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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 wibaak 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 Bublak et al., 2000; McDowell et al., 1997) or neurally
Patients with id t tic brain ini TBI) oft (Christodoulou et al., 2001; McAllister et al., 1999, 2001),
atients with even mild traumatic brain injury (TBI) often and none have involved parametric manipulation of WM

suffer from a_number_ of enduring _cogn|t|ve Impalrments'Ioad across a range of difficultiemdacross a range of TBI
most notably in attention (e.g., McKinlay et al., 1981, Pons'severity

ford et al., 1995), processing speed (Ponsford & Kinsella, "\\\;is 4 set of cognitive processes involved in actively
1992; Ferraro, 1996; van Zomeren & Brouwer, 1987), mem'maintaining and manipulating information in mind in order

ory (Levin et al., 1990.) and negotiating multiple ,S'”.‘“"a' to guide contextually appropriate behavior (e.g., Baddeley,
neous task demands (i.e., dual-task performance; Clceronfg%; Goldman-Rakic, 1987). Thus, WM facilitates behav-
1?9?’ Il_gglgercg ?t il.,'ZOOO,k'I\/IcDoweII et 3\'/';\/'1?(97’ t'.DarkioraI guidance through internal representations, rather than
eta., ). Deficits in working memory ( ) function immediate external stimulation, thereby freeing the organ-
in TBI are frequently mentioned in the I_|terature. '_I'q Olate’ism from stimulus-bound and reflexive responding. As such,
howe\_/er,d OWn:\%/? sntw_all nu;anler (t)'f S;EUdt')eSh ha_aoq)llllcnly proper WM functioning is critical to high-level cognitive
examine unction in patients, behaviorally (e.g., activities, such as problem solving, planning, language and
guidance of contextually appropriate behavior. Given the
Reprint requests to: William M. Perlstein, Ph.D., Department of Clin- critical role of the prefrontal cortex (PFC) in WM (COhen
ical and Health PsycHoIogy, HSC Box 106165, bniversity of Florida, etal., 1997; Go'qm?n'Rakmv 1987; P_erISte!n etal, 2003a)7
Gainesville, FL 32610. E-mail: wmp@grove.ufl.edu and the susceptibility of the PFC to insult in TBI (Adams
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etal., 1980), itis important to obtain a detailed understandtasks has been an important step in identifying some of the
ing of PFC-mediated WM function in patients with a range specific cognitive processes that may be impaired in patients
of TBI severity. with TBI and the brain regions most vulnerable to disrup-
Several previous studies have explicitly examined WMtion in such patients, but their complexity makes it difficult
function in patients with TBI using tasks specifically to disentangle WM from other cognitive processes—the
designed to interrogate WM. McDowell et al. (1997; seeso-called task impurity problem (Burgess, 1997; Miyake
also Leclercq et al., 2000) examined WM function in et al., 2000; Phillips, 1997; Stuss & Alexander, 2000; Stuss
moderate-to-severe TBI using a dual-task paradigm, revea& Levine, 2002)—thereby making it difficult to determine
ing selectively impaired performance in TBI patients underthe presence of TBI-related WM deficits, as well as links
dual-task conditions. Christodoulou et al. (2001) employedetween WM deficits, manifest symptomatology, and altered
a modified Paced Auditory Serial Addition Task (PASAT), patterns of WM-related brain activity in patients with TBI.
a task that requires maintenance and manipulation compo- The present study builds on the limited research into WM
nents of WM, and found that chronic moderate-to-severdunction in TBI and begins to address the limitations
TBI patients were significantly impaired relative to healthy described above, first, by parametrically manipulating WM
controls (see also Gronwall, 1986). Park et al. (1999) foundoad and, second, by exploiting the advantages of “event-
similar impairments in patients with severe TBI. McAllister related” functional magnetic resonance imaging (fMRI) in
et al. (1999, 2001) employed an auditorpack task, with  a small subset of participants to examine the neural bases of
load levels of zero through 2-back (1999) and extending taNVM dysfunction in TBI. By varying WM load in a graded
3-back (2001), but did not observe significant differencesfashion, it becomes possible to examine behavioral perfor-
in performance at any load level between controls andnance and selectively identify brain circuitry supporting
patients with acute mild TBI. Finally, Bublak et al. (2000) WM in healthy subjects in a dose—response fashion (e.g.,
demonstrated impaired WM functioning in severe TBI Braver etal., 1997; Cohen etal., 1994, 1997; Perlstein et al.,
patients using an action-sequencing task that was heavil®001). Thus, we can evaluate dysfunction within this cir-
dependent upon maintaining and manipulating informatiorcuitry in TBI patients by assessing neural activity at multi-
in WM. ple levels of WM-demand and behavioral performance. More
Thus, while limited evidence points to the existence ofspecifically, we used a verbal sequential letter memory task—
WM impairments in patients with TBI, findings are mixed the n-back task (Braver et al., 1997; Cohen et al., 1994,
and conclusive evidence has not been demonstrated usii®97; Perlstein et al., 2001)—to interrogate WM function-
tasksspecifically designedo tap WM function across a ing across a range of WM “loads” in patients with mild,
range of WM “loads”and across a range of TBI severity. moderate and severe TBI. Depending upon the load level,
Beyond the studies cited above, most suggestions that TBhe n-back task requires monitoring and coding of incom-
patients suffer impaired WM processes comes either froning information, maintaining the appropriate number of items
studies using experimental paradigms with a dual-task comin a “buffer,” temporally tagging, sequencing and updating
ponent (Leclercq et al., 2000; McDowell et al., 1997, 1998;the information held in the buffer, and replacing no-longer
Park et al., 1999) or from studies employing neuropsychorelevant information with newer, more relevant informa-
logical instruments with some WM demand (e.g., Wiscon-tion (Jonides & Smith, 1997). Various permutations of the
sin Card Sort Task, WCST; Greve et al., 2002; Wiegner &n-back task have been shown to systematically engage a
Donders, 1999). The introduction of a dual-task componentvidespread network of regions involved in WM, particu-
certainly taps the “central executive” component of WM larly regions of the prefrontal, anterior cingulate and pari-
described by Baddeley (1986) and the supervisory atteretal cortices. For example, Cohen et al. (1994, 1997), Braver
tional system described by Norman and Shallice (1986; Shakt al. (1997), and Jonides and Smith (1997) demonstrated
lice & Burgess, 1996), both presumably mediated by theusing nearly identical versions of theback task used in
PFC (D’Esposito et al., 1995; Dreher & Grafman, 2003;the present research that increased WM load is associated
Szameitat et al., 2002). Dual-task performance, howeveryith poorer performance and increased activation of the
requires operations on multiple domains of information,dorsolateral and inferior frontal (i.e., Broca’s area) regions
including task switching and allocation and coordination ofof the PFC, as well as the anterior cingulate and parietal
“processing resources” (Pashler, 1994). Observed TBleortices. Additionally, patients with putative dorsolateral
related deficits on dual-task paradigms could potentiallyprefrontal cortex (dIPFC) dysfunction (e.g., schizophrenia
result from limited resource pools or difficulties coordinat- patients) show reliable impairments in task performance
ing dual-task demands, and not necessarily from the mainwith concomitant alterations in dIPFC activation while per-
tenance or manipulation of representations within WM.forming then-back task (Perlstein et al., 2001, 2003b). More
Further, some traditional neuropsychological tasks (e.g.recently, an auditory version of theback task has been
WCST) which have frequently been employed in studies oshown to differentiate brain activity (but not behavioral per-
TBI clearly tap WM, however, they engage other cognitiveformance) in patients with acute mild TBI from healthy
processes in addition to those typically considered centraiontrols during WM (McAllister et al., 1999, 2001).
to WM (e.g., learning, reinforcement) or they may be open The use of an event-related fMRI acquisition method
to alternative task-performance strategies. The use of sudonfers several additional advantages over the more com-
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monly used “blocked-design” acquisition method used byparticipants and patients with milch(= 16), moderate
McAllister et al. (1999, 2001) and Christodoulou et al. (n = 8) and severen = 18) TBI. Patient participants were
(2001). Most important with respect to the current fMRI also recruited through the Florida Brain Injury Association,
study is that event-related acquisition allows one to trackhe Brain and Spinal Cord Injury Program of Florida and
the temporal dynamics of the hemodynamic response dutecal Brain Injury Association Support Groups. Seven of
ing the course of trials. The critical gain here is two fold: the control and seven moderate-to-severe TBI participants
First, we can obtain event-related activity associated wittalso underwent fMRI scanning. All participants provided
stimulus encoding and manual response-related processesitten informed consent according to procedures estab-
without a requirement for introducing a separate set of taskished by the Health Science Center Institutional Review
conditions. Thatis, we can examine encoding and respons®&oard at the University of Florida.
related activity in the context of the task that is being per- All participants in the TBI groups sustained a TBI as
formed, thus, providing an important “internal activation defined by the American Congress of Rehabilitation Medi-
standard” (Weinberger & Berman, 1996). Second, we cartine (ACRM; 1993). None of the TBI participants were
determine if activity differences between groups are reflectedctively engaged in legal action. TBI severity was deter-
not only in the magnitude of load-related activation, butmined retrospectively from comprehensive patient and
also in the time course of activation. That is, some grougsignificant-other interview and, when available, medical
differences may not simply be reflected in the relative mag+ecord review, related to acute neurological indices, includ-
nitude of task-related activation, but also in the temporaing duration of loss of consciousness (LOC), duration of
dynamics of activation (Perlstein et al., 2003b). Moreover post-traumatic amnesia (PTA), afat initial Glasgow Coma
by examining the temporal course of the hemodynamicScale (GCS) score (Teasdale & Jennett, 1974). Mild TBI
response during the course of a trial, we may be furthewas operationalized as a GCS score between 13-15,4£0C
positioned to make inferences regarding the potential com30 minutes, antbor PTA < 24 hours (American Congress
ponent processes supported by particular brain regions (e.gf Rehabilitative Medicine, 1993). Moderate TBIl was
Cohen et al., 1997; Courtney et al., 1997) and deficient irdefined as a GCS score between 9 and 12, LOC between
patients with TBI. For example, using an identical task and30 min and 6 hr, antbr PTA between 1 and 7 days (Bigler,
fMRI acquisition design, Cohen et al. (1997) exploited the1990; Bond, 1986; Lezak, 1995). Severe TBI was defined
temporal resolution of fMRI to examine the dynamics of as a GCS score< 9, LOC > 6 hr, angfor PTA > 6 hr
regional activation. Their results demonstrated that WM-(Bigler, 1990; Bond, 1986; Lezak, 1995). When multiple
load-sensitive areas dissociated into two types: (1) Thosidices (LOC, PTA, GCS) were available, all were required
involved in the active maintenance of task-relevant repreto fall within the limits specified. Potential participants were
sentations, such as the dIPFC, and which exhibited susxcluded from study for the following reasons: history of
tained activity; and (2) those involved in more time-limited schizophrenia or bipolar disorder, attention deficit hyper-
processes (e.g., updating WM contents, sequencing or assigaetivity disorder, learning disability, alcohol or substance
ing temporal order, comparison processes), such as Brocaagbuse within 6 months prior to testing, other acquired brain
area and posterior parietal cortex, which exhibited an interdisorders (e.g., epilepsy, stroke), inpatient psychiatric treat-
action between load and time, wherein activation was greatanent predating brain injury, clinically significant depres-
and more prolonged as load increased. sion or anxiety predating brain injury within two years prior
Thus, the primary aims of the present research were tto injury. Patients with language comprehension deficits,
(1) examine WM performance in healthy subjects and TBlimpairments of hand or finger mobility, or uncorrected visual
patients using a task that systematically manipulates WMmpairments were also excluded from the study. Finally,
load; (2) determine if TBI severity is related to the degreepotential participants with TBI were excluded from the study
of WM impairment; and (3) in a small subset of TBI patients, if insufficient data were available for making severity clas-
determine the neural correlates of WM impairment usingsification. All participants were paid for their participation.
event-related fMRI. We predicted that TBI patients would Demographic characteristics of the study participants are
exhibit deficits in WM selectivelyat higher levels of WM  provided in Table 1. The majority of TBI patients (85.7%)
load and that greater TBI severity would be associated withwere chronic; that is 36 of the 42 TBI patients were at least
greater WM impairment. We also predicted that TBI patientsl2 months post injury. For both the behavioral and fMRI
would show reduced activation of prefrontal cortical regionsstudies, the groups were well matched for education and
believed to support associative or executive WM functionsparental education (afps > .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

METHODS significantly differ in age in the behavioral stufliy(3,64) =
5.70,p > .002]: the severe TBI group was significantly
Research Participants older than both the control and mild TBI groupss(< .02).

Consequently, group-related performance differences were
Experimental participants were recruited from the commu-verified on a subsample of participants that was well matched
nity through local advertisements, and included 26 healthyor age. The control and TBI groups differed significantly
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Table 1. Mean (SE) demographic characteristics of experimental participants
Behavioral study fMRI study
Mild Moderate Severe Moderate/
Control TBI TBI TBI Control severe TB?
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 (mepiwomen) 1911 97 6/2 11/7 4/3 5/2
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 (R./A) 25/1/0 12/3/1 7/1/0 12/4/2 7/0/0 6/1/0
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) 329 (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 — 125 (2) 0.0 56 (1) — 0.0
Sports — 50.0 (8) 0.0 56 (1) — 0.0

alncludes 6 moderate and 1 severe TBI participants.
Note LOC = loss of consciousness; PTA post-traumatic amnesia; MVA motor vehicle accident; BD+ Beck Depression Inventory; STAF
State-Trait Anxiety Inventory; NAART VIGQ= NAART estimated verbal 1Q standard score.

on the number of errors on the North American Adult Read-tical to the one immediately preceding it (i.e., one trial back).
ing Test [NAART; Blair & Spreen, 198% (3,62 = 4.51, Inthe 2- and 3-back conditions, a target was any letter that
p < .007]. Data for 2 control subjects were not available.was identical to the one present two and three trials back,
Patients in the severe TBI group made significantly morerespectively. Stimulus encoding and response demands are
errors compared to all other groupss(< .03). Regarding constant across conditions; only requirements to maintain
depressive and anxiety symptomatology, as measured knd update increasingly greater amounts of information at
the Beck Depression Inventory (BDI; Beck et al., 1961)higher loads differ.

and State-Trait Anxiety Inventory (STAI; Spielberger etal., The n-back task was developed on the PsyScope plat-
1970), the groups did not significantly differ on total BDI form (Cohen et al., 1993) and comprised pseudo-random
or Trait Anxiety scores |fs > .10). However, the groups sequences of single consonants centrally presented on a
did significantly differ on their ratings of State Anxiety visual display (500-ms duration). Subjects responded with
[F(3,39 = 3.84,p < .02]. Bonferroni-corrected multiple a dominant-hand button press to each stimulus, pressing
comparisons revealed that severe TBI patients reported si@ne button to targetsp(= .33) and another to non-targets.
nificantly more anxiety than mild TBI patientg(< .008).  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) wa4 s and conditions were run in blocks
Subjects performed a visual sequential-letter memory task—ef 18 stimuli (72 s), with six blocks for each load condition.
the “n-back” task previously used by the authors (CohenFor the scanning study, the SOA was 10 s (to allow for
etal., 1997; Perlstein et al., 2001, 2003b) and others (Smitacquiring multiple volumes during the course of a trial) and
& Jonides, 1998)—that parametrically-varied WM load from conditions were run in blocks of 14 stimuli (140 s), with
zero to 3 items. In the zero-back condition, the target wadive blocks for each load. Order of task conditions was
any letter that matched a pre-specified letter (9., In randomized within and across subjects, and subjects were
the 1-back condition, a target was any letter that was idengiven visual instructions regarding the task condition to be

Cognitive Tasks
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performed at the start of each trial block. Prior to perform-FWHM) to accommodate between-subject differences in
ing the task, subjects were pre-practiced to ensure that thdyrain anatomy. Functional scans were excluded from sub-
understood the task instructions and were capable of pesequent analyses if any of their movement parameters for a
forming the task. given subject exceeded the 99.5% quantile for movement
parameters across the two grodphe resulting image set
. contained an equal number of images for the two groups
Analysis of Task Performance (M + SE Control: 792+ 13; CHI: 790+ 13) and did not

To test thea priori hypotheses that TBI patients would Significantly differ[t(13) = 0.10,p > .92] as a function of

perform more poorly than comparison subjects at highe®fOUP- _

load levels, mixed-design analyses of variance (ANOVAs) Maging data were analyzed using two complementary
and tests of linear and quadratic trends over load were corfPProaches—between-group and within-group—based on
ducted on error rates and RTs, with the between-subject‘éoxel'w'se statistical tests and follow-up contrasts on sig-

factor of severity (control, mild, moderate, severe) and thé"al intensity in identified regions using between-group tests
within-subject factor of WM load (zero- through 3-back). of linear and quadratic trends. Voxel-wise statistical maps

Behavioral data from the fMRI study were similarly ana- Were generated for each pattern of interest and then thresh-

lyzed, but the between-subjects factor was group (controls‘,"ded for significance using a cluster-size algorithm that
TBI patients). For ANOVAs where there were more thanProtects against an inflation of the false-positive rate with
two levels of a within-subject factor, the Huynh-Feldt epsi- Multiple comparisons (Forman etal., 1995). For the between-

lon adjustment (Huynh & Feldt, 1976) was used; uncor-9"0UPS analyses a cluster-size threshold of 8 voxels and a
rected degrees of freedom and correctedalues are per-voxel alpha of .01 was chosen, corresponding to a cor-
reported. Planned and follow-up contrasts were alsgected image-wise false-positive rate of .01. A more liberal
employed and, where appropriate, used the BonferrorilPha of .025 was used for the individual-group analyses in

adjustment for multiple comparisons (Keppel, 1982). order tp .ma_lximize th_e likelihood of obtaining' suprathresh-
old activity in TBI patients. Image preprocessing and voxel-

wise analyses were conducted using Neuroimaging Software

Functional Neuroimaging (NIS; httpy/kraepelin.wpic.pitt.edtnis/). Anatomic local-
L ization of suprathreshold activity was determined by over-
Image acquisition laying activation maps onto the reference structural image

Scanning took place in a conventional 3T GE Signa wholeand ’Fransformation into standa.rd reporting coordinates
body scanner using a standard RF head coil. Functiond|T@lairach & Tournoux, 1988) using AFNI software (Cox,
images were acquired in the axial plane using a 2-interleav&996). _ .
T2*-weighted spiral-scan pulse sequence (repetition ime ~ 1he between-groupanalyses used voxel-wise mixed-
1250 mgspiral, echo time= 18 ms, flip angle= 65, field ~ Model 2 (group)x 4 (load) ANOVAs with subject serving

of view = 24 cm) (Noll et al., 1995) and were composed of @s the random effect. As we were interested in regions show-
isotropic voxels (3.75 mA) acquired at 23 contiguous loca- INg load-related activity that systematically increased with
tions parallel to the anterior commissure—posterior commisincreased WM load, only regions showing increasing activ-
sure (AC—PC) line. Scan acquisition was time-locked tolty In the load main effect were considered as load sensi-
each stimulus onset, and each scan yielded four image vollve. Asecond voxel-wise analysis, collapsed across groups,
umes for each 10-s trial, providing four hemodynamicidentified regions showing transient signal increases over
response points during the course of a trial. The first thredimé—greater during Scans 2 and 3 than Scans 1 and 4. This
trials of each block were discarded to allow for loading of @nalysis, used to identify transient increases associated with
WM at the outset of the task. Prior to functional scanning,Stimulus- and response-locked events, enables examination
T1-weighted structural images were acquired in the sam@f Possible group differences in brain activity associated
planes as the functional images for anatomical localizationvith stimulus-encoding and response processes and to assess

and coregistration of images across subjects for group-wistr the presence of an internal activation standard. The
analyses. within-group analyses employed voxel-wise monotonicity

tests (Braver & Sheets, 1993), with subject as the random
Image reduction and analysis

Followi tructi . t 1To examine the possibility that movement artifacts impaired the detec-
ollowing reconstruction, iImages were movement COrjon, of cortical activation in patients, we analyzed the six estimated move-

rected using a six-parameter automated image registratiofnent parameters (pitch, roll, yaw, y and z) for the absolute value of

algorithm (AIR; Woods et al., 1992), subject to block-wise Scan-to-scan movement. The estimated movement parameters were sub-
' ' ' ject to separate Group Load ANOVAs, which yielded no significant

Ilnegr detr_endlng and no_rmallzatlon toa (FOmmO” mean SIgjc'iifferences for any of the parameters as a function of group, load or their
nal intensity. Each subject’s structural images were thefnteraction s < 2.00,ps > .19). The absence of group-related move-

co-registered to a common reference (one of the contrgnentdifferences suggests that the group-related activation differences can-
not be attributed to differential movement in the scanner. Further evidence

subject’s stru_ctural |magels) US'_ng 12-paramet§r AIR anthat movement does not contribute to the observed group-related effects is
smoothed using a three-dimensional Gaussian filter (8-mne finding of comparable task-related effects in other areas.
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Table 2. Mean (SE) performance on tmeback task
Behavioral study fMRI study
Control Mild TBI Moderate TBI Severe TBI Control TBI
N-back load (N = 26) (N =16) (N=28) (N =18) (N=7) (N=16)
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 (.82) .031 (.022) .179 (.055)
3-back .18 (.01) .18 (.02) .27 (.05) .32 (.68) .078 (.045) .213 (.058)
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 TBlvs.moderate TBIp < .0083.
dModerate TBIvs.control,p < .0083.
eModerate TBIvs.mild TBI, p < .0083.
fCHI vs.controlp < .05.

effect, to identify regions showing monotonic increases indiffered significantly from the control and mild TBI groups
activity as a function of WM load, separately for each gréup. only at the 2- and 3-back levels of WM load. Correct-trial

For all regions identified in the between-groups andRTs similarly increased with increasing load [linear trend
individual-group analyses described above, the average sigver load:F (1,64 = 131.24,p < .0001; cubic trend over
nal intensity across all voxels in significant clusters wasload: F(1,64) = 4.99,p < .025], but did not significantly
subject to tests of linear and quadratic trends over load fodiffer as a function of severity, either as a main effect or
each group separately to determine if only one or both groupmteraction (s > .17).
showed significant WM load effects. 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 = —.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
As expected, increased WM load was associated with greategsponses overall in that they showed an equal proportion
errors, and with more errors at higher load levels in TBlof non-responses across load leveps> .10) suggesting
patients compared to controls (Table 2 and Figure 1A). Addithat inattention or lack of behavioral engagement likely does
tionally, greater TBI severity was associated with greatehot account for the group-related performance differences.
error rates, particularly at higher load levels. These obsemjean proportion of non-responses were: controls: 425
vations were statistically confirmed by significant linear .08: mild TBI: .19+ .06; moderate TBI: 1.8 1.00; and
[F(1,64) =164.84,p < .0001] and quadrati{:F(l,64) = severe TBI: 1.6+ .63.

5.48,p < .025] trends over load and a significant inter-

action of severity with the linear trend over lol(3,64) = ) )

6.09,p < .001]. There was also a significant main effect of Analysis of Trial Type

severity[ F(3,64) = 7.48,p < .0002] reflecting an increas-

RESULTS

N-Back Task Performance—
Behavioral Study

oo o We examined patterns of behavioral responding across dif-
ing linear trend for greater error rates overall with increas-, .ont trial types to potentially illuminate component-

ing TBI sgventy. Follow-up group-wise contrasts using process deficits, as discussed by Perlstein et al. (2001,
Bonferroni-corrected comparisons at each load level (criti-

2003b). Specifically, within the 1- through 3-back levels
calp < .0083) revealed that the moderate and severe 9TOURSY the task, there are three different trial types: targets, non-

targets, and foils. Foils are nontarget repeats within the

2Such focused contrasts are generally considered to be more powerfl,absponse set (e.g., 1-back match on the 2-back task, 2-back
statistical tests than ANOVAs when a specific theoretical hypothesis is ’ ’

being examined, and have been productively used in our previous studid9'atch on th? 1-back task, etc); nonfoil trials are nontarget,
(Cohen et al., 1997; Perlstein et al., 2001, 2003b). nonrepeat trials. We compared error rates and RTs for the
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Fig. 1. (A) Mean error rates and reaction times for the zero- through 3-back loads ofbtek working memory task
for TBI patients and healthy comparison subjects. (B) Mean error rates and reaction times as a function of trial type on
the n-back task for TBI patients and healthy comparison subjects. Bars reprede8E

three trial types to determine if foils were associated witherrors to foil than target trials and more errors to foil and
interference—qgreater errors and longer RTs to foils thartarget compared to nontarget trials, respectively. Main effects
nonfoils—to determine if all groups showed the same patof severity[ F(3,64) = 7.15,p < .001] reflected increasing
tern. Such a pattern would be consistent with the hypothesisrrors overall with increasing severity, and an interaction of
that all groups adequately maintain trace representations afverity with the quadratic trend over trial tyjie(3,64) =
stimulus identity, and that the observed WM deficit in 3.42,p < .055] reflected greater foil and target errors in the
moderate-to-severe TBI reflects impaired associative decimoderate and severe TBI groups compared to mild TBI and
sion processes in WM, such as updating or temporatontrol groups. Regarding RT, all groups showed longer
sequencing. RTs to foil trials than to target and nonfoil, nontarget trials,
TBI patients showed a pattern of errors and RTs thaindicating the foils resulted in RT interference. Trend analy-
paralleled the pattern shown by controls; thatis, more errorses of RT yielded significant linedi~(1,64) = 64.00,
on foil and target trials compared to nontarget, nonfoil trialsp < .0001] and quadratic componeifs(1,64) = 100.22,
(Figure 1B). Analysis of trend over trial type revealed ap < .0001]. There were no significant effects involving
significant lineaf F(1,64 = 4.12,p < .05] and quadratic severity. The linear trend reflects the longer RTs to foil than
[F(1,64 =181.90p < .0001] components, reflecting more target trials, and the quadratic effect reflect the longer RTs
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to foil and target compared to nontarget trials. There wereAge and NAART Scores as
no significant main effects or interactions involving group. Confounding Variables3
Thus, the overall pattern of response as a function of trial
type in both controls and TBI patients is consistent with theDifferences in age and NAART scores between groups in
hypothesis that TBI patients adequately maintain trace rephe behavioral study represent confounding variables. In
resentations of stimuli in WM, but are impaired in a more our analysis, age correlated significantly with the variables
“executive” or temporal sequencing or tagging operation. that significantly differentiated the groups [error rates on
the 2- and 3-back load levels(66) = .33,p < .007]. Thus,
we re-analyzedh-back data for a subset of age-matched
N-Back Task Performance— subjects after excluding the youngest mild TBI participant
fMRI Study and three oldest severe TBI participants. Exclusion of these

. . .. participants eliminated the age differences between groups,
Behavioral data for the subset of participants who partici-

) i . and the matching on education remained. Results of these
pated in both the behavioral and fMRI sessions largely pary 5y ses yielded a pattern of statistically significant effects

alleled the pattern of findings described above (Table Z)that was unchanged from the pattern described above.

Behavioral data for only six of the seven TBI patients WerenyaaRT scores similarly correlated with-back error rates
avall,able due_ to technical difficulties acquiring one partici- o the zero-, 2- and 3-back loalig64) = —.29,p < .02].
pants_ behavioral data. For error rates, there was a S'gr"f'Fleanalysis of the error-rate data after exclusion of the three
cant linear trend over load=(1,11) = 21.63,p < .001], a severe TBI patients who contributed most to this difference

significant main effect of groupF(1,11) = 7.48,p <.02],  yie|ded an identical pattern of statistically significant effects.
and a significant Group Load interactioniF(3,33 =4.27,  Tp;5 it is unlikely that age and NAART differences

p < .025, Huynh-Feldt corrected)], reflecting a significant 5. nted for the WM deficit observed in moderate-to-
interaction of group with the linear trend over load severe TBI patients.

[F(1,11) = 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 Functional Neuroimaging Data
load levels, with a trend toward significance at the 1-backB
level (p < .072). Correct-trial RT data also paralleled the
pattern observed in the behavioral study. There was a sigvoxel-wise Groupx Load ANOVAs (Table 3) revealed sig-
nificant linear trend over loald=(1,11) =19.61p < .0001].  nificant monotonically increasing effects of WM load in a
Atrend toward longer RTs in the TBI than control subjectsnetwork of regions shown previously to be engaged by
did not reach statistical significandd=(1,11) = 1.86,  verbally-mediated WM (Figure 2A), primarily including
p = .20], nor did the group interaction with the linear trend superior and inferior regions of the PFC bilaterally, as illus-
over load[F (1,11 = 0.14,p > .70]. 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
Cross-Study Comparison of coordinatesx = =18,y = =72,z = 42; p < .008) was
N-Back Performance greater in patients than controls, but this region did not

We next examined the accuracy data for the subset of paﬂ—Iﬁcer as a function of WM load. More importantly, a num-

. . f regions showed significant Grou_oad interaction
ticipants who completed both the behavioral and fMRI ses- ero . . :
sions usilg a 2 @roup)x 4 (load)x 2 (session) ANOVA. (Figure 2B), including the right dIPFC (BA 48), left Bro-

Data for only 6 participants from each group were availableca,S area (BA 44) and parietal cortex (BA 40), and the ante-

for this comparison. Analyses yielded significant main e1‘fect:;rior ci.ngulatle gyrus (BA.SZ).' These regions ShO\.Ned Igsser
of group[F(1,10 = 10.52,p < .01], sessiofF (1,10 = magnitude increases with increased WM load in patients

6.14,p < .05], and load F(3,30 = 29.05,p < .0001], as compared to controls, or non-linear load-related changes in

well as a significant Groux Load interactiof F(3,30 = fM;' sgna!{_mten;slty n TBI paht_ls_r:_ts (I?gure_ Z)t'
3.87,p < .025]. The session effect reflected greater error xamination of regions exnibiting transient responses

rates during the behavioral (.162.013) than fMRI (.073t assoclated with stimulus en_coding- and buttor_1 press
.015) session, as might be predicted based on the mo'rgsponse-related processes (Figure 2C) revealed significant

rapid stimulation rate and limited time for temporal sequenc—gCAt'\é'tyt')q reglcins of the suppI%mAegtarﬁ rzotordarﬁal(SMA;
ing of stimuli in WM. The other effects paralleled those ), bilateral motor cortex ( and 4) and thalamus,

described above, with increased errors as a function o?nd visual c_ortex (BA 18). Follow-up contrasts on acti\{ity
increasing WM load, and greater errors in TBI patients com!" these regions showed that the two groups did not differ

pared to controls at higher levels of WM load. Thus, while
TBI patients performed more poorly at the faster stimula- _*We chose not to conduct covariance analyses using age or NAART
. . . . score in light of discussions regarding its appropriateness to control for
tion rate, the rate of stimulus presentation did not alter thjierences betweeintact groups (Adams et al., 1985; Miller & Chap-
pattern of group-related load effects. man, 2001; Strauss, 2001).

etween-groups analysis




Table 3. Brain regions showing a significant activity in the voxel-wise Groupoad ANOVAs

A9

Talairach p-value
) coordinate$ Load® GroupX Load® Controld TBI patientd
Region of Brodmann
change area(s) X Y Z Load Linear Quad Groupg Load GroupX Linear GroupX Quad Load Linear Quad Load Linear Quad
Load (monotonically increasing)
L MFG 46/9 -27 35 28 — .001 — — — — — .008 — — .030 —
L MFG 9 -35 26 31 — .005 — — — — .043 .017 — — — —
R MFG 46/9 33 45 29 .003 .001 — — — — .050 .021 — — .035 —
R IFG 44 31 13 15 .001 .001 — — — — .018 .004 — .001 .001 —
LIFG 44 —-35 13 20 — .007 — — — — .050 011 — — .041 —
R PrCG 64 4 -5 38 — .002 — — — — .027 .007 — — — —
Thal 2 -16 2 — .001 — — — — — — — — .001 —
R HPC 2730 26 -30 -4 — .007 — — — — — .011 — — — —
L HPC 2730 -20 -34 -1 — .005 — — — — — .047 — — .043 —
R MFG 46/10 29 41 3 .004 .001 — — — — .031 .019 — — .030 —
GroupX Load
R MFG 46/9 37 34 30 — — — .007 — .001 — — — .014 — .004
L SFG 8 -8 35 3 — — — .003 — .003 — — .031 — — .037
R AC 32 12 32 24 — — — .010 — .004 — — .049 — — .041
LIFG 44 —41 10 30 — — — .007 .004 — — .029 — — — —
L Par 40 -50 -37 29 — — — .005 — — — .044 — — — —
L Cun 18 -9 85 14 — — — .006 — — .007 — — — — —
L LingG 18 -1 =76 1 — — — .004 — — .005 .036 .012 — — —

aX, Y, andZ are coordinates in standard stereotactic space (Talairach & Tournoux, 1988) in which positive values refer to regionsXgf agterfor to ), and superior toZ) the anterior commissure.
bLoad reflectsp-values for main effect of load; Linear and Quad reflpstalues for contrasts on linear and quadratic trends over load, respectively.
cLinear and Quad refleq-values for contrasts on the interaction of group with the linear and quadratic trends over load, respectively.
dp-values reflecpost-hoccontrasts on mean signal intensity within each region to determine the presence of significant effects within each group separately. Lineae#iadt Quear and quadratic trends
over load, respectively.
Note MFG = Middle frontal gyrus; IFG= inferior frontal gyrus; PrCG= precentral gyrus; Tha+ thalamus; AC= anterior cingulate gyrus; HPE hippocampus; SMA= supplementary motor area; Par

parietal cortex; LingG= lingual gyrus; Cun= cuneus. R= right; L = 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) GroupLoad 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 reptes &t
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Table 4. Brain regions showing a significant activity in the voxel-wise scan-in-trial-related effects

Talairach p-value
dinate®
Region of Brodmann coordinate Scan Quadratic Cubic GroupX
change area(s) X Y z main effect trend trend Scan
L SMA 6 -4 -14 49 .001 .001 .003 —
L PrCcG 4 -27 -17 51 — .010 — —
R PoCG 3 40 -22 50 .001 .001 — —
L LingG 18 8 -85 -1 .002 .005 — —
R Thal 13 -20 3 .002 .007 — —
L Thal -12 -20 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 '), and superior toZ) the anterior commissure.

Note MFG = Middle frontal gyrus; IFG= inferior frontal gyrus; PrCG= precentral gyrus; That thalamus; AC= anterior cingulate

gyrus; HPC= hippocampus; SMA= supplementary motor area; Pamarietal cortex; PoOCG- postcentral gyrus; LingG- lingual

gyrus. R= right; L = left.

(Table 4), demonstrating that the TBI patients, while show-rols activated bilateral inferior frontal gyri (IFG), while
ing a number of regions that fail to activate properly as aTBI patients activated the IFG only on the right side. More
function of WM load, do activate regions associated withgenerally, patients showed fewer regions of suprathreshold
visual encoding and dominant-hand motor responses.  activation than controls.

Finally, the event-related design of the fMRI acquisition
enable§ us to examin_e the temporal course of the hemcbISCUSSION
dynamic response during the course of trials. Consequently,
we examined several additional patterns of interest, beyondihe pattern of findings that emerges from the behavioral
load- and group-related effects and interactions. Specifistudy is that individuals who have sustained a moderate-to-
cally, since active maintenance and manipulation in WMsevere TBI exhibit a load-related impairment in WM rela-
can be manifest as greater intensity or more prolonged hemdive to demographically matched, neurologically-normal
dynamic response as a function of increased WM load (seg¢omparison and mild TBI subjects. This impairment,
e.g., Cohen et al., 1997; Perlstein et al., 2003b), we alséeflected in performance accuracy on thiback task, was
examined the temporal course of activity (i.e., time-in-trial) greater at higher levels of WM load, and more severe TBI
in significant task-related clusters described above. Severa¥as associated with greater impairment on both versions of
findings converge with those reported by Cohen et al. (1997}the task. The small subset of moderate-to-severe TBI par-
First, activity in the region of the right dIPFC, which did ticipants who also underwent fMRI scanning showed a high
not show differential activity as a function of group, increaseddegree of cross-session consistency on task performance.
monotonically with increasing WM load, as described aboveThese findings clearly suggest that chronic moderate-to-
Moreover, this activity was sustained over the course ofevere TBI is associated with impaired WM functioning in
trials in both groups (Figure 3A). In contrast, as shown ina dose-response or load-dependent fashion, similar to other
Figures 2B and 2C, illustrating signal intensity changes inpatient groups with putative PFC dysfunction (e.g., schizo-
the left Broca’s area and the left parietal region that showedphrenia; Perlstein et al., 2001, 2003b).
a GroupX Load interaction, respectively, controls showed The present findings of WM impairment in patients with
load-related activity that was sustained over the course ohoderate-to-severe TBI extend previous findings suggest-
trials at higher levels of load, while returning toward base-ing the presence of WM deficits in TBI patients. Much of
line at lower load levels. TBI patients, in contrast, showedthis previous work has used dual-task paradigms to assess
activity in both regions that was more transient in nature WM function, demonstrating disproportionately greater dual-
and which did not track increasing load with increasingtask performance decrements in TBI patients compared to
levels of activation. 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
Voxel-wise tests of monotonically-increasing activity active maintenance and manipulation of stimulus represen-
assessed the nature of load-related activity for the two groupstions in WM and, therefore, tap into an additional set of
separately. Results (Table 5; Figure 4) indicate a clear prezomponent processes. Additionally, many of the dual-task
frontal laterality effect: Controls show monotonically- paradigms that have been employed have also been associ-
increasing activity in the left dIPFC, TBI patients show ated with group-related performance differences on the tasks
increasing activity in the right dIPFC. Furthermore, con-when performed individually (e.g., Leclercq et al., 2000;

Within-group analysis
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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.

McDowell et al., 1997). Such differences in “baseline” per-trast,n-back performance did not significantly differentiate

formance complicate the interpretation of findings from thethe groups at the lowest (zero- and 1-back) load levels,
dual task paradigms and make it difficult to discriminateindicating that the different groups were well matched on
generalized from process-specific impairmehts. con-  the “baseline” tasks, and that the moderate-to-severe TBI

4The issue of “baseline” performance difference and the use of differ-length by Chapman and colleagues (Chapman & Chapman, 1989; Miller
ence scores in the presence of these differences have been discusse®&athapman, 2001).
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Table 5. Brain regions showing a significant monotoncally increasing activity for control and patient groups separately

Talairach p-value

Region of Brodmann coordinates GroupX Linear Trend  GroupXx Quadratic Trend
change area (BA) X Y Z Control® Patient§ over load over load
Controls

R PrCG 6 42 -9 38 .011 — — —

L MFG 9 -34 11 38 .004 — .001 —

R PrCG 6 52 -2 26 .002 — — .025

L MFG 46/9 —34 31 25 .001 — .050 —

L PrCG 6 -53 -4 26 .004 — — —

LIFG 44 -35 15 24 .002 — .033 —

R IFG 44 38 14 21 .004 .020 — —

R MFG 10 —26 53 4 .004 — .038 —
TBI patients

LAC 32 -4 27 38 — .008 — —

R Par 3940 36 —-60 35 — .003 — —

R MFG 46 32 40 28 — .003 — —

R IFG 44 39 12 12 .033 .001 — —

R IFG 4546 29 26 8 — .002 — —

aX, Y, andZ are coordinates in standard stereotactic space (Talairach & Tournoux, 1988) in which positive values refer to regions<9f agter{or to
(), and superior toZ) the anterior commissure.
bp-values shown are for within-group linear trend over load.

Note MFG = Middle frontal gyrus; IFG= inferior frontal gyrus; PrCG= precentral gyrus; Thatr thalamus; AC= anterior cingulate gyrus; HPE
hippocampus; SMA= supplementary motor area; Parparietal cortex. R= right; L = left.

patients were impaired only when the tasks required more Results of the fMRI study, which compared performance
complex manipulation (i.e., updating and sequencing) operef a small subset of moderate-to-severe TBI patients to
ations in WM. This result also suggests that TBI patientshealthy comparison subjects on thdack task, largely rep-

were not impaired on more general attentional or vigilancdicate findings from previous studies using a similar para-
aspects of task demand. digm in healthy subjects (Braver et al., 1997; Cohen et al.,

Monotonic Increases
Controls TBI Patients

W

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 subject.value indicates relative position to the anterior commissure-posterior commissure line

in standardized Talairach space. dIPFClorsolateral prefrontal cortex; IF& inferior frontal gyrus.
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1997; Perlstein et al., 2001, 2003b). These studies haveaintenance of stimulus representations, coding of sequen-
demonstrated load-related increases in activity in a numberal order, updating, etc. The detailed breakdown of task
of brain regions that support WM processes (e.g., dIPFCperformance as a function of trial type (i.e., foils, nonfoils,
Broca’s area and parietal cortexes). More central to the aimand targets) suggests a potential deficit in associative
of the current research, however, was the finding thaprocesses—coding or maintaining sequential order
moderate-to-severe TBI patients show altered load-relatethformation—rather than processing speed or simple active
activity in each of these WM-related regions. This finding maintenance of representations within WM. Additional sup-
contrasts with findings from our previous studies of patientgport for this interpretation comes from the observation that
with putative PFC dysfunction who evidence WM deficits the group differences in behavioral performance emerged
assessed by theback task and concomitantly altered brain in the 2- and 3-back load levels, the load levels that require
activity in a very localized fashion (e.g., schizophreniamaintaining the target set af-back stimulus representa-
patients; Perlstein et al., 2001, 2003b). Thus, as might b&dons and coding and maintaining temporal position in the
expected, patients with moderate-to-severe TBI showsequence. In contrast, neither the zero nor 1-back levels
WM-related alterations in brain activity that adtstributed  require sequencing operations, since only a single letter
rather than confined to a single focus. must be kept in mind at any given time. Results of the
The present fMRI results are, in some respects, compadMRI study are consistent with this interpretation. Specifi-
rable to those reported by McAllister et al. (1999, 2001)cally, a region of the dIPFC that exhibited sustained, load-
and Christodoulou et al. (2001) in that they show alteredsensitive and presumably active maintenance processes, did
activation in a distributed “network” of WM-related brain not differ between the groups; both the control and TBI
regions in patients who have experienced TBI. Howevergroups showed sustained activity that increased with increas-
our results differ from these previous findings in severaling load, and that was not affected by time in trial. How-
important respects. First, we observed altered activity irever, activity in Broca’s area and parietal cortex was more
patients in the presence of task-related performance diffetransient in TBI patients, and did not show systematic load-
ences, in contrast to the studies by McAllister et al. Secondielated increases in activity.
the McAllister et al. studies, which employed an auditory An alternative but not mutually exclusive interpretation
version of then-back task in patients with acute mild TBI, of the observed impairment in moderate-to-severe TBI
demonstrated greater increases in TBI compared to contrgatients is that differences in behavioral performance and
subjects from the 1- to 2-back conditions in the right dIPFCbrain activation reflect, in part, generalized, rather than spe-
and parietal regions, in contrast to the present finding otific deficits. Importantly, the four groups did not differ in
generally lesser magnitude load-related increases in patientise overall rate of nonresponding on thack task, or on
compared to controls in all differentially-affected regions. error rates at the zero and 1-back load levels, suggesting
The reasons for these differences are uncertain; however, that moderate and severe TBI patients were at least mini-
the McAllister et al. studies, patients and controls did notmally engaged in the task and sustained sufficient attention
significantly differ in task performance at any load level, and motivation in conditions where minimal effort was
and their patients were individuals with acute mild TBI. On required. This finding, however, does not rule out the pos-
the other hand, Christodoulou et al. (2001), who examinedibility that the greater error rates of TBI patients in the
brain activation concomitants of WM function in chronic 2- and 3-back conditions may be due to a generalized
patients with moderate-to-severe TBI using a modified ver-effect of task difficulty. That is, TBI patients’ performance
sion of the PASAT, observed that TBI patients performedmay decrease relative to control participants as task diffi-
more poorly than controls. These authors showed that whileulty increases, independent of WM-related processes.
TBI patients generally activated similar regions during taskindeed, general factors such as poor concentration, lack of
performance relative to controls, they also displayed a moreffort, frustration or anxiety are more likely to result in
regionally dispersed and right-lateralized pattern of activadecreased performance as task difficulty increases. For
tion relative to control. Our results, at least with respect toinstance, a review by Humphreys and Revelle (1984) showed
the analyses of the control and TBI groups separately, showdtian anxiety increases performance for easy tasks and
that the two groups activated a rather different set of loaddecreases performance for difficult tasks. In our study, severe
related regions, and that TBI patients showed greater actiFBl patients demonstrated greater state anxiety than mild
vation of right PFC and controls showed greater activationil Bl patients, and they may have felt more anxious or frus-
of left PFC. trated under the more difficult 2- and 3-load conditions.
What cognitive mechanism(s) may account for theSimilarly, limited attention and concentration are frequent
observed WM impairment in moderate-to-severe TBI? It issymptoms after moderate and severe TBI (McKinlay et al.,
unlikely that impairment of a single cognitive mechanism1981; Ponsford et al., 1995). The more effortful 2- and
can account for the observed WM dysfunction given the3-load conditions may have simply exceeded moderate and
heterogeneity of brain injury in this patient group. How- severe TBI patients’ attention abilities or capacity (Calli-
ever, the current findings suggest some possibilities whegott et al., 1999). Future research using conditions equated
considered in light of theories of WM and component pro-for task difficulty is needed to disentangle the differential
cesses required forback task performance, including active contributions of generalized versus specific deficits (Chap-
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man & Chapman, 1989; Miller & Chapman, 2001) in TBI a significantly longer stimulus interval (1 stimulus per 10 s),
populations. and is likely to be adequate for the sequencing operations to
How might the fMRI findings be interpreted? Unfortu- be performed with considerably reduced time pressure.
nately, the findings from the present study, and from theAlthough the moderate-to-severe TBI patients performed
three previously published TBI-related fMRI studies of WM more poorly than controls in the behavioral study with the
(Christodoulou et al., 2001; McAllister et al., 1999, 2001) more rapid stimulus delivery rate, they also performed more
are complex and do not give rise to completely parsimonipoorly than controls in the fMRI study with the slower
ous explanations. We discuss potential limitations and interstimulus rate. The absence of a significant interaction of
pretational conundrums inherent in functional neuroimagingsession (i.e., stimulus rate) with group g@ndload suggests
studies of TBI below. However, findings from the current that the increased difficulty associated with the increased
fMRI study are consistent with the hypothesis that patientstimulation rate between the two versions of the task sug-
with moderate-to-severe TBI are impaired in the executivegests that the behavioral and imaging versions of the task
or strategic aspects of task performance. Specifically, analyare tapping similar cognitive phenomena.
ses of the temporal response function demonstrated that There are also several issues of relevance regarding the
controls showed activity in Broca’s area that increased monopatient sample in the present study. First, chronicity of TBI
tonically with increased WM load and, furthermore, that atpatients was confounded with injury severity. That is, both
higher load levels this activity was more sustained duringmild and moderate TBI patients were, on average, tested at
the course of trials, but returned toward baseline at lowen shorter post-injury period compared to severe TBI patients.
load levels. Cohen et al. (1997) suggested that this patterdowever, re-analysis of the data following removal of the
of activity might reflect the invocation of verbally mediated “acute” (i.e., post-injury< 1 year) patients yielded an iden-
rehearsal mechanisms that aid in actively maintaining andical pattern of statistically significant results to that described
sequencing stimulus representations. In light of this viewfor the full patient sample. This finding suggests that the
the finding that TBI patients showed a pattern of Broca'sobserved deficits were relatively stable and persistent in the
area activity (and parietal activity) which did not follow a chronic moderate-to-severely injured patients. Second, we
meaningful pattern both with respect to load and time-in-did not have access to neuroradiological findings for the
trial, suggests that TBI patients may be deficient in stratemajority of our patient sample and, therefore, could not
gic aspects of task performance, such as subvocal rehearsdetermine relations between objective neurological injury
Finally, our sample of moderate-to-severe TBI patients andnd behavioral performance. Itis likely that the more severe
controls showed comparable levels of activation in regionsI Bl patients had focal in addition to diffuse injury, whereas
associated with visual encoding and motor response-relateatie more mild TBI patients likely had more diffuse than
processes, suggesting that alterations in WM-related actfocal injury. Thus, relationships between neurological insult,
vation are not due to a generalized inability to activate cortexsymptomatology and task performance could not be deter-
Despite evidence provided by our study that is consistentined. Third, the issue of injury severity classification must
with the predictions outlined in the Introduction, limita- be considered in light of the necessity to generalize find-
tions and alternative explanations require discussion. Aings across studies. There is considerable variability in the
discussed in the Introduction, one potential problem in interditerature regarding severity classification, particularly
preting differences in task performance between TBI patientsegarding moderate TBI severity, and the variables employed
and healthy control concerns whether the impaired perforfor establishing severity criteria also differ across many
mance reflects aonspecificdeficit in patients, such as studies. For the current study, for example, we did not have
reduced processing speed (Ferraro, 1996; Salthouse, 1998)| three classification variables—initial GCS scores, dura-
generalized inattention, or lack of behavioral engagemention of LOC, or PTA—for all patients.
It is well known that TBI patients are generally slower in  Regarding potential limitations of the fMRI study, sev-
performing many tasks (Ferraro, 1996), and often showeral considerations must be kept in mind. First, fMRI in
generalized inattention (e.g., Miller, 1970). Importantly, the TBI is subject to a number of inherent interpretational chal-
TBI and control groups did not differ in the overall rate of lenges. Observed differences in activation between TBI and
nonresponding on the-back task, or on error rates on the control groups could be due to several factors that are not
zero- and 1-back load levels, suggesting that lack of engagehrectly related to impairments in task performance. These
ment in the tasks was not a factor in producing the patterinclude (1) possible fundamental anomalies in cerebral vas-
of results observed. Furthermore, the TBI and control groupsulature in patients with TBI, (2) some alteration in the
did not differ in RTs, and no group showed evidence ofrelationship between neuronal activity and the blood flow
speed-accuracy trade-offs. The finding of impaired perfor+response induced by the brain injury, (3) alterations in appar-
mance on the-back task in moderate-to-severe TBI patientsent blood flow or volume due to alterations in the ratio of
is likely not due to reduced processing speed or time presgray to white matter resulting in cortical atrophy (partial
sure. Such a deficit might be involved in the temporalvolume effects), antbr (4) some unanticipated artifact of
sequencing of stimulus representations which requires timexperimental design (Price & Friston, 1999, 2001). The
within the intertrial interval. While the behavioral study existence of cortical contusions or hematoma may also play
presented stimuli at a rate of 1 per 4 s, the fMRI study hadh role in giving rise to group differences, due to magnetic
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susceptibility effects that may give rise to inhomogeneitiesBaddeley, A.D. (1986)Working memoryNew York: Oxford Uni-

of signal variance. Heterogeneity of potential injury sites versity Press.

and the possibility of DAI also may contribute to the appear-Beck, A.T., Ward, C.H., Mendelson, M., Mock, J.E., & Erbaugh,
ance of functional activation differences between TBI JK. (1961). Aninventory for measuring depressiérchives
patients and controls. Finally, the present imaging results ©f General Psychiatryd, 561-571.

are based on a small sample size and, therefore, must (9/S": E-D: (1990). Neuropathology of traumatic brain injury. In

considered cautiously, particularly with respect to general- %D,'PE:'(?_E(;(Ed')’Traumat'C Brain Injury(pp. 13-49). Austin,

ization to other TBI p_atie_nt samples. L . Blair, J.R. & Spreen, O. (1989). Predicting premorbid 1Q: A revi-
In conclusion, our findings strongly indicate that patients  gjon of the National Adult Reading TesElinical Neuropsy-
with moderate-to-severe chronic TBI exhibit impairments  chologist 3, 129-136.

in WM. Decomposition of task-performance componentsBond, M.R., (1986). Neurobehavioral sequelae of closed head
suggests that this impairment may be due to more execu- injury. In I. Grant & K.M. Adams (Eds.)Neuropsychological
tive, associative or strategic components of WM, such as Assessment of Neuropsychological Disordgp. 347-373).
coding of temporal order aridr verbally mediated rehearsal ~ New York: Oxford University Press. . _
processes, rather than processes involved in the active maiRtaver, T.S., Cohen, J.D., Nystrom, L.E., Jonides, J., Smith, E.E.,
tenance of stimulus representatiopsr se Additionally, & Noll, D.C. (1997). A parametric study of prefrontal cortex
patients showed an impaired ability to track WM load in involvement in human working memorhieuroimages, 49-62.
brain activity in several load-sensitive (i.e., WM-related) Braver, S.L. &Shgets,\/.L. (1993). Monotonic hypothgsm in mul-
. y . . . . - tiple group designs: A Monte Carlo studysychological Bul-
regions, suggestlr_lg the_lt TBI |s_assoq|ated w_|th distributed letin, 113 379—395.
rather than focal impairments in brain function. Whethergpiak, p.. Schubert, T., Matthes-von Cramon, G., and von Cra-
the observed TBI-related impairment in WM reflects spe-  mon, D.Y. (2000). Differential demands on working memory
cific or more generalized deficit is uncertain. However, the  for guiding a simple action sequence: Evidence from closed-
present results suggest that generalized inattention or lack head-injured subjectslournal of Clinical and Experimental
of task engagement do not account for the observed differ- Neuropsychology22, 176-189.
ences. Ongoing studies in our laboratory are aimed at deconurgess, P.W. (1997). Theory and methodology in executive func-
posing component processes of prefrontally-mediated tion re§earch. I_n P. Rabbitt (EdMethodology of frontal and
cognitive functions to determine what aspects of executiveC al(lai)c(:(ce)(t:tu%vf flﬂ;ttt'gs(;p\r;'sg1731‘31':3'”:3": UFTSES%ChSI;)EgoT;eSRS.
function may mediate TBI-related cognitive dysfunction in P P o o o
TBI, including studies that examine the effects of chronic- Frank, JA., Goldberg, TE., & Weinberger, D R. (1999). Phys-

. d both behaviorall d I imed iological characteristics of capacity constraints in working mem-
ity and recovery, both behaviorally and neurally, aimed at ory as revealed by functional MRCerebral Cortex9, 20—26.

more closely linking the proposed WM deficits to symp- chapman, L.J. & Chapman, J.P. (1989). Strategies for resolving the

tomatic state. heterogeneity of schizophrenia and their relatives using cogni-
tive measureslournal of Abnormal Psycholog98, 357—366.
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