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Patients with mild traumatic brain injury (TBI) often complain of
cognitive fatigue during the chronic recovery phase. The Paced
Auditory Serial Addition Test (PASAT) is a complex psychologic
measure that may demonstrate subtle deficiencies in higher cog-
nitive functions. The purpose of this study was to investigate the
brain activation of regional cerebral blood flow (rCBF) with
PASAT in patients with mild TBI to explore mechanisms for the
cognitive fatigue. Methods: Two groups consisting of 15 pa-
tients with mild TBI and 15 healthy control subjects underwent
99mTc-ethylene cysteine dimer SPECT at rest and during PASAT
on a separate day. Cortical rCBF was extracted using a 3-dimen-
sional stereotactic surface projection and statistically analyzed
to identify areas of activation, which were compared with PASAT
performance scores. Results: Image analysis demonstrated a
difference in the pattern of activation between patients with
mild TBI and healthy control subjects. Healthy control subjects
activated the superior temporal cortex (Brodmann area [BA]
22) bilaterally, the precentral gyrus (BA 9) on the left, and the pre-
central gyrus (BA 6) and cerebellum bilaterally. Patients with mild
TBI demonstrated a larger area of supratentorial activation (BAs
9, 10, 13, and 46) but a smaller area of activation in the cerebel-
lum, indicating frontocerebellar dissociation. Conclusion: Pa-
tients with mild TBI and cognitive fatigue demonstrated a
different pattern of activation during PASAT. Frontocerebellar
dissociation may explain cognitive impairment and cognitive fa-
tigue in the chronic recovery phase of mild traumatic brain injury.
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Patients with mild traumatic brain injury (TBI) experience
psychologic and cognitive problems acutely after injury,
including cognitive slowing, poor concentration, attention
difficulties, and impaired memory. These symptoms gradually
resolve over time in most. However, complex psychologic
measures may demonstrate subtle deficiencies in higher
cognitive functions for months or years after TBI (1).

The Paced Auditory Serial Addition Test (PASAT) is one
of the tests most frequently used by neuropsychologists to
assess attentional processing. It was developed as an
experimental tool to examine immediate (i.e., working)
memory and attention and has been clinically applied to
examine the effects of TBI (2–7). In healthy subjects,
PASAT has been reported to activate mainly the frontal and
parietal cortex, with limited interindividual variation (8).
Despite a large number of investigations using PASAT as a
tool of neuropsychologic measurement, only a few imaging
studies have investigated the activation pattern of PASAT in
patients with TBI. Christodoulou et al. investigated the
activation pattern using functional MRI in patients with
moderate to severe TBI and reported a pattern similar to
that in healthy subjects although activation was more
lateralized toward the right hemisphere (9). Until now,
the activation pattern of mild TBI has not been investigated.

The purpose of this study was to investigate the activa-
tion pattern with PASAT in patients with mild TBI and
persistent cognitive complaints, specifically the complaint
of cognitive fatigue.

MATERIALS AND METHODS

Study Design
The study was reviewed and approved by the Human Subjects

Committee at the University of Washington and Seattle Pacific
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University. Participants gave written informed consent. Each
participant underwent SPECT twice on a separate day 1 wk apart.

As a control, the resting scan was done first. Participants were
asked to close their eyes and rest or to use an eye mask to assist
them in keeping their eyes closed. Participants were not instructed
to think of anything in particular and were discouraged from
speaking. Their ears were unplugged and were exposed to the low-
level ambient noise in the area so that auditory stimulation was
present. The SPECT scan was started 45 min after the injection of
1,110 MBq of 99mTc-labeled ethylene cysteine dimer (Neurolite;
DuPont).

The activation scan was completed 1 wk after the rest scan. All
procedures were the same except that, instead of sitting quietly,
the participants completed PASAT at the time of the tracer injection.
PASAT is a complex test of sustained divided attention. Respondents
listen to a series of single-digit numbers on a tape and are required to
add each number to each preceding one to give a verbal response.
There are 4 separate trials of 50 digits each, with the starting
presentation speed of 1 digit every 2.4 s (trial 1) increasing to 1 digit
every 2.0 s (trial 2), 1 every 1.8 s (trial 3), and 1 every 1.6 s (trial 4).
The test takes into account one’s speed and accuracy of controlled
information processing and the effects of an increasing load (10).

Before the start of PASAT during the experimental scan, the
research psychometrist aurally administered to the participant a
10-s practice trial to serve as a primer. The injection took place 11
digits (24 s) into the first trial so that the cerebral radiotracer
uptake, which occurs from 20 s to 1.5 min, would be accom-
plished during the remaining 2 min 6 s required for completion of
the trial. PASAT was scored for the total number of correct
responses by trial and across trials. Scoring took approximately 10
min for all 4 trials. As with the rest scan, the SPECT scan started
45 min after injection.

Subjects
The patient group included 15 subjects who had sustained a mild

TBI. Diagnosis was based on the American Congress of Rehabili-
tation Medicine criterion for a mild traumatic brain injury (11). All
patients reported loss of consciousness for less than 30 min and
posttraumatic amnesia for less than 24 h. Each of these patients had
been referred for brain SPECT by a neurologist as a part of routine
clinical neurologic evaluations as described in the 2007 guideline of
the American College of Radiology (12). Patients were selected if
they sustained a closed head injury more than 6 mo before the brain
SPECT scan; complained to the examining neurologist of cognitive
fatigue, defined as the inability to maintain attention and concentra-
tion during a sustained task; had medical charts showing no diagnosis
of major depressive disorder or had a Beck Depression Inventory
score of less than 14; and had medical charts showing no comorbid
medical disorder with fatigue-related symptoms (e.g., multiple
sclerosis; fibromyalgia; chronic fatigue syndrome; systemic or cen-
tral lupus; or hypothyroidism). None of the participants with mild
TBI had abnormal results on anatomic imaging (CTor MRI), nor had
any participants a skull fracture. All patients underwent a series of
neuropsychologic tests including Positive and Negative Affect Scale
(PANAS); Borg Perception of Mental Exertion; Neuropsychological
Impairment Scale, providing T-scores for global, affective, cognitive,
attention, and memory components; and Fatigue Severity Scale. In
addition, the results of their original neuropsychologic test were
reviewed.

Potential healthy participants were recruited from responders to
advertisements or recruitment posters. All were briefly screened

by telephone for medical history, neuropsychologic trauma (e.g.,
loss of consciousness, exposure to chemicals, or head injury), and
alcohol use; underwent a physical examination; and had a com-
puter-assisted structured psychiatric diagnostic interview, the Di-
agnostic Interview Schedule, version III-A (13). Those who
reported chronic fatigue or fibromyalgia, had a major medical
illness (such as high blood pressure, diabetes, or severe asthma),
or had any current or historic psychiatric diagnosis (including
alcohol or drug abuse) were excluded from the study population.
Only right-handed subjects were included in the study.

SPECT Image Processing
SPECT was performed using either of 2 Phillips g-cameras: a

Prism 3000 triple-head with ultra-high-resolution fanbeam colli-
mators or an ADAC Genesys Epic dual-head with low-energy
high-resolution collimators.

Both systems reconstructed SPECT images using filtered back-
projection with Chang attenuation correction. They yielded ap-
proximately 40 transverse slices obtained at single-pixel thickness
(2 mm) with a system spatial resolution of 7 mm (full width at
half-maximum). Images were analyzed with the Neurostat soft-
ware package (University of Washington) (14,15). Each pair of
activation and resting images was spatially coregistered first with
a rigid transformation algorithm, followed by stereotactic spatial
normalization to the Talairach atlas with a nonlinear transforma-
tion algorithm. Spatially normalized resting and activation images
were averaged to produce a single-template image. Finally, indi-
vidual resting and activation images were processed for a pixel-
wise normalization of global counts using the template image.

Data and Statistical Analysis
After image registration and pixel normalization, individual

activation and resting images were compared to investigate
regional activation and suppression with PASAT. Statistical anal-
ysis was done using a paired t test on a voxel-by-voxel basis. A
total of 118,787 voxels were analyzed. To visually investigate
regions showing activation or suppression during PASAT, we
highlighted voxels showing activation (z score . 1.96, P , 0.05)
or suppression (z score , 21.96, P , 0.05) on a template MR
image. In addition, regions showing activation or suppression
were investigated using the Talairach atlas, based on the coordi-
nates of voxels and Brodmann areas (BAs) on the template image.
The level of significance was set at P , 0.05, corresponding to a z
score of 1.96. After correction of multiple comparisons, P , 0.05
corresponds to a z score of 4.50. For correlation analysis, pairwise
subtractions were conducted between resting and activated scans.
Cortical activity after the individual subtraction was extracted
using 3-dimensional stereotactic surface projection and mapped
on the brain surface consisting of a total of 15,964 points. The
subtracted cortical activity in each voxel was compared with
PASAT score. Cortical regions showing a significant correlation
with PASAT score were investigated using coordinates of sub-
traction analysis and Talairach atlas. The level of significance was
set at P , 0.0001. PASAT scores were analyzed using an unpaired
t test. The level of significance was set at P , 0.05 for the
comparison of all trials of PASAT scores.

RESULTS

The final study population included 15 patients with mild
TBI and 15 healthy control subjects. The mild-TBI group
consisted of 12 women and 3 men, with a mean age (6SD)
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of 45 6 11 y and an age range of 27–60 y. Thirteen of the
patients had been injured as a passenger in a motor vehicle
accident, and 2 had been injured as a bicycle rider in a
collision with a motor vehicle. The patients had an average
of 16 6 3 y of education (range, 12–24 y). The average
interval between the incident and the SPECT scan was 28.6
mo. The results (mean 6 SD) of the psychiatric interviews
were as follows: mean total scores of 17.5 6 2.6 for Borg
Perception of Mental Exertion, 54.4 6 7.7 for Fatigue
Severity Scale. The mean T-scores for the Neuropsychological
Impairment Scale were 73.1 6 6.2 for global impairment,
60.9 6 5.7 for affective, 73.3 6 6.1 for cognitive efficiency,
71.8 6 7.6 for attention, and 66.9 6 6.4 for memory. The
original cohort was 16 patients; 1 patient was excluded
because of movement during brain SPECT. No patient was
excluded because of depression. Six of the 15 were
involved in litigation at the time of the procedure. None
were involved in disability claims. The healthy control
group consisted of 12 women and 3 men. This group did
not significantly differ from the patients in age (43 6 9 y,
ranging from 28 to 58 y) or years of education (17 6 2 y,
ranging from 14 to 20 y).

In all 4 trials, patients with mild TBI had lower PASAT
scores than did the control subjects. PASAT results (patients
vs. controls) were 35.2 6 13.0 vs. 43.7 6 3.7 (P , 0.05)
for trial 1, 34.2 6 10.6 vs. 39.1 6 6.3 (P 5 not statistically
significant [NS]) for trial 2, 30.9 6 11.8 vs. 35.3 6 6.8
(P 5 NS) for trial 3, and 24.6 6 11.8 vs. 28.7 6 9.1 (P 5

NS) for trial 4. Among the 4 trials, the score of the first trial
of PASAT (PASAT24, performed during the 99mTc-ethylene
cysteine dimer uptake period) was significantly lower for
patients with mild TBI. The result of PASAT24 did not
correlate with population age or years of education in either
of the groups.

Figure 1 compares increased regional cerebral blood flow
(rCBF) during the PASAT activation task between the 2
groups. Pixels showing a z score greater than 1.96,

corresponding to a P value of less than 0.05, are high-
lighted. Tables 1 and 2 summarize regional activation in
healthy control subjects and patients with mild TBI, re-
spectively. In healthy control subjects, the PASAT task
activated the superior temporal cortex (BA 22) bilaterally,
the precentral gyrus (BA 9) on the left, and the precentral
gyrus (BA 6) and cerebellum bilaterally. The anterior
cingulate cortex showed activation but with a relatively
low z score (2.88, P , 0.01) (Table 1). Patients with mild
TBI also had bilateral activation of the superior temporal
cortex (BA 22) and precentral gyrus (BA 6). However, they
demonstrated larger areas of bilateral activation in the
dorsolateral prefrontal cortex (BAs 9, 10, and 46) and
insula (BA 13), whereas smaller areas of activation were
seen in cerebellum (Table 2).

Figure 2 compares suppressed rCBF during the PASAT
activation task. Tables 3 and 4 summarize regional suppres-
sion in healthy control subjects and patients with mild TBI,
respectively. In healthy control subjects, the PASAT task
suppressed areas of the medial frontal to anterior cingulate

FIGURE 1. Comparison of activated rCBF during PASAT
task between healthy control subjects (HC) and patients with
mild TBI (mTBI). Results of z score analyses are overlaid on
MR image of template atlas. Voxels showing z score . 1.96
are highlighted. First row: representative 5 slices. Second
and third rows: surface projection map images of same
results.

TABLE 1. Summary of Activation in Healthy Control Subjects

Talairach coordinates (mm)

z score x y z Region

5.24 33 5 36 L precentral gyrus, BA 9
4.52 264 222 4 R superior temporal gyrus, BA 22

4.43 37 271 243 L cerebellum

4.38 10 233 9 L thalamus

4.32 21 21 50 R superior frontal gyrus, BA 8
4.27 219 262 240 R cerebellum

3.87 224 14 0 R putamen

3.68 62 235 9 L superior temporal gyrus, BA 22

3.4 237 17 11 R insula, BA 13
3.38 235 23 4 R inferior frontal gyrus, BA 45

3.36 242 215 27 R precentral gyrus, BA 6

3.29 28 213 11 R thalamus
3.12 3 1 52 L medial frontal gyrus, BA 6

L 5 left hemisphere; R 5 right hemisphere.
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cortex (BAs 9, 10, and 24) bilaterally, the parahippocampal
gyrus (BA 19) bilaterally, the posterior cingulate cortex
(BA 23) on the left, and the precuneus (BA 31) on the right
(Table 3). Patients with mild TBI showed suppression in the
left posterior cingulate cortex (BA 29) and right precuneus
(BA 7). However, they showed less suppression in the medial
frontal cortex and larger areas of suppression in the parieto-
occipital cortex (BAs 7, 18, and 19) (Table 4).

Figure 3 shows regions with a significant positive corre-
lation between activation and PASAT24 scores. Tables 5
and 6 summarize the regional correlation in healthy control
subjects and patients with mild TBI, respectively. In
healthy control subjects, PASAT24 scores correlated sig-
nificantly with activation in the right and left cerebellum,
right superior to middle frontal gyrus (BA 6), left inferior
frontal cortex (BA 47), and right superior temporal cortex

(BA 22). Patients with mild TBI showed less correlation in
the cerebellum, whereas similar activations were observed
in the superior temporal cortex (BA 22) and superior frontal
cortex (BA 6). Additional areas of correlation were found
in the dorsolateral prefrontal cortex (BAs 45 and 46) and
anterior cingulate cortex (BA 32) (Tables 5 and 6).

DISCUSSION

PASAT results in the present study showed a tendency
toward lower PASAT scores in mild-TBI patients than in
control subjects. In particular, the score of the first trial of
PASAT (PASAT24) was significantly lower in patients with
mild TBI who complained of cognitive fatigue.

TBI is not rare. Of all cases, mild TBI comprises
approximately 80%. On the basis of the U.S. annual
incidence of mild TBI (503.1 cases per 100,000 individuals
(16)) and the percentage of mild-TBI cases that are symp-
tomatic after a year (10% (1)), the incidence of chronic
symptomatic mild TBI is calculated at approximately 50
cases per 100,000 individuals. This number is higher than
the incidence of Parkinson disease, reported to be 19.0 per
100,000 (17). In addition, the relatively younger cohort in
mild TBI potentially faces decades of disability (1). Symp-
toms after mild TBI can be physical, cognitive, or social.
Most neuropsychologic symptoms of mild TBI generally
clear completely within the first 3 mo (1). Among these
symptoms, fatigue is one of the most frequently reported,
accounting for almost one third of a large group of mild-
TBI patients 6 mo after injury, and is associated with
limitations in daily functioning (18). In the present study,
mild-TBI patients were recruited from a population that
presented with cognitive fatigue as a prominent contributor
to their inability to return to normal work despite relatively

TABLE 2. Summary of Activation in Mild TBI

Talairach coordinates (mm)

z score x y z Region

4.67 237 17 4 R insula, BA 13

4.03 39 26 20 L middle frontal gyrus, BA 46
4.00 28 226 22 R thalamus

3.85 217 62 22 R superior frontal gyrus, BA 10

3.82 242 210 32 R precentral gyrus, BA 6

3.80 35 17 11 L insula, BA 13
3.62 253 253 222 R cerebellum

3.57 39 37 4 L inferior frontal gyrus, BA 46

3.55 35 26 32 L precentral gyrus, BA 6

3.54 242 21 20 R inferior frontal gyrus, BA 9
3.43 53 228 9 L superior temporal gyrus, BA 41

3.36 262 246 22 R supramarginal gyrus, BA 40

3.34 219 5 22 R putamen

3.33 19 55 25 L superior frontal gyrus, BA 9
3.31 228 26 32 R middle frontal gyrus, BA 9

3.29 251 217 4 R superior temporal gyrus, BA 22

3.18 21 21 22 L putamen

L 5 left hemisphere; R 5 right hemisphere.

FIGURE 2. Comparison of suppressed rCBF during PA-
SAT task between healthy control subjects (HC) and patients
with mild TBI (mTBI). Results of z score analyses are overlaid
on MR image of template atlas. Voxels showing z score .

1.96 are highlighted. First row: representative 5 slices.
Second and third rows: surface projection map images of
same results.
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normal neuropsychologic test results. Subjectively, how-
ever, they experienced significant levels of perceived global
impairment, attention and memory problems, higher-order
mental functioning problems, and depression and anxiety
(affect scale). The selection process may have been biased
by the fact that most of the present cohort was of high

intelligence and had cognitively demanding jobs: 3 regis-
tered nurses, 1 physician, 1 attorney, 3 executives, 1 social
worker, 1 grief counselor, 1 contractor, 2 homemakers,
1 office manager, and 1 computer programmer. Other
possible causes of selection bias are the fact that all patients
were in the chronic phase of TBI, all had been injured more

TABLE 3. Summary of Suppression in Healthy Control Subjects

Talairach coordinates (mm)

z score x y z Region

24.86 30 217 4 L putamen

24.69 6 253 20 L posterior cingulate, BA 23
24.14 226 251 27 R parahippocampal gyrus, BA 19

24.08 1 219 220 Pons

23.99 37 244 27 L parahippocampal gyrus, BA 19

23.94 210 251 32 R precuneus, BA 31
23.83 8 282 29 L lingual gyrus, BA 18

23.82 12 48 0 L anterior cingulate, BA 10

23.73 48 264 24 L inferior temporal gyrus, BA 37

23.65 21 217 36 R cingulate gyrus, BA 24
23.58 253 3 9 R precentral gyrus, BA 6

23.44 21 280 24 R lingual gyrus, BA 18

23.35 42 226 222 L fusiform gyrus, BA 20

23.33 28 62 24 R medial frontal gyrus, BA 10
23.29 6 55 14 L medial frontal gyrus, BA 9

23.28 242 231 29 R inferior parietal lobule, BA 40

23.28 226 23 214 R inferior frontal gyrus, BA 47
23.23 39 264 25 L middle temporal gyrus, BA 39

23.23 24 289 22 L middle occipital gyrus, BA 18

23.22 48 213 29 L superior temporal gyrus, BA 22

23.22 21 260 18 R precuneus, BA 23
23.17 246 271 9 R middle occipital gyrus, BA 19

23.14 217 21 225 R uncus, BA 28

23.12 257 215 211 R middle temporal gyrus, BA 21

23.1 210 278 25 R cuneus, BA 18

L 5 left hemisphere; R 5 right hemisphere.

TABLE 4. Summary of Suppression in Mild TBI

Talairach coordinates (mm)

z score x y z Region

24.82 226 280 25 R cuneus, BA 19

24.41 28 231 214 R cerebellum
24.19 23 26 47 R cingulate gyrus, BA 24

23.94 260 219 34 R postcentral gyrus, BA 3

23.75 244 264 2 R inferior temporal gyrus, BA 37

23.72 1 255 11 L posterior cingulate, BA 29
23.60 24 276 27 L lingual gyrus, BA 18

23.59 39 213 222 L subgyral, BA 20

23.46 210 242 45 R precuneus, BA 7

23.44 235 260 18 R middle temporal gyrus, BA 19
23.39 33 276 14 L middle occipital gyrus, BA 19

23.29 24 253 56 L superior parietal lobule, BA 7

23.25 46 269 0 L inferior temporal gyrus, BA 37
23.22 228 258 24 R parahippocampal gyrus, BA 19

23.18 239 255 18 R superior temporal gyrus, BA 22

23.18 239 242 216 R fusiform gyrus, BA 37

L 5 left hemisphere; R 5 right hemisphere.
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than 6 mo previously, all had mild TBI, all had normal CT
or MRI results, none had a primary psychiatric condition,
and all were of middle age (chosen as such for better
matching). In short, the present study focused on cognitive
fatigue in a group of patients with chronic, mild TBI and
relatively normal neuropsychologic test results. This selec-
tion bias might lead to PASAT results showing only mild
neuropsychologic impairment. In the present study, patients
with mild TBI demonstrated reproducibly lower scores, but
the differences reached statistical significance only in the
first of the 4 sessions.

Statistical analyses of rCBF demonstrated a different
pattern of activation between patients with mild TBI and
healthy control subjects. The activation task induced a
dynamic change in supratentorial rCBF in mild-TBI pa-
tients, whereas negligible activation was observed in the
cerebellum. The PASAT activation task is conceptualized
as multifactorial. It requires the successful completion of

numerous cognitive functions, including executive control,
numeric addition, attention, and working memory (19,20),
which are expected to induce multiple areas of activation.
Our results, showing activation in the dorsolateral prefron-
tal cortex, right and left superior temporal gyrus, right and
left medial frontal cortex, and cerebellum in healthy control
subjects, are consistent with the above hypothesis. This
distribution is in agreement with previous studies that
reported a similar regional activation pattern with PASAT
in healthy control subjects (8,21). We observed a pattern of
activation in mild-TBI patients different from that in
healthy control subjects. Patients with mild TBI presented
with less activation in the cerebellum despite relatively
more activation in the prefrontal cortex. This functional
frontocerebellar dissociation may indicate impaired con-
nection fibers due to axonal injury or degeneration after
TBI. However, the present results are difficult to interpret
because of the lack of evidence of, or the absence of,
structural abnormalities in white matter. Future investiga-
tions should include newer techniques such as diffusion
tensor tractography, which allows white matter connections
to be assessed in detail even in patients without an anatomic
abnormality on conventional CT or MRI. The mechanism
of frontocerebellar dissociation is also suggested by animal
experiments that have reported axonal fiber track degener-
ation in the cerebellum, particularly in the inferior vermis,
of every injured animal even though the cortex had been the
target of focal injury (22). Interestingly, a recent clinical
investigation on children with mild to moderate TBI
reported significantly reduced white matter volumes in
the cerebellum and its projection areas, including the
dorsolateral prefrontal cortex, thalamus, and pons (23).
The projection areas in patients with mild TBI showed
greater activation in the present study, particularly in the
dorsolateral prefrontal cortex, corresponding to the areas of
working memory and executive functions (24). This finding
may indicate preserved gray matter that was activated to
compensate for the frontocerebellar circuit (25). Such
compensatory activation was previously reported in alco-
holics using functional MRI (26). Their pattern of activa-
tion was slightly different from that in mild-TBI patients,
probably because white matter connection fibers were not

FIGURE 3. Results of correlation analyses. First and third
rows show voxels with positive correlation between regional
activation and PASAT24 scores (z score . 1.96) in healthy
control subjects (HC) and patients with mild TBI (mTBI),
respectively. Second and fourth rows show same results
overlaid on corresponding activation maps.

TABLE 5. Summary of Correlation with PASAT in Healthy Control Subjects

Talairach coordinates (mm)

R z score x y z Region

0.979806 3.43 22 259 225 R cerebellum

0.949166 3.27 38 272 227 L cerebellum

0.926906 2.66 223 7 63 R superior frontal gyrus, BA 6

0.918788 2.59 36 27 216 L inferior frontal gyrus, BA 47
0.885989 2.35 232 20 54 R middle frontal gyrus, BA 6

0.849835 2.14 265 227 5 R superior temporal gyrus, BA 22

0.844485 2.12 0 229 9 R thalamus

L 5 left hemisphere; R 5 right hemisphere.
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damaged in the alcoholic population without a history of
brain trauma.

Finally, we observed in controls that activation in the
cerebellar cortex correlated significantly with PASAT per-
formance score. Although patients with mild TBI showed
less correlation in the cerebellum, they showed significant
correlations in the inferior frontal and superior temporal
cortices instead. This finding is consistent with the hypoth-
esis suggesting a mechanism of compensation. The results of
the present study contrast with previous activation studies on
depressed populations. Those studies have generally shown
less activation in prefrontal cortices during neuropsycho-
logic tasks (27,28). Depressed patients may be less inter-
ested in participating and may not make an effort, which is
needed to activate the compensatory mechanism involving
large areas of the prefrontal cortices. In the present study,
however, the mild-TBI subjects clearly made an effort, as the
overall PASAT results were not statistically worse than those
of healthy controls although PASAT is challenging. Healthy
control subjects had less evident correlations in prefrontal
regions, probably because of intact cerebellar function and
an efficient frontocerebellar circuit.

The major methodologic limitations of the present study
include the lack of a group comparison of baseline or
activation rCBF between healthy control subjects and pa-
tients with mild TBI. The 2 groups of subjects were
systematically recruited rather than randomized. The healthy
group was recruited from a population who volunteered for a
research imaging study, whereas the patients with mild TBI
were recruited from a population who were seen with
complaints of cognitive fatigue by a community neurologist.
Although the same SPECT scanner was assigned to a single
person for the resting and activation studies, healthy controls
and patients were scanned on different scanners, possibly
inducing a systematic bias. We therefore did not compare
baseline rCBF or activation rCBF, because of the possibility
of bias due to the different scanners used. Activated rCBF
was generated by subtraction of resting rCBF from activated
rCBF and was relatively independent of bias. Another
limitation of the present study was the lack of comparison

between subjective symptoms and objective findings. We
used PASAT score as the only measure of cognitive function.
The results of PASAT serve as an objective evaluation of
cognitive function but may not directly associate with
subjective symptoms.

On the basis of the present findings of frontocerebellar
dissociation, future studies should focus on the correlation
between degree of subjective cognitive fatigue and degree
of functional dissociation or should investigate a non-
cognitively fatigued mild-TBI cohort. In addition, long-
term follow-up of the same population is needed to assess
the study phenomenon over time and in response to treat-
ment. Future studies should also investigate if cognitive
fatigue in other conditions is related to a similar phenom-
enon and should include comparisons to other imaging
modalities such as 18F-FDG PET and diffusion tensor MRI.

CONCLUSION

Statistical analyses of rCBF demonstrated a different
pattern of activation between patients with mild TBI and
healthy control subjects. Patients with mild TBI showed
dynamic changes in supratentorial rCBF during PASAT,
with larger areas of activation bilaterally in the dorsolateral
prefrontal cortex and larger areas of suppression in the
occipital and parietal cortices.

Activation in the cerebellar cortex was prominent in healthy
controls and correlated significantly with PASAT performance
scores in control subjects. Patients with mild TBI showed
significant correlations in the inferior frontal and superior
temporal cortices instead, suggesting a compensatory mech-
anism. This frontocerebellar dissociation in patients with mild
TBI may explain the cognitive impairment and cognitive
fatigue in the chronic recovery phase of mild TBI.
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