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Purpose: To evaluate sex differences in mild traumatic brain injury 
(MTBI) with working memory functional magnetic reso-
nance (MR) imaging.

Materials and 
Methods:

Research ethics committee approval and patient writ-
ten informed consent were obtained. Working memory 
brain activation patterns were assessed with functional 
MR imaging in 30 patients (15 consecutive men and 15 
consecutive women) with MTBI and 30 control subjects 
(15 consecutive men and 15 consecutive women). Two 
imaging studies were performed in patients: the initial 
study, which was performed within 1 month after the in-
jury, and a follow-up study, which was performed 6 weeks 
after the first study. For each participant, digit span and 
continuous performance testing were performed before 
functional MR imaging. Clinical data were analyzed by 
using Kruskal-Wallis, Mann-Whitney U, Wilcoxon signed 
rank, and Fisher exact tests. Within- and between-group 
differences of functional MR imaging data were analyzed 
with one- and two-sample t tests, respectively.

Results: Among female participants, the total digit span score was 
lower in the MTBI group than in the control group (P 
= .044). In initial working memory functional MR imag-
ing studies, hyperactivation was found in the male MTBI 
group and hypoactivation was found in the female MTBI 
group compared with control male and female groups, 
respectively. At the 6-week follow-up study, the female 
MTBI group showed persistent hypoactivation, whereas 
the male MTBI group showed a regression of hyperactiva-
tion at visual comparison of activation maps. The male 
MTBI group was also found to have a higher initial ß value 
than the male control group (P = .040), and there was no 
significant difference between the male MTBI group and 
the male control group (P = .221) at follow-up evaluation, 
which was comparable to findings on activation maps. In 
the female MTBI group, average ß values at both initial 
and follow-up studies were lower compared with those in 
the female control group but were not statistically signifi-
cant (P = .663 and P = .191, respectively).

Conclusion: Female patients with MTBI had lower digit span scores 
than did female control subjects, and functional MR imag-
ing depicted sex differences in working memory functional 
activation; hypoactivation with nonrecovery of activation 
change at follow-up studies may suggest a worse working 
memory outcome in female patients with MTBI.
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Sex differences in outcomes after 
traumatic brain injury (TBI) have 
been addressed in many studies 

(1–11). Controlled experiments have 
shown better outcomes after TBI in fe-
male animals, but human observation 
studies show mixed results (1–11). Ob-
servation studies may be confounded by 
many factors, including different symp-
tom reporting among women and men 
(11). Therefore, a more objective mea-
surement, such as imaging findings, is 
crucial in avoiding such bias.

Mild TBI (MTBI) represents the 
majority of TBI cases and is a com-
mon medical problem that affects cog-
nitive and vocational function, as well 
as quality of life in some individuals. 
Difficulty with working memory is a 
commonly reported impairment after 

Implications for Patient Care

 n The sex differences in MTBI out-
comes might lead to future devel-
opment of separate management 
strategies for men and women 
with MTBI.

 n Functional MR imaging has the 
potential to not only provide 
useful objective diagnostic infor-
mation associated with working 
memory functional sequelae, but 
also to provide a sensitive mea-
surement with which to monitor 
disease progression and 
treatment.

Advances in Knowledge

 n Functional MR imaging showed 
sex differences in working 
memory functional activity indi-
cated by persistent hypoactiva-
tion in female patients with mild 
traumatic brain injury (MTBI) at 
initial and follow-up studies com-
pared with initial hyperactivation 
and subsequent regression of 
hyperactivation in male patients 
with MTBI at visual comparison 
of activation maps.

 n At initial studies, b values in a 
selected region of interest were 
higher in the male MTBI group 
than in the male control group (P 
= .040), whereas there was no 
significant difference between the 
male MTBI group and the male 
control group (P = .221) at fol-
low-up study.

 n In the female MTBI group, av-
erage b values in both initial and 
follow-up studies were lower than 
those in the female control group 
but did not indicate a statistically 
significant difference (P = .663 
and P = .191, respectively); non-
recovery in activation may sug-
gest a worse working memory 
outcome in female patients with 
MTBI.
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TBI (12). Working memory dysfunc-
tion may result from gray and white 
matter damage after TBI. However, 
conventional anatomic imaging tech-
niques, including magnetic resonance 
(MR) imaging and computed tomogra-
phy (CT), generally fail to show focal 
lesions in patients with MTBI. Func-
tional MR imaging performed with 
blood oxygen level–dependent signals 
is increasingly being used in patients 
with MTBI. Previous studies have 
shown various changes in working 
memory activation pattern in patients 
with MTBI (13–27). Such patients may 
differ from control subjects in terms 
of working memory activation pattern 
despite similar performance of neuro-
psychologic tasks, a finding that sug-
gests that functional MR imaging may 
have increased sensitivity for detecting 
MTBI. To our knowledge, no previous 
reported MTBI study has focused on 
sex differences in functional activation. 
To improve our understanding of sex 
differences in cognitive outcome after 
MTBI, we conducted this study to see 
whether there are sex differences in 
working memory functional activity at 
functional MR imaging.

Materials and Methods

Subjects and Tasks
This prospective study was approved 
by a local research ethics commit-
tee. All participants provided written 

informed consent. Between Septem-
ber 2010 and May 2012, consecutive 
patients with MTBI from our three 
affiliated hospitals were prospectively 
identified for enrollment in this study. 
The following inclusion criteria were 
used: (a) an age of 17 years or older; 
(b) MTBI, as defined by criteria of the 
American Congress of Rehabilitative 
Medicine; and (c) findings of a healthy 
brain at CT (28). Exclusion criteria 
included prior traumatic brain injury, 
any other neurologic disease, a current 
or past history of psychiatric illness, 
current use of psychoactive medica-
tions, important systemic medical ill-
ness (the general health questionnaire 
was used to screen for mental illness), 
left handedness, and any dental ap-
pliances that might distort functional 
MR images or any contraindications to 
MR imaging. For the control groups, 
healthy volunteers were recruited from 
a staff of hospital co-workers by way of 
an advertisement. The same exclusion 
criteria were applied.

All participants underwent neu-
ropsychologic testing, including digit 
span, continuous performance test 
(CPT), and two n-back working mem-
ory task functional MR imaging studies 
(n = 1, 2). Digital span is a short-term 
memory test that measures how many 
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numbers a participant can remember 
in sequence. CPT measures a person’s 
sustained and selective attention and 
impulsivity. Two block-designed work-
ing memory tasks were presented 
with E-Prime, version 2.0 (Psychology 
Software Tools, Sharpsburg, Pa). Each 
condition was conducted in a single 
run that consisted of three epochs, 
each of which contained 30 seconds 
of presenting numbers and 30 seconds 
of a fixation cross. Conditions were 
counterbalanced among participants; 
that is, each condition was preceded 
equally often and followed by each of 
the other conditions. In each n-back 
working memory task, participants 
attentively looked at a monitor with a 
series of number stimuli and were in-
structed to respond whenever the pre-
senting numeral matched the numeral 
presented n items before (n = 1, 2). 
Before imaging, all participants were 
trained to ensure that they could per-
form a one-back task at an accuracy cri-
terion of 70%. All participants achieved 
this standard in their first attempt.

Functional MR imaging Procedure
Imaging was performed with a 3.0-
T MR imaging system (Discovery 
MR750; GE Healthcare, Milwaukee, 
Wis) and an eight-channel receiver-
only head coil. Functional images 
were collected with a T2*-weighted 
single-shot gradient-echo echo-planar 
sequence and the following parame-
ters: repetition time msec/echo time 
msec, 3000/35; flip angle, 90°; field of 
view, 230 mm2; matrix, 64 3 64; 40 
sections; section thickness, 3 mm with 
a 1-mm intersection gap.

Functional MR imaging Processing and 
Statistics
Data processing was conducted by a 
medical physicist with 4 years of expe-
rience in analyzing functional MR im-
aging data. Data from functional MR 
images were preprocessed by using 
Statistical Parametric Mapping (SPM5; 
University College London, London, 
England) and implemented in Matlab 
version 7.9 (MathWorks, Sherborn, 
Mass). Data preprocessing included 
section timing correction, realignment 

for head motion, spatial normalization 
to the Montreal Neurologic Institute 
template, and spatial smoothing with a 
6-mm Gaussian kernel. For all subjects, 
the maximum head motions were con-
trolled to less than 3 mm in translation 
and less than 3° in rotation.

In the first-level individual analysis, 
smoothed images were analyzed with 
the experimental condition by using 
a general linear model approach used 
with SPM5. The experimental condition 
was modeled by convolving a boxcar 
function with a canonical hemody-
namic response function. The resul-
tant contrast maps, which compared 
pairs of the working memory load 
conditions (two-back . one-back), 
were created on a voxel-by-voxel basis 
for each subject. These contrast maps 
were then used for the second-level 
multisubject and between-group ran-
dom effects analyses.

For each group, a one-sample t test 
was conducted to identify the within-
group activation. All statistical maps 
were set at a level of uncorrected signif-
icance threshold of P , .01. A two-sam-
ple t test was used to explore the sex 
effect on the activation maps in control 
groups (uncorrected P , .01). Acti-
vation maps that showed differences 
between the control and MTBI groups 
(initial condition) were also analyzed 
by separately using two-sample t test in 
each sex group (uncorrected P , .01). 
Visual comparison of activation maps 
was performed by three neuroradiolo-
gists, one with 20 years of experience 
and two with 10 years of experience.

Additional quantitative analysis was 
performed by acquiring b values within 
a selected region of interest (ROI) in 
each sex group. The ROI was defined 
by the union of activated regions in con-
trol, initial, and follow-up MTBI group 
activation maps. ROI analysis was car-
ried out for each subject by using Mars-
Bar toolbox (http://marsbar.source-
forge.net/).

Statistical Analysis
A Kruskal-Wallis test was conduct-
ed to assess the differences in age 
and neuropsychologic test results in 
four groups (ie, control male, control 

female, MTBI male, and MTBI female). 
Additionally, a Mann-Whitney U test 
was used for intergroup comparison 
between male and female subjects in 
the MTBI and control groups, as well 
as between control and MTBI subjects 
in each separate sex group. A Fisher 
exact test was used to assess the mech-
anism of injury and education level in 
male and female patients with MTBI. 
A Wilcoxon signed rank test was used 
to assess differences in b values be-
tween the follow-up and initial studies. 
A significance level of .05 was chosen.

Results

Demographic and Neuropsychologic 
Measures
During the study period, 38 patients 
with MTBI presented to our emergency 
or neurosurgery outpatient depart-
ments and were willing to participate in 
this study. Among these patients, eight 
(21%) were excluded because of con-
traindications to MR imaging (n = 2), 
a history of neurologic or psychiatric 
disease (n = 1), the presence of a den-
tal appliance (n = 1), left handedness 
(n = 2), and an important medical ill-
ness (n = 2). The remaining 30 patients 
(15 men and 15 women) completed the 
protocol. The mechanism of injury in-
cluded motor vehicle collisions, falls, 
sports injuries, and assault. Thirty con-
trol subjects, including 15 men and 15 
women, were consecutively recruited 
for this study. All patients with MTBI 
and control subjects were Taiwanese. 
None of the patients with MTBI had a 
history of amnesia or loss of conscious-
ness after the injury, and all patients 
with MTBI had a Glasgow Coma Scale 
score of 15 and an injury severity score 
of less than nine. No significant differ-
ences regarding mechanism of injury or 
education level were found with Fisher 
exact test.

No significant difference was found 
in age, digit span score, CPT, or accu-
racy of n-back testing in any of the four 
groups (ie, male and female control and 
male and female patients with MTBI) 
with the Kruskal-Wallis test. There was 
also no significant difference between 
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Table 1

Demographic Characteristics and Neuropsychologic Performance in Patients with MTBI and Control Subjects

Characteristic

Patients with MTBI Control Subjects

Female (n = 15) Male (n = 15) P Value Female (n = 15) Male (n = 15) P Value

Age (y) 35.18 6 14.57 
(22–67)

35.00 6 14.97 
(18–68)

.787 34.24 6 9.36 
(23–57)

33.65 6 9.73 
(21–46)

.662

Glasgow Coma Scale score 15 15 15 15
 Mechanism of injury .17
 Motor vehicle collision 4 4 … …
 Fall 9 7 … …
 Assault 1 2 … …
 Sports 1 2 … …
Education level ..99
 High school 4 3 … …
 College 11 12 … …
Digit span
 Total score 10.73 6 2.31 12.67 6 3.18 .072 12.83 6 2.55 12.00 6 2.10 .385
 Forward 11.53 6 1.96 12.67 6 1.91 .113 12.00 6 1.76 11.27 6 2.10 .444
 Backward 10.20 6 2.75 11.47 6 3.62 .278 12.33 6 2.61 11.82 6 1.78 .708
CPT
 Omission error 51.98 6 11.44 54.80 6 15.35 .954 49.31 6 8.27 49.12 6 10.92 .366
 Commission error 52.10 6 13.23 61.83 6 32.29 .383 51.21 6 8.73 45.70 6 11.17 .205
 Hit reaction time 55.19 6 13.48 54.50 6 7.33 .727 53.07 6 7.56 57.29 6 9.62 .165
n-Back performance
 One-back (% correct) 0.95 6 0.08 0.95 6 0.06 .578 0.94 6 0.12 0.98 6 0.03 .680
 Two-back (% correct) 0.85 6 0.13 0.85 6 0.09 .586 0.91 6 0.09 0.89 6 0.10 .476

Note.—Unless otherwise indicated, data are the mean ± standard deviation, and data in parentheses are the range.

male and female subjects in both the 
MTBI and control groups (Table 1). 
Among male participants, there was no 
significant difference between patients 
with MTBI and control subjects in age 
(P = .383), digit span score (P = .495), 
CPT for omission (P = .269) or com-
mission (P = .053) error, hit reaction 
time (P = .144), or accuracy of n-back 
testing (P = .097 for one-back and P 
= .108 for two-back) (Table 2). Among 
female participants, a lower digit span 
score was found in patients with MTBI 
than in control subjects (P = .044 in to-
tal score), although there were no sig-
nificant differences in age (P = .901), 
CPT (omission error, P = .422; commis-
sion error, P = .860; and hit reaction 
time, P =. 907), or accuracy of n-back 
testing (P = .503 for one-back and P = 
.087 for two-back) (Table 2).

Functional MR Imaging Results
Both patients with MTBI and control 
subjects showed functional activation 

in bilateral frontal and parietal regions, 
a finding consistent with activation of 
working memory circuitry (Fig 1). In 
control subjects, more functional acti-
vation in two-back . one-back condi-
tions was observed in female control 
subjects than in male control subjects 
(Fig 1, A). Findings of a two-sample t 
test confirmed this observation, with, 
especially, more frontal activations 
seen in female control subjects (Fig 2).

Among those with MTBI, different 
activation patterns were observed in 
male and female patients. Decreased 
activation in two-back . one-back 
conditions was observed in female 
patients with MTBI compared with 
female control subjects at the ini-
tial imaging study. On the contrary, 
increased activation in two-back . 
one-back conditions was observed in 
male patients with MTBI compared 
with male control subjects (Fig 1, A 
and B). Results of a two-sample t test 
confirmed these observations (Fig 3). 

At the 6-week follow-up study, female 
patients with MTBI showed persistent 
hypoactivation, whereas male patients 
with MTBI showed a regression of hy-
peractivation and returned to a level 
of activation similar to that of control 
subjects (Fig 1, C). All three neurora-
diologists interpreted these activation 
changes the same way.

The male MTBI group was found 
to have a higher b value within the se-
lected ROI than the male control group 
(P = .040), and there was no significant 
difference between findings from the fol-
low-up imaging study of the male MTBI 
group and that of the male control group 
(P = .221), which was comparable to the 
result seen at activation map observa-
tion. In the female MTBI group, average 
b values were lower at both initial and 
follow-up imaging studies compared with 
those in the female control group but 
were not significantly different (P = .663 
and P = .191, respectively). There were 
no significant longitudinal changes of b 
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Table 2

Demographic Characteristics and Neuropsychologic Performance in Female and Male Participants

Characteristic

Female Participants Male Participants

MTBI Group  
(n = 15) 

Control Group  
(n = 15) P Value

MTBI Group  
(n = 15)

Control Group  
(n = 15) P Value

Age (y) 35.18 6 14.57 
(22–67)

34.24 6 9.36 
(23–57)

.901 35 6 14.97 
(18–68)

33.65 6 9.73 
(21–46)

.383

Glasgow Coma Scale 15 15 15 15
Digit span
 Total score 10.73 6 2.31 12.83 6 2.55 .044 12.67 6 3.18 12.00 6 2.10 .495
 Forward 11.53 6 1.96 12.00 6 1.76 .615 12.67 6 1.91 11.27 6 2.10 .081
 Backward 10.20 6 2.75 12.33 6 2.61 .085 11.47 6 3.62 11.82 6 1.78 .979
CPT
 Omission error 51.98 6 11.44 49.31 6 8.27 .422 54.8 6 15.35 49.12 6 10.92 .269
 Commission error 52.10 6 13.23 51.21 6 8.73 .860 61.83 6 32.29 45.70 6 11.17 .053
 Hit reaction time 55.19 6 13.48 53.07 6 7.56 .907 54.50 6 7.33 57.29 6 9.62 .144
n-Back performance
 One-back (% correct) 0.95 6 0.08 0.94 6 0.12 .503 0.95 6 0.06 0.98 6 0.03 .097
 Two-back (% correct) 0.85 6 0.13 0.91 6 0.09 .087 0.85 6 0.09 0.89 6 0.10 .108
b values 0.28 6 0.29 0.35 6 0.31 .663 0.48 6 0.52 0.21 6 0.19 .040

Note.—Unless otherwise indicated, data are the mean ± standard deviation, and data in parentheses are the range.

values comparing initial and follow-up 
imaging studies in both sex groups (P = 
.211 and P = .191 in the female and male 
groups, respectively).

Discussion

There were two major findings in this 
functional MR imaging study that fo-
cused on sex differences in patients 
with MTBI. First, although there was 
no significant difference in working 
memory performance between male 
and female patients with MTBI, female 
patients with MTBI had lower total digit 
span scores than did female control 
subjects, whereas no significant differ-
ences were observed between male pa-
tients with MTBI and male control sub-
jects. Second, functional MR imaging 
revealed different activation patterns 
in male and female patients with MTBI 
during working memory tasks. To our 
knowledge, this study provides the first 
published evidence of sex differences 
in working memory functional activity 
in patients with MTBI. The results sug-
gest that women may have worse work-
ing memory outcomes, and functional 
MR imaging showed sex differences in 
postinjury changes. These results may 

change the future diagnostic work-up 
in patients MTBI and lead to separate 
management strategies for patients of 
different sexes.

Previous studies about sex differ-
ences in cognitive outcome of MTBI re-
vealed mixed results (3,4). Many studies 
showed that women outperformed men 
in tasks of verbal memory and learn-
ing measures, skills that have generally 
been found to be stronger in healthy 
women compared with men. Although 
it was not significant, our present study 
also revealed higher digit span scores in 
female control subjects compared with 
male control subjects. It is important to 
know that the outcome differences in 
patients with MTBI could be masked by 
the baseline differences. In this study, 
no significant differences were found 
in working memory performance be-
tween male and female patients with 
MTBI regarding digit span scores and 
accuracy of the n-back test. However, 
lower digit span scores were found in 
female patients with MTBI compared 
with female control subjects, and no 
similar differences were observed in 
the male groups, suggesting a possi-
ble worse working memory outcome 
in female patients.

Numerous prior studies have shown 
that functional MR imaging may depict 
MTBI by showing changes in activa-
tion pattern during working memory 
tasks. Functional MR imaging studies 
performed in healthy subjects have 
revealed that working memory load is 
associated with increased activation 
of the bilateral frontal and parietal re-
gions, a circuitry overlap with regions 
vulnerable to damage in traumatic 
brain injury. However, previous studies 
have demonstrated mixed patterns of 
activation change during working mem-
ory tasks after MTBI. The underlying 
mechanism of activation change and the 
cause of divergent patterns in MTBI are 
poorly understood. According to previ-
ous studies, hyperactivation after MTBI 
was explained as neural compensatory 
recruitment, which operates to main-
tain task performance (15,16,23,25). 
Failure to engage compensatory mech-
anisms after MTBI, which may result 
from more severe brain damage in cor-
responding areas, may cause a hypo-
activation pattern and result in poorer 
performance (19,25). According to this 
hypothesis and our study results, we 
speculated that female patients with 
MTBI may sustain more severe injury 
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Figure 2

Figure 2: Sex differences of working memory functional activation in healthy control subjects 
in response to increased working memory load (two-back . one-back condition). A voxel-by-
voxel comparison of female (left image) and male (right image) control subjects shows more 
activation (arrows) in female control subjects than in male control subjects (display threshold, P 
, .01).

Figure 1

Figure 1: Working memory functional activation in healthy control subjects and patients with MTBI. Surface-rendered 
projection on a representative atlas brain (SPM5) shows areas of activation in response to increased working memory 
load (two-back . one-back condition). Note the presence of increased activation in bilateral frontal and parietal 
regions, a finding consistent with activation of working memory circuitry in each group. A, In control subjects, visual 
comparison of working memory activation patterns shows more activation in women than in men, especially in the fron-
tal region. B, There is substantially less activation (ie, hypoactivation) seen in female patients with MTBI than in female 
control subjects, and there is substantially more activation (ie, hyperactivation) seen in male patients with MTBI than in 
male control subjects. C, At the 6-week follow-up study, female patients with MTBI showed a persistent hypoactivation 
pattern, whereas male patients with MTBI showed regression of hyperactivation and demonstrated a return to similar 
activation levels as those in male control subjects.

involving working memory circuitry, 
causing a hypoactivation pattern at 
functional MR imaging and worse per-
formance of the digit span task. Sev-
eral studies on baseline sex differences 
in functional organization of working 
memory and anatomic vulnerability 
of MTBI may help provide explana-
tions. Previous studies have shown 
that, in patients with MTBI, anterior 
regions of the brain are more vulner-
able to injury, and recent studies pro-
vided evidence for sex-specific working 
memory networks, whereby women 
consistently activate more limbic and 
prefrontal structures, which may con-
tribute to a vulnerability of working 
memory injury in female patients with 
MTBI (15,26,29–31). Another finding 
suggestive of sex differences in work-
ing memory outcomes in this study is 
the longitudinal change of activation 
pattern at functional MR imaging. 
In this study, recovery of activation 

change was observed in male patients 
with MTBI, whereas female patients 
with MTBI showed persistent hypo-
activation at 6-week follow-up imag-
ing. According to the aforementioned 

hypothesis, the persistent hypoactiva-
tion seen in female patients with MTBI 
could suggest a more severe injury 
and poor recovery. However, with-
out additional neurocongnitive and 
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Figure 3

Figure 3: Sex differences of working memory functional activation at initial study of patients 
with MTBI compared with control subjects in response to increased working memory load (two-
back . one-back condition). Voxel-by-voxel comparison of initial studies of patients with MTBI 
and control subjects shows a little more activation in the working memory circuitry (arrowheads) 
in female control subjects than in female patients with MTBI. However, substantially more 
activation (arrows) is seen in male patients with MTBI than in male control subjects.

neuropschologic testing, the significance 
of the hypoactivation pattern in working 
memory outcome remains unclear. Fur-
thermore, in contrast to our study result, 
a previous longitudinal functional MR 
imaging study demonstrated increased 
activation at follow-up imaging compared 
with initial imaging findings after MTBI 
(23). More studies are needed to explore 
the source of such paradoxical results.

There are several limitations to our 
study. First, our results are limited to a 
small, heterogeneous group of patients 
with MTBI. Second, we do not control 
the information of hormone status, which 
has been shown to affect image and neu-
ropsychologic data. Third, research has 
shown that different working memory 
tasks utilize different brain networks and 
that neural recruitment after MTBI is 
task dependent. Thus, in this study, the 
use of n-back task may not represent the 
overall condition.

Our study results are preliminary. 
Future studies with a larger sample size, 

homogeneous inclusion criteria, and 
longer follow-up may help further clarify 
these findings. In addition, much more 
needs to be known about the relation-
ships of sex hormones and cognitive out-
comes by combining functional MR imag-
ing and neuropsychologic variables with 
direct measurement of hormone levels, 
both at the time of injury and at follow-up 
studies. Furthermore, multimodality im-
aging studies, including diffusion tensor 
imaging for structure integrity, resting 
state functional connectivity study, ce-
rebrovascular reactivity, susceptibility-
weighted imaging, perfusion study, and 
MR spectroscopy for metabolite study, 
may be helpful in understanding the un-
derlying pathophysiology and causes of 
sex differences in MTBI.

Disclosures of Conflicts of Interest: H.L.H. 
disclosed no relevant relationships. D.Y.T.C. dis-
closed no relevant relationships. Y.C.T. disclosed 
no relevant relationships. Y.S.K. disclosed no 
relevant relationships. Y.L.H. disclosed no rele-
vant relationships. W.T.C. disclosed no relevant 

relationships. F.X.Y. disclosed no relevant rela-
tionships. W.S.W. disclosed no relevant relation-
ships. C.J.C. disclosed no relevant relationships.

References

 1. Wagner AK, Willard LA, Kline AE, et al. 
Evaluation of estrous cycle stage and gen-
der on behavioral outcome after experi-
mental traumatic brain injury. Brain Res 
2004;998(1):113–121.

 2. Preiss-Farzanegan SJ, Chapman B, Wong 
TM, Wu J, Bazarian JJ. The relation-
ship between gender and postconcussion 
symptoms after sport-related mild trau-
matic brain injury. PM R 2009;1(3):245– 
253.

 3. Covassin T, Bay E. Are there gender differ-
ences in cognitive function, chronic stress, 
and neurobehavioral symptoms after mild-
to-moderate traumatic brain injury? J Neu-
rosci Nurs 2012;44(3):124–133.

 4. Farace E, Alves working memory. Do 
women fare worse? A metaanalysis of 
gender differences in outcome after 
traumatic brain injury. Neurosurg Focus 
2000;8(1):e6.

 5. Kraus JF, Peek-Asa C, McArthur D. The 
independent effect of gender on outcomes 
following traumatic brain injury: a pre-
liminary investigation. Neurosurg Focus 
2000;8(1):e5.

 6. Dick RW. Is there a gender difference in 
concussion incidence and outcomes? Br J 
Sports Med 2009;43(Suppl 1):i46–i50.

 7. Frommer LJ, Gurka KK, Cross KM, In-
gersoll CD, Comstock RD, Saliba SA. Sex 
differences in concussion symptoms of high 
school athletes. J Athl Train 2011;46(1):76–
84.

 8. Cantu RC, Guskiewicz K, Register-Mihalik 
JK. A retrospective clinical analysis of mod-
erate to severe athletic concussions. PM R 
2010;2(12):1088–1093.

 9. Bruce-Keller AJ, Dimayuga FO, Reed JL, et 
al. Gender and estrogen manipulation do 
not affect traumatic brain injury in mice. J 
Neurotrauma 2007;24(1):203–215.

 10. Bazarian JJ, Blyth B, Mookerjee S, He H, 
McDermott MP. Sex differences in outcome 
after mild traumatic brain injury. J Neu-
rotrauma 2010;27(3):527–539.

 11. Laker SR. Epidemiology of concussion 
and mild traumatic brain injury. PM R 
2011;3(S10 Suppl 2):S354–S358.

 12. McDowell S, Whyte J, D’Esposito M. 
Working memory impairments in trau-
matic brain injury: evidence from a 



8 radiology.rsna.org n Radiology: Volume 000: Number 0—   2015

NEURORADIOLOGY: Sex Differences in Mild Traumatic Brain Injury Hsu et al

dual-task paradigm. Neuropsychologia 
1997;35(10):1341–1353.

 13. D’Esposito M, Aguirre GK, Zarahn E, Bal-
lard D, Shin RK, Lease J. Functional MRI 
studies of spatial and nonspatial work-
ing memory. Brain Res Cogn Brain Res 
1998;7(1):1–13.

 14. D’Esposito M, Postle BR, Rypma B. Pre-
frontal cortical contributions to working 
memory: evidence from event-related fMRI 
studies. Exp Brain Res 2000;133(1):3–11.

 15. McAllister TW, Saykin AJ, Flashman LA, et 
al. Brain activation during working mem-
ory 1 month after mild traumatic brain 
injury: a functional MRI study. Neurology 
1999;53(6):1300–1308.

 16. McAllister TW, Sparling MB, Flashman LA, 
Guerin SJ, Mamourian AC, Saykin AJ. Dif-
ferential working memory load effects after 
mild traumatic brain injury. Neuroimage 
2001;14(5):1004–1012.

 17. McAllister TW, Flashman LA, McDonald BC, 
Saykin AJ. Mechanisms of working memory 
dysfunction after mild and moderate TBI: ev-
idence from functional MRI and neurogenet-
ics. J Neurotrauma 2006;23(10):1450–1467.

 18. Christodoulou C, DeLuca J, Ricker JH, et 
al. Functional magnetic resonance imaging 
of working memory impairment after trau-
matic brain injury. J Neurol Neurosurg Psy-
chiatry 2001;71(2):161–168.

 19. Chen JK, Johnston KM, Frey S, Petrides M, 
Worsley K, Ptito A. Functional abnormal-
ities in symptomatic concussed athletes: an 
fMRI study. Neuroimage 2004;22(1):68–82.

 20. Jantzen KJ, Anderson B, Steinberg FL, Kel-
so JA. A prospective functional MR imaging 
study of mild traumatic brain injury in col-
lege football players. AJNR Am J Neurora-
diol 2004;25(5):738–745.

 21. Lovell MR, Pardini JE, Welling J, et al. Func-
tional brain abnormalities are related to 
clinical recovery and time to return-to-play 
in athletes. Neurosurgery 2007;61(2):352–
359; discussion 359–360.

 22. Slobounov SM, Zhang K, Pennell D, Ray 
W, Johnson B, Sebastianelli W. Functional 
abnormalities in normally appearing ath-
letes following mild traumatic brain injury: 
a functional MRI study. Exp Brain Res 
2010;202(2):341–354.

 23. Chen CJ, Wu CH, Liao YP, et al. Work-
ing memory in patients with mild trau-
matic brain injury: functional MR imaging 
analysis. Radiology 2012;264(3):844–851.

 24. McDonald BC, Saykin AJ, McAllister TW. 
Functional MRI of mild traumatic brain 
injury (mTBI): progress and perspectives 
from the first decade of studies. Brain Imag-
ing Behav 2012;6(2):193–207.

 25. Bryer EJ, Medaglia JD, Rostami S, Hill-
ary FG. Neural recruitment after mild 

traumatic brain injury is task dependent: 
a meta-analysis. J Int Neuropsychol Soc 
2013;19(7):751–762.

 26. Eierud C, Craddock RC, Fletcher S, et al. 
Neuroimaging after mild traumatic brain in-
jury: review and meta-analysis. Neuroimage 
Clin 2014;4:283–294.

 27. Mayer AR, Bellgowan PS, Hanlon FM. Func-
tional magnetic resonance imaging of mild 
traumatic brain injury. Neurosci Biobehav 
Rev 2015;49:8–18.

 28. ACRM. American Congress of Rehabilita-
tion Medicine Mild Traumatic Brain Injury 
Committee of the Head Injury Interdisci-
plinary Special Interest Group. Definition of 
mild traumatic brain injury. J Head Trauma 
Rehabil 1993;8(3):86–87.

 29. Speck O, Ernst T, Braun J, Koch C, Miller 
E, Chang L. Gender differences in the func-
tional organization of the brain for working 
memory. Neuroreport 2000;11(11):2581–
2585.

 30. Goldstein JM, Jerram M, Poldrack R, et 
al. Sex differences in prefrontal cortical 
brain activity during fMRI of auditory ver-
bal working memory. Neuropsychology 
2005;19(4):509–519.

 31. Hill AC, Laird AR, Robinson JL. Gender 
differences in working memory networks: 
a BrainMap meta-analysis. Biol Psychol 
2014;102:18–29. 


