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PURPOSE: To determine the magnitude and time course of changes in the volume of brain and
intracranial cerebrospinal fluid (CSF) spaces in patients who have sustained traumatic brain injury
and to assess the relationship between these findings and long-term cognitive outcome. METH-
ODS: Axial intermediate and T2-weighted MR images of 123 patients with traumatic brain injury
were quantified using a multispectral segmentation algorithm. Measurements were corrected for
differences in age, sex, and head size using a previously reported normative database. Brain
morphology was compared across groups formed on the basis of chronicity of injury. Cognitive
functioning and severity of injury were statistically correlated with brain measurements. RESULTS:
Time-dependent expansion of CSF spaces and decreases in brain volume were observed. In-
creases in ventricular CSF volume, particularly in the temporal horns and third ventricle, preceded
subsequent changes in total brain and subarachnoid CSF. High and moderate correlation was
observed between volume measures and cognitive outcome and injury severity. Particularly strong
was the relation between the volume of the left temporal horn and verbal IQ scores. CONCLUSION:
Predictable time-dependent atrophic changes occurring after traumatic brain injury can be quan-
tified using MR volumetric studies. Our results suggest significant contributions by both diffuse and
focal mechanisms of injury. In the postacute period (more than 70 days after injury), MR volumetric
studies may be predictive of eventual cognitive outcome.
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The basic pathology of traumatic brain injury
has been described with increasing refinement
over four decades (1–8). Based primarily on
postmortem material, these studies have pro-
vided a detailed understanding of the spectrum
of lesions, from focal to diffuse, that occur in the
brain after blunt trauma. With the development
of computed tomography (CT) and, subse-
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quently, magnetic resonance (MR) imaging, the
basic radiologic-pathologic correlates in trau-
matic brain injury have been reported at a de-
scriptive level (9–16). More recently, methods
of MR-based volumetric quantification have
been developed (17–19) and successfully ap-
plied to the study of a variety of abnormalities of
the central nervous system (20–24). Focal and
diffuse lesions seen in traumatic brain injury can
cause abnormal signal intensity on MR images
and may result in atrophic changes. MR-based
volumetric studies are ideally suited to the
quantitation of these atrophic changes in vivo.
To that end, we prospectively studied a cohort
of patients with traumatic brain injury, quanti-
fying volumes of brain and intracranial cerebro-
spinal fluid (CSF) compartments. Individual
measurements were corrected for differences
related to age and sex as well as for differences
in total intracranial volume based on a recently
reported normative database (25). A cross-sec-



tional characterization of the time course of
these morphologic changes and their relation-
ship to neuropsychological outcome are the fo-
cus of this article.

Subjects and Methods

Subjects

One hundred ninety-eight healthy volunteers, including
males and females in each decade from 16 to 65 years,
constituted the control population of our study. Images of
these subjects formed the database for a recently reported
MR-based study of the changes in brain and CSF volume
that occur with normal aging (25). These volunteers were
recruited primarily from hospital and university staff and
their friends and family. Exclusion criteria consisted of
previous head injury causing loss of consciousness; any
disease primarily affecting the nervous system, including
dementia or psychiatric illness; and a history of alcohol or
drug abuse.

The traumatic brain injury group consisted of 123 pa-
tients who met the minimum criteria for brain injury as
delineated by Evans (26). Injuries were generally in the
moderate to severe range. The mean admission score on
the Glasgow Coma Scale (GCS) was 8.07 (standard devi-
ation [SD], 3.75; range, 3 to 15). Of the 123 patients
included in the study, 112 were initially admitted to the
hospital trauma service. Eleven additional patients were
initially treated elsewhere. In 59 patients, MR images were
obtained during admission to the intensive care unit or
rehabilitation facility on the basis of clinical indications. In
addition, all patients admitted to the rehabilitation unit
were invited to participate in the study by undergoing MR
and neuropsychological testing in follow-up studies 6 to 18
months after injury. Participation was limited, however, on
the basis of patients’ proximity to the hospital and by their
consent and that of their families. Patients who were too
severely impaired to undergo neuropsychological testing
were excluded. The images and subsequent analyses were
performed in compliance with a protocol established by an
institutional review board, and all participants gave in-
formed consent.

To understand the time course of changes in the vol-
ume of brain and CSF after traumatic brain injury, we
divided the patients’ studies into five arbitrarily determined
subgroups on the basis of the delay from injury to MR
examination. Group 1 included all patients imaged 1 to 21
days after injury (mean, 13 days; n 5 19); group 2 com-
prised patients imaged 22 to 70 days after injury (mean,
42 days, n 5 22); group 3 was made up of patients imaged
71 to 210 days after injury (mean, 136 days, n 5 22);
group 4 included patients imaged 211 to 500 days after
injury (mean, 310 days, n 5 30); and group 5 contained all
patients imaged more than 500 days after injury (mean,
1367 days, n 5 44). Twenty-one subjects were imaged at
two different times and are thus included in more than one
group. An additional comparison group was made up of
the imaging studies of 129 healthy subjects from the first
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three decades of the previously described normative data-
base (16 to 45 years) (25).

Imaging

MR images were acquired on a GE Signa scanner at 1.5
T with the use of both 4x and 5x software platforms (Gen-
eral Electric, Milwaukee, Wis). Sagittal T1-weighted (500/
11/2 [repetition time/echo time/excitations]) images were
acquired and used for location. Axial intermediate and
T2-weighted (3000/31,90/1) spin-echo images were then
obtained covering the area from the foramen magnum to
the convexity of the inner table of the skull. The section
thickness was 5 mm with an interspace gap of 1.5 or 2.0
mm. A 22-cm field of view was used with a 256 3 192
acquisition matrix. Imaging parameters included flow
compensation, an inferior saturation pulse, and variable
bandwidth.

Volumetric Image Analysis

The axial intermediate and T2-weighted spin-echo im-
ages were processed using Analyze (Biomedical Imaging
Resource, Mayo Foundation, Rochester, Minn) (27) run-
ning on Sparc 10 work stations (Sun Microsystems, Moun-
tain View, Calif). Because Analyze requires the multispec-
tral segmentation only with eight-bit images, the original
16-bit images were converted by linear interpolation to
eight-bit images using the load command. The images
were then archived permanently onto an optical disk using
a lossless compression algorithm. A multistep volume
analysis was then performed using several image process-
ing tools available in Analyze, including multispectral tis-
sue segmentation, interactive image editing, and region-
of-interest pixel counting. The multispectral tissue
segmentation was performed in a manner similar to that
described in a previous report (25). Regions of CSF, white
matter, and gray matter were defined by the user and
plotted in a two-dimensional feature space in which the
pixel signal intensity on the T2-weighted sequence was the
value on the x-axis and the pixel intensity on the interme-
diate-weighted image was the value on the y-axis. A
k–nearest neighbor multispectral algorithm (28, 29) was
then applied to the pixels of the entire section. Because of
inhomogeneity in the sensitivity of the radio frequency
coil, the same feature-space map could not be applied
successfully to all the images of the study, particularly the
more inferior sections, in which the sensitivity of the radio
frequency coil was slightly decreased. For these sections,
separate feature-space maps were generated.

The classified images were edited using a manual trace
tool to remove pixels representing the calvaria and ex-
tracranial soft tissues. The inner table of the skull was used
as the landmark for separation of intracranial versus ex-
tracranial compartments. All the pixels assigned to each
segmented category (gray matter, white matter, CSF)
were then summed over all of the classified, edited images
from foramen magnum to vertex. Subregions of interest
that included the lateral ventricles, the temporal horns of
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the lateral ventricles, the third ventricle, and the fourth
ventricle were traced manually. Because the segmentation
step of the process had already identified the interface
between CSF and brain, precise tracing was not necessary
as long as all of the desired CSF-containing structure was
included along with some surrounding brain parenchyma.
The pixels assigned to CSF in these subregions were
summed.

The total brain volume was determined by summing the
white and gray matter pixels and then multiplying by the
voxel dimension. Total ventricular volume was obtained
by summing the measurements of the lateral ventricles
and the third and fourth ventricles. The subarachnoid CSF
volume was obtained by taking the difference between
total CSF volume and total ventricular volume. The total
intracranial volume was obtained by summing the total
brain and total CSF volumes. The ventricle-to-brain ratio
was calculated by dividing the total ventricular volume by
the total brain volume and multiplying by 100.

Operator processing time for volumetric analysis was
about 30 minutes per patient. Intrarater and interrater re-
liability have been reported previously (25). Reliability for
most measures exceeded a correlation of r 5 .90, except
for the third ventricle, which was r 5 .86.

Neuropsychological Tests

Neuropsychological testing was administered via es-
tablished methods (30). Because of the multitude of po-
tential neuropsychological measures of cognitive outcome
and the potential for type 1 statistical error, we restricted
the neuropsychological analysis to a measure of global
intellectual function, the Wechsler Adult Intelligence
Scale–Revised (31), and a measure of memory function,
the Wechsler Memory Scale–Revised (32). These func-
tions are typically affected in traumatic brain injury and
scores on these measures can be considered critical global
indicators of cognitive outcome (33).

The timing of the neuropsychological testing was de-
pendent on the patient’s functional status. For patients in
whom MR studies had been obtained in the early period
following injury, the neuropsychological testing was usu-
ally delayed until late in the rehabilitation stay. For patients
studied in the follow-up period, the neuropsychological
testing was nearly always obtained on the day of the MR
examination. For patients with neuropsychological data
available from both early and late time periods, the later
data were considered to reflect cognitive outcome most
accurately and were used for correlation with volume mea-
surements. The mean delay from injury to cognitive testing
was 470 days (SD, 674 days).

Correction for Head Size

The total intracranial volume was used to correct all the
other measures for head size, except the temporal horns,
since these do not correlate with age or total intracranial
volume, nor do they differ between the sexes (25). This
correction was performed by multiplying each measured
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volume by a ratio of the mean total intracranial volume for
the entire normative population divided by the observed
total intracranial volume for each subject.

Two further corrections were used. One correction was
obtained by dividing the total intracranial volume–cor-
rected measurement by the appropriate age and sex group
mean (also total intracranial volume corrected) for that
structure. This normalization yields a ratio for which the
expected value is 1; that is, the patient value divided by the
mean of the appropriate age and sex group in the norma-
tive database. The other correction procedure used stan-
dard scores (z scores) based on the expected value
(mean) of the normative sex and age groups.

Statistical Analysis

Volumemeasurements for all six groups were subjected
to simple one-way analysis of variance (ANOVA). In this
comparison, the volume measures of patients with trau-
matic brain injury and control subjects were corrected for
differences in total intracranial volume, but not for possible
differences based on sex and age. This way, volume mea-
sures could be reported (see Table 1). Further graphical
analyses of group means that characterize postinjury atro-
phic change were also performed, in which each patient’s
volume measures were normalized to the expected value
for their age and sex.

Volume measures were correlated with neuropsycho-
logical measures of outcome. For these correlations, vol-
ume measures were first converted to z scores using the
appropriate age decade and sex of the normative group.
We used this method of normalization because a ratio
correction introduces additional variance into the correla-
tion that may make it less interpretable. Further, the co-
variance with total intracranial volume was partialed out of
each correlation.

Results

Demographics

The 123 patients with traumatic brain injury
included 83 male and 40 female subjects. The
mean age at injury of the entire population was
22 years (SD, 9; range, 16 to 68 years). There
were no significant differences in age at injury
based on sex or delay to imaging. Similarly,
there were no significant differences in the initial
GCS score based on sex or delay to imaging.
The mean initial GCS score was 8.07 (SD, 3.51;
range, 3 to 15).

Volume Changes after Injury

Table 1 provides a comparison of the brain
and CSF volumes between healthy subjects and
patients with traumatic brain injury. The pa-
tients’ studies were divided into five groups on
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TABLE 1: Quantitative volume measures: comparison of control subjects and patients with traumatic brain injury

Control Group
(n 5 129)

Injury Group 1
(n 5 19)

Injury Group 2
(n 5 24)

Injury Group 3
(n 5 28)

Injury Group 4
(n 5 31)

Injury Group 5
(n 5 44)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Total intracranial
volume

1460 147 1456 164 1461 162 1476 108 1446 153 1409 142.0

Brain 1345 36 1358 27 1338 38 1321 62 1305*† 46 1296*†§ 56.0
CSF 103 36 89 27 109.3 37.9 125.8 61.9 142.4*† 45.6 150.8*†§ 55.9
Subarachnoid CSF 85.7 34 70 25 81.6 36.5 93.8 42.9 114.1*†§ 39.1 114.2*†§ 39.4
Lateral ventricle 14.5 5.5 15.9 7.9 23.5* 11.3 27.3*† 20.1 24* 12.5 31.7*† 23.1
Third ventricle 0.73 0.3 0.82 0.4 1.43*† 0.69 1.53*† 0.86 1.53*† 0.93 1.57*† 1.0
Fourth ventricle 1.66 0.5 1.8 1 1.57 0.48 1.56 0.49 1.76 0.85 1.99 1.0
Left horn 0.2 0.2 0.26 0.2 0.55* 0.55 0.61* 0.82 0.46 0.86 0.56* 0.8
Right horn 0.23 0.2 0.28 0.2 0.69 1.28 0.95* 2.45 0.47 0.59 0.83* 1.4
Ventricle-to-brain
ratio

1.29 0.4 1.4 0.6 2.08 1.02 2.5*† 1.94 2.19* 1.18 2.9*† 2.2

Note.—All measures excluding temporal horns are corrected for total intracranial volume.
* Significantly different from control group (P , .05), using Tukey’s Studentized range statistic.
† Significantly different from injury group 1 (P , .05), using Tukey’s Studentized range statistic.
§ Significantly different from injury group 2 (P , .05), using Tukey’s Studentized range statistic.
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the basis of time between injury and imaging.
As expected, total intracranial volume did not
change significantly among groups. However,
systematic changes in the brain and ventricular
volumemeasurements were observed in the pa-
tients with traumatic brain injury as compared
with the control group. By the fifth group, all
intracranial structures, with the exception of the
fourth ventricle, were significantly different from
those of control subjects. Five CSF compart-
ments in group 5 were significantly different
from those in group 1, and two CSF compart-
ments (total CSF and subarachnoid CSF) were
also significantly different from group 2. In
group 4, brain volume was statistically different
from that of the control subjects and from pa-
tients in group 1, and brain volume in group 5
also differed from that in group 2. Measure-
ments of the left temporal horn, the third ven-
tricle, and the lateral ventricle were the first to
become significantly different from normal,
reaching significance by group 2.

Time Course of Change after Injury

The mean normalized ratios for each group
are plotted in Figure 1. Since these are normal-
ized values, the zero time point in Figure 1 rep-
resents the mean value from the normative da-
tabase and is always equal to one. The changes
in brain volume are shown in Figure 1A and B.
In Figure 1A, the mean brain volume is shown
by group. There was a small but nonsignificant
increase in brain volume in group 1 compared
with control subjects. Since the mean delay in
this group was only 13 days, this may represent
residual cerebral edema. Beginning with group
2, there was a progressive decrease in total
brain volume from normal continuing through
group 5 and reaching significance in groups 4
and 5. In Figure 1B, the mean normalized brain
volume for each group is plotted with the x-axis
representing the postinjury delay in days rather
than by group number. It can be seen that after
the slight increase observed in group 1, the
subsequent decline qualitatively appears to be
exponential in nature. Since the traumatic brain
injury volumes are normalized for age and sex,
any decline in the traumatic brain injury popu-
lation curve due to aging should have been
eliminated. The rate of change in brain volume
associated with normal aging is shown for com-
parison. In previous work, we observed that in a
healthy male population, a nearly linear decline
in total brain volume occurred during the four
decades from 16 to 55 years at the rate of
approximately 0.265% per year (25). The de-
cline for a similar healthy female population
was 0.223% per year.
Significant enlargement in the subarachnoid

CSF volume was observed that almost exactly
mirrored the changes in total brain volume (Fig
1A) where significant differences were observed
in groups 4 and 5. Changes in the ventricular
system are shown in Figure 1C. Enlargement of
the ventricles, particularly the temporal horns,
occurred earlier and were relatively much larger
than changes in the total brain volume. The



Fig 1. Time dependence of changes in brain, subarachnoid CSF, and ventricular
volume after traumatic brain injury.

A, Normalized brain and subarachnoid CSF volumes show that after an initial
increase in brain volume there is subsequent loss over time. This loss in brain volume
is mirrored by a concomitant increase in subarachnoid CSF.

B, When the group mean normalized brain volumes are plotted as a function of
time (days) since injury, the result is, qualitatively, an exponential decay. The rate of
decrease of brain volume observed in normal aging is shown for comparison.

C, Normalized lateral ventricle, third ventricle, and temporal horn volumes show a
relatively larger and earlier increase relative to brain and subarachnoid CSF.
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mean temporal horn volume showed a 2.3-fold
increase in group 1 patients, progressing to a
3.7-fold increase in group 3 patients. In group 4,
the temporal horn volume returned somewhat
to normal, yet remained significantly enlarged.
The volume of both the lateral and third ventri-
cles showed a relatively smaller but progressive
increase among the first three groups. Subse-
quent to group 3, the third ventricle remained
relatively constant. The volume of the lateral
ventricle and temporal horn increased again in
the last group.

Correlation with Neuropsychological Outcome

Table 2 gives data for cognitive performance
after injury. Consistent with previous reports, we
observed significant reductions in the scores on
verbal, performance, and full-scale IQ tests as
compared with normative standardized test
scores. Verbal and general memory indexes
were also significantly reduced, whereas visual
memory was not significantly below normal for
this sample of patients.
In Table 3, the volume standard scores were

correlated with selected neuropsychological
tests where covariance with total intracranial
volume was removed from the correlation. In
order to minimize type 1 statistical error, and
because the volumemeasurements were under-
going significant change during the first weeks
after injury, correlations are shown only for
group 3 (70 to 210 days after injury). A highly
significant correlation was observed between
verbal IQ score and left horn volume (r 5 2.74,
P 5 .0001). Total brain volume also correlated
with verbal IQ score (r 5 .57, P 5 .007). Signif-
icant correlations were observed between per-
formance IQ score and volume measures that
reflect global atrophy, including brain volume
and total CSF, lateral ventricle, and third ven-
tricle volumes. Only one of these global volume
measures, brain volume, correlated with verbal
IQ score. Third ventricle and brain volumes



TABLE 2: Mean neuropsychological performance for all patients and normative comparison

Neuropsychological Variable No. of Subjects Mean SD t Test Value

WAIS-R verbal IQ 123 90.01 13.46 28.26*
WAIS-R performance IQ 120 90.78 15.54 26.49*
WAIS-R full-scale IQ 120 89.19 13.68 28.65*
WMS-R verbal memory 89 88.46 17.06 26.31*
WMS-R visual memory 86 99.56 19.62 20.21
WMS-R general memory 88 90.84 19.00 24.51*
WMS-R attention/concentration 83 90.01 18.81 24.85*
WMS-R delayed recall 84 89.87 19.89 24.67*

Note.—The index scores on the Wechsler Adult Intelligence Scale–Revised (WAIS-R) and the Wechsler Memory Scale–Revised (WMS-R) are
based on a standardized normal distribution with a mean of 100 and a standard deviation of 15.

* Significant difference from the normative data (P , .05) using a one-sample t test.

TABLE 3: Partial correlations between cognitive outcome measures and MR volumetry measures: 71 to 210 days after injury

Verbal IQ Performance IQ Verbal Memory Visual Memory Glascow Coma Scale

L temporal horn 20.73598 20.40515 20.44017 0.24771 20.48966
0.0001 0.0764 0.077 0.355 0.0392
22 21 18 17 19

R temporal horn 20.01379 20.37699 20.16945 20.25113 20.36927
0.9527 0.1013 0.5156 0.3482 0.1315
22 21 18 17 19

Brain volume 0.56808 0.46932 0.57768 20.08116 0.21386
0.0072 0.0368 0.0152 0.7651 0.3941
22 21 18 17 19

Subarachnoid CSF 20.12995 20.36033 20.31257 0.14703 20.34563
0.5745 0.1186 0.2219 0.5869 0.1601
22 21 18 17 19

CSF 20.24734 20.45754 20.34639 0.03171 20.4835
0.2797 0.0425 0.1732 0.9072 0.0421
22 21 18 17 19

Lateral ventricle 20.38829 20.55293 20.29159 20.25105 20.55363
0.082 0.0115 0.2561 0.3483 0.0171
22 21 18 17 19

Third ventricle 20.22364 20.44036 20.50163 0.07499 20.65787
0.3298 0.052 0.0402 0.7825 0.003
22 21 18 17 19

Note.—Volumemeasures are corrected to z scores based on expected values for the age- and sex-matched control subjects from the normative
database described previously (25), except for left and right temporal horns. The variance shared with total intracranial volume has been partialed
out of each correlation. For each cell, the top row represents the partial correlation coefficient, the middle row is the P value, and the bottom row
is the number of observations.
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were the only measures that related signifi-
cantly to verbal memory. Visual memory was
not correlated with any volume measurement.
The admission GCS score was significantly re-
lated to several volume measurements. In par-
ticular, high correlations were observed be-
tween GCS score and third ventricle volume
(r 5 2.66, P 5 .003) and between GCS score
and lateral ventricle volume (r 5 .55, P 5 .017).
To show how the relationship between cogni-

tive outcome and MR volumetric studies
changed with time, Figure 2 plots the correla-
tions between left temporal horn volume and
verbal IQ score and between lateral ventricle
volume and performance IQ score as a function
of time (delay group). Figure 2A shows the
relationship between the left temporal horn vol-
ume and verbal IQ score. In group 1, a signifi-
cant positive correlation was found (r 5 .67, P 5
.015). No significant correlation was observed
in group 2. In group 3, the correlation became
negative and highly significant (r 5 2.74, P 5
.0001). This relationship remained significant in
subsequent groups, although the strength of the
correlation diminished slightly.
In Figure 2B, the relationship between perfor-

mance IQ score and lateral ventricle volume is
shown as a function of time since injury. In the



Fig 2. Time dependence of the relation-
ship of volume measures to cognitive out-
come.

A, Partial correlation coefficients (con-
trolling for total intracranial volume) for left
temporal horn volume and verbal IQ scores
are shown as a function of time since injury.
A significant positive correlation is observed
in group 1 (r 5 .67, P 5 .01), possibly re-
flecting edema and effacement of the tem-
poral horn in patients with left temporal lobe
injury. The correlation becomes negative
and highly significant in group 3 (r 5 2.74,
P 5 .0001) and remains significant in groups
4 and 5, although the strength of the corre-
lation weakens.

B, Partial correlation coefficients for lat-
eral ventricle and performance IQ scores as
a function of time since injury. A positive
correlation is observed in group 1, becoming
negative in group 3 (r 5 2.55, P 5 .01). The
correlation is not significant in group 4, but
is again in group 5.

AJNR: 18, January 1997 BRAIN INJURY 7
first two groups, no significant correlation was
observed. In group 3, the correlation became
negative and significant (r 5 2.55, P 5 .01). In
groups 4 and 5, the correlation remained neg-
ative but was statistically significant only for
group 5.

Discussion

Numerous studies derived from autopsy ma-
terial have provided an understanding of the
basic pathology of lesions that result from non-
penetrating traumatic brain injury (1–6, 8).
These studies describe evidence of both focal
and diffuse brain injury in the neuropathology of
patients with acute traumatic brain injury. Focal
injury is thought to occur when the brain im-
pacts against the rigid inner table of the skull
with resulting areas of direct cortical contusion.
Although any region of the brain surface can be
involved, these focal, cortical injuries most
commonly involve the anterior and inferior fron-
tal and temporal lobes and the occipital lobes.
Although the importance of diffuse injury has

been recently reemphasized by several authors
(5–8), the mechanisms and neuropathology of
diffuse brain injury were described several de-
cades ago (1–4). Complex decelerations, par-
ticularly rotational, can result in shearing forces
at interfaces of regions of the brain with differing
structural integrity, such as at gray–white mat-
ter boundaries. Neuronal axons that cross mul-
tiple brain regions are particularly vulnerable to
injury. Recently, several authors have increas-
ingly ascribed the cognitive and functional im-
pairment that follows traumatic brain injury to
this mechanism of diffuse axonal injury (5–8).
The imaging correlates of diffuse axonal injury
have been extensively described (9–16).
Neuropsychological performance following

traumatic brain injury has been shown to corre-
late with CT-based measurements of ventricular
enlargement (34). However, artifacts on CT
scans make quantitation difficult in important
regions of the brain, and volumetric assessment
of the subarachnoid space is impossible be-
cause of the partial volume effect of adjacent
bone. Thus, CT-based measurements have
been limited to planimetric quantification of a
restricted number of sections through the lateral
ventricles.
Several studies have correlated MR findings

with measures of cognitive outcome (35–37).
For example, Levin et al (38) studied a sample
of 20 patients with moderate traumatic brain
injury, comparing MR and CT findings in the first
few days after injury and correlating both with
neuropsychological test results obtained during
hospitalization. A limited number of follow-up
examinations at 1 and 3 months after injury
were obtained. MR imaging produced higher es-
timates of lesion volume than did CT. No
changes in the appearance of the CSF spaces
were mentioned. The estimated lesion volume
in the frontal and temporal lobes correlated with
diminished performance on tasks assessing
frontal and temporal lobe functioning.
Wilson et al (39) reported a remarkably



strong correlation between the degree of cogni-
tive impairment and a four-level classification of
injury severity based on the depth of the abnor-
malities detected on MR images. Ventricular en-
largement, subjectively defined as either
present or absent, was the hallmark of the most
severe category. While late MR imaging (5 to 15
months after injury) correlated strongly with a
diminished performance IQ score, early MR im-
aging correlated weakly with only a single
subtest.
In the present study, we quantified the brain

and CSF compartment volumes using previ-
ously reported normative data to eliminate the
variability resulting from sex and age differ-
ences (25). In a cross-sectional grouping of pa-
tients, the time course of changes that occur
after traumatic brain injury were studied. The
relationship between volumetric studies and
measures of cognitive outcome was investi-
gated. The observations we report are consis-
tent with both focal and diffuse mechanisms of
injury. Further, they support the hypothesis that
both mechanisms contribute significantly to the
cognitive impairment seen after traumatic brain
injury.
The gross neuropathologic hallmark of dif-

fuse axonal injury is global atrophy. The signif-
icant decrease in total brain volume and in-
crease in lateral ventricle volume reported here
are direct in vivo measures of global atrophy.
For total brain volume, a biphasic time depen-
dence was observed. Very early after injury, a
transient increase in brain volume was ob-
served, consistent with the cerebral edema of
acute injury. A subsequent decrease in brain
volume continues at a rate greater than that
seen with normal aging for up to 3 years after
injury. The concomitant expansion in subarach-
noid CSF volume mirrored, almost exactly, the
reduction in brain volume. This period of ongo-
ing volume loss after injury may be longer than
necessary for primary neuronal and neuropil
phagocytosis. One possible explanation of this
observation might be a gradual process of di-
minishing arborization of surviving neurons as a
result of disruption of widely distributed neuro-
nal circuitry known to exist for higher cortical
functions.
Consistent with the report of Wilson et al (39),

we observed significant correlations between
performance IQ scores and total brain and lat-
eral ventricle volumes. We observed these cor-
relations only in the group imaged between 71
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and 210 days after injury. In groups imaged
later, correlations with performance IQ scores
weakened. This time frame corresponds closely
with the time of the follow-up studies in the
report by Wilson and colleagues (39).
Since in the postacute period (groups 3

through 5), no correlation between right and left
temporal horn volume was present, we suggest
that after 70 days, horn enlargement reflects, at
least in part, the degree of focal injury to the
ipsilateral temporal lobe. Perhaps the most im-
portant finding of this work is the highly signif-
icant correlation between the volume of the left
temporal horn and verbal IQ score. We had
previously reported a relationship between the
left temporal horn and cognitive deficits (D. D.
Blatter, S. M. Kurth, E. D. Bigler, J. Pompa,
D. K. Ryser, “MRI and CT in Traumatic Brain
Injury: Correlation of Qualitative Measures with
Cognitive Outcomes,” presented at the annual
meeting of the American Society of Neuroradi-
ology, St Louis, Mo, June 1992). However, be-
cause we did not control for time since injury,
the magnitude of the correlation seemed incon-
sistent. The current findings suggest that time
since injury is a crucial factor in the relationship
between MR volumetric studies and cognitive
outcome following traumatic brain injury. At 15
days, the correlation coefficient was positive
and significant. Thus, patients with significant
effacement of the left temporal horn due to
edema or mass effect had a correspondingly
diminished verbal IQ score on subsequent fol-
low-up testing. By 42 days, there was no signif-
icant correlation. By 136 days, the correlation
with verbal IQ score had become negative and
highly significant. Patients with an enlarged left
temporal horn had a correspondingly lower ver-
bal IQ outcome.
The correlation between left temporal horn

enlargement and verbal IQ score persisted
throughout the entire postacute period studied
(groups 3 through 5). In contrast, the correla-
tion between performance IQ score and lateral
ventricle volume did not remain significant in
group 4. A possible explanation of these con-
trasting observations lies in the differing distri-
bution of areas of the cerebrum that are central
to the performance of the tasks in these two
neuropsychological tests. Performance IQ tests
emphasize widely distributed cortical functions
that are particularly dependent on the interac-
tion between cortical regions and interhemi-
spheric integration (30). As a result, we would
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not expect performance IQ scores to be highly
correlated with injury to a localized area of the
brain. In contrast, the tasks associated with ver-
bal IQ emphasize the processing and retention
of verbal information, functions that tend to be
lateralized to the left hemisphere, particularly
the temporal lobe. The left temporal horn may
be a useful indicator of the integrity of the tem-
poral lobe. Compared with the functions mea-
sured in performance IQ tests, verbal process-
ing and retrieval are more sensitive to the
effects of focal damage and less likely to be
assumed by other, uninjured areas of the brain.
The cause of temporal horn enlargement in

patients who have sustained traumatic brain in-
jury remains to be elucidated. In the early period
after injury, transient hydrocephalus may con-
tribute. In the postacute period, temporal horn
enlargement may result primarily from hip-
pocampal atrophy or, conversely, from global
temporal lobe cortical and white matter atro-
phy. Further detailed studies of temporal lobe
anatomy after traumatic brain injury will be use-
ful in elucidating the relative role of the hip-
pocampus and cortical areas in relation to
postinjury verbal IQ scores.
These results question the value of early MR

volumetric studies in predicting the outcome of
traumatic brain injury. Of the structures whose
volume we measured, only a diminished left
temporal horn bore a significant early correla-
tion with cognitive outcome, and this measure
was significant only for the first group, imaged
within 21 days after injury. Only after 70 days
(group 3) did the relationship between MR esti-
mates of volume and eventual cognitive out-
come become significant. Because of the limi-
tations of this cross-sectional study, it is
premature to conclude that MR volumetric stud-
ies can reliably predict cognitive outcome. Rep-
lication of these results in a truly longitudinal
study are needed.
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