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Abstract
Objectives: To study the relationship between magnetic resonance imaging (MRI) T2 relaxation time and the power spectrum of the
electroencephalogram (EEG) in long-term follow up of traumatic brain injury.
Methods: Nineteen channel quantitative electroencephalograms or qEEG, tests of cognitive function and quantitative MRI T2 relaxation
times (qMRI) were measured in 18 mild to severe closed head injured outpatients 2 months to 4.6 years after injury and 11 normal controls.
MRI T2 and the Laplacian of T2 were then correlated with the power spectrum of the scalp electrical potentials and current source densities of
the qEEG.
Results: qEEG and qMRI T2 were related by a frequency tuning with maxima in the alpha (8±12 Hz) and the lower EEG frequencies (0.5±
5 Hz), which varied as a function of spatial location. The Laplacian of T2 acted like a spatial±temporal `lens' by increasing the spatial±
temporal resolution of correlation between 3-dimensional T2 and the ear referenced alert but resting spontaneous qEEG.
Conclusions: The severity of traumatic brain injury can be modeled by a linear transfer function that relates the molecular qMRI to qEEG
resonant frequencies. q 2001 Elsevier Science Ireland Ltd. All rights reserved.
Keywords: Traumatic brain injury; Magnetic resonance imaging T2 relaxation time; Entropy; qEEG

1. Introduction
Traumatic brain injury (TBI) occurs when rapid acceleration/deceleration forces are delivered to the skull (Ommaya,
1995; Holbourn, 1943, 1945; Lee and Advani, 1970; Advani
et al., 1982; Ommaya et al., 1994). The brain, which is a
very energetic 3 pounds of soft tissue, sits inside a bony
vault and absorbs the disruptive mechanical energy
imparted to the skull causing neural damage and cognitive
impairment. Animal studies show that TBI results in disruptions of protein/lipid molecules of the brain at mild levels of
force, myelin degeneration at mild to moderate forces and
blood disruption at moderate to severe forces (Povlishock
and Coburn, 1989; Ommaya, 1968, 1995). In humans, the
cognitive consequences of mild TBI are a reduction in the
speed and ef®ciency of cognitive functioning such as in
concentration, impaired short-term memory, slowness of
thought, depression, problems ®nding words, reduced attention span, reduced reaction times and psycho-social disor* Corresponding author. Fax: 11-727-391-0890.
E-mail address: bobt2@gte.net (R.W. Thatcher).

ders (Barth et al., 1983; Kwentus et al., 1985; Cronwall and
Wrightson, 1980; Rimel et al., 1981).
The quantitative electroenchephalogram (qEEG) literature is generally consistent with the neuropsychological
literature by showing reduced energy and reduced dynamical complexity of the electroenchephalogram (EEG) as a
function of the severity of TBI. For example, decreased
EEG alpha frequencies and increased delta frequencies are
commonly related to the severity of TBI in qEEG studies
(Tebano et al., 1988; Mas et al., 1993; von Bierbrauer et al.,
1993; Ruijs et al., 1994; Thatcher et al., 1989, 2001;
Trudeau et al., 1998). The qEEG literature also shows
signi®cant correlations between EEG coherence and EEG
phase and TBI in which reduced short distance coherence is
most strongly related to the severity of TBI (Thatcher et al.,
1989, 1998b, 2001; Hoffman et al., 1995, 1996; Trudeau et
al., 1998; Thornton, 1999). Finally, the qEEG and the quantitative MRI (qMRI) are conjointly related to the severity of
TBI and cognitive dysfunction in studies showing shifts in
T2 relaxation time related to the severity of injury and the
EEG power spectrum (Thatcher et al., 1997, 1998a,b, 2000).
An important unanswered question is to what extent can
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T2 relaxation time provide a quantitative measure of spatial
biophysical differences and biophysical complexity within
the brain? Another related question concerns the possible

clinical relevance of quantitative T2 relaxation time as a
measure of biophysical complexity in normal subjects vs.
traumatic brain injured patients. Whittall et al. (1997)

R.W. Thatcher et al. / Clinical Neurophysiology 112 (2001) 1729±1745

presented quantitative T2 relaxation time analyses of the
brains of normal subjects in which the posterior internal
capsule and splenium of the corpus callosum exhibited
shorter T2 relaxation times than in other white matter
brain regions. It is notable that the quantitative differences
in T2 relaxation time were not visually discernible on
conventional magnetic resonance (MR) images (Whittall
et al., 1997). Studies by Tillman et al. (1997) also revealed
spatial heterogeneities in T2 relaxation times in normal and
schizophrenic patients. Spatial heterogeneities in T2 relaxation times have also been used to quantify myelin development (Miot-Norault et al., 1997).
The purpose of the present study is to more deeply investigate the relationship between qEEG and qMRI in TBI by
focusing on the relationship between spatial complexity of
T2 relaxation time and the EEG power spectrum. This will
be done by correlating the 3-dimensional spatial Laplacian
of T2 relaxation time with the scalp EEG electrical potential
and the estimated EEG current source density (CSD). A
secondary goal of this study is to determine whether or
not the spatial Laplacian equation in general is a useful
concept for the uni®cation of qEEG and qMRI.
2. Methods
2.1. Closed head injured patients
Eighteen closed head injured and TBI patients were
included in this study (17 males and one female who ranged
in age from 19 to 48 years, mean age  32.6 years,
SD  10.6 years). The patients only suffered closed traumatic brain injuries and had a range of severity from mild
to severe. All of the patients were in the chronic or nonacute post-injury edema condition (time from injury to EEG
and MRI evaluation ranged from 20 days to 6 years with a
mean of 1.7 years between injury and EEG/MRI test). The
time interval between the qEEG and the MRI test ranged
from 2 h to 4 days. The severity of injury varied from
moderate to severe, but all of the subjects were conscious
and alert with varying amounts of completed rehabilitation
at the time of testing. The patients were tested as part of a
Defense and Veterans Head Injury Program (DVHIP).
Approximately 66% of the subjects were motor-vehicle
accident (MVA) victims, 17% were victims of industrial
or home accidents and 17% were victims of violent crime.
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2.2. Normal control subjects
A total of 11 male neurologically normal high school
students, ranging in age from 13.96 to 17.68 years
(mean  16.12 years and SD  1.74 years), were also
included in this study. The control subjects were recruited
from local high schools in the San Diego area as part of a
DVHIP pilot project to study the effects of football concussions on cognitive and neurological functions (Daniel et al.,
1999). The MRI and EEG data were obtained during the
pre-season period, prior to the football season.
2.3. MRI acquisition
The MR images from the TBI patients were acquired on a
1.5 T Picker scanner located at the Tampa James A. Haley
VA Medical Center and the normal control subjects MRI
were acquired on a 1.5 T GE scanner at the California
Balboa Naval Medical Center. The same exact acquisition
sequences were used on both MRI machines. The acquisition for both groups of subjects was a 3 mm slice thickness
and no gap sequences using a conventional spin-echo
sequence. The proton density (PD) and T2 sequences
acquired as a interleaved double echo with a repetition
time (TR) of 3000 ms and echo times (TEs) of 30 and
90 ms, ®eld of view (FOV) of 24 cm, a 908 ¯ip angle and
a 256 £ 256 matrix. The T1-weighted sequence used TR 
883 ms with TE  20 ms, FOV  24 cm, a 908 ¯ip angle
and a 256 £ 256 matrix.
2.4. Segmentation and slice selection
The goal was to estimate the neocortical gray matter T2
relaxation time in each pixel. We used a multispectral (i.e.
T1, T2 and PD) k-Nearest Neighbor (kNN) and fuzzy cmeans algorithm for gray matter, white matter and cerebrospinal ¯uid (CSF) segmentation (Clarke et al., 1995;
Bezdek et al., 1993; Bensaid et al., 1994). The volumes of
gray matter in this study were primarily neocortical in
origin. Slices 1±15 begin from the starting slice above the
thalamus and basal ganglia near the middle temporal lobes
and extend to approximately 1.5 cm from the bottom of the
skull (Thatcher et al., 1997, 1998a,b). Fig. 1 (top) illustrates
the location and orientation of the gray matter volume in this
study.

Fig. 1. Diagram of the MRI and EEG experimental design. Top center shows the location of the ®fteen 3 mm MRI slices (Thatcher et al., 1997, 1998a,b). Top
left is an example of a T2 relaxation time map from the segmented gray matter showing the distribution of T2 relaxation times in a given slice. T2 relaxation time
is represented in pseudocolor where blue  62±69 ms, green  69±77 ms, yellow  77±84 ms, orange  84±92 ms and red $92 ms. Top right is an example of
a spatial Laplcian T2 relaxation time map from the segmented gray matter showing the distribution of the second spatial derivative of T2 relaxation times in a
given slice. The second spatial derivative of T2 relaxation time is represented in pseudocolor where blue  0±5 ms/mm 2, green  5±9 ms/mm, yellow  9±
15 ms/mm, orange  15±20 ms/mm and red $20 ms/mm. Middle row left is the T2 relaxation time histograms from the gray matter and right is the histogram
of the second spatial derivative of T2 relaxation time. The bottom row shows the location of the 19 scalp electrodes and diagramatically illustrates the
correlation between the second spatial derivative of T2 relaxation time and the EEG power spectrum. The red circles represent positive correlations between the
EEG frequency band and the spatial Laplacian of T2 relaxation time and the green circles represent negative correlations. These are only illustrations of the
experimental design.
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2.5. Calculations of MRI T2 relaxation times
We used the conventional two-point solution of the Bloch
equations (Bloch, 1946) to calculate T2 relaxation time
(Dixon and Ekstrand, 1982; Kjos et al., 1985; Darwin et
al., 1986; Hickley et al., 1986; Mills et al., 1984). According
to this solution, MR signal intensity (I) is related to proton
relaxation times by: I  KN 1 2 e2 TR=T1   e2 TE=T2  where
K is velocity and scaling constants, N the hydrogen spin
density, TR the repetition time, TE the echo time, T1 the
spin±lattice relaxation time and T2 the spin±spin relaxation
time. T2 was solved analytically using the PD and T2 images
acquired in an interleaved manner where the corresponding
TR values were equal, TR q TE and molecular velocity
and scaling is 1. The equation was
TEPD 2 TET2 
T2 
ln IT2 =IPD 
where IT2 and IPD were the pixel intensities from the respective T2 and PD images. In this manner, T2 relaxation time
was computed for each pixel in each slice (Thatcher et al.,
1998a,b, 2000).
2.6. Second spatial derivatives of T2 relaxation times
Each 3 mm MRI slice is a 24 £ 24 cm2 rectangular matrix
of 256 columns by 256 rows of T2 relaxation time voxels each
of a dimension of 0:94 £ 0:94 mm2 per pixel (based on the
®eld of view and the matrix size). The Savitzky±Golay procedure was used (Press et al., 1994) to compute the spatial
derivative in an array of 256 pixels, which involved ®tting
a second order polynomial (width  5) and then numerically
evaluating the polynomial to compute the second derivative.
The value of the derivative is the Savitzky±Golay convolution divided by the sampling interval (or 0.94 mm). The mean
of the approximately 6000 gray matter second derivative
values in a 3 mm slice was the independent variable and
the EEG as the dependent variable in this study. Edge effects,
such as the boundaries between skull, CSF and white matter
were minimized by the segmentation procedure described in
Section 2.4. Edge effects due to ®eld inhomogeneities with
CSF were minimized by selecting slices that were above the
ventricles and primarily contained the gray matter of the
neocortex. This resulted in an approximately normal distribution of T2 values and a typically skewed second derivative
as shown in Fig. 1.
2.7. 3-Dimensional vector representation of T2 relaxation
time
As described in Section 2.6, the Savitzky±Golay procedure (Savitzky and Golay, 1964) was used to compute the
second derivatives in the x and y directions within a slice
(i.e. vector length  254 (i.e. 256 2 2 for the second derivative) in the x direction and 254 in the y direction). The
slice thickness was 3 mm and, therefore, a linear interpolation in the z direction across 3 mm slices was conducted in

order to scale the between slice second spatial derivatives to
the within slice dimensions of 0:94 £ 0:94 mm2 and 256
equally spaced points. The z direction vector was then
smoothed using the same Savitzky±Golay parameters
(Press et al., 1994) and the second derivative numerically
evaluated as described previously. This procedure produced
a 3-dimensional spatial derivative for each T2 relaxation
time voxel in the x, y and z directions in which the second
derivative as the local spatial Laplacian in ms/mm 2.
The 3-dimensional T2 Laplacian operator is mathematically de®ned as:
2 2 T2
22 T2
2 2 T2
1
1
 7 2 T2
2x2
2y2
2z2
i.e. as the second order partial derivatives of the 3-dimensional T2 spatial gradients. T2 is a scalar quantity similar to
temperature, with gradients of difference in the scalar
values. The Laplacian is a measure of the second order
rate of change of T2 relaxation time in the vicinity of each
voxel. This analysis provided a 3-dimensional second derivative spatial measure at each T2 relaxation time voxel as
de®ned by the magnitude of the resultant vector for each T2
relaxation time gray matter voxel, as represented in spherical coordinates.
According to this formulation, T2 relaxation time is a
scalar, located in a 3-dimensional space as de®ned by the
coordinates of the MRI. The second derivative of any 3dimensional vector array of numbers is equal to 0 if the
neighboring space is smooth and unchanging. The Laplacian was computed from the 256 £ 256 vectors of MRI
intensities, which contained gray matter, white matter and
CSF. Edge effects of the Laplacian were minimized by only
using the mean of the distribution of Laplacian values from
the selection of gray matter pixels located in the interior of
the brain and above the ventricles.
The selection of the ®rst axial slice was the same for all
patients and normals. Fig. 1 (top) shows the lowest and
starting slice which was identi®ed at the level of the genu
of the corpus callosum, septum pellucidum and the forceps
major and minor (Thatcher et al., 1997, 1998a,b, 2000).
Histograms of the T2 measures were plotted and outliers
$4 standard deviations were removed before computing
means and modes. This procedure further eliminated any
spikes or edge effects that may be present in the Laplacian.
Whole slice means, modes and standard deviations were
computed for the ®rst and second derivative resultant magnitudes and angles of T2 relaxation time for the cortical gray
matter. Only the results of the average magnitudes of gray
matter T2 relaxation times and the average magnitudes of gray
matter spatial second derivative are presented in this paper.
2.8. Experimental design
Fig. 1 shows the experimental design in which each MRI
slice was segmented into gray and white matter and CSF and
the mean of T2 relaxation time and the second spatial deri-
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vative (i.e. the Laplacian) were calculated only for the
segmented neocortical gray matter. The frequency distribution of T2 relaxation time values in a 3 mm slice of the
neocortical gray matter is shown on the left middle row of
Fig. 1 and the frequency distribution of the second spatial
derivative of that same gray matter slice is shown on the
right middle row of Fig. 1. The gray matter mean T2 relaxation time and the mean resultant magnitude of the 3-dimensional Laplacian were calculated for each slice for each
subject. This yielded 15 mean T2 relaxometry measures,
15 T2 Laplacian measures and 4 EEG frequencies at each
of the 19 electrode locations per subject.
2.9. EEG recording
Power spectral analysis was implemented on 3±5 min
segments of eyes closed resting EEG recorded from 38
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scalp locations using the left ear lobe as a reference in the
TBI patients and normal controls. Only the results of the 19
channel 10/20 EEG locations is reported in this paper. EKG
and eye movement electrodes were applied to monitor artifact and all EEG records were edited to remove any visible
artifact. The ampli®er bandwidths were nominally 0.5±
30 Hz, the outputs being 9 db down at these frequencies.
Three to 5 min of eyes closed EEG was digitized at
128 Hz and spectrally analyzed using complex demodulation (Otnes and Enochson, 1972). The edited EEG epoch
length for the complex demodulation varied from 49.5 to
125 s (mean  87 s). The complex demodulation of the
absolute EEG amplitude was computed from the 19 scalp
locations in the delta (0.5±3.5 Hz), theta (3.5±7 Hz), alpha
(7.5±13 Hz), and beta (13±22 Hz) frequency bands. The
frequency bands, including the center frequencies ( fc) and
one-half power values (B) were delta (0.5±3.5 Hz;

Fig. 2. Mean correlations between T2 and EEG frequency in TBI patients. The left column are mean correlations between EEG potentials and T2 relaxometry
and the right column are the mean correlations between EEG CSD and T2 relaxometry. The top row are correlations between EEG frequency and T2 relaxation
time and the bottom row are correlations between EEG frequency and the spatial Laplacian of T2 relaxation time. The opposite relationship between T2
relaxation time and the spatial Laplacian of T2 and EEG frequency is seen by comparing the top row to the bottom row. No difference in the mean correlations
were present between the EEG potentials and the EEG CSD which is seen by comparing the left vs. right column. Increased T2 relaxation time was correlated
with increased delta and decreased alpha EEG frequencies. The spatial Laplacian of T2 relaxation time showed a positive correlation with EEG alpha and a
negative correlation with delta and theta frequency bands.

1734

R.W. Thatcher et al. / Clinical Neurophysiology 112 (2001) 1729±1745

fc  2:0 Hz; and B  1:0), theta (3.5±7.0 Hz; fc  4:25 Hz;
and B  3:5 Hz), alpha (7.0±13.0 Hz; fc  9:0 Hz; and
and
B  6:0 Hz),
beta
(13±22 Hz;
fc  19 Hz;
B  14:0 Hz). EEG amplitude was computed as the square
root of power. Relative power was computed by dividing the
sum of the power into the power within a given frequency
band. The mathematical details of the analyses are provided
in Otnes and Enochson (1978).
2.10. Estimates of EEG current source density
The spherical harmonic Fourier expansion (SHE) of the
EEG scalp potentials was used to compute the surface
Laplacian and thus the CSD at each scalp location (Pascual-Marqui et al., 1988). As pointed out and cross-validated
by Pascual-Marqui et al. (1988), the EEG CSD is the second
spatial derivative or Laplacian of the scalp electrical potentials.
3. Results
3.1. Correlations between T2 relaxation time and the power
spectrum of EEG potentials and current source density
Fig. 2 shows the mean correlation between EEG potentials (left column) and EEG CSD (right column) from the C3
electrode with T2 relaxation time in the upper MRI slices in
the top row and the T2 Laplacian in the bottom row. Examination of the columns in Fig. 2 shows that the EEG potentials and the EEG CSD yield very similar correlations to T2
relaxation time and to the T2 spatial Laplacian. However,
examination of the rows in Fig. 2 shows a clear difference in
the mean correlation to EEG frequency between T2 relaxation time and the neocortical T2 spatial Laplacian for both
the EEG potentials and the CSD. For example, in Fig. 2,
lengthened T2 relaxation times were correlated with
increased delta activity and decreased alpha activity. In
contrast, the T2 second spatial derivative was oppositely
correlated to the alpha EEG frequency band and the delta
and theta frequency bands. Age and time from injury to
EEG or MRI test were not signi®cantly correlated to either
the EEG relative power or the T2 relaxation times.
Table 1 shows the results of analyses of variance
(ANOVA) using the correlation between T2 mean relaxation
time and EEG frequency for both the electrical potentials
and CSD as the factors. Table 1 shows that statistically
signi®cant decreases in alpha and beta frequency relative
power and signi®cant increases in delta and theta EEG relative power were correlated with increased mean T2 relaxation time. Both the EEG potentials and the EEG CSD were
statistically related to T2 relaxation time with no signi®cant
difference between CSD and the EEG potentials.
Table 2 shows the results of ANOVA using the correlation between second spatial derivative or Laplacian of T2
relaxation time and EEG freequency in relative power as
the factors. Table 2 shows that statistically signi®cant

Table 1
T2 relaxation time and the EEG power spectrum
EEG frequency
band

EEG relative power

EEG CSD

Delta (0.5±4 Hz)
Theta (4±7 Hz)
Alpha (7±13 Hz)
Beta (13±22 Hz)

t
t
t
t

t  35:70; P , 0:0001
t  14:41; P , 0:0001
t  2126:31; P , 0:0001
t  223:80; P , 0:0001

 8:876; P , 0:0001
 8:529; P , 0:0001
 29:276; P , 0:0001
 2:421; P , 0:016

increases in alpha and beta frequency relative power and
signi®cant decreases in delta and theta EEG relative
power were correlated with increasing T2 spatial Laplacian
values. Age and time from injury to EEG or MRI test were
not signi®cantly correlated to either the EEG CSD or the
Laplacian of T2 relaxation times.
Fig. 3 shows representative scattergrams of the relationship between EEG CSD in the alpha band and T2 relaxation
time on the left and the second spatial derivative of T2 on the
right. It can be seen that T2 relaxation time and the second
spatial derivative of T2 exhibit opposite relationships to the
EEG power spectrum. In general, all of the statistically
signi®cant scattergrams were well behaved and exhibited
a linear relationship between T2 relaxation time and/or the
second spatial derivative of T2 relaxation time and the EEG.
3.2. Scalp spatial frequency differences between T2
relaxation and the T2 second spatial derivative
Fig. 4(A) shows the slice by slice topographic distribution
of statistically signi®cant mean correlations between T2
relaxation time and EEG relative power for 19 scalp leads
from slices 1 to 15 (i.e. approximately 3 mm to 4.5 cm
below the dura surface). The correlations between T2 relaxation times and the power spectrum of the EEG potentials
and the EEG CSD were the same as for the ear referenced
electrical potentials, which were relatively equal for the left
and right hemisphere and slightly more prominent in the
frontal regions than in the posterior scalp regions.
Fig. 4(B) shows the same slice by slice topographic representation of statistically signi®cant correlations between the
second spatial derivative of T2 relaxation time and EEG
relative power. It can be seen that the correlations between
the spatial Laplacian of T2 relaxation times and the EEG
power spectrum were more localized to the upper MRI
slices and more localized to the central, parietal and occipital scalp regions than were the correlations to T2 relaxation
Table 2
Spatial Laplacian of T2 relaxation time and the EEG power spectrum
EEG frequency band EEG relative power

EEG CSD

Delta (0.5±4 Hz)
Theta (4±7 Hz)
Alpha (7±13 Hz)
Beta (13±22 Hz)

t  29:42; P , 0:0001
t  216:54; P , 0:0001
t  16:49; P , 0:0001
t  9:472; P , 0:0001

t
t
t
t

 210:44; P , 0:0001
 220:06; P , 0:0001
 19:10; P , 0:0001
 11:40; P , 0:0001
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Fig. 3. Representative scattergrams in TBI patients. The left column are scattergrams between EEG relative power and T2 relaxation time in the alpha frequency
band. The right column are scattergrams between EEG relative power and the spatial Laplacian of T2 relaxation time in the same EEG leads and the same alpha
frequency band as on the right. In general, the opposite direction of relationship between EEG power and T2 relaxometry is seen depending on whether one uses
T2 relaxation time or the second spatial derivative of T2 relaxation time.

time itself. This same increased spatial resolution in the
correlation between the spatial Laplacian of T2 was present
for EEG CSD.
3.3. Correlations between age, neuropsychological
performance and T2 relaxation time
Table 3 shows the results of ANOVA for different
neuropsychological tests using MRI slices as factors for
both T2 relaxation time and the T2 spatial second derivative.
No statistically signi®cant correlation with age or time from
injury to EEG recording was present. However, statistically
signi®cant relations were observed between cognitive functioning and MRI relaxometry in which the longer the T2
relaxation time and/or the smaller the T2 spatial second
derivative, lower was cognitive functioning. The T2 second
spatial derivative was slightly stronger in its relationship to
cognitive functioning in comparison to T2 relaxation time
itself. Fig. 5 shows representative scattergrams between

cognitive functioning and T2 relaxometry in which the direction of the correlation is the opposite for T2 vs. the second
spatial derivative of T2. Because many different neuropsychological tests were signi®cantly related to T2 relaxation
time, no comparative analyses were conducted. In general,
the upper MRI slices were more signi®cantly related to
cognitive functioning than the lower slices.
3.4. Correlations between neuropsychological performance
and EEG current source density
Table 4 shows the results of ANOVA for different
neuropsychological tests using EEG relative power and
CSD at different frequencies as factors. Statistically signi®cant relations were observed between cognitive functioning
and the EEG power spectrum in which the higher frequencies (alpha and beta) were correlated with higher cognitive
performance while the lower EEG frequencies were correlated with lower cognitive functioning. The EEG appeared
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Fig. 4. Topographic distribution of correlations between T2 relaxometry and EEG alpha relative power. The top two rows (A) are the slice by slice topographic
distribution of statistically signi®cant mean correlations between T2 relaxation time and EEG relative power in the alpha frequency band for 19 scalp leads from
slice 1 to slice 15 (i.e. approximately 3 mm to 4.5 cm below the dura surface). The bottom two rows (B) are the slice by slice topographic distribution of
statistically signi®cant mean correlations between spatial Laplacian of T2 relaxation time and EEG relative power in the alpha frequency band for 19 scalp leads
from slice 1 to slice 15. It can be seen that the correlations between the spatial Laplacian of T2 relaxation times and the EEG alpha power were more localized to
the upper MRI slices and more localized to the central, parietal and occipital scalp regions than were the correlations to T2 relaxation time itself. Red color is
negative correlation P , 0:01 and green color is positive correlation P , 0:01.

to be slighly weaker in its correlation with cognitive performance than was the T2 MRI relaxometry measures.
3.5. Correlations between the EEG power spectrum and
MRI relaxometry in normal control subjects
Fig. 6 shows representative scattergrams between T2
relaxomety and EEG frequency in the normal control
subjects similar to what was observed for the TBI patients
(see Fig. 1). The second spatial derivative was more statistically signi®cant than the T2 relaxation time itself and the
lower slices tended to be more signi®cant than the upper
slices. Statistically signi®cant EEG±T2 correlations with
normal patients were localized to one or two lower slices
and overall showed a weaker correlation to EEG than did

Table 3
MRI relaxometry and cognitive function a
NeuroPsych test

T2 Relaxation time
(P value)

T2 spatial Laplacian
(P value)

WAIS
COWA
Trail making
WISC card sort
Wechsler memory scale
CVLT
Sternberg
VSPL

,0.012
,0.0001
NS
NS
NS
NS
NS
NS

,0.0001
,0.0001
NS
NS
,0.0003
NS
NS
,0.0001

a

WAIS, Wechsler Adult Intelligence Scale; COWA, Controlled Oral
Word Association; CVLT, California Verbal Learning Test; VSPL, Visual
Spatial Learning Test.
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Fig. 5. Scattergrams and correlations between neuropsychological performance and T2 relaxometry. The left column are representative scattergrams between
different neuropsychological tests and T2 relaxation time. The right column are representative examples of scattergrams for the same neuropsychological tests
using the spatial Laplacian of T2 relaxation time. Opposite directions of correlation between T2 relaxation time and the spatial Laplacian of T2 relaxation time
were consistently present, similar to the opposite direction of correlation between these two measures of relaxometry and the EEG (Figs. 2 and 3).

the TBI patients. Fig. 7 illustrates the difference in the
strength of correlation between T2 and EEG in normal
subjects vs. the TBI patients. The largest differences
between normal subjects and TBI patients were in the
delta and alpha frequencies in which normal subjects failed
to show a statistically signi®cant correlation.
4. Discussion
The results of this study demonstrate a statistically significant linear relationship between 3-dimensional T2 relaxation time and the human scalp-recorded EEG. A linear
qEEG relationship between T2 and qEEG was observed
with respect to a ear reference as well as for the spatial
Laplacian of the qEEG or the `reference free' CSD (Fig.

2). T2 and the spatial Laplacian of T2 was most signi®cantly
related to the EEG alpha frequency in which a type of resonance or frequency tuning was observed (Fig. 2 and Table
1). In general, the longer the T2 relaxation time the lower is
the magnitude of EEG alpha power (Figs. 2, 3 and 5). The
data showed a positive relationship between T2 spatial
complexity and alpha EEG resonance, at the expense of
theta or delta power (Figs. 2, 3 and 5). The second spatial
derivative of T2 relaxation time also acted like a `spatial
lens' or a focusing of the 3-dimensional spatial locations
of T2, which is signi®cantly correlated to a more spatially
localized alpha EEG activity in the posterior cortical regions
(Fig. 4). Importantly, the T2 relaxation yielded 3-dimensional relationships between sub-volumes and the distribution of electrical potentials at the scalp surface, especially in
the TBI patients.
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Table 4
ANOVA for neuropsychological performance and EEG
EEG relative power

WAIS
COWA
Trail making
WISC card sort
Wechsler memory scale
CVLT
Sternberg
VSPL

EEG CSD

d

f

a

b

d

f

a

b

20.0001
20.0001
20.0001
NS
20.0001
20.0001
10.0001
10.0001

20.0001
20.0001
10.0001
20.0001
20.0001
NS
20.0001
20.0001

10.0001
10.0001
20.0001
10.0001
10.0001
10.0001
NS
20.0001

10.0001
10.0001
NS
NS
10.0001
10.005
NS
10.0009

20.0001
20.0001
20.0061
NS
20.0001
20.0001
10.017
NS

20.0001
20.0001
10.0038
20.0005
20.0001
20.0313
NS
NS

10.0001
10.0001
NS
10.0002
10.0001
10.0001
NS
NS

10.0001
10.0001
NS
NS
10.0001
10.0319
NS
NS

The implications are that measures of the EEG at the
scalp surface are linearly related to the molecular integrity
of neurons located inside sub-volumes of the brain as
measured by the MRI. The neuropsychological±cognition

correlations in this study suggest that there is a measurable
relationship between the `healthy' resonant frequencies of
the EEG and the molecular integrity of the underlying
sources of the EEG.

Fig. 6. Correlations between EEG and relaxometry in normal control subjects. The left column are scattergrams between EEG relative power and T2 relaxation
time in the alpha frequency band. The right column are scattergrams between EEG relative power and the spatial Laplacian of T2 relaxation time in the same
EEG leads and the same alpha frequency band as on the right. Similar to the correlations observed in TBI patients (Fig. 3), the normal control subjects also
demonstrated opposite directions of correlation between T2 and the spatial Laplacian of T2 relaxation time.
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with severity of clinical status no matter how many points
are used to estimate T2 (Tillmann et al., 1997; Laako et al.,
1996; Kirsch et al., 1992; Miot-Norault et al., 1997).
A limitation of the present study is that T2 relaxation time
is dependent on many factors such as temperature, mobility
of observed spin, the presence of large molecules, paramagnetic ions and molecules and ®eld inhomogeneities
(Narayana et al., 1988; Dawant et al., 1993). However, we
attempted to minimize the biophysical uncertainty by
computing the second spatial derivative of T2 relaxation
time or the Laplacian. The spatial Laplacian is not related
to the absolute values of T2 relaxation time itself, rather it is
related to the local spatial rate of change in T2 relaxation
time in the local vicinity of each MRI pixel. The spatial
Laplacian is also insensitive to B0 and B1 magnetic ®eld
inhomogeneities since the Laplacian  0 for global or
slow gradient ®eld changes. This study also excluded gray
matter regions, which were near to ventricles or sinuses that
are the largest sources of MRI ®eld inhomogenieties.
4.2. Spatial heterogeneity of T2 relaxation time as a measure
of entropy

Fig. 7. Relative sensitivity of correlation between EEG and T2 in normals
and TBI patients: (Top) is the mean absolute correlation of T2 relaxation
time with EEG relative power in normal subjects (open columns) and TBI
patients (black columns) for the different frequency bands; (Bottom) is the
mean absolute correlation of the Laplacian of T2 relaxation time with EEG
relative power in normal subjects (open columns) and TBI patients (black
columns) for the different frequency bands.

The observed correlations between relaxometry and
qEEG were not signi®cantly related to the age of the
patients or the time from injury to EEG and MRI recording.
A weaker and more spatially localized EEG correlation was
observed in normal control subjects (Figs. 6 and 7).
4.1. Limitations of the study
One limitation of this study is the use of a two-point
estimate of T2 weighted relaxation time. This limitation,
however, does not invalidate the statistically signi®cant
correlations between T2 relaxation time and EEG and cognitive functioning. Also, the T2 relaxation times obtained
using a conventional spin-echo method in the present
study are markedly similar to other studies using twopoint estimates of T2 (Kirsch et al., 1992; De Certaines et
al., 1993) as well as studies using 16-point estimates of T2
(Rinck, 1993; Laako et al., 1996). Laako et al. (1996) and
Kirsch et al. (1992) using 16-point vs. two-point estimates
of T2, respectively, found very similar results of increased T2
relaxation related to the clinical severity of dementia. There
is considerable consistency in the MRI relaxometry literature in which increased T2 relaxation times are correlated

The transverse relaxation time or T2 of water protons is
proportional to the spin homogeneity of the local microenvironment within which a given water proton is located
(Wehrli, 1992). Spin homogeneity increases with an
increased number of water protons, thus the CSF exhibits
long T2 relaxation times (e.g. .100 ms). Spin homogeneity
decreases with macromolecular interactions. For example,
the repulsive forces of hydrophobic fat molecules in myelin
(e.g. cholesterol, Koenig, 1991) results in a short T2 relaxation time (e.g. ,70 ms). In the gray matter, water protons
interact in the homogeneous environment of the hydrophobic and hydrophilic proteins that make up the membranes of
neurons, glia and other cellular compartments of the gray
matter.
Qualitative terms such as spatial homogeneity vs. inhomogeneity can be more precisely de®ned using the mathematics of thermodynamics and information theory (Chaitin,
1987; Nicholis and Prigogine, 1989). The assumptions are
that T2 relaxation time is random and linearly related to a
thermodynamical order in a voxel as de®ned by entropy
(Feynman et al., 1963, I-47). Based on these assumptions,
spatial differences in T2 relaxation time of neighboring and
adjacent voxels of the brain can be de®ned as a spatial
metric of `information' and `order' (Chaitin, 1987). According to Poisson's distribution, the probability of one molecule of free water ni located within a total volume of water
DV is Pn  e2n nn =n! where n is the mean number of water
molecules in the volume (Nicolis and Prigogine, 1989).
Given this thermodynamic formulation, the spatial homogeneity of T2 relaxation time occurs when there is no difference in T2 relaxation time between two MRI volumes or
voxels or when DT2  0. According to thermodynamics
and information theory, the homogeneous condition is

1740

R.W. Thatcher et al. / Clinical Neurophysiology 112 (2001) 1729±1745

when the entropy `E' of the system is maximum and the
spatial Laplacian  0. This is a state of least order, which is
the state of free water in T2 relaxation time. That is, the
change in T2 with space (t) approaches zero as the amount
of free water increases and the macromolecular complexity
of the brain decreases. On the other hand, when there are

signi®cant spatial differences in T2 relaxation time,
T2i 2 T2j ± 0, and entropy decreases proportional to the
magnitude of the differences or to the amount of spatial
heterogeneity. The Laplacian operator provides a coordinate
independent estimate of the spatial `homogeneity' in a T2
volume and, therefore, it is a metric of the complexity of the

Fig. 8. Diagrammatic model of EEG and MRI linkage. Top is a diagram of the human scalp with two electrodes sensing electrical activity arising from widely
distributed volumes or voxels of neocortex. Synaptic and axonal connections between voxels is assumed and each electrode `sees' similar electrical potentials
but at different angles and distances. Bottom left is an equivalent T2 voxel in which the linkage between qEEG and qMRI is the product of the average
concentration of ionic channels and the average electrical ®eld which is inversely related to T2 relaxation time. Bottom right is an equivalent circuit
representing a large number of interconnected voxels that resonate by virture of the synaptic rise times and conduction velocities in the volume as described
by Lopes da Silva (1987) and Nunez (1981, 1995). The linkage between qMRI and qEEG is represented by the `resistance' (r) and the Q or quality factor (m and
k) which determines the breadth or spread of the resonance. The partial differential equation that is used to model the relationship between qMRI T2 and the
resonant frequencies of the qEEG is Eq. (A4) in Appendix A.
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biophysical space. The theoretical advantage of the Laplacian operator, in this study, is coordinate free measures of
entropy and biophysical order as it is related to the resonance and power spectrum of the EEG.
4.3. Hypothesized linkage between T2 relaxation time and
EEG (rEEG)
The hypothesized linkage between qMRI and qEEG
referred to as relaxometry EEG (rEEG) arises because the
membranes of the gray matter of the neocortex contain a
large number of ionic channels and ionic pumps in a given
volume. It is assumed that a reduced density of neural
membranes is linked to lengthened T2, which is linked to
reduced average current ¯ux produced by ionic channels
(e.g. Na 1, K 1, Ca 21) in that volume of neocortex. This
hypothesis is plausible because only the membranes of
neurons in the cortex generate the EEG in the ®rst place
(Purpura, 1959; Malmiuvo and Plonsey, 1995; Freeman,
1975; Nunez, 1981). As the concentration of ionic channels
and/or rate of ionic channel opening decreases, the amplitude of the EEG decreases and there is a shift toward lower
frequencies. A reasonable hypothesis is that the attenuation
and shift toward lower qEEG frequencies in TBI patients
occurs because there are fewer ionic channels and/or more
damaged ionic channels per unit volume as correlated with
increased T2 relaxation times.
To understand the hypothesized linkage between qEEG
and qMRI, it is important to remember that the concentration of ionic channels and the rate of opening and closing of
ionic channels in the cerebral cortex signi®cantly in¯uences
the power spectrum of the EEG. In this study, the TBI
patients, ranging from mild to severe showed a linear relationship between the qEEG and the qMRI. Linear relationships between qEEG and qMRI in different selections of
TBI patients have also been reported (Thatcher et al.,
1998a,b). A new contribution of this study is that the resonant frequencies of the EEG appear to be related to the
concentration of macromolecules inside the gray matter of
the brain. A more detailed explanation is that the transverse
relaxation time or T2 of water protons is proportional to the
concentration of macromolecules in a volume of water
(Fullerton, 1992; Wehrli, 1992; Bottomley et al., 1984).
For example, the CSF is bright in the MRI picture because
it is the most homogenous microenvironment with the longest T2 relaxation times (e.g. 150 ms). The white matter is
dark in the T2 MR image because it contains a high concentration of lipids which are hydrophobic, consequently, T2
relaxation time is much shorter than CSF (e.g. 60±90 ms).
Cortical gray matter does not contain a high concentration
of lipids, however, it does contain a high concentration of
unmylinated dendrites, synapses, axons and glial cells and
the T2 relaxation time of gray matter is longer than for white
matter but shorter than for CSF (Fullerton, 1992; Wehrli,
1992). In the present study, the segmentation of gray matter
MRI pixels was based on a multispectral segmentation (i.e.
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T1, T2 and PD) and it is limited to the selection of slices that
do not contain sinus cavities and ventricles (Fig. 1). Given
these facts, the postulated linkage of T2 relaxometry to EEG
(rEEG) arises because it is reasonable to assume that the
number of ionic channels in a volume of neocortex is
proportional to the concentration of protein/lipid molecules
in that volume (see Appendix A).
4.4. Frequency tuning as a spatial±temporal transfer
function between MRI and EEG
The results of this study show frequency tuning in which
the alpha frequency band is inversely related to T2 relaxation
time and positively related to the spatial Laplacian and the
delta band is positively related to T2 relaxation time and
inversely related to the spatial Laplacian (Fig. 4). The
observed relations between T2 relaxation time and the
EEG frequency spectrum in this study are consistent with
the transfer function models of EEG by Freeman (1975),
Nunez (1981, 1994), Van Rotterdam et al. (1982), Lopes
da Silva (1987, 1994) and Pascual-Marqui and Matsinos
(1999) for the local and global genesis of the EEG. The
new contribution in this study to these models is the addition
of a weighting coef®cient for the inverse of T2 relaxation
time de®ned by the Poisson equation as Ji  f 1=T2  where
J i is the volume dipole moment density or source in an
unbounded homogeneous volume produced by the
membrane ionic ¯ows per time within a voxel of the neocortex (Appendix A).
The mathematical details of a model that relates the EEG
power spectrum to the qMRI is shown in Appendix A. Fig. 8
is an equivalent circuit to illustrate the hypothesized inverse
relationship between T2 relaxation time, voxel EEG dipole
moment density and the scalp EEG. The top of Fig. 8 illustrates that all EEG scalp electrodes detect the electrical
potentials from the same 3-dimensional sources at a given
instant of time, but with different amplitudes and angles
depending on the locations and magnitudes of the current
sources (Malmivuo and Plonsey, 1995). The lower left of
Fig. 8 is a model of an equivalent electrical current source in
a given voxel and the lower right is the equivalent electrical
circuit for large volumes of the neocortex.
The linkage between qMRI and qEEG is represented by
the `resistance' (conductivity  1/resistance), which determines the resonance amplitude and the Q or quality factor
which determines the breadth or spread of the resonance.
Fig. 8 shows the linkage between qMRI and qEEG as
represented by the `resistance' (inverse of conductivity)
which determines the resonance amplitude of the alpha
peak and the Q or quality factor which determines the
breadth or spread of the resonance. The results of this
study indicate that the dampening factor r or resistance is
the strongest factor in the relationship between qMRI T2 and
qEEG. Fig. 9 shows the results of the ®t of T2 relaxation time
to the transfer function in Appendix A.
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dent component analysis (ICA) of the EEG (Makieg et al.,
1996) in which non-orthogonal and independent global and
local resonant frequencies may be correlated with T2 relaxation time.
The results of this study further validate the usefulness of
the qEEG in the evaluation of the severity and extent of TBI
by demonstrating a direct linkage at the molecular level of
the MRI. The conventional MRI is relatively insensitive to
the detection of TBI even in severe TBI (Gentry et al., 1998;
Gentry, 1990, 1994). In contrast, qEEG has been shown to
be .90% sensitive in the detection of patterns in the EEG in
mild TBI (Thatcher et al., 1989, 1991, 2001; Trudeau et al.,
1998; Hoffman et al., 1995, 1996; Thornton, 1999). The
results of this study suggest that the clinical sensitivity of
EEG and MRI may be improved by biophysical linkages
and deeper understanding of their common origins.
Acknowledgements

Fig. 9. Linear transfer function model between EEG alpha resonance and T2
relaxation time. Top shows the linear transfer function (Eq. (A5), Appendix
A) to model the relationship between EEG alpha resonance and T2 relaxation time. The middle is the gain factor of the transfer function H(f) using
different values of T2 relaxation time. The bottom are the linear best ®t
values for Eqs. (A8a)±(A8c) (Appendix A) or the parameters of the model,
which vary as a function of T2 relaxation time. Eqs. (A8a)±(A8c) (Appendix
A) de®nes the relationship between T2 and the parameters of the transfer
function and an idealized `equivalent circuit' model of the transfer function
is in the bottom right of Fig. 8.

5. Conclusions
The general implication of this study is that the average
molecular entropy of the brain is related to speci®c resonant
frequencies of the EEG. As the MRI biophysical landscape
approaches that of free water or becomes more smooth, the
amplitude of alpha EEG resonance decreases and the amplitude of delta activity increases. Another conclusion is that
knowledge of the qEEG predicts qMRI and vice versa,
knowledge about qMRI predicts the qEEG even though
the qMRI and qEEG measurements were taken hours or
days apart in time. With improved experimental conditions
and improved signal-to-noise measurements, more accurate
estimates of physical constants in a qEEG±qMRI transfer
function may be estimated, in other populations than TBI
patients. The practical use of T2 derived physical constants
or estimates of CSD may be relevant to large volume EEG
source localization but it may also be of value in indepen-

We would like to acknowledge Dr Rex Bierley for discussions of the neuropsychological tests and Ms Kathleen
Haedt for administering the neuropsychological tests. We
are also indebted to Dr J.C. Daniel for efforts in arranging
for the acquisition of MR images in the normal control
subjects. This project was supported by contract no.
JFC36285006 as part of the Department of Defense and
Veterans Head Injury Program (DVHIP). Informed consent
was obtained from all subjects in this study.
Appendix A
We assume a volume source in an in®nite homogeneous
volume conductor in which we de®ne the impressed current
density in a voxel as Ji x; y; z; t where J i is the individual
source element de®ned as the dipole moment density of the
non-conservative current source in a volume (Maliuivuo
and Plonsey, 1995, p. 134). Because Ji  0 outside the
boundary of a volume, a partial differential equation
referred to as the Poisson equation de®nes the dipole
moment density of a current source inside an unbounded
homogeneous volume as:
7´J i  s7 2 F

A1

where F is the electrical potential and s the conductivity
and 7´J i is referred to as the source or forcing function
(Maliuivuo and Plonsey, 1995). The Poisson equation is a
differential equation of the 3-dimensional gradient of the
electrical potential F given the conductivity s . The net
¯ux of elemental source currents in a bounded volume is
0 but in an unbounded homogeneous volume such as the
approximately 3 mm 3 MRI volumes in this study, the net
¯ux of individual source currents is s 7 2F . The solution of
the Poisson equation for the scalar function s F that is
uniform and in®nite in extent is (Maliuivuo and Plonsey,
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1995):
4psF  2

Z

i

v

1=r7´J dv

A2

As described by Maliuivuo and Plonsey (1995, Eq. (7.4))
the source element 27´J i dv in Eq. (A2) behaves like a
point source, in that it sets up a ®eld that varies as 1=r and
is de®ned as a ¯ow source density for a given volume. A
simple rearrangement of Eq. (A2) represents the distribution
of electrical potential F due to the source J i within an
in®nite, homogeneous volume conductor having conductivity s that varies as 1=r and J i is referred to as the volume
dipole density (Malmuivuo and Plonsey,1995, Eq. (7.5)).
The hypothesized biophysical relationship between EEG
dipole source density and T 2 relaxometry is modeled by
adding an ionic channel function to the Poisson equation:

s7 2 F / f 1=T 2 

A3

where s is conductivity and 7 2f is the squared divergence
of the gradient of the electrical potential f in Eqs. (A1) and
(A2) and f 1=T 2  is a function of the volume dipole density
as a linear estimate of the MRI T2 relaxation time. The
addition in this study to the application of the Poisson equation is a T2 estimate of the concentration and time derivatives of ionic channels in a given voxel. For the purposes of
a transfer function, we de®ne the scalar absolute magnitude
of the dipole moment density element for each voxel as
uJu  x2 1 y2 1 z2 0:5 where x, y, and z are components of
the dipole moment vector.
A unitless and reference-free rEEG equation for a given
3 mm 3 voxel or a collection of 3 mm 3 voxels is de®ned as:
F t  m T2 

22 uJu
2uJu
1 k T2 uJu
1 r T2 
2t
2t2

A4

where F(t) is a periodic function of the average synaptic
input to a given neocortical voxel at each moment of time,
m(T2) is a function that weights the inertia of the system, uJu
is the absolute magnitude of the dipole moment density in a
voxel of neocortex, r(T2) is a function that weights the
dampening of the wave and k(T2) is a function that weights
the frequency response of the system.
The transfer function that relates the EEG output to the
average synaptic drives (dipole moment density) in a
volume of neocortex or rEEG(t) can be found by setting
F t  0 and taking the Fourier transform of both sides of
Eq. (A4) (Bendat and Piersol, 1980, pp. 62±81):
1=k
uH f u  q

 

1 2 f =fn 2 1 2Ef =fn 2

A5

where H( f ) is the transfer function in the frequency domain,
f the driving frequency, fn is the resonance frequency and E
the dampening ratio. fn and E are de®ned by Bendat and
Piersol (1981, p. 83) as:
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r
1
k
fn 
2p m

A6

r
E  p
2 km

A7

The in¯uence of T2 weighted relaxation time on the resonant peak of the EEG alpha frequency was modeled by
assuming a linear relationship between qMRI T2 and the
inertia of the system m, the dampening factor r and the
factor k in Eq. (A4). Eqs. (A8a)±(A8c) show the straight
line ®ts that were used to estimate values of m, r and k
used in Eq. (A4):
m  a 1=T2  1 b

A8a

r  2d 1=T2  1 e

A8b

k  h 1=T2  1 i

A8c

The intercept and range of values for the parameters of
the transfer function are shown in the bottom of Fig. 9. The
dampening factor r was the most signi®cant parameter that
linked the experimental observations to the model.
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