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Abstract

Compromised memory functioning is one of the commonly reported cognitive sequelae seen following mild
traumatic brain injury (mTBI). Diffusion tensor imaging (DTI) has been shown to be sufficiently sensitive at
detecting early microstructural pathological alterations after mTBI. Given its location and shape, the cingulate,
which is comprised of the cingulate gyrus (gray matter) and cingulum bundles (white matter), is selectively
vulnerable to mTBI. In this study we examined the integrity of cingulum bundles using DTI, and the relationship
between cingulum bundles and memory functioning. Twelve adolescents with mTBI and 11 demographically-
matched healthy controls were studied. All participants with mTBI had a Glasgow Coma Scale score of 15, and
were without intracranial findings on CT scan. Brain scans were performed on average 2.92 days post-injury,
and all participants were administered the Verbal Selective Reminding Test (VSRT), an episodic verbal learning
and memory task. Participants with mTBI had a significantly lower apparent diffusion coefficient (ADC) bi-
laterally than controls ( p< 0.001). Despite the marginal significance of the group difference in fractional an-
isotropy (FA), the effect size between groups was moderate (d¼ 0.66). Cognitively, healthy controls performed
better than the TBI group on immediate and delayed recall; however, the difference did not reach statistical
significance. In the mTBI group, FA of the left cingulum bundle was significantly correlated with 30-min delayed
recall (r¼�0.56, p¼ 0.05). A marginally significant correlation was found between ADC of the left cingulum
bundle and the total words of immediate recall (r¼ 0.59, p¼ 0.07). No significant correlation was found between
DTI metrics and memory functioning for the control group. These preliminary findings indicate that cingulate
injury likely contributes to the cognitive sequelae seen during the early phase post-mTBI.
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Introduction

Memory or attentional impairment and slowed
processing of information are the most frequent cog-

nitive sequelae seen during the first 1–3 months after mild
traumatic brain injury (mTBI) (Belanger et al., 2007; Kurca
et al., 2006; Malojcic et al., 2008). Advances in magnetic res-
onance imaging (MRI), especially diffusion tensor imaging
(DTI), have shown that DTI metrics, including fractional an-

isotropy (FA) and apparent diffusion coefficient (ADC), are
sufficiently sensitive to detect early pathological alterations
associated with injury (Alexander et al., 2007; Arfanakis et al.,
2002; Nakayama et al., 2006; Xu et al., 2007) during the first
2 weeks after mTBI (Lo et al., 2009; Topal et al., 2008). Typi-
cally, higher FA and lower ADC are associated with pre-
served white matter tract integrity, and decreased FA and
increased ADC in chronic TBI have been attributed to white
matter injury and degeneration. However, in more acute
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stages of mTBI, a reversal of this pattern has been demon-
strated, where increased FA and decreased ADC may be in-
dicative of transient cytotoxic edema (Bazarian et al., 2007;
Chu et al., in press; Wilde et al., 2008).

In moderate-to-severe TBI, the cingulate, which is com-
prised of both the gray matter of the cingulate gyrus (CG), as
well as the underlying white matter tract of the cingulum
bundle (CB), may be especially vulnerable to injury because of
its location adjacent to the falx cerebri (Gean, 1994), including
secondary effects from frontotemporal damage that disrupt
afferent and efferent cingulate connections (Bigler, 2007).
Furthermore, because of its long coursing nature, the CB is
susceptible to traumatic axonal injury, and this injury is de-
tectable by DTI in studies involving mild-to-severe TBI at a
chronic phase (Bendlin et al., 2008; Kraus et al., 2007; Rutgers
et al., 2008). Given the potential role that the CB plays in the
emergence of cognitive and neuropsychiatric sequelae fol-
lowing mTBI (Stein and McAllister, 2009), we hypothesized
that acute post-injury DTI measures of FA and ADC would be
sensitive in detecting pathological changes within the CB that
would relate to cognitive status in patients with mTBI.

Methods

Some results from this sample of participants (i.e., DTI
metrics) have been reported in part by Wilde and associates
(2008). Twelve (six males, six females) adolescents diagnosed
with concussion or mTBI by a trauma physician were re-
cruited for the study. All participants with mTBI had a
Glasgow Coma Scale (GCS) score of 15 on arrival in the
emergency department of Texas Children’s Hospital (TCH),
and had only brief loss of consciousness (<10 min). Although
at least two participants had a period of memory disturbance,
these data were not available for all participants. No partici-
pants had intracranial findings on computed tomography
(CT) or demonstrated post-traumatic amnesia as assessed by
the Galveston Orientation and Amnesia Test (Levin et al.,
1979) at the time of clinical testing or scanning. However, 91%
of the participants with mTBI reported post-concussive
symptoms at the time of assessment. The mechanism of injury
included motor vehicle crashes, sports, falls, and assaults. The
mTBI group had a mean age of 15.3 years (�1.2 years;
range 14–17 years), with 9.3 years of education (�1.7 years;
range 7–12 years). The control group was comprised of 11 (six
males, five females) healthy adolescents and young adults
from the local community. The mean age and years of edu-
cation for the control group were 15.8 (�1.8 years; range 14–19
years) and 10.0 (�1.8 years; range 8–12 years) respectively,
which did not significantly differ from the mTBI group. All
participants in both groups were right-hand dominant, and no
participant had a history of previous brain injury, neurologic
or psychiatric condition, or diagnosis of learning disability.
DTI data were acquired with a Philips 3T Achieva scanner
(Philips, Cleveland, OH) at TCH. Participants with mTBI were
scanned on average 2.92 days post-injury (range 1–6 days). All
participants were also administrated the six-trial version of
the Verbal Selective Reminding Test (VSRT) (Larrabee et al.,
2000). This is an episodic verbal learning and memory test in
which participants are asked to repeatedly recall a list of
words. Unlike other verbal list learning measures in which
participants are provided the entire list after each trial, the
administration of the VSRT requires examiners to give only

words that were omitted during the previous trial. For the
current analyses, the total number of words on immediate
recall across all trials, and the number of words for the 30-min
delayed recall were assessed. Informed consent was obtained
from each study participant prior to participation in the study.
Examiners performing neuropsychological assessments were
blinded to the DTI results, and individuals performing the
DTI analyses were blinded to the neuropsychological test
results.

For this study, transverse multi-slice spin echo, single shot,
echoplanar imaging sequences were applied (63,180.0 msec
TR, 51 msec TE, 2.0-mm slices, 0-mm gap). Diffusivities were
measured along 30 directions using an electrostatic gradi-
ent model ( Jones et al., 1999) (number of b-value¼ 2, low
b-value¼ 0, and high b-value¼ 1000 sec=mm2). To improve
the robustness of the data, two acquisitions were employed
and averaged using Philips diffusion affine registration pro-
gram (Netsch, 2001). Each acquisition comprised of 70 slices
took approximately 5 min. Prior to computing FA maps with
the Philips fiber tracking 4.1V3 Beta 2 software, shear and
eddy current distortion and head motion artifact were cor-
rected using the Philips PRIDE-registration tool (Netsch,
2001). In all cases the data quality was considered excellent
(Fig. 1). The bilateral CB were analyzed in the parasagittal
plane individually using the automated Philips three-
dimensional (3-D) fiber-tracking program, which examined
fiber tracks passing through the regions of interest (ROI).
Using the automatic 3-D ROI algorithm function, two to three
seed points were placed linearly along the CB in the right
parasagittal plane, usually within areas that appeared
brightest on the FA color map. The resulting typical left CB is
illustrated in Figure 1. The mean FA and ADC were automat-
ically calculated by the software. The algorithm for fiber track-
ing is based upon the fiber assignment by continuous tracking
method (Mori et al., 1999). If the FA in the voxels was less than
0.2, or if the angle between adjacent voxels was >7 degrees,
fiber tracking was automatically terminated. To ensure intra-
and inter-rater reliability, each ROI was separately analyzed
twice by two independent raters, with excellent intra- and
inter-rater reliability (range 0.975–1.000) being achieved.

Statistical analysis

Student’s t-tests were used to evaluate group differences
for FA and ADC of the CB and memory performance; as this
was an exploratory pilot study, correction for multiple com-
parisons was not necessary. To evaluate the relation between
DTI indices for the CB and memory functioning, Spearman’s
rho correlation was utilized.

Results and Discussion

The results are summarized in Table 1. DTI findings dem-
onstrated that in comparison to the healthy control group, the
mTBI group had significantly lower ADC in both the right
and left CB (all p< 0.0001). While a medium effect size
(d¼ 0.66) for differences in CB FA was present between the
groups, the difference was only marginally significant given
the sample size. With regard to cognitive functioning, the
mTBI group performed below the healthy controls on VSRT
total words of immediate recall and delayed recall; however,
the effect size for between-group differences was small to
medium (d¼ 0.41 and 0.53), and the group difference did not
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reach statistical significance. It would be premature to draw
conclusions regarding the clinical significance of these dif-
ferences given the current sample size. It should be noted that
the relations between DTI indices of CB and memory per-
formance differed based on laterality. In the mTBI group, FA
of the left CB significantly correlated with 30-min delayed
recall (r¼�0.56, p¼ 0.05; Fig. 2), where increased FA was
related to poorer memory performance. A marginally signif-
icant correlation was found between ADC of the left CB and
the total words of immediate recall (r¼ 0.59, p¼ 0.07), with
reduced ADC associated with compromised memory func-
tioning. No significant correlation was found between the DTI
metrics and the VSRT variables in the control group, although
several trends between FA of the right CB and immediate
recall (r¼ 0.54, p¼ 0.09), ADC of the right CB and delayed
recall (r¼�0.55, p¼ 0.08), and ADC of the left CB and de-
layed recall (r¼�0.52, p¼ 0.10) were found. As expected, the
direction of the relations between DTI metrics and memory
task performance was reversed in the control group such that
higher FA and lower ADC were associated with better per-
formance. Table 1 lists all means, standard deviations, p val-
ues, and effect sizes.

This study was conducted within 6 days of sustaining
mTBI, with a mean time post-injury of just under 3 days. We
acknowledge the heterogeneity in the time post-injury inter-
val; however, 10 of the 12 participants were scanned within
4 days post-injury, and 8 of the 12 were scanned within 3 days.
In the acute stage of brain injury, reduced ADC with increased
FA may reflect transient cytotoxic edema (Wilde et al., 2008),
and could be considered pathological. In contrast, DTI find-
ings in the chronic phase of mild TBI have revealed decreased
FA and increased ADC, presumably reflecting axonal injury.
Experimental animal models have also shown a variety of
inflammatory reactions within the cingulate after TBI, even
when focal injury was distal to the CG (Dikranian et al., 2008;
Kelley et al., 2007; Sargin et al., 2009), and may be apparent in
the cingulate within hours to days following mild injury
(Dikranian et al., 2008). In the human, the long-coursing white
matter structures forming the cingulum bundles are espe-
cially vulnerable to deformation injury because of their
proximity to the falx cerebri (Bigler, 2007; Gean, 1994). The
current findings suggest that perturbation within CBs was
present during the first week following mTBI, an effect pos-
sibly related to an early localized inflammatory reaction.

Table 1. Group Mean, Standard Deviation, and Effect Size for DTI Metrics

in the Cingulum Bundles and Memory Task Performance

Variables mTBI mean (SD) Control mean (SD) p Value Cohen’s d

FA Right 0.44 (0.02) 0.42 (0.03) 0.06 �0.66
Left 0.47 (0.02) 0.45 (0.02) 0.06 �0.66

ADC Right 0.73 (0.02) 0.76 (0.01) <0.0001 1.25
Left 0.73 (0.02) 0.75 (0.01) <0.0001 1.21

VSRT total number of words
during learning trials

50.08 (6.95) 53.00 (7.27) 0.17 0.41

VSRT 30-min delayed recall 7.67 (1.43) 8.55 (1.81) 0.11 0.53

SD, standard deviation; FA, fractional anisotropy; ADC, apparent diffusion coefficient; VSRT, Verbal Selective Reminding Test; mTBI mild
traumatic brain injury; DTI, diffusion tensor imaging.

For Cohen’s d, 0.2–0.49¼ small, 05–0.79¼medium, and >0.80¼ large effect size. These were calculated based on values rounded to two
decimal places.

All comparisons were performed with one-sided t-tests given the directional hypotheses.

FIG. 1. Sagittal diffusion tensor imaging (DTI) fractional anisotropy (FA) color map (left), and DTI tractography of the left
cingulum bundle (CB) overlaid on a T1-weighted image (right) in an individual with mild traumatic brain injury (mTBI).
Though differences in the qualitative appearance of the tractography of the CB between individuals with mTBI and controls
were not expected given the lack of abnormalities on conventional imaging and the relatively mild nature of the injuries,
quantitative differences in DTI metrics were observed. Green color represents fibers coursing in an anteroposterior direction,
blue color depicts fibers oriented in a superior-inferior direction, and red color represents fibers traversing in a right-to-left
direction. Color image is available online at www.liebertonline.com=neu
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Furthermore, this disruption in the left CB was related to 30-
min delayed recall on a memory task. Some degree of hemi-
spheric lateralization of CG function has been documented,
wherein functional neuroimaging studies have demonstrated
that left CG activation is more involved with language-based
tasks (Christensen et al., 2008; Zago et al., 2008). As such, since
the VSRT is a language-based episodic memory task in which
the delayed component places greater demand on retention
abilities, the current findings show that increased FA was
associated with worse retention in the mTBI group. The effect
sizes for both FA and ADC were medium to large, suggesting
that even a mild injury may produce an inflammatory reac-
tion sufficient to impact DTI metrics, and these changes are
related to altered memory performance. This relation (be-
tween DTI metrics and common cognitive sequelae following
mTBI) is consistent with findings of previous researchers
(Kraus et al., 2007; Niogi et al., 2008), although the direction of
the FA and ADC changes are in the opposite direction in this
acute time frame.

The small sample size did not permit an investigation of
regional differences within the CB, but given that effects were
observed within the entire CB, it is anticipated that regional
analyses will likely yield additional important relationships
with functional changes during the acute phase of mTBI. For
example, affective processing, pain, language, memory, and
executive functioning all likely engage different regions of the
cingulate (i.e., the anterior, body, and posterior regions), and
may also show hemispheric differences (Behrens et al., 2009;
Ebert and Ebmeier, 1996; Rushworth and Behrens, 2008). The
investigation of these relations in acute brain injury would
require a much larger sample size of patients with mTBI. Each
of the potential behavioral and cognitive changes would need
to be assessed with several neurobehavioral and=or neuro-
cognitive measures, and therefore require a more complex
study design. Nonetheless, these preliminary findings indi-
cate that cingulate injury contributes to the cognitive sequelae
seen during the early phase of mTBI.

Another limitation of the current investigation is that it
examined relations between DTI and memory during the first

week post-injury, and it is unknown if these relations persist
into more chronic phases of mild TBI. Our data do not indicate
whether CB DTI findings may help in differentiating and
predicting those patients with mTBI who may experience
persisting deficits versus those with good, rapid recovery. For
example, Chen and colleagues (2008), in an fMRI investiga-
tion in athletes who sustained mTBI, found differences in
activation in the anterior cingulate and medial frontal areas
between those athletes whose sequelae resolved quickly and
those with persistent symptoms. With atrophy of the cingu-
late reported after moderate-to-severe TBI (Chen et al., 2008;
Gale et al., 2005; Levine et al., 2008; Yount et al., 2002), it is
likely that injury to CB fiber tracts also occurs with milder
forms of brain injury, and that further DTI investigations of
these structures in mTBI are warranted.
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