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bstract

Ventral frontal cortex is commonly involved in traumatic brain injury (TBI). The smell identification test (SIT), object alternation (OA), and the
owa gambling task (IGT) are associated with this brain region in experimental and neuropsychological research. We examined the relationship
f performance on these tests to residual structural brain integrity quantified from MRI in 58 TBI patients, including 18 patients with focal
ortical contusions and 40 patients with diffuse injury only. Image analysis yielded regional volumetric measures of gray matter, white matter and
erebrospinal fluid. Multivariate analyses identified distributed patterns of regional volume loss associated with test performance across all three
ehavioral measures. The tasks were sensitive to effects of TBI. In multivariate analyses, performance in all three tasks was related to gray matter
oss including ventral frontal cortex, but the SIT was most sensitive to ventral frontal cortex damage, even in patients without focal lesions. The SIT
as further related to temporal lobe and posterior cingulate/retrosplenial volumes. OA and the IGT were associated with superior medial frontal

olumes. Complex tasks, such as OA and the IGT, do not consistently localize to a single cortical region. The SIT is associated with the integrity of
entral frontal regions, but it is also affected by distributed damage, although the contribution of undetected olfactory tract or bulb damage could
ot be ruled out. This study illustrates the scope and limitations of functional localization in human ventral frontal cortex.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Traumatic brain injury (TBI) poses a particular challenge for
he investigation of anatomical–behavioral correlations because

f its unique combination of diffuse and focal damage. Due
o excessive tissue strain in areas where the brain is confined
y ridges of the inner skull, focal contusional damage in TBI
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redominates in ventral and polar frontal and lateral anterior
emporal lobe regions (Gentry, Godersky, & Thompson, 1988;
olbourn, 1943). Diffuse axonal injury (DAI) resulting from

cceleratory/deceleratory forces, is more ubiquitous and leads to
hite matter atrophy and deafferentiation of widespread axonal
rojections, including those from and to frontal and temporal
rain regions (Gentry et al., 1988). Both focal and diffuse brain
amage seen in traumatic brain injury can cause abnormal sig-
al intensity on MR images and may result in atrophy, even

n mild–moderate TBI (MacKenzie et al., 2002). Brain volu-

etric studies of TBI patients are therefore ideally suited to
he quantification of these atrophic changes and their potential
mpact on behavior. Although focal lesions following TBI are

mailto:levine@psych.utoronto.ca
dx.doi.org/10.1016/j.neuropsychologia.2007.08.027
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ssociated with cognitive impairment, diffuse injury may have
similar or higher impact (Wallesch, Curio, Galazky, Jost, &
ynowitz, 2001). Even without focal structural lesions of the
rain in TBI, cerebral hypometabolism in frontal and cingulate
ortex caused by DAI is associated with cognitive impairment
Fontaine, Azouvi, Remy, Bussel, & Samson, 1999). The goal of
his study is to assess the effects of TBI neuropathology as quan-
ified by high resolution structural MRI on specific cognitive
roblems associated with the ventral frontal cortex.

Among long-term cognitive impairment resulting from TBI,
he most common are problems in information processing
peed and attention (Zahn & Mirsky, 1999), memory (Levin

Goldstein, 1986), and executive functions (Levin, 1998;
tuss & Gow, 1992). Moreover, TBI patients may experi-
nce psychosocial problems, emotional and personality changes,
nd difficulties in interpersonal relationships (Cicerone &
anenbaum, 1997; Prigatano, 1992). These behavioral problems

n patients with TBI parallel the effects of non-traumatic focal
rontal lobe lesions, where damage affects ventral prefrontal cor-
ex disrupting signal transfer to the limbic system involved in
motional processing (Pandya & Barnes, 1987).

Only a few standardized neuropsychological test instruments
re purported to measure ventral rather than dorsal frontal func-
ions. Among these are tests of olfactory functions such as
mell Identification TestTM (Doty, 1995), object alternation
OA) tests that measure acquisition of a task rule in which the
timulus–reward association is contingent upon the outcome of
he last trial, and decision making, most commonly assessed
ith the Iowa gambling task (Bechara, Damasio, Damasio, &
nderson, 1994; Bechara, Tranel, & Damasio, 2000). Previ-
us studies showed sensitivity of these behavioral tasks to focal
esions in ventral frontal cortex (Bechara et al., 1994; Freedman,
lack, Ebert, & Binns, 1998; Hornak et al., 2004; Hulshoff Pol
t al., 2002; Potter & Butters, 1980), although specificity of
hese lesion–behavior associations has been called into ques-
ion (Dunn, Dalgleish, & Lawrence, 2006; Turner & Levine,
006). However, the differential or combined sensitivity of the
asks in TBI remains unclear, since few studies have inves-
igated performance on these tests in TBI (Gansler, Covall,

cGrath, & Oscar-Berman, 1996; Levine et al., 2005; Yousem,
eckle, Bilker, Kroger, & Doty, 1999), with no studies investi-
ating all three tests simultaneously. Moreover, beyond relating
arge ventral frontal lesions to cognitive/behavioral problems,
ssessment of DAI effects may yield more precise predictions
bout anatomical–behavioral relationships in TBI. Therefore,
e investigated how residual structural brain integrity of TBI
atients with and without focal lesions corresponded to cog-
itive problems in three neuropsychological tests commonly
ssociated with ventral frontal cortex functions.

. Methods

.1. Participants
Fifty-eight patients spanning the entire range of trauma severity were
ecruited approximately 1 year post-injury from consecutive admission lists to
unnybrook Health Sciences Centre, Toronto, Canada. Injury severity was deter-
ined by the Glasgow coma scale (GCS: Teasdale & Jennett, 1974) score as

D
l
c
5
n
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ocumented by the trauma team leader at the point of transfer from the Trauma
nit, approximately 6 h post-injury in most patients. The GCS was used to

ode TBI severity as mild (scores: 13–15), moderate (scores: 9–12), or severe
scores: 3–8). Severity classification (mild/moderate/severe) was upgraded in
ight patients where extended loss of consciousness (>2 h), post-traumatic amne-
ia (>48 h) or focal lesions suggested more severe injury than indicated by the
nitial GCS score. Approximately 78% of the patients sustained their TBI’s as a
river or a passenger in a motor vehicle accident (N = 45). The remainders were
njured as pedestrians in motor vehicle accidents (N = 7), falls (N = 4) or other
auses (N = 2).

For comparison of behavioral performance levels only, 25 comparison partic-
pants were recruited from friends and family members of the patients. Exclusion
riteria for all participants included self-reported anosmia, psychiatric history,
revious or current substance abuse, learning disabilities, previous TBI’s with
oss of consciousness greater than 5 min, history of neurological disease, major

edical problems or medication impacting cognition, and lack of English pro-
ciency.

As can be seen in Table 1, participants were well matched for age, education,
nd vocabulary knowledge.

The comparison group was typically drawn from the patients’ spouses or
artners. This approach resulted in more women in the comparison group. How-
ver, as can be seen in Table 1, the gender distributions between comparison
ubjects and TBI patients as well as within patient groups with and without
ocal lesions were not statistically different. The comparison subjects described
bove did not receive MRI scanning.

All participants were informed of the experimental aim of the study and gave
heir written consent to participate. The study rationale was approved by a local
nstitutional ethics review board adhering to the Declaration of Helsinki. For a
uller description of the imaging and behavioral characteristics of these patients,
ee Levine et al. (in press).

.2. Neuropsychological assessment

Testing and brain imaging were conducted concurrently in the post-acute
tage at approximately 1 year post-injury as part of the Toronto TBI study, a large-
cale study of brain–behavior relationships in TBI (Levine et al., 2006). The
mell Identification Test (SITTM: Doty, 1995), object alternation (OA: Freedman
t al., 1998), and the Iowa gambling task (IGT: Bechara et al., 2000) were part
f a larger neuropsychological test battery including standard and experimental
easures. Performance on the word memory test (Green, Allen, & Astner, 1996),
symptom validity test, indicated adequate effort in all patients.

The SITTM (Doty, 1995) is a standardized micro-encapsulated “scratch-and-
niff” test containing 40 odorants. Odorants were presented to both nostrils
imultaneously. For each odor, the participants had to choose one of four possible
nswers. The dependent variable was the number of correctly identified odors.
lthough we did not assess olfactory thresholds, it is noted that the vast majority
f our patients (53/58; 91%) scored above the anosmic range on the SIT, and
ll performed above chance, indicating that our sample had sufficient residual
hresholds to perform the test. This is contrasted to the findings of Yousem et
l. (1999), where 16/36 (44%) of patients recruited from a smell and taste clinic
btained scores in the anosmic range, and 8/36 (22%) were at chance levels (i.e.,
score of 10 or less).

The object alternation test was administered in a modified version for use
ith human subjects (see Freedman et al., 1998 for details). In the test session,

nvestigator and participant sat facing each other across a table, separated by
wood frame carrying a curtain. In front of the participant was a stimulus

oard containing two reinforcement wells covered by two differently shaped
nd colored objects. As reinforcement, a penny was placed under one of the
wo objects and the participant was asked to choose one object hiding a penny.
fter the initial response the curtain was lowered and the reinforced object was

lternated, i.e., the experimenter placed the penny under the object not selected
y the participant in the preceding trial. Throughout the task the two objects were
laced in the left and right positions according to a modified random schedule.

isregarding the spatial positions of the objects, the participant’s task was to

earn the reinforced object was alternated after each correct response. Learning
riterion in this task was 12 consecutive correct responses; failure criterion was
0 trials after which the task was aborted. The dependent variable was the total
umber of errors.
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Table 1
Demographic variables of comparison subjects and TBI patients separated by severity group

Comparison subjects, N = 25 Mild TBI, N = 12 Moderate TBI, N = 27 Severe TBI, N = 19 Significance

Sex
Women 16 5 10 6 χ2[3] = 4.12, p > 0.1
Men 9 7 17 13

Sex distribution in patients with/without lesions
Women n/a 0/5 4/6 4/2 χ2[2] = 5.12, p > 0.05
Men n/a 0/7 5/12 5/8 χ2[2] = 3.50, p > 0.1

Age in years
Mean (S.D.a) 27.72 (7.93) 33.92 (13.64) 32.19 (11.21) 28.21 (7.35) F[3, 79] = 1.69, p > 0.1

Years of education
Mean (S.D.a) 15.08 (1.78) 13.42 (2.02) 14.81 (2.22) 14.74 (2.75) F[3, 79] = 1.62, p > 0.1

Vocabulary knowledge (Zachary, 1986)b

Mean (S.D.a) 30.40 (4.15) 28.77 (3.57) 29.47 (6.32) 26.54 (6.22) F[3, 72] = 1.85, p > 0.1

Years since injury
Mean (S.D.a) n/a 1.10 (0.31) 1.12 (0.39) 1.02 (0.23) F[2, 55] = 0.54, p > 0.1

Glasgow coma scale
Mean (S.D.a) n/a 14.54 (0.72) 11.0 (2.11) 5.68 (2.16) F[2, 55] = 84.55, p < 0.001

SITTM

Mean (S.D.a) 35.92 (2.78) 35.75 (1.76) 31.93 (6.78) 28.16 (7.78) F[3, 79] = 8.08, p < 0.001

OA errors
Mean (S.D.a) 4.84 (6.21) 14.08 (14.34) 14.48 (16.08) 21.42 (18.85) F[3, 79] = 4.3, p < 0.01

IGT, composite score across all IGT blocks: advantageous–disadvantageous decisions
Median (intraquartile range) 12 (−2.2 to 35.7) 0 (−8 to 12) 1.6 (−6.3 to 14.3) 0 (−11.3 to 30.3) F[3, 79] = 1.73, p > 0.1
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/a, not applicable; SIT, Smell Identification Test; OA, object alternation; IGT:
a Standard deviation.
b Available for 51 patients.

Participants were administered a computerized version of the IGT (Bechara
t al., 2000). In the test session, four card decks appeared facedown on the
omputer screen, labeled A–D. Participants were asked to select cards from
ne of the decks by naming the letter of the respective deck. The examiner
perated the computer mouse to make the selection. Starting capital was fixed at
200 of fictive money “borrowed” from the examiner. The decks were stacked
uch that A and B produced high winnings and higher losses, whereas C and

produced more modest winnings but smaller losses. After each selection, the
mount won appeared on the screen, followed by the amount lost, if any. Over
ime, C and D yield the highest overall winnings. The test continued until 100
ards had been drawn. Participants were neither instructed about the rules of
he task, nor did they know the number of trials until completion of the task.
he dependent variable in this test was the number of advantageous choices
alculated as the number of cards drawn from decks C and D minus the number
f cards drawn from decks A and B. For the behavioral analyses, IGT difference
cores are reported per IGT block (block 1: trials 1–20; block 2: trials 21–40;
lock 3: trials 41–60; block 4: trials 61–80; block 5: trials 81–100). For our
ain multivariate brain–behavior analyses (see below), one score per test (OA,
IT, IGT) was used so that each measure contributed equally to the covariance
atterns. Thus, this analysis used the composite IGT difference score (across all
00 cards). As this method may obscure potentially important block effects, we
onducted ancillary brain–behavior analyses on the IGT blocks. As discussed
elow, these analyses did not alter our conclusions.

.3. Image acquisition

Brain MR images were acquired at the time of behavioral testing with a

.5 T-Signa scanner (General Electric Medical Systems). For each patient we
btained a T1-weighted image (3D SPGR, TE = 5 ms, TR = 35 ms, 1 NEX,
ip angle = 35◦, FOV = 22 cm × 16.5 cm, 0.859 × 0.859 in-plane resolution,
.2–1.4 mm slice thickness), a proton-density (PD) and a T2 weighted image
interleaved axial spin echo with TE = 30 and 80 ms, TR = 3 s, 0.5 NEX,

m
b
t
t

gambling task.

OV = 22 cm × 22 cm, 0.859 × 0.859 in-plane resolution, 3 mm slice thickness).
radient echo T2 sequences with a slice thickness of 6 mm were obtained

o emphasize hemosiderin deposits in TBI patients (TR/TE = 750/35 ms, flip
ngle = 20◦, 2.0 NEX, FOV = 22 cm). For technical reasons, gradient echo
mages were unavailable for 18 patients.

Our imaging parameters were optimized to the detection of parenchymal
amage in TBI (Blatter et al., 1997), but not to the detection of olfactory bulb
nd tract damage, which in previous studies has been accomplished with a surface
oil centered on the nasion and a separate coronal scan through the olfactory
ulbs and tracts (Yousem et al., 1999).

.4. Image processing

Brain MRI data were analyzed via an updated version of our previously
eported image processing pipeline (Dade et al., 2004; Kovacevic et al., 2002).
he main modification to this protocol involves template matching, allowing for
omparison of individual images to a standard image and facilitating automa-
ion of previously semi-automated steps. The first step in the pipeline was to
reate an unbiased non-linear average of T1-weighted images from a set of 10
ealthy age-matched comparison subjects (mean age = 26.6 years; S.D. = 2.8)
sing a modification of an algorithm previously developed for mouse brain MRI
Kovacevic et al., 2005). Each subject’s T1-weighted image was then registered
o the template brain (Woods, Grafton, Watson, Sicotte, & Mazziotta, 1998),
reserving the original size of the brain while standardizing the position and ori-
ntation. Images were resampled into the standard space using windowed sinc
nterpolation. Template matching was accomplished via non-linear registration
f T1-weighted images to the template image (Collins & Evans, 1997).
Removal of non-brain tissue from the image incorporated thresholding infor-
ation derived from the PD and T2-weighted images, facilitating the distinction

etween dura mater and gray matter (Kovacevic et al., 2002). This is contrasted
o methods of brain extraction based on the T1-weighted image that emphasize
he cortical surface, inconsistently preserving subdural CSF.



4 sycho

s
u
R
a
i
i

w
f
2

2
i
a
a
a
h
t
b
d
m
r

w
s
a
e
2
2

2

(
5
d
f
i
s
w
f
w
e
m

i

b
b
i
t
e
t
a
v
o

1
n
a
g
t
o
c
fi
i
r
a
E
l
n
t
d
F
t
o
q
t
t

2

a
P
e
l
v
s

F
A
m
A
E

64 E. Fujiwara et al. / Neurop

Lesions due to focal cortical contusions were manually defined slice-by-
lice in the axial plane (with occasional corroboration from the coronal plane)
sing Analyze® software (Biomedical Imaging Resource, Mayo Foundation,
ochester, MN, USA). Traceable lesions appeared on at least two slices, with
minimal diameter of at least 3 mm. When necessary, T2- and PD-weighted

mages were used to guide the tracing, but only lesions visible on T1-weighted
mages were traced.

The voxels on the T1-image were then classified as representing gray matter,
hite matter, or CSF using an automated tissue classification method correcting

or radio-frequency inhomogeneity inherent to MR scanning (Kovacevic et al.,
002). Voxels within lesions were classified as lesioned tissue.

A modified semi-automated brain region extraction (SABRE: Dade et al.,
004) method was then used to create ROIs on the template brain. Based on
dentification of the edges of the brain and the anterior and posterior commisures,
Talairach-like (Talairach & Tournoux, 1988) grid is automatically created. The
lgorithm uses this grid along with 15 manually identified landmark coordinates
nd tracing of the cingulate gyrus to divide the brain into 38 regions (19 per
emisphere; see Fig. 1). Non-linear deformation field matching of the template
o individual images was used to customize these regions to fit each participant’s
rain anatomy (as opposed to transforming images to fit the template, which can
istort inter-individual topographical variability). Regional gray matter, white
atter, and CSF volumes were adjusted for total intracranial capacity using a

egression-based method (Arndt, Cohen, Alliger, Swayze, & Andreasen, 1991).
Our tissue compartment segmentation and SABRE software are particularly

ell suited to analysis of brains with atrophy or lesions, as they do not require
patial transformation possibly distorting inter-individual topographical vari-
bility. These algorithms have been successfully applied to normal aging (Dade
t al., 2004), dementia (Bocti, Rockel, Roy, Gao, & Black, 2006; Gilboa et al.,
005), and multiple sclerosis populations (Carone et al., 2006; Feinstein et al.,
004).

.5. Lesion distribution

Focal cortical contusions ranging in size from 0.07 to 77.38 cm3

median = 2.44 cm3) were identified by a neuroradiologist (FG) in 18 of the
8 patients (see Fig. 2). All 18 patients had lesions in the frontal lobes, pre-
ominantly in ventral frontal regions of the right hemisphere or bilaterally. In
our patients these lesions were confined to frontal cortex, whereas the remain-
ng fourteen patients had additional involvement of other brain regions, mostly
howing the fronto-temporal lesion pattern characteristic for TBI. These patients
ill be referred to as the focal lesion group, acknowledging that they also had dif-

use injury, whereas the remaining 40 patients without focal cortical contusions

ill be referred to as the diffuse injury group. Note the label of “diffuse injury”

mphasizes the absence of focal cortical contusions, but it does not exclude
icrovascular lesions common in TBI.

Olfactory bulb and tract damage can co-occur with ventral frontal damage
n TBI, confounding interpretation of smell deficits. The olfactory tracts and

p

b
a
t

ig. 1. SABRE regional cortical divisions in axial and sagittal views projected on a
bbreviations: LSF, lateral superior frontal; MSF, medial superior frontal; LMF, latera
edial ventral frontal; GCG, genual cingulate gyrus; ACG, anterior cingulate gyrus; M
T, anterior temporal; MT, medial temporal; PT, posterior temporal; O, occipital; AB
C, external capsule/corona radiata; IP, inferior parietal; SP, superior parietal. Non-bra
logia 46 (2008) 461–474

ulbs for 10 patients in our sample were inspected by a neuroradiologist (FG),
lind to olfactory diagnosis. This was accomplished by rotating the T1-weighted
mages to AC-PC alignment to correct all tilts, then parallel to the long axis of
he olfactory bulb in the sagittal plane. The olfactory tracts and bulbs were then
xamined in the axial, coronal, and sagittal planes. A qualitative grading of
he olfactory bulb and olfactory tract in both left and right hemispheres was
ssigned using a 0–1–2 scale, with 0 representing no damage, 1 representing
isible (marked-moderate) damage, and 2 representing severe damage (absence
f olfactory structures) (Yousem, Geckle, Bilker, McKeown, & Doty, 1996).

The 10 patients included the five lowest scoring patients on the SIT (range
2–18 of 40; the cutoff score for anosmia in the SIT is 17; Doty, 1995) and five
ormosmic patients according to their SIT scores (range 38–40). Two of the
nosmic patients had focal cortical contusions and were thus in the focal lesion
roup; the remaining three were in the diffuse injury group. Olfactory bulb and
ract damage was found in four of the five lowest scoring patients, although three
f these had unilateral olfactory tract damage (two left—both patients with focal
ortical lesions; one right). We also found olfactory tract damage in two of the
ve normosmic patients (one right, one bilateral). Damage was rated as “1” in all

nstances. We did not undertake inspection of the remaining 48 scans for several
easons. First, this pilot analysis of 10 patients suggested a lack of sensitivity
nd specificity of extraparenchymal damage to SIT performance in our sample.
ven poorly performing patients (i.e., 12/40 on the SIT) had only unilateral

eft damage and bilateral damage was equally represented across anosmic and
ormosmic patients. Our imaging parameters were not optimized to the detec-
ion of this damage; even optimal imaging parameters would be insufficient to
etect microscopic damage that could, in theory, contribute to SIT performance.
inally, olfactory tract and bulb damage is inextricably confounded with ven-

ral prefrontal damage in TBI. It is therefore impossible to separate the effects
f these two contributions to SIT performance in TBI, even assuming optimal
uantification of the olfactory tracts and bulbs. These issues are addressed in
he results and discussion in relation to our findings and to previous research on
his issue.

.6. Statistical analyses

Partial least squares (PLS) is a flexible multivariate technique extensively
pplied to brain imaging data (McIntosh & Lobaugh, 2004). In general terms,
LS is a multivariate analysis technique for relating two sets of variables to
ach other. In the present application, it was used to identify patterns of volume
oss related to performance on the three identified tests purportedly sensitive to
entral frontal function. Because PLS considers the brain as a whole, it well
uited to the detection of distributed patterns of volume loss covarying with test

erformance.

In the first step of the PLS analyses, correlations were computed between the
rain imaging data (i.e., regional gray matter, white matter and CSF volumes)
nd the behavioral measures. Singular value decomposition was then applied to
his correlation matrix to identify latent variables [LVs] which indicate optimal

template brain derived from 12 healthy control subjects’ T1-weighted images.
l middle frontal; MMF, medial middle frontal; LVF, lateral ventral frontal; MVF,
CG, middle cingulate gyrus; PCG, posterior cingulate gyrus/retrosplenial cortex;
GT, anterior basal ganglia/thalamus; PBGT, posterior basal ganglia/thalamus;
in tissue, the cerebellum, and the brainstem are excluded from analyzed images.
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ig. 2. Location and degree of overlap of brain lesions. Lesions are projected on
1-weighted images. Areas damaged in only one subject are shown in dark red
p to five individuals (see legend). Lesions were concentrated in ventral prefron

elations between profiles of task performance and patterns of volume loss (for
etails, see McIntosh and Lobaugh, 2004).

The statistical significance of each LV was assessed by 1500 permutation
ests with a threshold of p < 0.05 (Edgington, 1980; McIntosh, Bookstein, Haxby,

Grady, 1996), in which behavioral observations were shuffled within subjects
o calculate the probability of each LV having occurred by chance. The reliability
f each brain volume’s contribution to the LV was determined through bootstrap
esampling (subjects were resampled 500 times) (Wasserman & Bockenholt,
989). Brain regions in the singular images were considered reliable if they
ad a ratio of salience-to-standard error (S.E.) greater than 3, similar to a Z-
core, which corresponds to 99% confidence limits (Efron & Tibshirani, 1986).
hus, the ratio of salience-to-S.E. derived from the bootstrap analyses reflects

he consistency with which the salience of a particular brain region is non-zero
cross subjects. Because image-wide statistical assessment is done in a single
nalytic step, no correction for multiple comparisons across brain regions is
equired.

Owing to the heterogeneous nature of TBI neuropathology, we conducted
eparate brain–behavior PLS analyses for the focal lesion group and the diffuse
njury group. For the diffuse injury group, separate analyses were conducted
or gray matter, white matter, and CSF. As noted above, lesioned regions were
xcluded from segmentation analysis as tissue compartments could not be reli-
bly estimated from voxels within these regions. For analyses involving the focal
esion group, we assumed the lesioned tissue contained no functioning gray or
hite matter. We were unable, however to estimate CSF volumes within these

egions. As the exclusion of lesioned regions could artificially reduce CSF vol-
mes (particularly in ventral frontal regions of interest in this study), analyses

or the lesion group were restricted to gray and white matter.

The remaining statistical analyses were conducted with parametric methods
t-test, ANOVA, Pearson correlations) using Statistical Package for the Social
ciences (SPSS) for Windows (Release 12.0.0, 4 September 2003; Chicago:
PSS Inc.). In case of unequal group variances, as indicated by Levene’s test,

(
t
p
b

elected axial slices of a template brain derived from 12 healthy control subjects’
hter colors indicate the degree to which lesions involve the same structures in
rtex and frontal insular cortex of the right hemisphere (R, right hemisphere).

he unequal variance T-test correcting degrees of freedom, was applied (incorpo-
ated in SPSS). Post-hoc simple comparisons were Bonferroni-corrected. Where
ecessary, we applied square root transformations to correct for skewness before
pplying parametric tests.

Because statistical assessment of PLS results is non-parametric, untrans-
ormed original data were used in the PLS analyses. For ease of interpretation,
ehavioral data in the PLS analyses were scaled in the same direction, inverting
he error rate in the OA task into positive scores of performance.

. Results

.1. Behavior

All three tests were sensitive to the effects of TBI. Relative
o comparison subjects, TBI patients identified fewer odors in
he SIT (T[74.7] = 4.05, p < 0.001), produced more errors in OA
T[76.6] = −4.01, p < 0.001) and selected more cards from the
igher risk decks of the IGT as assessed by the composite score
T[81] = 2.19, p < 0.05).

IGT performance was differentially implicated across blocks,
irroring previously published results from these same patients

as part of a larger sample; Levine et al., 2005). A repeated-
easures analysis of variance on IGT performance with block
1–5) and group (TBI patients, comparison subjects) as fac-
ors revealed significant main effects of block (F[4, 324] = 13.2,
< 0.001), group (F[1, 81] = 4.8, p < 0.05), and an interaction of
lock and group (F[4, 324] = 4.95, p < 0.01). The main effect of
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roup, as noted above, indicated better performance of compar-
son subjects than TBI patients. The group by block interaction
howed differential acquisition slopes across the five IGT blocks
n patients and comparison subjects: Whereas comparison sub-
ects’ IGT performance improved from block 1 to subsequent
locks (block 2: T[24] = −4.77; block 3: T[24] = −5.11; block 4:
[24] = −4.82; block 5: T[24] = −6; all p < 0.001), TBI patients
erformed identically in blocks 1 and 2 (T[57] = −0.19, p > 0.1),
nd only started to improve in block 3 (block 1: T[57] = −3.18,
< 0.01; block 2: T[57] = −3.07, p < 0.05). Direct group com-
arisons at each block indicated significantly higher selection
rom the good decks for the comparison group than for TBI
atients in block 2 (T[81] = 3.82, p < 0.05) and marginally so, in
lock 3 (T[81] = 1.98, p = 0.051). In contrast, comparison sub-
ects selected fewer cards from the good decks compared to the
BI patients in the beginning of the IGT (block 1: T[81] = −2.34,
< 0.05). Thus, healthy subjects started out with a bias towards

election of risky decks, but then quickly improved their strategy
nd shifted towards the advantageous decks in block 2 and sub-
equent blocks. TBI patients began more cautiously and started
mproving their selection strategy only in block 3.

As demonstrated previously (Levine et al., 2005), the IGT did
ot differentiate patients with varying TBI severity (see Table 1).
erformance in the SIT paralleled TBI severity. Mild TBI
atients had a higher performance than moderate TBI patients
ho scored higher than severe TBI patients (see Table 1).

n post-hoc tests, severe TBI patients had significantly lower
IT performance than comparison subjects (T[26.6] = −4.71,
< 0.001) and mild TBI patients (T[24.7] = −4.45, p < 0.01; see
lso panel A of Fig. 3).

OA was sensitive to effects of injury severity, with signifi-
antly elevated error rates only in severe TBI patients compared
o healthy subjects (T[25.31] = −3.6, p < 0.01). Although mild
nd moderate TBI patients also had enhanced error rates in OA,
hey were not statistically different from comparison subjects

see Table 1 and panel B of Fig. 3).

The presence of focal cortical contusions affected perfor-
ance in the SIT, F[2, 80] = 9.2, p < 0.001, but not in OA or

he IGT. Patients in the focal lesion group scored lower in the

w
d
a
w

ig. 3. (A) Smell identification performance across TBI severity groups. (B) Numbe
ars are 95% confidence intervals around the mean.
logia 46 (2008) 461–474

IT than patients in the diffuse injury group, T[56] = −2.35,
< 0.05, while both groups were significantly impaired in con-

rast to the comparison subjects, T[24.31] = −4.24, p < 0.001 and
[63] = −2.4, p < 0.05 for focal lesion and diffuse injury ver-
us comparison subjects, respectively. When TBI severity was
quated across groups, patients with focal lesions and without
esions did not differ significantly from each other in any of the
hree measures. Thus, in our sample of TBI patients, the pres-
nce of focal cortical contusions did not have a specific effect
n test performance over and above that of TBI severity alone.

In summary, all three behavioral measures were sensitive to
eneral effects of TBI. Within the patient group, the SIT com-
ared to OA and the IGT was more sensitive to both effects of
njury severity and presence of focal cortical contusions.

.2. PLS results

.2.1. Focal lesion group
The objective of the PLS analyses is to identify patterns of

rain regions that explain the variability in the behavioral data.
hereas a principal component analysis computes the pair-wise

ovariance between the dependent variables (i.e., intercorrela-
ions between brain volumes, or, between behavioral measures),
LS determines the covariance between brain volumes and
ehavioral measures. Thus, PLS identifies not simply patterns
f brain volumes that covary together across subjects, or sets
f behavioral measures that covary across subjects, but rather
rain volume–behavior pairings that covary together. We identi-
ed significant latent variables between behavioral performance
nd regionally specific brain volumes for gray matter and white
atter in the focal lesion group, each accounting for a large

ortion of the brain–behavior covariance (covariance explained:
ray matter: 82.67%; white matter: 72.01%).

As expected given the lesion location, the right ventral frontal
ector was strongly associated with behavior, but regional effects

ere not restricted to this region. Additionally, there was evi-
ence of specificity within the three behavioral measures; not
ll measures contributed significantly to the overall covariance
ith brain volumes.

r of errors in object alternation performance across TBI severity groups. Error
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As illustrated in Fig. 4 (panel A), performance on all three
ests significantly covaried with gray matter volume loss in the
rontal cortex, including the right medial ventral sector, the lat-
ral ventral sectors bilaterally, and the medial superior sector
ilaterally. Significant effects, however, were not restricted to
he frontal lobes. Additional regions contributing to this pat-
ern included the bilateral medial temporal lobes, right posterior
ingulate gyrus/retrosplenial cortex, and right anterior basal gan-
lia. In the analysis of white matter loss, only the SIT contributed
eliably to the behavioral pattern. Reliable white matter vol-
me loss in the right lateral and medial ventral frontal cortex
as associated with SIT performance. Furthermore, white mat-

er volumes in bilateral posterior cingulate gyrus/retrosplenial
ortex were associated with behavior (see Fig. 4, panel B).

In order to rule out potential contamination of our results by
wo of the focal lesion patients who had suspected unilateral
lfactory bulb/tract damage, we performed additional PLS anal-
ses excluding these patients. The results of these analyses were
ighly similar to the ones reported above. Consistently, we found

ovariance of test performance with gray matter loss in bilateral
rontal cortex, including right medial and lateral ventral frontal
ortex, and in posterior cingulate gyrus/retrosplenial cortex. The
edial temporal lobe involvement fell short of significance in

r
r
i
c

ig. 4. Latent variable from PLS analyses of brain volumes and performance in Sme
n 18 TBI patients with focal lesions. The pattern of test performance associated w
attern of volume changes, is presented on the right side. Error bars represent 95%
ignificantly contribute to the latent variable. On the left are regional plots of boostra
ith the pattern of test scores depicted on the right. The color bar indicates the cod
Z-score. Not all 38 regions and only reliable salience-to-S.E. ratios are shown (ass

rom a template of 12 healthy control subjects’ T1-weighted images. Images are dis
mage). (A) PLS analysis of gray matter volumes and behavior (LV1: singular value
ight ventral medial frontal, bilateral superior medial frontal, bilateral medial tempor
ortex gray matter. (B) PLS analysis of white matter volumes and behavior (LV1: sin
edial ventral frontal and bilateral posterior cingulate gyrus/retrosplenial cortex whi
logia 46 (2008) 461–474 467

his analysis. Instead we now found anterior and posterior tem-
oral lobe gray matter loss related to behavior. As for white
atter loss, again, right medial and lateral ventral frontal cortex

s well as posterior cingulate gyrus/retrosplenial cortex damage
as related to smell identification performance only. Addition-

lly, we now found right medial temporal lobe white matter loss
elated to smell identification.

.2.2. Diffuse injury group
In the diffuse injury group, there was a significant latent vari-

ble identified for gray matter (covariance explained: 68.9%),
ut not white matter. A latent variable in the analysis of CSF vol-
mes approached significance (p = 0.077; covariance explained:
2.8%).

In contrast to the focal lesion group, the IGT did not contribute
ignificantly to the brain–behavior covariance the diffuse injury
roup. SIT and OA performance was associated with higher gray
atter volumes in bilateral posterior temporal lobes (see Fig. 5,

anel A). None of the other regional gray matter volumes was

eliably related to behavior. As for CSF volumes, we observed
eliable covariance of behavior on the SIT only and volume loss
n left ventral medial frontal cortex (see Fig. 5, panel B) indi-
ating regional specificity of smell identification performance

ll Identification Test (SIT), object alternation (OA), Iowa gambling task (IGT)
ith the latent variable, expressed as correlations between test scores with the
confidence intervals. Tests with error bars crossing the horizontal axis did not
p ratios indicating pattern of gray and white matter volume changes associated
ing scheme according to the level of the bootstrap ratio, interpreted similar to
essed by bootstrap resampling, p < 0.01). The anatomical underlay is derived
played in radiological convention (right hemisphere displayed on left side of
= 3.32, p < 0.01). Reliable peaks were observed in bilateral ventral lateral and
al, right anterior basal ganglia and right posterior cingulate gyrus/retrosplenial
gular value = 2.81, p < 0.01). Reliable peaks were observed in right lateral and
te matter (R, right hemisphere).
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Fig. 5. Latent variable 1 from PLS analyses of brain volumes and performance in Smell Identification Test (SIT), object alternation (OA), Iowa gambling task (IGT)
in 40 TBI patients with diffuse brain injury. The pattern of test performance associated with the latent variable, expressed as correlations between test scores with
the pattern of volume changes, is presented on the right side. Error bars represent 95% confidence intervals. Tests with error bars crossing the horizontal axis did not
significantly contribute to the latent variable. On the left are regional plots of boostrap ratios indicating pattern of gray and white matter volume changes associated
with the pattern of test scores depicted on the right. The color bar indicates the coding scheme according to the level of the bootstrap ratio, interpreted similar to
a Z-score. Not all 38 regions and only reliable salience-to-S.E. ratios are shown (assessed by bootstrap resampling, p < 0.01). The anatomical underlay is derived
from a template of 12 healthy control subjects’ T1-weighted images. Images are displayed in radiological convention (right hemisphere displayed on left side of
image). (A) PLS analysis of gray matter volumes and behavior (LV1: singular value = 1.53, p < 0.05). Reliable peaks were observed in bilateral posterior temporal
gray matter. (B) PLS analysis of CSF (cerebrospinal fluid) volumes and behavior (LV1: singular value = 1.44, p = 0.077). A reliable peak was observed in left medial
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entral frontal cortex (R, right hemisphere).

o ventral frontal cortex integrity in the absence of lesions. We
ay have seen a left-lateralization of this effect in the diffuse

njury group because patients in our sample with greater right-
ateralized ventral frontal damage were included in the focal
esion group.

.3. Post-hoc tests of the ROIs identified by PLS

The multivariate PLS analyses allowed us to identify the
mage-wide distribution of brain regions related to performance

easures. To verify the effects in the ROIs observed in the

LS analyses by conventional methods, we assessed correla-

ions between the single behavioral measures and the identified
OIs, much the same way post-hoc univariate tests would be
pplied to omnibus findings in ANOVA. Broadly speaking, the

p
a

o

esults of these follow-up tests confirmed the findings from the
LS analyses (see Table 2).

As shown in Table 2, in the focal lesion group, the SIT was the
nly measure significantly correlated with ventral frontal cortex
ray and white matter volumes, whereas OA and IGT perfor-
ance correlated with gray matter volumes in superior frontal

obe. Furthermore, posterior cingulate gyrus/retrosplenial cor-
ex gray and white matter integrity was related to the SIT and
A. Thus, although all three behavioral measures contributed

ignificantly to the regional pattern of gray matter loss in the
ultivariate analysis of focal injury patients, the ventral frontal
art of this pattern was the only one related to SIT performance
s seen in the correlations.

In the diffuse injury group, correlations between performance
n the SIT and left ventral medial CSF and bilateral posterior
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Table 2
Pearson correlations between test behavior and ROIs identified by the PLS analyses in patients with focal lesions and diffuse injury

Test

SIT OA IGT

Focal lesion group (N = 18)
Gray matter

Left medial superior frontal lobe 0.38 0.58* 0.53*

Right medial superior frontal lobe 0.40 0.54* 0.45
Left lateral ventral frontal lobe 0.58* 0.28 0.46
Right lateral ventral frontal lobe 0.36 0.35 0.39
Right medial ventral frontal lobe 0.50* 0.34 0.34
Left medial temporal lobe 0.36 0.58* 0.34
Right medial temporal lobe 0.54* 0.41 0.46
Right posterior cingulate gyrus/retrosplenial cortex 0.71** 0.61** 0.22
Right anterior basal ganglia 0.69** 0.34 0.47

White matter
Right lateral ventral frontal lobe 0.61** 0.13 0.35
Right medial ventral frontal lobe 0.70** 0.14 0.37
Left posterior cingulate gyrus/retrosplenial cortex 0.58* 0.51** −0.06
Right posterior cingulate gyrus retrosplenial cortex 0.65** 0.21 −0.21

Diffuse injury group (N = 40)
Gray matter

Left posterior temporal lobe 0.39* 0.24 0.08
Right posterior temporal lobe 0.48** 0.10 0.08

CSF
Left medial ventral frontal lobe −0.32* −0.05 0.25

S errors

t
o
p
l
t

4

l
p
n
t
W
o
t
(
l
w
i
r
S
s
a
c
a
t
d

p
q
n
s

l
o
a
B
2
d
p
o
F
c
p
w
a
i
a
t
w
F
t

IT, Smell Identification Test; OA, object alternation, inverted number of total
* p < 0.05.

** p < 0.01.

emporal gray matter volumes were consistent with the results
f the PLS analyses. Although the PLS analysis suggested OA
erformance contributed to the gray matter findings (albeit to a
esser degree than the SIT), this finding was not significant in
he correlational analysis.

. Discussion

This is the first study of brain–behavior relationships in a
arge TBI sample to combine tissue segmentation, regional brain
arcellation, and lesion location analysis. Our focus was on
europsychological functions sensitive to damage in the ven-
ral frontal cortex, a brain region commonly implicated in TBI.

e observed two primary results: Firstly, structural integrity
f the ventral frontal cortex was reliably related to smell iden-
ification (the SIT), but less reliably so to object alternation
OA) or gambling (IGT) performance. Even in patients with
esions, OA and IGT performance showed stronger associations
ith residual tissue volumes outside the ventral frontal cortex,

ncluding the superior medial frontal lobes, sectors of the tempo-
al lobes, and the posterior cingulate gyrus/retrosplenial cortex.
econdly, although most of our brain–behavior correlations were
een in patients with lesions, we still found smell identification
ssociated with parenchymal integrity in medial ventral frontal

ortex without lesions. Thus, extending conventional lesion
nalysis, our approach suggests some ventral frontal cortex func-
ions may covary with ventral frontal cortex damage caused by
iffuse injury in TBI. Importantly, the overall brain–behavior

p
t
h

; IGT, Iowa gambling task; CSF, cerebrospinal fluid.

atterns in TBI patients with and without lesions were not only
uantitatively but also qualitatively different, underlining the
ecessity to consider these two types of TBI neuropathology
eparately.

Previous studies in TBI found associations of neuropsycho-
ogical dysfunctions and atrophy in regions selected for ease
f visualization on imaging or for theoretical reasons, such
s corpus callosum, cingulate gyrus or fornix (Gale, Johnson,
igler, & Blatter, 1995; Tomaiuolo et al., 2004; Verger et al.,
001). However, as demonstrated here, regions outside such pre-
etermined ROIs may be implicated in neuropsychological test
erformance. Whole-brain approaches offer an unbiased way
f assessing structure-function relationships in this population.
urthermore, sampling across tissue compartments reveals the
ontribution of cortical volume loss to behavior, in contrast to
revious studies where analysis was restricted to measures of
hite matter loss (Bigler, Anderson, & Blatter, 2002; Levin et

l., 1990; Serra-Grabulosa et al., 2005; Wilde et al., 2005). For
nstance, we found no significant correlations between behavior
nd white matter volumes in the diffuse injury group, suggesting
hat gray matter volume loss is more important to behavior than
hite matter volume loss in the absence of larger focal lesions.
or a similar finding in relation to standard neuropsychological

ests, see Levine et al. (submitted for publication).

Our results were dominated by effects of smell identification

erformance, which in the diffuse injury group was the only
est significantly associated with brain volume loss. Beside the
igh frequency of olfactory impairment after TBI (Callahan &
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inkebein, 1999; Doty et al., 1997; Levin, High, & Eisenberg,
985), smell identification problems are strongly associated with
he presence of clinically diagnosed lesions in TBI measured
ith conventional imaging techniques. In the current study, we

dditionally confirm a quantitative relationship of smell identi-
cation problems and degree of radiological abnormalities even
ithout large focal lesions.
Previous investigations have found high incidences of olfac-

ory bulb and tract damage associated with olfactory deficits
fter TBI (Yousem et al., 1996, 1999). As noted above, our
maging parameters were not optimized to the detection of extra-
arenchymal damage in the olfactory system, so we were unable
o empirically assess the contribution of such damage to our
esults. At minimum, total anosmia due to transection of cranial
erve I (the olfactory tracts) did not contribute to our results,
n that patients with self-reported anosmia were excluded from
his study; the vast majority of the remaining patients, recruited
rom consecutive admissions, performed above chance on the
IT, confirming residually intact sensory thresholds. This is con-

rasted to the previous large-scale study of olfaction and imaging
n TBI of patients recruited after presentation to a smell and
aste clinic, were 22% performed at or below chance levels on
he SIT and 44% were anosmic (Yousem et al., 1999). In that
tudy, olfactory tract and bulb volumes were correlated with
IT performance only among the anosmic patients; cortical tem-
oral volumes were uncorrelated with performance and frontal
olumes were not assessed.

Furthermore, only 2 of our 18 focal lesion patients scored in
he anosmic range on the SIT. Although there was evidence
f olfactory tract damage in these patients upon inspec-
ion by a neuroradiologist (FG), it was restricted to the left
emisphere in both patients, contralateral to the side of the
ight-hemispheric effects in the PLS and the brain lesion
ocation. Due to the heavily ipsilateral nature of olfactory pro-
ections, and the right-sided nature of the ventral frontal cortex
nvolvement, a left olfactory tract lesion is unlikely to be the
ole source of an olfactory deficit (cf. Eslinger, Damasio, &
an Hoesen, 1982). Accordingly, when these two patients were
xcluded from our analyses the critical findings concerning ven-
ral frontal cortex held.

We acknowledge however, that TBI forces sufficient to dam-
ge the ventral medial prefrontal cortex may also cause olfactory
ract or nerve shearing in the nasal cavity. Subtle olfactory tract or
ulb damage cannot be ruled out as contributing to our results as
he integrity of these extraparenchymal stuctures was not empir-
cally assessed. Our finding of superior sensitivity of SIT to
entral medial prefrontal cortex damage may therefore be caused
y the fact that in TBI, unlike in other patient populations with
xclusively focal lesions, ventral medial prefrontal damage is
ecessarily correlated with extraparenchymal, primary sensory
amage. Nonetheless, our findings replicate previous research
n patients with ventral frontal damage in the absence of olfac-
ory tract or bulb damage (Jones-Gotman et al., 1997) as well

s recent findings from our own laboratory in a sample of 32
atients with focal lesions due to strokes or tumors, where SIT
erformance was related to bilateral ventral frontal and right
orsolateral damage (Wiederkehr et al., in preparation).

(
p
&
c

logia 46 (2008) 461–474

Smell identification performance closely paralleled the loca-
ion of focal lesions. It was further associated with residual
ntegrity of a predominantly right-hemispheric combination of
rain regions composed of ventral frontal cortex, medial tempo-
al lobes and posterior cingulate gyrus/retrosplenial cortex. The
rimary olfactory cortex on the medial surface of the temporal
obe receives input from the ipsilateral olfactory bulb. Via tha-
amic, perirhinal and entorhinal regions, the ventral prefrontal
ortex receives secondary and tertiary olfactory projections
Rolls, 2004). Furthermore, the cingulate gyrus, particularly
ulnerable to TBI (Gale, Baxter, Roundy, & Johnson, 2005;
evine et al., in press; Yount et al., 2002), provides a func-

ional contribution to many tasks (Levine et al., submitted for
ublication). In our case, one may argue that damage to the poste-
ior cingulate gyrus/retrosplenial cortex, intricately connected to
edial frontal cortex (Cavada, Company, Tejedor, Cruz-Rizzolo,
Reinoso-Suarez, 2000) may have contributed to the smell

eficits. Thus, the localization of smell identification problems
n TBI patients with focal cortical contusions can be considered
n good accordance to previous studies of olfactory problems
fter ventral prefrontal or medial temporal lobe lesions (Jones-
otman et al., 1997; Zatorre & Jones-Gotman, 1991), functional
euroimaging studies (Dade, Zatorre, & Jones-Gotman, 2002;
ang, Eslinger, Smith, & Yang, 2005), and findings of smell

oss as reported in other samples of patients with TBI (Green,
ohling, Iverson, & Gervais, 2003; Levin et al., 1985; Yousem et
l., 1996). While this lesion–behavior relationship was expected,
e showed gradual ventral frontal tissue loss in the absence
f focal cortical contusions was likewise associated with smell
dentification problems following TBI.

An interesting additional finding in the diffuse injury group
f patients was the association of smell identification problems
o gray matter loss in lateral posterior temporal lobe regions.
he SIT requires not only sensory detection of odors but also

heir classification to semantic verbal labels. The posterior tem-
oral lobes are activated in functional neuroimaging studies
nvolving integration of semantic and multisensory information
Büchel, Price, & Friston, 1998). Lesions of posterior tempo-
al lobe regions within the ventral visual pathway correspond
ith difficulties in connecting categorical semantic knowledge

o sensory information (Damasio, Tranel, Grabowski, Adolphs,
Damasio, 2004; Gainotti, Silveri, Daniele, & Giustolisi, 1995;
umphreys & Forde, 2001). Reduced lateral posterior tempo-

al lobe gray matter in our diffuse injury group may therefore
ave reflected inefficient connection of conceptual knowledge
bout the odor descriptions to the sensory features of the odors
hemselves (see also Jones-Gotman and Zatorre, 1988).

The OA task was only reliably related to regional tissue vol-
mes outside the ventral frontal cortex, including the medial
emporal lobes, posterior cingulate gyrus/retrosplenial cortex
nd superior medial frontal cortex. These results contrast with
tudies implicating the importance of the ventral frontal regions
o OA and other reward alternation performance in humans

Kringelbach & Rolls, 2004; Rolls, 2000) and non-human
rimates (Mishkin, Vest, Waxler, & Rosvold, 1969; Pribram

Mishkin, 1956). The medial temporal lobe and posterior
ingulate gyrus/retrosplenial cortex may mediate mnemonic
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omponents of OA, such as associative memory for relation-
hips between information presented at different times (Cohen &
ichenbaum, 1993). OA requires flexible learning and unlearn-

ng of correct responses in each trial, whereas other tasks used
n patient studies involved a slower rate of reward acquisition
nd switching (Fellows & Farah, 2003; Hornak et al., 2004).
hus, OA may be more sensitive to functions associated with
orsal prefrontal regions, such as resolution of response conflict
de Wit, Kosaki, Balleine, & Dickinson, 2006) and selective
ttention and working memory (Faw, 2003), which may have
ad a larger contribution to OA performance than processing
f the emotional aspects of this task (reward representation
nd changing response patterns to obtain reward) associated
ith the ventral frontal cortex (Kringelbach & Rolls, 2004).
ur study is not alone in this respect. Lesions in previous
atient studies of reward alternation behavior have not been
trictly confined to ventral frontal lobes; they have encroached
ell into more superior medial brain areas (Fellows & Farah,
003; Freedman et al., 1998; Hornak et al., 2004). Results
rom functional neuroimaging studies of object alternation
re thus far inconsistent. Whereas some point to a particu-
ar involvement of ventral medial frontal cortex regions (Gold,
erman, Randolph, Goldberg, & Weinberger, 1996; O’Doherty,
ringelbach, Rolls, Hornak, & Andrews, 2001; Zald, Curtis,
olley, & Pardo, 2002), other studies – consistent with our find-

ngs – show additional, more dorsal frontal regions critically
nvolved (Zald, Curtis, Chernitsky, & Pardo, 2005), with a partic-
lar importance of medial polar frontal cortex (Turner & Levine,
006).

Finally, we failed to confirm the specificity of the Iowa
ambling task to ventral frontal brain regions. Indeed, IGT per-
ormance was not significantly related to structural integrity
f most of the assessed regional brain volumes, even in the
resence of lesions. Some previous patient studies showed
ecision-making problems following ventromedial prefrontal
ortex lesions, especially if damage was sustained to the right
emisphere (Tranel, Bechara, & Denburg, 2002). Such an
ssociation might be expected in the present study given the
redominance of right ventral frontal lesions. Instead we found,
imilar to our results with the OA task, the only significant
orrelation to gambling performance was in the focal lesion
roup and confined to gray matter volumes in superior medial
rontal cortex. The specificity of the Iowa gambling task to ven-
ral frontal cortex damage has been challenged (Clark, Manes,
ntoun, Sahakian, & Robbins, 2003; Manes et al., 2002). For

nstance, Manes and colleagues (Manes et al., 2002) reported
atients with focal ventral frontal cortex damage performed
imilar to controls, whereas patients with damage to either dor-
olateral, dorsomedial or more extended frontal lobe regions
ere impaired. We have also found that the IGT is unrelated to

ocal frontal damage in our sample of 32 patients (Wiederkehr
t al., in preparation).

A composite IGT score could be regarded as a limitation

ince effects involving acquisition slopes may be obscured. The
rst two blocks of the IGT were differentially influenced in

he TBI patients compared to comparison subjects. Compari-
on subjects started out with lower difference scores in block 1

t
1
a
d
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nd TBI patients scored lower in block 2, while all other blocks,
hen analyzed separately, were statistically identical between
atients and comparison subjects. Owing to this result of differ-
ntial performance patterns across IGT blocks (see also Brand,
ecknor, Grabenhorst, & Bechara, 2007) for healthy individu-
ls’ differential performance during IGT blocks), we performed
wo additional PLS analyses using brain volumes and SIT, OA
nd separate blocks of the IGT in focal lesion patients and dif-
use injury patients. None of the analyses from focal lesion
atients returned significant LVs, due to the greater variabil-
ty among now seven instead of three behavioral measures in
his relatively small sample. In the diffuse injury group, none
f the single IGT blocks was significantly related to brain vol-
mes. Furthermore, conventional correlations between separate
GT blocks and ventral frontal cortex volumes in either focal
r diffuse injury group did not reveal any significant results (all
’s > 0.05). Finally, also re-analyzing our results by excluding
he first two IGT blocks due to their less reliable contribution to
he overall IGT outcome (see also Dunn et al., 2006; Levine et al.,
005), to rule out contamination of the composite score by these
rials did not qualitatively change our results. Thus, it appears
afe to say that, at least in our form of analysis, IGT blocks
id not covary differentially with brain volumes in our patient
roup.

. Conclusion

We used a unique combination of methods to determine
rain–behavior covariations in a large sample of TBI patients.
ombining tissue segmentation and regional brain parcellation
ith a multivariate analysis technique guided our unbiased selec-

ion of ROIs with the most important behavioral impact. OA
nd IGT, tests at the intersection of cognition and reward/risk
olerance, were impaired by TBI, but they were most sensi-
ive to superior medial frontal lesions, possibly due to cognitive
emands such as response conflict resolution, working memory
nd attentional functions. The one test involving the most defi-
ite ventral frontal cortical anatomy, the SIT, was also impaired,
ut here the impairment coincided with focal ventral frontal lobe
amage. The association between the SIT and the integrity of
he ventral frontal cortex held even in TBI patients without focal
esions. Performance in these patients was additionally associ-
ted with the integrity of temporal association areas, possibly
eflecting semantic processing.

Human research on complex tasks associated with the ventral
rontal cortex has often used patients with focal lesions restricted
o these regions (Bechara et al., 2000). Subsequent studies incor-
orating a wider range of lesion locations have questioned the
pecificity of these lesion–behavior relationships (Manes et al.,
002). Research in patients with TBI can augment such analyses
y incorporating both diffuse and focal lesion effects. Our results
re consistent with the notion that complex cognitive tasks (such
s the object alternation and gambling tests) do not consis-

ently localize to a single region of association cortex (Mesulam,
998). Smell identification, although more specifically associ-
ted with ventral frontal regions, was also affected by distributed
amage.
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