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Abstract

Traumatic brain injury (TBI) is often associated with enduring impairments in high-level cognitive functioning,
including working memory (WM). We examined WM function in predominantly chronic patients with mild,
moderate and severe TBI and healthy comparison subjects behaviorally and, in a small subset of moderate-to-severe
TBI patients, with event-related functional magnetic resonance imaging (fMRI), using a visualn-back task that
parametrically varied WM load. TBI patients showed severity-dependent and load-related WM deficits in
performance accuracy, but not reaction time. Performance of mild TBI patients did not differ from controls; patients
with moderate and severe TBI were impaired, relative to controls and mild TBI patients, but only at higher
WM-load levels. fMRI results show that TBI patients exhibit altered patterns of activation in a number of
WM-related brain regions, including the dorsolateral prefrontal cortex and Broca’s area. Examination of the pattern
of behavioral responding and the temporal course of activations suggests that WM deficits in moderate-to-severe
TBI are due to associative or strategic aspects of WM, and not impairments in active maintenance of stimulus
representations. Overall, results demonstrate that individuals with moderate-to-severe TBI exhibit WM deficits that
are associated with dysfunction within a distributed network of brain regions that support verbally mediated WM.
(JINS, 2004,10, 724–741.)
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INTRODUCTION

Patients with even mild traumatic brain injury (TBI) often
suffer from a number of enduring cognitive impairments,
most notably in attention (e.g., McKinlay et al., 1981; Pons-
ford et al., 1995), processing speed (Ponsford & Kinsella,
1992; Ferraro, 1996; van Zomeren & Brouwer, 1987), mem-
ory (Levin et al., 1990) and negotiating multiple simulta-
neous task demands (i.e., dual-task performance; Cicerone,
1996; Leclercq et al., 2000; McDowell et al., 1997; Park
et al., 1999). Deficits in working memory (WM) function
in TBI are frequently mentioned in the literature. To date,
however, only a small number of studies haveexplicitly
examined WM function in TBI patients, behaviorally (e.g.,

Bublak et al., 2000; McDowell et al., 1997) or neurally
(Christodoulou et al., 2001; McAllister et al., 1999, 2001),
and none have involved parametric manipulation of WM
load across a range of difficultiesandacross a range of TBI
severity.

WM is a set of cognitive processes involved in actively
maintaining and manipulating information in mind in order
to guide contextually appropriate behavior (e.g., Baddeley,
1986; Goldman-Rakic, 1987). Thus, WM facilitates behav-
ioral guidance through internal representations, rather than
immediate external stimulation, thereby freeing the organ-
ism from stimulus-bound and reflexive responding. As such,
proper WM functioning is critical to high-level cognitive
activities, such as problem solving, planning, language and
guidance of contextually appropriate behavior. Given the
critical role of the prefrontal cortex (PFC) in WM (Cohen
et al., 1997; Goldman-Rakic, 1987; Perlstein et al., 2003a),
and the susceptibility of the PFC to insult in TBI (Adams
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et al., 1980), it is important to obtain a detailed understand-
ing of PFC-mediated WM function in patients with a range
of TBI severity.

Several previous studies have explicitly examined WM
function in patients with TBI using tasks specifically
designed to interrogate WM. McDowell et al. (1997; see
also Leclercq et al., 2000) examined WM function in
moderate-to-severe TBI using a dual-task paradigm, reveal-
ing selectively impaired performance in TBI patients under
dual-task conditions. Christodoulou et al. (2001) employed
a modified Paced Auditory Serial Addition Task (PASAT),
a task that requires maintenance and manipulation compo-
nents of WM, and found that chronic moderate-to-severe
TBI patients were significantly impaired relative to healthy
controls (see also Gronwall, 1986). Park et al. (1999) found
similar impairments in patients with severe TBI. McAllister
et al. (1999, 2001) employed an auditoryn-back task, with
load levels of zero through 2-back (1999) and extending to
3-back (2001), but did not observe significant differences
in performance at any load level between controls and
patients with acute mild TBI. Finally, Bublak et al. (2000)
demonstrated impaired WM functioning in severe TBI
patients using an action-sequencing task that was heavily
dependent upon maintaining and manipulating information
in WM.

Thus, while limited evidence points to the existence of
WM impairments in patients with TBI, findings are mixed
and conclusive evidence has not been demonstrated using
tasksspecifically designedto tap WM function across a
range of WM “loads”and across a range of TBI severity.
Beyond the studies cited above, most suggestions that TBI
patients suffer impaired WM processes comes either from
studies using experimental paradigms with a dual-task com-
ponent (Leclercq et al., 2000; McDowell et al., 1997, 1998;
Park et al., 1999) or from studies employing neuropsycho-
logical instruments with some WM demand (e.g., Wiscon-
sin Card Sort Task, WCST; Greve et al., 2002; Wiegner &
Donders, 1999). The introduction of a dual-task component
certainly taps the “central executive” component of WM
described by Baddeley (1986) and the supervisory atten-
tional system described by Norman and Shallice (1986; Shal-
lice & Burgess, 1996), both presumably mediated by the
PFC (D’Esposito et al., 1995; Dreher & Grafman, 2003;
Szameitat et al., 2002). Dual-task performance, however,
requires operations on multiple domains of information,
including task switching and allocation and coordination of
“processing resources” (Pashler, 1994). Observed TBI-
related deficits on dual-task paradigms could potentially
result from limited resource pools or difficulties coordinat-
ing dual-task demands, and not necessarily from the main-
tenance or manipulation of representations within WM.
Further, some traditional neuropsychological tasks (e.g.,
WCST) which have frequently been employed in studies of
TBI clearly tap WM, however, they engage other cognitive
processes in addition to those typically considered central
to WM (e.g., learning, reinforcement) or they may be open
to alternative task-performance strategies. The use of such

tasks has been an important step in identifying some of the
specific cognitive processes that may be impaired in patients
with TBI and the brain regions most vulnerable to disrup-
tion in such patients, but their complexity makes it difficult
to disentangle WM from other cognitive processes—the
so-called task impurity problem (Burgess, 1997; Miyake
et al., 2000; Phillips, 1997; Stuss & Alexander, 2000; Stuss
& Levine, 2002)—thereby making it difficult to determine
the presence of TBI-related WM deficits, as well as links
between WM deficits, manifest symptomatology, and altered
patterns of WM-related brain activity in patients with TBI.

The present study builds on the limited research into WM
function in TBI and begins to address the limitations
described above, first, by parametrically manipulating WM
load and, second, by exploiting the advantages of “event-
related” functional magnetic resonance imaging (fMRI) in
a small subset of participants to examine the neural bases of
WM dysfunction in TBI. By varying WM load in a graded
fashion, it becomes possible to examine behavioral perfor-
mance and selectively identify brain circuitry supporting
WM in healthy subjects in a dose–response fashion (e.g.,
Braver et al., 1997; Cohen et al., 1994, 1997; Perlstein et al.,
2001). Thus, we can evaluate dysfunction within this cir-
cuitry in TBI patients by assessing neural activity at multi-
ple levels of WM-demand and behavioral performance. More
specifically, we used a verbal sequential letter memory task—
the n-back task (Braver et al., 1997; Cohen et al., 1994,
1997; Perlstein et al., 2001)—to interrogate WM function-
ing across a range of WM “loads” in patients with mild,
moderate and severe TBI. Depending upon the load level,
the n-back task requires monitoring and coding of incom-
ing information, maintaining the appropriate number of items
in a “buffer,” temporally tagging, sequencing and updating
the information held in the buffer, and replacing no-longer
relevant information with newer, more relevant informa-
tion (Jonides & Smith, 1997). Various permutations of the
n-back task have been shown to systematically engage a
widespread network of regions involved in WM, particu-
larly regions of the prefrontal, anterior cingulate and pari-
etal cortices. For example, Cohen et al. (1994, 1997), Braver
et al. (1997), and Jonides and Smith (1997) demonstrated
using nearly identical versions of then-back task used in
the present research that increased WM load is associated
with poorer performance and increased activation of the
dorsolateral and inferior frontal (i.e., Broca’s area) regions
of the PFC, as well as the anterior cingulate and parietal
cortices. Additionally, patients with putative dorsolateral
prefrontal cortex (dlPFC) dysfunction (e.g., schizophrenia
patients) show reliable impairments in task performance
with concomitant alterations in dlPFC activation while per-
forming then-back task (Perlstein et al., 2001, 2003b). More
recently, an auditory version of then-back task has been
shown to differentiate brain activity (but not behavioral per-
formance) in patients with acute mild TBI from healthy
controls during WM (McAllister et al., 1999, 2001).

The use of an event-related fMRI acquisition method
confers several additional advantages over the more com-
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monly used “blocked-design” acquisition method used by
McAllister et al. (1999, 2001) and Christodoulou et al.
(2001). Most important with respect to the current fMRI
study is that event-related acquisition allows one to track
the temporal dynamics of the hemodynamic response dur-
ing the course of trials. The critical gain here is two fold:
First, we can obtain event-related activity associated with
stimulus encoding and manual response-related processes
without a requirement for introducing a separate set of task
conditions. That is, we can examine encoding and response-
related activity in the context of the task that is being per-
formed, thus, providing an important “internal activation
standard” (Weinberger & Berman, 1996). Second, we can
determine if activity differences between groups are reflected
not only in the magnitude of load-related activation, but
also in the time course of activation. That is, some group
differences may not simply be reflected in the relative mag-
nitude of task-related activation, but also in the temporal
dynamics of activation (Perlstein et al., 2003b). Moreover,
by examining the temporal course of the hemodynamic
response during the course of a trial, we may be further
positioned to make inferences regarding the potential com-
ponent processes supported by particular brain regions (e.g.,
Cohen et al., 1997; Courtney et al., 1997) and deficient in
patients with TBI. For example, using an identical task and
fMRI acquisition design, Cohen et al. (1997) exploited the
temporal resolution of fMRI to examine the dynamics of
regional activation. Their results demonstrated that WM-
load-sensitive areas dissociated into two types: (1) Those
involved in the active maintenance of task-relevant repre-
sentations, such as the dlPFC, and which exhibited sus-
tained activity; and (2) those involved in more time-limited
processes (e.g., updating WM contents, sequencing or assign-
ing temporal order, comparison processes), such as Broca’s
area and posterior parietal cortex, which exhibited an inter-
action between load and time, wherein activation was greater
and more prolonged as load increased.

Thus, the primary aims of the present research were to
(1) examine WM performance in healthy subjects and TBI
patients using a task that systematically manipulates WM
load; (2) determine if TBI severity is related to the degree
of WM impairment; and (3) in a small subset of TBI patients,
determine the neural correlates of WM impairment using
event-related fMRI. We predicted that TBI patients would
exhibit deficits in WMselectivelyat higher levels of WM
load and that greater TBI severity would be associated with
greater WM impairment. We also predicted that TBI patients
would show reduced activation of prefrontal cortical regions
believed to support associative or executive WM functions.

METHODS

Research Participants

Experimental participants were recruited from the commu-
nity through local advertisements, and included 26 healthy

participants and patients with mild (n 5 16), moderate
(n 5 8) and severe (n 5 18) TBI. Patient participants were
also recruited through the Florida Brain Injury Association,
the Brain and Spinal Cord Injury Program of Florida and
local Brain Injury Association Support Groups. Seven of
the control and seven moderate-to-severe TBI participants
also underwent fMRI scanning. All participants provided
written informed consent according to procedures estab-
lished by the Health Science Center Institutional Review
Board at the University of Florida.

All participants in the TBI groups sustained a TBI as
defined by the American Congress of Rehabilitation Medi-
cine (ACRM; 1993). None of the TBI participants were
actively engaged in legal action. TBI severity was deter-
mined retrospectively from comprehensive patient and
significant-other interview and, when available, medical
record review, related to acute neurological indices, includ-
ing duration of loss of consciousness (LOC), duration of
post-traumatic amnesia (PTA), and0or initial Glasgow Coma
Scale (GCS) score (Teasdale & Jennett, 1974). Mild TBI
was operationalized as a GCS score between 13–15, LOC,
30 minutes, and0or PTA , 24 hours (American Congress
of Rehabilitative Medicine, 1993). Moderate TBI was
defined as a GCS score between 9 and 12, LOC between
30 min and 6 hr, and0or PTA between 1 and 7 days (Bigler,
1990; Bond, 1986; Lezak, 1995). Severe TBI was defined
as a GCS score, 9, LOC . 6 hr, and0or PTA . 6 hr
(Bigler, 1990; Bond, 1986; Lezak, 1995). When multiple
indices (LOC, PTA, GCS) were available, all were required
to fall within the limits specified. Potential participants were
excluded from study for the following reasons: history of
schizophrenia or bipolar disorder, attention deficit hyper-
activity disorder, learning disability, alcohol or substance
abuse within 6 months prior to testing, other acquired brain
disorders (e.g., epilepsy, stroke), inpatient psychiatric treat-
ment predating brain injury, clinically significant depres-
sion or anxiety predating brain injury within two years prior
to injury. Patients with language comprehension deficits,
impairments of hand or finger mobility, or uncorrected visual
impairments were also excluded from the study. Finally,
potential participants with TBI were excluded from the study
if insufficient data were available for making severity clas-
sification. All participants were paid for their participation.

Demographic characteristics of the study participants are
provided in Table 1. The majority of TBI patients (85.7%)
were chronic; that is 36 of the 42 TBI patients were at least
12 months post injury. For both the behavioral and fMRI
studies, the groups were well matched for education and
parental education (allps . .23). While the control and
TBI groups did not differ in age in the subset of participants
in the fMRI study @F~1,12! # 2.91, ps . .11], they did
significantly differ in age in the behavioral study@F~3,64! 5
5.70, p . .002]: the severe TBI group was significantly
older than both the control and mild TBI groups (ps, .02).
Consequently, group-related performance differences were
verified on a subsample of participants that was well matched
for age. The control and TBI groups differed significantly
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on the number of errors on the North American Adult Read-
ing Test [NAART; Blair & Spreen, 1989;F~3,62! 5 4.51,
p , .007]. Data for 2 control subjects were not available.
Patients in the severe TBI group made significantly more
errors compared to all other groups (ps , .03). Regarding
depressive and anxiety symptomatology, as measured by
the Beck Depression Inventory (BDI; Beck et al., 1961)
and State-Trait Anxiety Inventory (STAI; Spielberger et al.,
1970), the groups did not significantly differ on total BDI
or Trait Anxiety scores (ps . .10). However, the groups
did significantly differ on their ratings of State Anxiety
@F~3,39! 5 3.84,p , .02]. Bonferroni-corrected multiple
comparisons revealed that severe TBI patients reported sig-
nificantly more anxiety than mild TBI patients (p , .008).

Cognitive Tasks

Subjects performed a visual sequential-letter memory task—
the “n-back” task previously used by the authors (Cohen
et al., 1997; Perlstein et al., 2001, 2003b) and others (Smith
& Jonides, 1998)—that parametrically-varied WM load from
zero to 3 items. In the zero-back condition, the target was
any letter that matched a pre-specified letter (e.g.,X ). In
the 1-back condition, a target was any letter that was iden-

tical to the one immediately preceding it (i.e., one trial back).
In the 2- and 3-back conditions, a target was any letter that
was identical to the one present two and three trials back,
respectively. Stimulus encoding and response demands are
constant across conditions; only requirements to maintain
and update increasingly greater amounts of information at
higher loads differ.

The n-back task was developed on the PsyScope plat-
form (Cohen et al., 1993) and comprised pseudo-random
sequences of single consonants centrally presented on a
visual display (500-ms duration). Subjects responded with
a dominant-hand button press to each stimulus, pressing
one button to targets (p 5 .33) and another to non-targets.
In each trial block, a number of stimuli were non-target
repeats that were included as foils (e.g., 1-back repeats in
the 2-back task). For the behavioral study, the stimulus onset
asynchrony (SOA) was 4 s and conditions were run in blocks
of 18 stimuli (72 s), with six blocks for each load condition.
For the scanning study, the SOA was 10 s (to allow for
acquiring multiple volumes during the course of a trial) and
conditions were run in blocks of 14 stimuli (140 s), with
five blocks for each load. Order of task conditions was
randomized within and across subjects, and subjects were
given visual instructions regarding the task condition to be

Table 1. Mean (SE) demographic characteristics of experimental participants

Behavioral study fMRI study

Control
Mild
TBI

Moderate
TBI

Severe
TBI Control

Moderate0
severe TBIa

N 26 16 8 18 7 7
Age 35.7 (1.8) 30.8 (2.0) 33.8 (4.2) 43.9 (2.4) 33.4 (1.84) 42.0 (4.68)
Age range 19–56 21–48 19–53 25–55 27–40 21–52
Gender (men0women) 15011 907 602 1107 403 502
Education 13.9 (0.36) 15.1 (0.48) 13.9 (0.89) 13.9 (0.47) 13.7 (0.84) 13.6 (0.71)
Parental education 13.8 (0.52) 13.3 (1.01) 14.3 (0.68) 13.3 (0.42) 14.8 (1.05) 13.4 (0.59)
Time since injury (months) — 62 (12) 107 (55) 110 (23) — 108 (49)
Time since injury range — 1–137 1.5–444 11–384 — 14–384
LOC duration (hr) — 0.03 (0.01) 4.8 (3.3) 424.3 (143.8) — 368 (206)
LOC duration range — 0–0.17 0.02–24 24–2160 — 0.02—1000
PTA duration (hr) — 2.0 (0.8) 80.7 (40.7) 909.6 (248.4) — 530 (211)
PTA range — 0–10 0.02–288 29–4320 — 0.02–1000
Handedness (R0L 0A) 250100 120301 70100 120402 70000 60100
NAART errors 26.9 (2.0) 22.9 (2.7) 25.5 (4.3) 36.6 (3.3) 30.2 (3.9) 36.2 (6.5)
NAART VIQ 104.8 (1.8) 108.3 (2.4) 106.0 (3.8) 96.1 (3.0) 101.8 (3.5) 96.4 (5.8)
BDI 1.96 (0.44) 3.31 (0.93) 2.63 (1.06) 4.24 (0.75) 2.6 (1.5) 2.6 (0.7)
STAI–State 27.0 (1.37) 25.2 (1.4) 36.2 (6.7) 32.9 (2.8) 29.7 (4.3) 27.0 (1.0)
STAI–Trait 27.3 (2.1) 30.7 (1.9) 36.6 (7.2) 35.4 (4.5) 25.0 (1.0) 26.5 (5.5)

Mechanism of injury (%)
MVA — 31.3 (5) 75.0 (6) 72.2 (13) — 85.7 (6)
MVA vs. Pedestrian — 6.3 (1) 25.0 (2) 16.7 (3) — 14.3 (1)
Fall — 12.5 (2) 0.0 5.6 (1) — 0.0
Sports — 50.0 (8) 0.0 5.6 (1) — 0.0

aIncludes 6 moderate and 1 severe TBI participants.
Note. LOC 5 loss of consciousness; PTA5 post-traumatic amnesia; MVA5 motor vehicle accident; BDI5 Beck Depression Inventory; STAI5
State-Trait Anxiety Inventory; NAART VIQ5 NAART estimated verbal IQ standard score.
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performed at the start of each trial block. Prior to perform-
ing the task, subjects were pre-practiced to ensure that they
understood the task instructions and were capable of per-
forming the task.

Analysis of Task Performance

To test thea priori hypotheses that TBI patients would
perform more poorly than comparison subjects at higher
load levels, mixed-design analyses of variance (ANOVAs)
and tests of linear and quadratic trends over load were con-
ducted on error rates and RTs, with the between-subjects
factor of severity (control, mild, moderate, severe) and the
within-subject factor of WM load (zero- through 3-back).
Behavioral data from the fMRI study were similarly ana-
lyzed, but the between-subjects factor was group (controls,
TBI patients). For ANOVAs where there were more than
two levels of a within-subject factor, the Huynh-Feldt epsi-
lon adjustment (Huynh & Feldt, 1976) was used; uncor-
rected degrees of freedom and correctedp-values are
reported. Planned and follow-up contrasts were also
employed and, where appropriate, used the Bonferroni
adjustment for multiple comparisons (Keppel, 1982).

Functional Neuroimaging

Image acquisition

Scanning took place in a conventional 3T GE Signa whole-
body scanner using a standard RF head coil. Functional
images were acquired in the axial plane using a 2-interleave
T2*-weighted spiral-scan pulse sequence (repetition time5
1250 ms0spiral, echo time5 18 ms, flip angle5 658, field
of view5 24 cm) (Noll et al., 1995) and were composed of
isotropic voxels (3.75 mm3) acquired at 23 contiguous loca-
tions parallel to the anterior commissure–posterior commis-
sure (AC–PC) line. Scan acquisition was time-locked to
each stimulus onset, and each scan yielded four image vol-
umes for each 10-s trial, providing four hemodynamic
response points during the course of a trial. The first three
trials of each block were discarded to allow for loading of
WM at the outset of the task. Prior to functional scanning,
T1-weighted structural images were acquired in the same
planes as the functional images for anatomical localization
and coregistration of images across subjects for group-wise
analyses.

Image reduction and analysis

Following reconstruction, images were movement cor-
rected using a six-parameter automated image registration
algorithm (AIR; Woods et al., 1992), subject to block-wise
linear detrending and normalization to a common mean sig-
nal intensity. Each subject’s structural images were then
co-registered to a common reference (one of the control
subject’s structural images) using 12-parameter AIR and
smoothed using a three-dimensional Gaussian filter (8-mm

FWHM) to accommodate between-subject differences in
brain anatomy. Functional scans were excluded from sub-
sequent analyses if any of their movement parameters for a
given subject exceeded the 99.5% quantile for movement
parameters across the two groups.1 The resulting image set
contained an equal number of images for the two groups
(M 6 SE: Control: 7926 13; CHI: 7906 13) and did not
significantly differ @t~13! 5 0.10,p . .92] as a function of
group.

Imaging data were analyzed using two complementary
approaches—between-group and within-group—based on
voxel-wise statistical tests and follow-up contrasts on sig-
nal intensity in identified regions using between-group tests
of linear and quadratic trends. Voxel-wise statistical maps
were generated for each pattern of interest and then thresh-
olded for significance using a cluster-size algorithm that
protects against an inflation of the false-positive rate with
multiple comparisons (Forman et al., 1995). For the between-
groups analyses a cluster-size threshold of 8 voxels and a
per-voxel alpha of .01 was chosen, corresponding to a cor-
rected image-wise false-positive rate of .01. A more liberal
alpha of .025 was used for the individual-group analyses in
order to maximize the likelihood of obtaining suprathresh-
old activity in TBI patients. Image preprocessing and voxel-
wise analyses were conducted using Neuroimaging Software
(NIS; http:00kraepelin.wpic.pitt.edu0nis0). Anatomic local-
ization of suprathreshold activity was determined by over-
laying activation maps onto the reference structural image
and transformation into standard reporting coordinates
(Talairach & Tournoux, 1988) using AFNI software (Cox,
1996).

The between-groupanalyses used voxel-wise mixed-
model 2 (group)3 4 (load) ANOVAs with subject serving
as the random effect. As we were interested in regions show-
ing load-related activity that systematically increased with
increased WM load, only regions showing increasing activ-
ity in the load main effect were considered as load sensi-
tive. A second voxel-wise analysis, collapsed across groups,
identified regions showing transient signal increases over
time—greater during Scans 2 and 3 than Scans 1 and 4. This
analysis, used to identify transient increases associated with
stimulus- and response-locked events, enables examination
of possible group differences in brain activity associated
with stimulus-encoding and response processes and to assess
for the presence of an internal activation standard. The
within-groupanalyses employed voxel-wise monotonicity
tests (Braver & Sheets, 1993), with subject as the random

1To examine the possibility that movement artifacts impaired the detec-
tion of cortical activation in patients, we analyzed the six estimated move-
ment parameters (pitch, roll, yaw,x, y and z) for the absolute value of
scan-to-scan movement. The estimated movement parameters were sub-
ject to separate Group3 Load ANOVAs, which yielded no significant
differences for any of the parameters as a function of group, load or their
interaction (Fs , 2.00,ps . .19). The absence of group-related move-
ment differences suggests that the group-related activation differences can-
not be attributed to differential movement in the scanner. Further evidence
that movement does not contribute to the observed group-related effects is
the finding of comparable task-related effects in other areas.
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effect, to identify regions showing monotonic increases in
activity as a function of WM load, separately for each group.2

For all regions identified in the between-groups and
individual-group analyses described above, the average sig-
nal intensity across all voxels in significant clusters was
subject to tests of linear and quadratic trends over load for
each group separately to determine if only one or both groups
showed significant WM load effects.

RESULTS

N-Back Task Performance—
Behavioral Study

As expected, increased WM load was associated with greater
errors, and with more errors at higher load levels in TBI
patients compared to controls (Table 2 and Figure 1A). Addi-
tionally, greater TBI severity was associated with greater
error rates, particularly at higher load levels. These obser-
vations were statistically confirmed by significant linear
@F~1,64! 5 164.84,p , .0001] and quadratic@F~1,64! 5
5.48, p , .025] trends over load and a significant inter-
action of severity with the linear trend over load@F~3,64! 5
6.09,p , .001]. There was also a significant main effect of
severity@F~3,64! 5 7.48,p , .0002] reflecting an increas-
ing linear trend for greater error rates overall with increas-
ing TBI severity. Follow-up group-wise contrasts using
Bonferroni-corrected comparisons at each load level (criti-
calp , .0083) revealed that the moderate and severe groups

differed significantly from the control and mild TBI groups
only at the 2- and 3-back levels of WM load. Correct-trial
RTs similarly increased with increasing load [linear trend
over load:F~1,64! 5 131.24,p , .0001; cubic trend over
load: F~1,64! 5 4.99,p , .025], but did not significantly
differ as a function of severity, either as a main effect or
interaction (ps . .17).

Correlations between errors and RTs assessed the pres-
ence of speed-accuracy trade-offs and were conducted for
all groups separately and combined, collapsed across load.
There were no significant correlations for any comparison
@rs # 2.21, ps . .30]. Thus, speed–accuracy trade-offs
likely do not play a role in the pattern of findings described
above.

Finally, the four groups did not differ in the number of
responses overall in that they showed an equal proportion
of non-responses across load levels (p . .10) suggesting
that inattention or lack of behavioral engagement likely does
not account for the group-related performance differences.
Mean proportion of non-responses were: controls: .256
.08; mild TBI: .196 .06; moderate TBI: 1.86 1.00; and
severe TBI: 1.66 .63.

Analysis of Trial Type

We examined patterns of behavioral responding across dif-
ferent trial types to potentially illuminate component-
process deficits, as discussed by Perlstein et al. (2001,
2003b). Specifically, within the 1- through 3-back levels
of the task, there are three different trial types: targets, non-
targets, and foils. Foils are nontarget repeats within the
response set (e.g., 1-back match on the 2-back task, 2-back
match on the 1-back task, etc); nonfoil trials are nontarget,
nonrepeat trials. We compared error rates and RTs for the

2Such focused contrasts are generally considered to be more powerful
statistical tests than ANOVAs when a specific theoretical hypothesis is
being examined, and have been productively used in our previous studies
(Cohen et al., 1997; Perlstein et al., 2001, 2003b).

Table 2. Mean (SE) performance on then-back task

Behavioral study fMRI study

N-back load
Control

(N 5 26)
Mild TBI
(N 5 16)

Moderate TBI
(N 5 8)

Severe TBI
(N 5 18)

Control
(N 5 7)

TBI
(N 5 6)

Error rates
0-back .03 (.01) .06 (.01) .08 (.01) .07 (.01) .009 (.006) .018 (.022)
1-back .08 (.02) .11 (.02) .09 (.03) .14 (.03) .014 (.008) .057 (.021)
2-back .10 (.02) .10 (.02) .16 (.03) .22 (.02)a,b .031 (.022) .179 (.055)f

3-back .18 (.01) .18 (.02) .27 (.05) .32 (.03)a,b .078 (.045) .213 (.058)f

Reaction time (ms)
0-back 497.8 (20.0) 490.4 (19.0) 536.2 (48.5) 557.7 (19.3) 698.8 (45.6) 876.0 (79.2)
1-back 568.7 (23.3) 581.2 (34.9) 651.2 (78.4) 656.6 (26.3) 784.6 (67.2) 914.9 (97.6)
2-back 706.4 (36.3) 727.7 (44.1) 787.8 (83.6) 736.2 (29.0) 886.2 (101.6) 1120.2 (114.9)
3-back 790.0 (35.4) 773.9 (56.6) 882.0 (96.4) 745.8 (58.5) 978.6 (115.6) 1178.8 (177.8)

aSevere TBIvs.controls,p , .0083.
bSevere TBIvs.mild TBI, p , .0083.
cSevere TBIvs.moderate TBI,p , .0083.
dModerate TBIvs.control,p , .0083.
eModerate TBIvs.mild TBI, p , .0083.
fCHI vs.controlp , .05.
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three trial types to determine if foils were associated with
interference—greater errors and longer RTs to foils than
nonfoils—to determine if all groups showed the same pat-
tern. Such a pattern would be consistent with the hypothesis
that all groups adequately maintain trace representations of
stimulus identity, and that the observed WM deficit in
moderate-to-severe TBI reflects impaired associative deci-
sion processes in WM, such as updating or temporal
sequencing.

TBI patients showed a pattern of errors and RTs that
paralleled the pattern shown by controls; that is, more errors
on foil and target trials compared to nontarget, nonfoil trials
(Figure 1B). Analysis of trend over trial type revealed a
significant linear@F~1,64! 5 4.12,p , .05] and quadratic
@F~1,64! 5181.90,p , .0001] components, reflecting more

errors to foil than target trials and more errors to foil and
target compared to nontarget trials, respectively. Main effects
of severity@F~3,64! 5 7.15,p , .001] reflected increasing
errors overall with increasing severity, and an interaction of
severity with the quadratic trend over trial type@F~3,64! 5
3.42,p , .055] reflected greater foil and target errors in the
moderate and severe TBI groups compared to mild TBI and
control groups. Regarding RT, all groups showed longer
RTs to foil trials than to target and nonfoil, nontarget trials,
indicating the foils resulted in RT interference. Trend analy-
ses of RT yielded significant linear@F~1,64! 5 64.00,
p , .0001] and quadratic components@F~1,64! 5 100.22,
p , .0001]. There were no significant effects involving
severity. The linear trend reflects the longer RTs to foil than
target trials, and the quadratic effect reflect the longer RTs

Fig. 1. (A) Mean error rates and reaction times for the zero- through 3-back loads on then-back working memory task
for TBI patients and healthy comparison subjects. (B) Mean error rates and reaction times as a function of trial type on
then-back task for TBI patients and healthy comparison subjects. Bars represent6 1 SE.
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to foil and target compared to nontarget trials. There were
no significant main effects or interactions involving group.
Thus, the overall pattern of response as a function of trial
type in both controls and TBI patients is consistent with the
hypothesis that TBI patients adequately maintain trace rep-
resentations of stimuli in WM, but are impaired in a more
“executive” or temporal sequencing or tagging operation.

N-Back Task Performance—
fMRI Study

Behavioral data for the subset of participants who partici-
pated in both the behavioral and fMRI sessions largely par-
alleled the pattern of findings described above (Table 2).
Behavioral data for only six of the seven TBI patients were
available due to technical difficulties acquiring one partici-
pant’s behavioral data. For error rates, there was a signifi-
cant linear trend over load@F~1,11! 5 21.63,p , .001], a
significant main effect of group@F~1,11! 5 7.48,p , .02],
and a significant Group3 Load interaction@F~3,33! 5 4.27,
p , .025, Huynh-Feldt corrected], reflecting a significant
interaction of group with the linear trend over load
@F~1,11! 5 5.80,p , .035]. Follow-up group-wise compar-
isons at each load level revealed that the two groups dif-
fered significantly (ps , .036) only at the 2- and 3-back
load levels, with a trend toward significance at the 1-back
level (p , .072). Correct-trial RT data also paralleled the
pattern observed in the behavioral study. There was a sig-
nificant linear trend over load@F~1,11! 519.61p , .0001].
A trend toward longer RTs in the TBI than control subjects
did not reach statistical significance@F~1,11! 5 1.86,
p5 .20], nor did the group interaction with the linear trend
over load@F~1,11! 5 0.14,p . .70].

Cross-Study Comparison of
N-Back Performance

We next examined the accuracy data for the subset of par-
ticipants who completed both the behavioral and fMRI ses-
sions using a 2 (group)3 4 (load)3 2 (session) ANOVA.
Data for only 6 participants from each group were available
for this comparison.Analyses yielded significant main effects
of group @F~1,10! 5 10.52,p , .01], session@F~1,10! 5
6.14,p , .05], and load@F~3,30! 5 29.05,p , .0001], as
well as a significant Group3 Load interaction@F~3,30! 5
3.87,p , .025]. The session effect reflected greater error
rates during the behavioral (.1026 .013) than fMRI (.0736
.015) session, as might be predicted based on the more
rapid stimulation rate and limited time for temporal sequenc-
ing of stimuli in WM. The other effects paralleled those
described above, with increased errors as a function of
increasing WM load, and greater errors in TBI patients com-
pared to controls at higher levels of WM load. Thus, while
TBI patients performed more poorly at the faster stimula-
tion rate, the rate of stimulus presentation did not alter the
pattern of group-related load effects.

Age and NAART Scores as
Confounding Variables3

Differences in age and NAART scores between groups in
the behavioral study represent confounding variables. In
our analysis, age correlated significantly with the variables
that significantly differentiated the groups [error rates on
the 2- and 3-back load levels:r (66)$ .33,p , .007]. Thus,
we re-analyzedn-back data for a subset of age-matched
subjects after excluding the youngest mild TBI participant
and three oldest severe TBI participants. Exclusion of these
participants eliminated the age differences between groups,
and the matching on education remained. Results of these
analyses yielded a pattern of statistically significant effects
that was unchanged from the pattern described above.
NAART scores similarly correlated withn-back error rates
on the zero-, 2- and 3-back loads@r (64)$ 2.29,p , .02].
Reanalysis of the error-rate data after exclusion of the three
severe TBI patients who contributed most to this difference
yielded an identical pattern of statistically significant effects.
Thus, it is unlikely that age and NAART differences
accounted for the WM deficit observed in moderate-to-
severe TBI patients.

Functional Neuroimaging Data

Between-groups analysis

Voxel-wise Group3 Load ANOVAs (Table 3) revealed sig-
nificant monotonically increasing effects of WM load in a
network of regions shown previously to be engaged by
verbally-mediated WM (Figure 2A), primarily including
superior and inferior regions of the PFC bilaterally, as illus-
trated in the signal intensity plots of Figure 2. The main
effect of group revealed that activity in a region of the
posterior parietal cortex (Brodmann Area, BA 7; Talairach
coordinates:x 5 218, y 5 272, z 5 42; p , .008) was
greater in patients than controls, but this region did not
differ as a function of WM load. More importantly, a num-
ber of regions showed significant Group3 Load interaction
(Figure 2B), including the right dlPFC (BA 4609), left Bro-
ca’s area (BA 44) and parietal cortex (BA 40), and the ante-
rior cingulate gyrus (BA 32). These regions showed lesser
magnitude increases with increased WM load in patients
compared to controls, or non-linear load-related changes in
fMRI signal intensity in TBI patients (Figure 2).

Examination of regions exhibiting transient responses
associated with stimulus encoding- and button press
response-related processes (Figure 2C) revealed significant
activity in regions of the supplementary motor area (SMA;
BA 6), bilateral motor cortex (BA 3 and 4) and thalamus,
and visual cortex (BA 18). Follow-up contrasts on activity
in these regions showed that the two groups did not differ

3We chose not to conduct covariance analyses using age or NAART
score in light of discussions regarding its appropriateness to control for
differences betweenintact groups (Adams et al., 1985; Miller & Chap-
man, 2001; Strauss, 2001).
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Table 3. Brain regions showing a significant activity in the voxel-wise Group3 Load ANOVAs

p-value
Talairach

coordinatesa Loadb Group3 Loadc Controlsd TBI patientsd
Region of
change

Brodmann
area(s) X Y Z Load Linear Quad Group3 Load Group3 Linear Group3 Quad Load Linear Quad Load Linear Quad

Load (monotonically increasing)
L MFG 4609 227 35 28 — .001 — — — — — .008 — — .030 —
L MFG 9 235 26 31 — .005 — — — — .043 .017 — — — —
R MFG 4609 33 45 29 .003 .001 — — — — .050 .021 — — .035 —
R IFG 44 31 13 15 .001 .001 — — — — .018 .004 — .001 .001 —
L IFG 44 235 13 20 — .007 — — — — .050 .011 — — .041 —
R PrCG 604 44 25 38 — .002 — — — — .027 .007 — — — —
Thal 2 216 2 — .001 — — — — — — — — .001 —
R HPC 27030 26 230 24 — .007 — — — — — .011 — — — —
L HPC 27030 220 234 21 — .005 — — — — — .047 — — .043 —
R MFG 46010 29 41 3 .004 .001 — — — — .031 .019 — — .030 —

Group3 Load
R MFG 4609 37 34 30 — — — .007 — .001 — — — .014 — .004
L SFG 8 28 35 35 — — — .003 — .003 — — .031 — — .037
R AC 32 12 32 24 — — — .010 — .004 — — .049 — — .041
L IFG 44 241 10 30 — — — .007 .004 — — .029 — — — —
L Par 40 250 237 29 — — — .005 — — — .044 — — — —
L Cun 18 29 85 14 — — — .006 — — .007 — — — — —
L LingG 18 21 276 1 — — — .004 — — .005 .036 .012 — — —

aX, Y, andZ are coordinates in standard stereotactic space (Talairach & Tournoux, 1988) in which positive values refer to regions of right (X ), anterior to (Y), and superior to (Z) the anterior commissure.
bLoad reflectsp-values for main effect of load; Linear and Quad reflectp-values for contrasts on linear and quadratic trends over load, respectively.
cLinear and Quad reflectp-values for contrasts on the interaction of group with the linear and quadratic trends over load, respectively.
dp-values reflectpost-hoccontrasts on mean signal intensity within each region to determine the presence of significant effects within each group separately. Linear and Quadreflect linear and quadratic trends
over load, respectively.
Note. MFG 5 Middle frontal gyrus; IFG5 inferior frontal gyrus; PrCG5 precentral gyrus; Thal5 thalamus; AC5 anterior cingulate gyrus; HPC5 hippocampus; SMA5 supplementary motor area; Par5
parietal cortex; LingG5 lingual gyrus; Cun5 cuneus. R5 right; L 5 left.
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Fig. 2. Functional magnetic resonance (fMRI) images showing representative regions for the grouped data that exhibited (A) main
effects of working memory load, (B) Group3 Load interactions and (C) scan-within-trial effects. Figures reflect overlays of thresholded
group-wise statistical images onto the reference image transformed to standard Talairach space. Plots to the right reflect the mean percent
change in signal intensity across all suprathreshold voxels within the specified region (signified by the numbered box) for TBI patients
and healthy comparison subjects as the percent change in signal intensity from the zero-back load (A and B), and scan 1 (C). Scan-in-trial
on the absissa in C reflects increments of 2.5 s, reflecting the duration of the repetition time (TR) or duration to acquire a volume of
functional images (i.e., 33 slices). The onset of scan 1 was time-locked to the stimulus onset of each trial, and acquisition of the four scans
spanned the duration of the 10-s stimulus onset asynchrony. Bars represent6 1 SE.
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(Table 4), demonstrating that the TBI patients, while show-
ing a number of regions that fail to activate properly as a
function of WM load, do activate regions associated with
visual encoding and dominant-hand motor responses.

Finally, the event-related design of the fMRI acquisition
enables us to examine the temporal course of the hemo-
dynamic response during the course of trials. Consequently,
we examined several additional patterns of interest, beyond
load- and group-related effects and interactions. Specifi-
cally, since active maintenance and manipulation in WM
can be manifest as greater intensity or more prolonged hemo-
dynamic response as a function of increased WM load (see,
e.g., Cohen et al., 1997; Perlstein et al., 2003b), we also
examined the temporal course of activity (i.e., time-in-trial)
in significant task-related clusters described above. Several
findings converge with those reported by Cohen et al. (1997).
First, activity in the region of the right dlPFC, which did
not show differential activity as a function of group, increased
monotonically with increasing WM load, as described above.
Moreover, this activity was sustained over the course of
trials in both groups (Figure 3A). In contrast, as shown in
Figures 2B and 2C, illustrating signal intensity changes in
the left Broca’s area and the left parietal region that showed
a Group3 Load interaction, respectively, controls showed
load-related activity that was sustained over the course of
trials at higher levels of load, while returning toward base-
line at lower load levels. TBI patients, in contrast, showed
activity in both regions that was more transient in nature,
and which did not track increasing load with increasing
levels of activation.

Within-group analysis

Voxel-wise tests of monotonically-increasing activity
assessed the nature of load-related activity for the two groups
separately. Results (Table 5; Figure 4) indicate a clear pre-
frontal laterality effect: Controls show monotonically-
increasing activity in the left dlPFC, TBI patients show
increasing activity in the right dlPFC. Furthermore, con-

trols activated bilateral inferior frontal gyri (IFG), while
TBI patients activated the IFG only on the right side. More
generally, patients showed fewer regions of suprathreshold
activation than controls.

DISCUSSION

The pattern of findings that emerges from the behavioral
study is that individuals who have sustained a moderate-to-
severe TBI exhibit a load-related impairment in WM rela-
tive to demographically matched, neurologically-normal
comparison and mild TBI subjects. This impairment,
reflected in performance accuracy on then-back task, was
greater at higher levels of WM load, and more severe TBI
was associated with greater impairment on both versions of
the task. The small subset of moderate-to-severe TBI par-
ticipants who also underwent fMRI scanning showed a high
degree of cross-session consistency on task performance.
These findings clearly suggest that chronic moderate-to-
severe TBI is associated with impaired WM functioning in
a dose–response or load-dependent fashion, similar to other
patient groups with putative PFC dysfunction (e.g., schizo-
phrenia; Perlstein et al., 2001, 2003b).

The present findings of WM impairment in patients with
moderate-to-severe TBI extend previous findings suggest-
ing the presence of WM deficits in TBI patients. Much of
this previous work has used dual-task paradigms to assess
WM function, demonstrating disproportionately greater dual-
task performance decrements in TBI patients compared to
healthy comparison subjects, particularly when the depen-
dent variable was reaction time (e.g., McDowell et al., 1997).
However, as noted in the Introduction, dual-task paradigms
require a task-switching component that extends beyond
active maintenance and manipulation of stimulus represen-
tations in WM and, therefore, tap into an additional set of
component processes. Additionally, many of the dual-task
paradigms that have been employed have also been associ-
ated with group-related performance differences on the tasks
when performed individually (e.g., Leclercq et al., 2000;

Table 4. Brain regions showing a significant activity in the voxel-wise scan-in-trial-related effects

Talairach
coordinatesa

p-value

Region of
change

Brodmann
area(s) X Y Z

Scan
main effect

Quadratic
trend

Cubic
trend

Group3
Scan

L SMA 6 24 214 49 .001 .001 .003 —
L PrCG 4 227 217 51 — .010 — —
R PoCG 3 40 222 50 .001 .001 — —
L LingG 18 8 285 21 .002 .005 — —
R Thal 13 220 3 .002 .007 — —
L Thal 212 220 0 .001 .002 .007 .020

aX, Y, andZ are coordinates in standard stereotactic space (Talairach & Tournoux, 1988) in which positive values refer to regions of
right (X ), anterior to (Y), and superior to (Z) the anterior commissure.
Note. MFG5 Middle frontal gyrus; IFG5 inferior frontal gyrus; PrCG5 precentral gyrus; Thal5 thalamus; AC5 anterior cingulate
gyrus; HPC5 hippocampus; SMA5 supplementary motor area; Par5 parietal cortex; PoCG5 postcentral gyrus; LingG5 lingual
gyrus. R5 right; L 5 left.
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McDowell et al., 1997). Such differences in “baseline” per-
formance complicate the interpretation of findings from the
dual task paradigms and make it difficult to discriminate
generalized from process-specific impairments.4 In con-

trast,n-back performance did not significantly differentiate
the groups at the lowest (zero- and 1-back) load levels,
indicating that the different groups were well matched on
the “baseline” tasks, and that the moderate-to-severe TBI

4The issue of “baseline” performance difference and the use of differ-
ence scores in the presence of these differences have been discussed at

length by Chapman and colleagues (Chapman & Chapman, 1989; Miller
& Chapman, 2001).

Fig. 3. Plots showing the percent change in signal intensity from the lowest value across load and scan-in-trial
conditions as a function of working memory load and scan-within-trial for the TBI patients and healthy comparison
subjects. The onset of Scan 1 was time-locked to the stimulus onset of each trial, and acquisition of the four scans
spanned the duration of the 10-s stimulus onset asynchrony.
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patients were impaired only when the tasks required more
complex manipulation (i.e., updating and sequencing) oper-
ations in WM. This result also suggests that TBI patients
were not impaired on more general attentional or vigilance
aspects of task demand.

Results of the fMRI study, which compared performance
of a small subset of moderate-to-severe TBI patients to
healthy comparison subjects on then-back task, largely rep-
licate findings from previous studies using a similar para-
digm in healthy subjects (Braver et al., 1997; Cohen et al.,

Table 5. Brain regions showing a significant monotoncally increasing activity for control and patient groups separately

Talairach
coordinatesa

p-value

Region of
change

Brodmann
area (BA) X Y Z Controlsb Patientsb

Group3 Linear Trend
over load

Group3 Quadratic Trend
over load

Controls
R PrCG 6 42 29 38 .011 — — —
L MFG 9 234 11 38 .004 — .001 —
R PrCG 6 52 22 26 .002 — — .025
L MFG 4609 234 31 25 .001 — .050 —
L PrCG 6 253 24 26 .004 — — —
L IFG 44 235 15 24 .002 — .033 —
R IFG 44 38 14 21 .004 .020 — —
R MFG 10 226 53 4 .004 — .038 —

TBI patients
L AC 32 24 27 38 — .008 — —
R Par 39040 36 260 35 — .003 — —
R MFG 46 32 40 28 — .003 — —
R IFG 44 39 12 12 .033 .001 — —
R IFG 45046 29 26 8 — .002 — —

aX, Y, andZ are coordinates in standard stereotactic space (Talairach & Tournoux, 1988) in which positive values refer to regions of right (X ), anterior to
(Y), and superior to (Z) the anterior commissure.
bp-values shown are for within-group linear trend over load.
Note. MFG 5 Middle frontal gyrus; IFG5 inferior frontal gyrus; PrCG5 precentral gyrus; Thal5 thalamus; AC5 anterior cingulate gyrus; HPC5
hippocampus; SMA5 supplementary motor area; Par5 parietal cortex. R5 right; L 5 left.

Fig. 4. Functional magnetic resonance images for grouped data showing representative regions that exhibited mono-
tonically increasing activity as a function of increased working memory load separately for the TBI patients and
healthy comparison subjects.Z-value indicates relative position to the anterior commissure-posterior commissure line
in standardized Talairach space. dlPFC5 dorsolateral prefrontal cortex; IFG5 inferior frontal gyrus.

736 W.M. Perlstein et al.



1997; Perlstein et al., 2001, 2003b). These studies have
demonstrated load-related increases in activity in a number
of brain regions that support WM processes (e.g., dlPFC,
Broca’s area and parietal cortexes). More central to the aims
of the current research, however, was the finding that
moderate-to-severe TBI patients show altered load-related
activity in each of these WM-related regions. This finding
contrasts with findings from our previous studies of patients
with putative PFC dysfunction who evidence WM deficits
assessed by then-back task and concomitantly altered brain
activity in a very localized fashion (e.g., schizophrenia
patients; Perlstein et al., 2001, 2003b). Thus, as might be
expected, patients with moderate-to-severe TBI show
WM-related alterations in brain activity that aredistributed
rather than confined to a single focus.

The present fMRI results are, in some respects, compa-
rable to those reported by McAllister et al. (1999, 2001)
and Christodoulou et al. (2001) in that they show altered
activation in a distributed “network” of WM-related brain
regions in patients who have experienced TBI. However,
our results differ from these previous findings in several
important respects. First, we observed altered activity in
patients in the presence of task-related performance differ-
ences, in contrast to the studies by McAllister et al. Second,
the McAllister et al. studies, which employed an auditory
version of then-back task in patients with acute mild TBI,
demonstrated greater increases in TBI compared to control
subjects from the 1- to 2-back conditions in the right dlPFC
and parietal regions, in contrast to the present finding of
generally lesser magnitude load-related increases in patients
compared to controls in all differentially-affected regions.
The reasons for these differences are uncertain; however, in
the McAllister et al. studies, patients and controls did not
significantly differ in task performance at any load level,
and their patients were individuals with acute mild TBI. On
the other hand, Christodoulou et al. (2001), who examined
brain activation concomitants of WM function in chronic
patients with moderate-to-severe TBI using a modified ver-
sion of the PASAT, observed that TBI patients performed
more poorly than controls. These authors showed that while
TBI patients generally activated similar regions during task
performance relative to controls, they also displayed a more
regionally dispersed and right-lateralized pattern of activa-
tion relative to control. Our results, at least with respect to
the analyses of the control and TBI groups separately, showed
that the two groups activated a rather different set of load-
related regions, and that TBI patients showed greater acti-
vation of right PFC and controls showed greater activation
of left PFC.

What cognitive mechanism(s) may account for the
observed WM impairment in moderate-to-severe TBI? It is
unlikely that impairment of a single cognitive mechanism
can account for the observed WM dysfunction given the
heterogeneity of brain injury in this patient group. How-
ever, the current findings suggest some possibilities when
considered in light of theories of WM and component pro-
cesses required forn-back task performance, including active

maintenance of stimulus representations, coding of sequen-
tial order, updating, etc. The detailed breakdown of task
performance as a function of trial type (i.e., foils, nonfoils,
and targets) suggests a potential deficit in associative
processes—coding or maintaining sequential order
information—rather than processing speed or simple active
maintenance of representations within WM. Additional sup-
port for this interpretation comes from the observation that
the group differences in behavioral performance emerged
in the 2- and 3-back load levels, the load levels that require
maintaining the target set ofn-back stimulus representa-
tions and coding and maintaining temporal position in the
sequence. In contrast, neither the zero nor 1-back levels
require sequencing operations, since only a single letter
must be kept in mind at any given time. Results of the
fMRI study are consistent with this interpretation. Specifi-
cally, a region of the dlPFC that exhibited sustained, load-
sensitive and presumably active maintenance processes, did
not differ between the groups; both the control and TBI
groups showed sustained activity that increased with increas-
ing load, and that was not affected by time in trial. How-
ever, activity in Broca’s area and parietal cortex was more
transient in TBI patients, and did not show systematic load-
related increases in activity.

An alternative but not mutually exclusive interpretation
of the observed impairment in moderate-to-severe TBI
patients is that differences in behavioral performance and
brain activation reflect, in part, generalized, rather than spe-
cific deficits. Importantly, the four groups did not differ in
the overall rate of nonresponding on then-back task, or on
error rates at the zero and 1-back load levels, suggesting
that moderate and severe TBI patients were at least mini-
mally engaged in the task and sustained sufficient attention
and motivation in conditions where minimal effort was
required. This finding, however, does not rule out the pos-
sibility that the greater error rates of TBI patients in the
2- and 3-back conditions may be due to a generalized
effect of task difficulty. That is, TBI patients’ performance
may decrease relative to control participants as task diffi-
culty increases, independent of WM-related processes.
Indeed, general factors such as poor concentration, lack of
effort, frustration or anxiety are more likely to result in
decreased performance as task difficulty increases. For
instance, a review by Humphreys and Revelle (1984) showed
than anxiety increases performance for easy tasks and
decreases performance for difficult tasks. In our study, severe
TBI patients demonstrated greater state anxiety than mild
TBI patients, and they may have felt more anxious or frus-
trated under the more difficult 2- and 3-load conditions.
Similarly, limited attention and concentration are frequent
symptoms after moderate and severe TBI (McKinlay et al.,
1981; Ponsford et al., 1995). The more effortful 2- and
3-load conditions may have simply exceeded moderate and
severe TBI patients’ attention abilities or capacity (Calli-
cott et al., 1999). Future research using conditions equated
for task difficulty is needed to disentangle the differential
contributions of generalized versus specific deficits (Chap-
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man & Chapman, 1989; Miller & Chapman, 2001) in TBI
populations.

How might the fMRI findings be interpreted? Unfortu-
nately, the findings from the present study, and from the
three previously published TBI-related fMRI studies of WM
(Christodoulou et al., 2001; McAllister et al., 1999, 2001)
are complex and do not give rise to completely parsimoni-
ous explanations. We discuss potential limitations and inter-
pretational conundrums inherent in functional neuroimaging
studies of TBI below. However, findings from the current
fMRI study are consistent with the hypothesis that patients
with moderate-to-severe TBI are impaired in the executive
or strategic aspects of task performance. Specifically, analy-
ses of the temporal response function demonstrated that
controls showed activity in Broca’s area that increased mono-
tonically with increased WM load and, furthermore, that at
higher load levels this activity was more sustained during
the course of trials, but returned toward baseline at lower
load levels. Cohen et al. (1997) suggested that this pattern
of activity might reflect the invocation of verbally mediated
rehearsal mechanisms that aid in actively maintaining and
sequencing stimulus representations. In light of this view,
the finding that TBI patients showed a pattern of Broca’s
area activity (and parietal activity) which did not follow a
meaningful pattern both with respect to load and time-in-
trial, suggests that TBI patients may be deficient in strate-
gic aspects of task performance, such as subvocal rehearsal.
Finally, our sample of moderate-to-severe TBI patients and
controls showed comparable levels of activation in regions
associated with visual encoding and motor response-related
processes, suggesting that alterations in WM-related acti-
vation are not due to a generalized inability to activate cortex.

Despite evidence provided by our study that is consistent
with the predictions outlined in the Introduction, limita-
tions and alternative explanations require discussion. As
discussed in the Introduction, one potential problem in inter-
preting differences in task performance between TBI patients
and healthy control concerns whether the impaired perfor-
mance reflects anonspecificdeficit in patients, such as
reduced processing speed (Ferraro, 1996; Salthouse, 1996),
generalized inattention, or lack of behavioral engagement.
It is well known that TBI patients are generally slower in
performing many tasks (Ferraro, 1996), and often show
generalized inattention (e.g., Miller, 1970). Importantly, the
TBI and control groups did not differ in the overall rate of
nonresponding on then-back task, or on error rates on the
zero- and 1-back load levels, suggesting that lack of engage-
ment in the tasks was not a factor in producing the pattern
of results observed. Furthermore, the TBI and control groups
did not differ in RTs, and no group showed evidence of
speed-accuracy trade-offs. The finding of impaired perfor-
mance on then-back task in moderate-to-severe TBI patients
is likely not due to reduced processing speed or time pres-
sure. Such a deficit might be involved in the temporal
sequencing of stimulus representations which requires time
within the intertrial interval. While the behavioral study
presented stimuli at a rate of 1 per 4 s, the fMRI study had

a significantly longer stimulus interval (1 stimulus per 10 s),
and is likely to be adequate for the sequencing operations to
be performed with considerably reduced time pressure.
Although the moderate-to-severe TBI patients performed
more poorly than controls in the behavioral study with the
more rapid stimulus delivery rate, they also performed more
poorly than controls in the fMRI study with the slower
stimulus rate. The absence of a significant interaction of
session (i.e., stimulus rate) with group and0or load suggests
that the increased difficulty associated with the increased
stimulation rate between the two versions of the task sug-
gests that the behavioral and imaging versions of the task
are tapping similar cognitive phenomena.

There are also several issues of relevance regarding the
patient sample in the present study. First, chronicity of TBI
patients was confounded with injury severity. That is, both
mild and moderate TBI patients were, on average, tested at
a shorter post-injury period compared to severe TBI patients.
However, re-analysis of the data following removal of the
“acute” (i.e., post-injury, 1 year) patients yielded an iden-
tical pattern of statistically significant results to that described
for the full patient sample. This finding suggests that the
observed deficits were relatively stable and persistent in the
chronic moderate-to-severely injured patients. Second, we
did not have access to neuroradiological findings for the
majority of our patient sample and, therefore, could not
determine relations between objective neurological injury
and behavioral performance. It is likely that the more severe
TBI patients had focal in addition to diffuse injury, whereas
the more mild TBI patients likely had more diffuse than
focal injury. Thus, relationships between neurological insult,
symptomatology and task performance could not be deter-
mined. Third, the issue of injury severity classification must
be considered in light of the necessity to generalize find-
ings across studies. There is considerable variability in the
literature regarding severity classification, particularly
regarding moderate TBI severity, and the variables employed
for establishing severity criteria also differ across many
studies. For the current study, for example, we did not have
all three classification variables—initial GCS scores, dura-
tion of LOC, or PTA—for all patients.

Regarding potential limitations of the fMRI study, sev-
eral considerations must be kept in mind. First, fMRI in
TBI is subject to a number of inherent interpretational chal-
lenges. Observed differences in activation between TBI and
control groups could be due to several factors that are not
directly related to impairments in task performance. These
include (1) possible fundamental anomalies in cerebral vas-
culature in patients with TBI, (2) some alteration in the
relationship between neuronal activity and the blood flow
response induced by the brain injury, (3) alterations in appar-
ent blood flow or volume due to alterations in the ratio of
gray to white matter resulting in cortical atrophy (partial
volume effects), and0or (4) some unanticipated artifact of
experimental design (Price & Friston, 1999, 2001). The
existence of cortical contusions or hematoma may also play
a role in giving rise to group differences, due to magnetic
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susceptibility effects that may give rise to inhomogeneities
of signal variance. Heterogeneity of potential injury sites
and the possibility of DAI also may contribute to the appear-
ance of functional activation differences between TBI
patients and controls. Finally, the present imaging results
are based on a small sample size and, therefore, must be
considered cautiously, particularly with respect to general-
ization to other TBI patient samples.

In conclusion, our findings strongly indicate that patients
with moderate-to-severe chronic TBI exhibit impairments
in WM. Decomposition of task-performance components
suggests that this impairment may be due to more execu-
tive, associative or strategic components of WM, such as
coding of temporal order and0or verbally mediated rehearsal
processes, rather than processes involved in the active main-
tenance of stimulus representationsper se. Additionally,
patients showed an impaired ability to track WM load in
brain activity in several load-sensitive (i.e., WM-related)
regions, suggesting that TBI is associated with distributed
rather than focal impairments in brain function. Whether
the observed TBI-related impairment in WM reflects spe-
cific or more generalized deficit is uncertain. However, the
present results suggest that generalized inattention or lack
of task engagement do not account for the observed differ-
ences. Ongoing studies in our laboratory are aimed at decom-
posing component processes of prefrontally-mediated
cognitive functions to determine what aspects of executive
function may mediate TBI-related cognitive dysfunction in
TBI, including studies that examine the effects of chronic-
ity and recovery, both behaviorally and neurally, aimed at
more closely linking the proposed WM deficits to symp-
tomatic state.
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