Group

MSI
(ALFMA)
Examination 1

Clinical Symptoms
Examination 1

MSI
(ALFMA)
Examination 2

Clinical Symptoms
Examination 2

Control
TBI
TBI
TBI

0
111
1111
1111

0
111
1111
1111

0
0
11
1111

0
0
11
1111

Note.—ALFMA indicates abnormal low-frequency magnetic activity; 1, severity of ALFMA and clinical symptoms.

three times that for MR imaging alone (0.65 versus
0.20). MSI was also more sensitive than EEG (0.65
versus 0.25). It is equally important that the falsepositive rate associated with MEG was low
(,10%) for both the normal control group and
those post-trauma patients without postconcussive
symptoms. That is, when there are no postconcussive symptoms, there are no MSI abnormalities.
Dipole cluster analysis of ALFMA in the 1- to
6-Hz band was a more sensitive index of dysfunction than were m-SI values. The increased sensitivity of the dipole analysis method reflects the paroxysmal nature of slow waves for most patients.
Although single dipole modeling of spontaneous
brain activity is generally considered less than ideal
(15, 16), the present results indicate that this approach can be useful in identifying focal pathophysiology. The fundamental rationale for the dipole strategy is that abnormal signals from
dysfunctional regions are occasionally so large that
they dominate the recorded magnetic field pattern,
with the simple dipole model being only minimally
perturbed by the lower amplitude activity from normal tissue. Support for the usefulness of the dipole
analysis strategy comes from work in stroke and
brain tumor, where sources for ALFMA localize
selectively to structurally compromised regions
(15, 16, 21–23).
In evoked response studies in which MSI is used
to identify the location of the primary somatosensory cortex, source locations have been shown to
be accurate to within a few millimeters (23–25).
This is probably not the case in ALFMA studies,
in which there is no signal averaging and the magnitude of the extraneous background brain activity
is high. Dipole sources of ALFMA occasionally localized in the white matter, rather than at the cortical mantle as expected on the basis of biophysical
considerations. This most likely indicates that an
extended region of the overlying cortex was actually responsible for ALFMA generation, with dipole modeling of this extended activity giving an
erroneously deep source location (the magnetic
field pattern of an extended cortical sheet and a
deeper dipole source are often indistinguishable).
Nevertheless, ALFMA source locations are probably an accurate reflection of the physiology to within 1 to 2 cm. Whereas this could be an inadequate
resolution for some neurosurgical planning, it is
more than sufficient for identifying which gross

brain regions are compromised by a traumatic
injury.
For seven of the patients with postconcussive
symptoms, MEG was the only technique to provide
objective evidence that the nervous system was
compromised. Admittedly, there were significant
differences between EEG and MEG examinations
with respect to both data collection and analyses.
Whereas spatial sampling in the MEG data was
higher (eight positions 3 37 sensors versus 20 electrode pairs), data were collected for a longer time
with EEG (24 minutes total for EEG versus only 3
minutes at each probe placement for MEG). These
differences were mandated by technical considerations. Spectral analyses of the two data sets were
similar, but only MEG data were subjected to extensive source modeling. Considering these differences in the methods, it would be premature to conclude that EEG cannot attain the same level of
diagnostic sensitivity as MEG; on the other hand,
the presented comparison is totally valid with respect to MEG and EEG evaluations as they are routinely applied in clinical practice.
In considering the usefulness of MSI, it is noteworthy that the locations of dipole clusters for
ALFMA and m-SI abnormalities made ‘‘clinical
sense’’ with respect to patient symptomatology (see
Table 1). For example, the dominant complaint for
nine patients was short-term memory problems.
Eight showed ALFMA, and in each case, the dominant zone of abnormality was the left or right temporal lobe. In contrast, five subjects reported mainly attentional problems, and among the four with
ALFMA, each had parietal activity as the dominant
finding. However, only three subjects showed frontal ALFMA, even though nine showed significant
impairments in decision making and impulse control, which are deficits that are typically associated
with frontal lobe dysfunction. On the one hand, the
brain is a highly integrated organ, and frontal lobe
dysfunction on neuropsychological examination
might reflect primary pathologic abnormalities in
other regions. On the other hand, it is also possible
that a lack of frontal lobe MEG findings reflects a
limitation of the method, perhaps associated with
the technique’s lack of sensitivity to currents oriented radial to the skull surface, which is the situation for pyramidal cell currents for much of the
frontal cortex. Overall, the latter explanation seems
more likely considering that in MR observations of
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moderate and severe trauma, structural damage to
the frontal lobes and temporal poles is more common than is damage to parietal regions.
At present, it is unclear why some trauma patients have abnormal m-SI values and dipole clustering of ALFMA whereas others do not. In part,
this probably reflects the limited responsivity of
MEG to radial sources and subcortical activity and
the limitations of dipole analysis strategies (14–
19). However, it also may be a consequence of as
yet unspecified differences in pathophysiological
mechanisms among patients with different symptoms. For example, 16 of the subjects with postconcussive symptoms showed some cognitive dysfunction, and ALFMA was seen in 13 (81%) of these.
In contrast, no ALFMA was seen in any of the four
patients with pain and/or depression as isolated
symptoms.
Although abnormal neuroimaging findings are
strong evidence of pathophysiology, the absence of
such findings does not necessarily indicate that the
brain is normal. On the other hand, it may have
been that some of the patients with normal MSI
were without brain dysfunction and were simply
malingering. However, a review of the previous
neuropsychological evaluation of these patients
suggests this to be unlikely.
Throughout the studies, the state of each subject
was monitored, although not explicitly controlled.
It is well known that low-frequency activity increases as subjects pass through drowsiness to
deeper sleep stages. In these studies, data were not
collected if the subjects fell asleep, and there is no
evidence that trauma patients showed greater
drowsiness than control subjects. Also, if differential drowsiness was the source of the observed
differences between control subjects and trauma
patients, such an effect would most likely be equal
in both EEG and MEG data sets.
A final consideration in any study relating neuroimaging findings to cognitive symptoms is the
stability of the measure. The available follow-up
data suggest that MSI results closely track clinical
presentation. For 10 control subjects without trauma and two trauma patients with stable cognitive
symptoms (Table 3), MSI findings did not change
with time. In contrast, for the three patients who
underwent follow-up examinations and who
showed complete or partial remission of their cognitive symptoms, there was a concomitant normalization of MSI data. This suggests a causative link
between MSI abnormalities and cognitive dysfunction, and it strengthens the supposition that the observed MSI abnormalities were the result of trauma
and not of some other preexisting condition.
In considering the ultimate usefulness of MSI or
any other method in the evaluation of mild TBI, it
is important to consider the sensitivity and specificity of the method. The presented data indicate a
moderately high sensitivity of MSI for providing
objective evidence of brain dysfunction in patients
with postconcussive symptoms. When considering
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all the patients with symptoms (group C), the sensitivity was 0.65 (13 of 20 patients). If one considers just the subset of this group with neurocognitive
symptoms (ie, those patients with memory, attention, and impulse control problems but not those
with only pain, depression, or sensorimotor findings), then the sensitivity was 0.81 (13 of 16 patients). The diagnostic specificity of the technique
was also high, at least with respect to not finding
abnormalities in control subjects, with only one
group A subject showing abnormal findings for a
specificity value of 0.95. Specificity was also high
(0.90) with respect to patients with a history of
closed head injury but no postconcussive symptoms. However, some caution must be made in the
application of MSI, because ALFMA seems to be
a relatively nonspecific measure of brain dysfunction. Many patients without head trauma but with
other conditions, such as stroke or epilepsy, also
have ALFMA (15, 16, 21–23). Hence, the clinical
interpretation of the MSI data and the linkage of
ALFMA to a TBI must be done within the context
of the patient’s clinical history. Investigations are
presently under way to determine whether there are
subtle, as yet unspecified characteristics (amplitude, periodicity) of the ALFMA in head trauma
that are different from those characteristics observed in other types of neurobiological dysfunction. If such differences can be identified, it should
be possible to develop a universally specific MSI
test for TBI that will be viable even in the presence
of other types of brain abnormalities.
Conclusion
MEG indicated brain dysfunction in significantly
more patients with postconcussive symptoms than
did either EEG or MR imaging. The presence of
excessive abnormal low-frequency magnetic activity provides objective evidence of brain injury in
patients with postconcussive syndromes and correlates well with the degree of symptomatic
recovery.
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