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Abstract

This study examined whether peripheral vision reaction time (PVRT) in patients with mild traumatic brain injury (mTBI)

correlated with white matter abnormalities in centroaxial structures and impairments in neuropsychological testing. Within

24 h after mTBI, crossed reaction times (CRT), uncrossed reaction times (URT), and crossed–uncrossed difference (CUD)

were measured in 23 patients using a laptop computer that displayed visual stimuli predominantly to either the left or the

right visual field of the retina. The CUD is a surrogate marker of the interhemispheric transfer time (ITT). Within 7 days

after the injury, patients received a diffusion tensor-MRI (DTI) scan and a battery of neuropsychological tests. Nine

uninjured control subjects received similar testing. Patients 18–50 years of age were included if they had a post-

resuscitation Glasgow Coma Scale >13 and an injury mechanism compatible with mTBI. Healthy controls were either

age- and gender-matched family members of the TBI patients or healthy volunteers. CUD deficits >2 standard deviations

(SD) were seen in 40.9% of patients. The CUD of injured patients correlated with mean diffusivity (MD) ( p < 0.001, q =
-0.811) in the posterior corpus callosum. Patients could be stratified on the basis of CUD on the Stroop 1, Controlled Oral

Word Association Test (COWAT), and the obsessive-compulsive component of the Basic Symptom Inventory tests. These

studies suggest that the PVRT indirectly measures white matter integrity in the posterior corpus callosum, a brain region

frequently damaged by mTBI.
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Introduction

Mild traumatic brain injury (mTBI) represents a challenge

to clinicians, as symptoms and signs are protean, nonspe-

cific, and overlap with other neurological or psychological dis-

eases. Further, although most patients with mTBI recover fully, a

significant minority do not, and early identification of those patients

at risk of developing persistent symptoms is critical in order to

develop effective therapies.1,2 mTBI commonly damages cen-

troaxial white matter tracts such as the corpus callosum.3,4 The

corpus callosum transfers information between the two cerebral

hemispheres, and the peripheral vision reaction time (PVRT) is an

assessment of interhemispheric transfer of information (ITT).3,4

The PVRT measures the interval between the appearance of a

visual stimulus and the pressing of a computer key with the pa-

tient’s dominant hand. Responses are recorded in terms of a crossed

reaction time (CRT) or uncrossed reaction time (URT) depending

upon the visual field in which the stimulus was presented. The

difference between the CRT and URT is known as the crossed–

uncrossed difference (CUD), which is a surrogate marker for ITT.

The CUD is known to increase after moderate to severe TBI; less is

known about whether CUD changes following mTBI.5,6

Diffusion tensor-MRI (DTI) is a sensitive brain imaging method

that can measure white matter abnormalities following mTBI.7–10

mTBI commonly damages the corpus callosum and other cen-

troaxial structures. We tested the hypothesis that a slowing of the

CUD correlated with DTI abnormalities in the corpus callosum and

other centroaxial white matter.
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Methods

Twenty-three traumatically injured patients and nine controls
were recruited from the Emergency Department and Neurological
Surgery service at Parkland Hospital, Dallas Texas between Feb-
ruary 2011 and January 2014. All the injured patients were 18–50
years old with a Glasgow Coma Score ‡13 (Table 1).

Patients with mTBI were given a peripheral visual reaction test
within 24 h after injury, and controls were given the test upon
giving consent (Fig. 1A and B). The PVRT was administered to
subjects using a laptop computer running tachistoscopic software.
This software measures the time elapsed between exposure to a
plus sign 31.6 degrees on the left or the right from the central point,
and the striking of a computer space bar with the subject’s dominant
hand. The stimulus remained on the screen until the key press. The
test consisted of 50 trials that were randomized to side and inter-trial
interval. This test yielded three outcomes, the CRT in which the
stimulus was ipsilateral to the patient’s dominant hand, the URT in
which the stimulus was contralateral to the dominant hand, and the
CUD that was the difference between the CRT and the URT. Both
the mTBI and control subjects showed a similar decrease in the URT
or CRT throughout the 50 trials (in msec/trial): URT, control:
-2.90 – 1.27; injured: -4.92 – 2.86, t29 = -0.45, p > 0.5; CRT, con-
trol: -0.38 – 0.95; injured, -2.15 – 2.56, t29 = -0.43, p > 0.5. These
data suggest that injured and control patients had a similar ability to
improve performance on the task regardless of the size of their CRT
or URT impairment. As a result, the CRT and URT were computed
from the average of the final five trials on each side. Within 7 days
after injury, the same cohort of mTBI patients received MRI scans
including a DTI sequence using a 3 tesla magnet MRI at the Ad-
vanced Imaging Research Center at University of Texas South-
western Medical Center. Controls also received MRI scans.

MRI scan acquisition and preprocessing

DTI data were acquired with an acquisition matrix of 128 · 128,
field of view of 224 · 224 mm, slice thickness of 2 mm, and an inter-
slice gap of 1 mm. The DTI protocol employed 30 gradient directions
with a b-value of 1000 sec/mm2 along with one b0 image and was
processed using FSL 5.0.8 (www.fmrib.ox.ac.uk/fsl/). First, the data
underwent correction for motion and eddy current distortions, fol-
lowed by skull stripping.11,12 Tensors were estimated using the
DTIFIT module and fractional anisotropy (FA) data were processed
using the tract-based spatial statistics (TBSS) pipeline that co-
registers scans into Montreal Neurological Institute (MNI) space
and creates a skeletonized representation of central regions of white
matter from the FA map. FA values were projected onto the skeleton
after thresholding the mean FA map at 0.2. This processing was also
applied to mean diffusivity (MD) maps.13 Region of interest (ROI)
masks for tracks of interest were from an in-house atlas compiled
from 28 healthy, normal, young adults who underwent DTI imaging
as part of a study on normal aging. Deterministic DTI tractography
was performed in native space using MedINRIA, and the occupied
voxels were exported for each tract. These tract representations were
transformed into MNI space, combined across subjects, and thre-
sholded to retain only voxels present in a majority of subjects.

Procedures

Twenty-three civilian patients with mTBI were recruited from
Parkland Memorial Hospital, Dallas, TX after a review of the injury
and their first post-resuscitation Glasgow Coma Scale. Consent was
obtained according to the local institutional review board (IRB)
regulations from the patient or, in one case, from a legally autho-
rized representative. Included patients were alert, oriented, and able

Table 1. Characteristics of Control and Injured Cohorts

Control
Injured

(all)
Injured with
CUD z < 2

Injured with
CUD z > 2

Injured with
2 < CUD z < 10

Injured with
CUD z > 10

n 10 24a 14 8 4 4
% Left handed 11.1 18.2 21.4 12.5 0 25
% Female 33.3 22.7 21.4 25 50 0
Glasgow Coma Score on arrival 14.9 – 0.07 14.9 – 0.10 14.9 – 0.13 14.75 – 0.25 15 – 0
Years of education 16.0 – 0.6 12.4 – 0.5 13.3 – 0.6 11.1 – 0.9 12.6 – 0.7 11.8 – 0.6
Initial CT findings n (%)
Any intracranial abnormality 18 (75) 11 (78.6) 6 (75) 2 (50) 4 (100)
Traumatic subarachnoid hemorrhage 10 (41.7) 8 (57.1) 4 (50) 2 (50) 2 (50)
Contusion 9 (37.5) 5 (35.7) 4 (50) 3 (75) 1 (25)
Subdural hemorrhage 4 (16.7) 5 (35.7) 2 (25) 0 (0) 2 (50)
Extradural hemorrhage 3 (12.5) 2 (14.29) 1 (12.5) 0 (0) 1 (25)
Other 3 (12.5) 1 (7.14)e 2 (25)f 0 (0) 2 (50)f

Skull fracture(s) 10 (41.7) 7 (50.0) 3 (37.5) 0 (0) 3 (75)
Facial/sinus fracture(s) 10 (41.7)b 4 (28.57) 4 (50) 2 (50) 2 (50)
Mechanism of injury
Fall 8 6 2 1 1
Aggravated assault 6c 2 3 2 1
Automobile collision 5d 2 2 1 1
Motorcycle /moped collision 4 3 1 0 1
Automobile pedestrian collision 1 1 0 0 0

The control and injured groups were matched for age, handedness, and sex, but not for education. Differences in the educational level were controlled
in the neuropsychological testing.

aTwo injured subjects did not receive the PVRT.
bTwo had facial / sinus fractures with no intracranial abnormalities.
cOne who had experienced aggravated assault did not get IHT testing.
dOne who had been in an automobile collision did not get IHT testing.
eRefers to punctate hemorrhagic foci of the bilateral hemispheres compatible with shear injury.
fRefers to 1) Focal hyperdensity along the left lateral aspect of the medulla, of uncertain etiology and 2) fracture through the petrous temporal bone

crossing the horizontal portion of the petrous segment of the right internal carotid artery.
CUD, crossed–uncrossed difference.
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to follow commands by a nurse. The experimenter performing the
computer testing further confirmed the patient’s level of awareness
and orientation. Healthy controls were age- and gender-matched
family members of the TBI patients or other healthy volunteers who
agreed to participate in the study.

Patients were included if they were 18–50 years of age with an
injury compatible with TBI and a post-resuscitation Glasgow Coma
Score ‡13 within 24 h of consent. They were excluded if they had a
history of pre-existing neurological disease, including a previous
hospitalization for TBI >1 day, were pregnant, or were contra-
indicated for MRI. Controls were included if they were in good
health, had normal brain anatomy on MRI, were not cognitively
impaired, and could provide written consent. Controls were ex-
cluded if they had a neurological disease, including head trauma
with loss of consciousness, or were contraindicated for MRI. All
patients received the PVRT test within 24 h after injury. Of the 23
patients consenting, 14 injured patients received MRI scans within
1 week of injury. Of the remainder, six of these patients left the
hospital after consenting and receiving the peripheral vision reac-
tion time test, but did not return for their scheduled appointment for
scanning and could not be contacted. One patient voluntarily left

the study and one could not be scanned because the MRI scanner
was not working properly. All nine controls received the PVRT test
and then received a MRI scan that included a DTI sequence.

Cranial CT scans were performed on admission to the emergency
department on all patients. CT scans were read by a neuroradiologist,
and clinical reports were generated. Findings noted in the reports
were abstracted to identify trauma-related abnormalities.

Patients received the following neuropsychological tests on the
day of MRI scanning in an outpatient setting within 7 days of injury:
Digit Symbol, Symbol Search, Digit Span, Controlled Oral Word
Test, Trails A and B, Brief Symptom Inventory, and California
Verbal Learning Test. Controls received the same testing. This study
was formally reviewed and approved by the IRBs of the State Uni-
versity of New York-Downstate Medical Center and the University
of Texas-Southwestern

Statistical analysis

The primary hypothesis of this study was that aberrant FA or MD
in selected white matter regions correlated with CUD deficits. TBSS-
derived skeletonized DTI data were analyzed using two methods. 1)
Tract level analyses were obtained by isolating regions of the skel-
etonized data with ROI masks representing 1 of 20 white matter
tracts. The voxels within each ROI were then averaged for each tract.
The 20 tracts consisted of 4 midline tracts (forceps minor, anterior
corpus callosum, posterior corpus callosum, and the forceps major)
and the left and right representations of 8 lateralized tracts (corti-
cospinal tract, frontal aslant tract, frontal occipital fasciculus, inferior
longitudinal fasciculus, cingulum bundle, perforant pathway, su-
perior longitudinal fasciculus, and uncinate fasciculus). Mean tract
values were used for between-group comparisons and correla-
tions.14,15 2) Voxelwise between-group comparisons and correla-
tions were run using the Randomise tool in FSL, which is a
permutation-based Monte Carlo technique.16 We used 5000 per-
mutations, threshold-free cluster enhancement, and correction for
multiple comparisons using a familywise error rate of p < 0.05.

Analyses of variance were analyzed for groups of three or more.
Subsequent pairwise comparisons were made using the Student–
Neumann–Keuls post-hoc test. Groups of two were analyzed by
Student’s t test. Chi-square analysis analyzed the percent of left-
handed subjects in the control and experimental groups. Nonpara-
metric Spearman correlation analyses were initially performed with
Prism Version 6.0f (GraphPad Software, Inc., La Jolla, CA). The
Benjamini–Hochberg procedure was applied to the Spearman cor-
relations to control for the false discovery rate of multiple com-
parison testing.17 In Figure 2, a log transformation of negative
z-scores of FA and MD was avoided by converting z-scores into
t-scores. In all tests, statistical significance was set at 0.05.

Results

There was no difference in age or gender between mTBI subjects

and uninjured controls (Table 1). The control subjects had signifi-

cantly higher education. Despite having Glasgow Coma scores >14;

18 out of 24 injured patients had trauma-related intracranial ab-

normalities noted on the CT scan. In most cases, these were minor

traumatic subarachoid hemorrhages (tSAH) or small contusions

(Table 1). Using similar inclusion criteria, Sours and coworkers

classified this population as having ‘‘complicated mTBI.’’6

The CUD has been used as a surrogate marker for the time

needed to transfer information between the two hemispheres.11 The

CUD of the control and mTBI groups did not significantly differ

(in msec: control, 10.2 – 4.2; mTBI, 13.7 – 10.6, t29 = 0.72, p > 0.5)

(Fig. 1C). There was, however, substantial scatter in the CUD of

the mTBI patients, with 40.9% having slower CUD times, with z-

scores >2 SDs greater than controls (Fig. 1C). A smaller percentage

(18.2%) of mTBI patients had very slow CUD times, with z-scores

FIG. 1. Mild traumatic brain injury (mTBI) patients have defi-
cits in the peripheral reaction time test. Panel A: The peripheral
reaction time tests measure an uncrossed reaction time (URT)
with a peripheral stimulus initially placed in the cerebral hemi-
sphere ipsilateral to the motor cortex controlling the dominant
hand, and a crossed reaction time (CRT) when the peripheral
stimulus is initially placed in the cerebral cortex contralateral to
the motor cortex controlling the dominant hand. Because control
patients have efficient interhemispheric information transfer, the
crossed–uncrossed difference (CUD) between the CRT and URT
is anticipated to be small. Panel B: Inefficient interhemispheric
information transfer is anticipated to increase the CUD of injured
patients. Panel C: Measurements of CUD in control and mTBI
patients within 24 h of injury. CUD z-scores are presented because
of the large scatter in the mTBI group. The percentage of patients
is indicated with CUD z-scores >2.
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>10 SDs greater than controls (Fig. 1C). In contrast, no control

subjects had a CUD time with a z-score >2. These data suggest that

a percentage, but not all, of putative mTBI patients had significant

slowing of the CUD. Patients with slower CUD scores were hy-

pothesized to have white matter injury, in particular in the corpus

callosum.

We then tested for whether the slowing of the CUD correlated

with the presence of white matter abnormalities in the mTBI pa-

tients. DTI tractography assessed 20 white matter tracts of interest

for changes in FA and MD. The CUD of each individual patient was

then correlated with the FA and MD values of the 20 white matter

tracts and corrected with a false discovery rate of 0.05. The CUD

significantly correlated with lower MD of the posterior corpus

callosum (q = -0.811, p = 0.0007) (Fig. 2A). CUD values also had a

significant positive correlation to increased FA of the left corti-

cospinal tract (q = 0.715, p = 0.007, Fig 2B) and the right arcuate

fasciculus (q = -0.578, p = 0.03). The high correlation with the

posterior corpus callosum provides strong evidence that CUD is a

surrogate marker for information transfer across the corpus callo-

sum. In addition, mTBI frequently damages the posterior corpus

callosum.18 White matter tracts other than those that cross the

midline also are likely contributors to CUD slowing, because

slower CUDs were also significantly correlated with damage to a

longitudinal tract (arcuate fasciculus) and to a descending tract

(corticospinal). These data suggest that injury to a variety of white

matter tracts correlates with a slowing of the CUD. A correlation of

CUD slowing with DTI abnormalities in multiple white matter

tracts increases its potential utility, because mTBI is heteroge-

neous, and patients differ in the patterns of white matter injury.19

On neuropsychological testing, mTBI patients significantly

differed from controls on the processing speed index as well as its

individual components of Digit Symbol and Digit Span forward

and backward, Trails A and B, and the California Verbal Learning

Test (Table 2). On these tests, the mTBI patients with a CUD z-

score >2 did not different from those with a CUD <2 SD. mTBI

patients with a CUD >2 SD, however, did significantly differ from

those with a CUD <2 SD on the Stroop 1, the overall and the

phonemic component of the Controlled Oral Word Association

Test (COWAT), the obsessive-compulsive components, and the

number of overall positive symptoms portion of the Brief Symptom

Inventory. These data suggest that the CUD test stratified patients

with performance on processing speed, Stroop 1, and COWAT. On

the remaining neuropsychological tests, controls and mTBI patients

had similar scores.

Discussion

The major conclusions of this study are that: 1) large CUD

deficits occur in a substantial subset of mTBI patients, 2) CUD

times negatively correlate with MD in the posterior corpus callo-

sum, when imaged within 1 week post-injury, 3) CUD times sig-

nificantly correlated with FA of the left corticospinal tract and the

arcuate fasiculus, and 4) CUD times could stratify performance on

multiple neurosychological tests.

CUD time appears to be an indirect measure of the normal

functioning of the corpus callosum. The corpus callosum, and

particularly the posterior corpus callosum, has been implicated by

multiple studies as an important white matter tract for CUD.3,5,20–25

CUD deficits have been reported in moderate to severe TBI.5,21

These deficits have been studied less in mTBI. In moderate to

severe TBI patients, a slowing of the CUD correlated with a re-

duced volume of the corpus callosum or with increased DTI ab-

normalities.5,21 The present study compared CUD with DTI

measurements in 20 white matter regions (Table 3). The CUD had

the strongest correlation with the MD of posterior corpus callosum

but did not significantly correlate with the remaining 19 white

matter tracts (Fig. 2A).

MD consists of two components that are combined: radial dif-

fusivity and axial diffusivity [MD = (2RD+AD)/3]. Reduced axial

diffusivity was more responsible than radial diffusivity for the

correlation of ITT with decreased MD. This finding differs from

previous studies that imaged subjects several weeks to months after

injury or with moderate to severe TBI.5 Time after injury or injury

severity can alter the changes in FA and MD. Elevated FA has been

seen in studies that image mTBI patients within 1 week.19 Bazarian

and coworkers and Wilde and coworkers reported increased FA and

lowered MD in the corpus callosum 1–6 days after injury, a finding

consistent with our results.26,27 Therefore, mTBI patients when

imaged early have MD and FA findings that are in the opposite

direction of what is typically reported in more severe injuries and in

those imaged later. The reduction of MD in the corpus callosum

may represent restricted diffusion that may be associated with cy-

totoxic edema seen with acute neuronal damage. Studies in mice

have shown that DTI can distinguish axonal damage from demy-

elination. After demyelination by cuprizone or by retinal ischemia,

acute axonal pathology resulted in decreased axial diffusivity that

was only later followed by increased radial diffusivity during de-

velopment of secondary demyelination.28,29 Therefore, the nega-

tive correlation of the CUD with the MD of posterior corpus
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FIG. 2. Correlations between the crossed–uncrossed difference (CUD) and white matter abnormalities. Scatter plots comparing the t-
score of the CUD with the log mean diffusivity (MD) of the posterior corpus callosum (Panel A) or the log fractional anisotropy (FA) of
the left corticospinal trace (Panel B). Plots include the coefficient correlation and the statistical significance of each comparison.
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Table 2. Summary of Neuropsychological Testing

Test Controls mTBI

t test
comparison
of controls
and mTBI

CUD
z score
<2 SD

CUD
z score
>2SD

Post-hoc
ANOVA statistic
comparing CUD
z-score <2 vs. >2

Processing Speed Index 108 – 4.0 88.4 – 3.2 t16 = 3.7
p < 0.002

85.3 – 0.7 90.2 – 5.1 NS

Digit Symbol 11.3 – 0.7 6.4 – 0.5 NS 6.8 – 0.7 5.7 – 0.3 NS
Digit Span 11.0 – 0.6 7.9 – 0.9 t16 = 3.4

p < 0.005
9.0 – 0.9 6.0 – 1.0 NS

Controlled Oral Word
Association Test

50 – 2.8 26.6 – 5.5 t16 = 2.3
p < 0.05

13.3 – 6.3 34.6 – 5.3 F2,16 = 15.95,
p < 0.001; p < 0.02

Trail Marking Test A 50.2 – 3.0 41.9 – 3.7 NS 37.7 – 5.7 44.4 – 4.9 NS
Trail Marking Test B 46.8 – 6.6 94.0 – 15.0 NS 85.6 – 21.4 108.0 – 20.0 NS
Stroop 1 38.6 – 1.6 55.9 – 7.9 t15 = -2.3

p < 0.05
43.8 – 4.4 76.0 – 14.0 F2,16 = 11.62

p < 0.0001; p < 0.002
Stroop 2 83.2 – 6.1 125.5 – 17.1 t15 = -2.4

p < 0.05
110.0 – 20.8 151.3 – 27.7 NS

Stroop Interference 44.7 – 5.8 69.6 – 12.6 NS 66.2 – 19.6 75.3 – 13.7 NS
Basic Symptom Inventory-

Obsessive Compulsive
60.6 – 1.8 54.0 – 6.1 NS 65.8 – 6.1 38.3 – 0.3 F2,15 = 17.96

p < 0.001; p < 0.001
Basic Symptom Inventory-

Positive Symptoms Total
54.6 – 2.2 51.1 – 5.8 NS 39.0 – 9.0 60.3 – 3.6 F2,15 = 5.47

p < 0.02; p < 0.02
Basic Symptom Inventory- Positive

Symptoms Distress Index
51.8 – 1.5 53.3 – 3.0 NS 56.0 – 2.0 49.7 – 6.7 NS

Basic Symptom Inventory-
Global Severity Index

54.2 – 2.3 52.9 – 5.5 NS 60.8 – 3.6 42.3 – 9.3 NS

California Verbal Learning Test
Total Learning Slope, Trials 1–5

0.4 – 0.2 -0.9 – 0.5 t14 = 3.1
p 0.01

0.63 – 0.3 -1.3 – 0.7 NS

Control and mTBI patients differed significantly on processing speed index, digit span, COWAT, Stroop 1, Stroop 2 and California Verbal Learning
Test. mTBI patients with a CUD <2SD differed significantly from patients >2SD on COWAT, Stroop 1, and Basic Symptom Inventory obsessive
compulsive. These data suggest that impairments in select neuropsychology tests can be stratified based on CUD scores.

mTBI, mild traumatic brain injury; CUD, crossed–uncrossed difference; COWAT, Controlled Oral Word Association Test.

Table 3. FA and MD in 20 White Matter Tracts of Control Subjects and mTBI Patients

Brain region Control FA mTBI FA Control MD (·10-4) mTBI MD (·10-4)

Anterior corpus callosum 0.635 – 0.016 0.643 – 0.015 8.616 – 0.182 8.668 – 0.201
Posterior corpus callosum 0.709 – 0.017 0.719 – 0.012 8.191 – 0.124 8.113 – 0.160
Cingulum left 0.507 – 0.009 0.514 – 0.11 6.627 – 0.008 6.693 – 0.008
Cingulum right 0.490 – 0.012 0.493 – 0.012 6.589 – 0.007 6.654 – 0.007
Forceps major 0.568 – 0.008 0.568 – 0.008 7.188 – 0.004 7.185 – 0.004
Forceps minor 0.506 – 0.010 0.513 – 0.007 7.237 – 0.009 7.255 – 0.007
Cortical-spinal left 0.663 – 0.008 0.654 – 0.007 6.430 – 0.005 6.440 – 0.005
Cortical-spinal right 0.648 – 0.008 0.640 – 0.007 6.485 – 0.007 6.592 – 0.005
Frontal aslant path left 0.463 – 0.009 0.464 – 0.005 6.616 – 0.005 6.632 – 0.006
Frontal aslant path right 0.459 – 0.009 0.452 – 0.005 6.686 – 0.006 6.774 – 0.006
Fronto-occipital fasciculus left 0.538 – 0.008 0.537 – 0.007 7.108 – 0.007 7.121 – 0.007
Fronto-occipital fasciculus right 0.498 – 0.009 0.494 – 0.007 7.042 – 0.009 7.107 – 0.006
Inferior longitudinal fasciculus left 0.517 – 0.007 0.513 – 0.007 6.966 – 0.008 6.970 – 0.008
Inferior longitudinal fasciculus right 0.521 – 0.010 0.514 – 0.008 6.821 – 0.009 6.899 – 0.12
Superior longitudinal fasciculus left 0.522 – 0.010 0.524 – 0.007 6.678 – 0.004 6.736 – 0.008
Superior longitudinal fasciculus right 0.524 – 0.013 0.519 – 0.011 6.873 – 0.008 6.934 – 0.005
Perforant path left 0.467 – 0.010 0.461 – 0.012 7.101 – 0.009 6.980 – 0.010
Perforant path right 0.487 – 0.011 0.482 – 0.010 6.570 – 0.007 6.566 – 0.007
Uncinate fasciculus left 0.447 – 0.006 0.439 – 0.008 6.990 – 0.004 7.047 – 0.006
Uncinate fasciculus right 0.467 – 0.009 0.465 – 0.009 7.027 – 0.007 7.123 – 0.006

mTBI patients were scanned within 1 week of injury. Neither FA nor MD was significantly different between the control and the mTBI groups.
FA, fractional anisotropy; MD, mean diffusivity; mTBI, mild traumatic brain injury.
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callosum likely reflects impaired function of the corpus callosum

that leads to a slowing of the CUD.19–26

This study agrees with previous studies that impairments on

neuropsychological testing are common after mild TBI.30 The

stratification of patients based on CUD, however, revealed neu-

ropsychological testing deficits not seen without stratification

(Table 2). On the Stroop 1 test, patients with CUD z-scores >2 had

significantly larger deficits than those with CUD z-scores <2 (Ta-

ble 2). Stratification of patients based on CUD was not seen with the

cognitively more difficult Stroop 2 test or with Stroop interference.

The greater impairment in Stroop 1 in patients with a CUD z-score

> than 2 suggests a slower processing speed than in patients with a

CUD z-score <2.31

Mildly injured patients with CUD z-scores >2 reported signifi-

cantly more symptoms on the Obsessive-Compulsive subtest in the

Basic Symptoms Inventory than controls or injured patients with

CUD z-scores >2. This result agrees with a previous study showing

that mildly injured patients report the most symptoms on the

Obsessive-Compulsive subtest in the Basic Symptoms Inventory.32

The Obsessive-Compulsive subtest examines psychological issues

that are common complaints after TBI: trouble recalling, feeling

blocked, difficulty making decisions, trouble concentrating, and

needing to re-check one’s actions.32

Patients with mTBI have reaction time deficits using stimuli

peripheral to a central fixation point.33,34 Deficits noted in previous

reports have not been as large as those seen in this study. In unin-

jured patients, ITT increases as the distance between the central

fixation point and the visual stimulus increases. This suggests that

the large (31.6 degree) eccentricity between the central fixation

point and the peripheral visual stimulus used in our study con-

tributes to the large size of the reaction time deficits (Fig. 1B).35,36

The potential utility of the PVRT test is limited by the fact that it

does not distinguish between controls and all the mildly injured

patients (Fig. 1). It may provide an inexpensive and rapid method,

however, for distinguishing between mildly injured patients who

have controaxial white matter damage from those who do not. The

PVRT test could also be potentially incorporated into future studies

to test drugs that limit white matter damage after mTBI.

The study was limited because the sample size was modest, and

different results may arise when larger cohorts are studied. Re-

cruitment from the emergency department likely resulted in more

patients with intracranial CT abnormalities than in patients re-

cruited from other clinical settings. The presence of cranial ab-

normalities complicates the question of whether these patients had

mTBI despite having a GCS >13.

There were also differences in the educational levels of the

control and experimental groups. The study should be replicated in

a larger group to confirm the utility of the test. Only a subset of the

patients who took the PVRT test received MRI imaging. In addi-

tion, the mTBI group was heterogeneous in pathology that included

the presence of SAH and tSAH.

Future studies should focus on mTBI patients with negative

neuroimaging on CT. Long-term (‡3 months) functional outcomes

were not assessed; therefore, the relationship among acute ITT

prolongation, ITT evolution, and persistent neurocognitive deficits

remains unknown. The potential utility of the peripheral vision

reaction test is clear because, at present, mTBI is diagnosed with

subjective clinical assessments. The peripheral vision reaction test

is an objective, inexpensive, and rapid test that detects deficits in a

large percentage of mTBI patients. Additional, larger studies are

needed to assess the utility of ITT as a biomarker of centroaxial

white matter injury.
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sion and pattern recognition: a review. J. Vis. 11, 13–13.

Address correspondence to:

Peter J. Bergold, PhD

Department of Physiology and Pharmacology

State University of New York-Downstate Medical Center

Box 29, 450 Clarkson Avenue

Brooklyn, NY 11203

E-mail: pbergold@downstate.edu

REACTION TIME CORRELATES WITH WHITE MATTER DAMAGE 1545


