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Abstract

The cingulum, connecting the orbitofrontal cortex to the medial temporal lobe, involves in diverse cogni-
tion functions including attention, memory, and motivation. To investigate the relationship between the
cingulum injury and cognitive impairment in patients with chronic mild traumatic brain injury, we evaluat-
ed the integrity between the anterior cingulum and the basal forebrain using diffusion tensor tractography
in 73 patients with chronic mild traumatic brain injury (39 males, 34 females, age 43.29 + 11.42 years) and
40 healthy controls (22 males, 18 females, age 40.11 + 16.81 years). The patients were divided into three
subgroups based on the integrity between the anterior cingulum and the basal forebrain on diffusion tensor
tractography: subgroup A (n = 19 patients) — both sides of the anterior cingulum were intact; subgroup B (n
= 36 patients) - either side of the anterior cingulum was intact; and subgroup C (18 patients) — both sides
of the anterior cingulum were discontinued. There were significant differences in total Memory Assessment
Scale score between subgroups A and B and between subgroups A and C. There were no significant differ-
ences in diffusion tensor tractography parameters (fractional anisotropy, apparent diffusion coefficient, and
fiber volume) between patients and controls. These findings suggest that the integrity between the anterior
cingulum and the basal forebrain, but not diffusion tensor tractography parameter, can be used to predict
the cognitive function of patients with chronic mild traumatic brain injury. This study was approved by
Yeungnam University Hospital Institutional Review Board (approval No. YUMC-2014-01-425-010) on
August 16, 2017.
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Introduction

Traumatic brain injury (TBI) is classified as mild, moder-
ate, and severe according to loss of consciousness (LOC),
post-traumatic amnesia (PTA), and Glasgow Coma Scale
(GCS): mild TBI (mTBI, LOC < 30 minutes, PTA > 24 hours
and GCS score: 13—15), moderate TBI (LOC 30 minutes-6
hours, PTA 1-7 days, and GCS score 9-12), and severe TBI
(LOC > 6 hours, PTA > 7 days, and GCS score 3-8) (Alex-
ander, 1995; Ruff et al., 2009). mTBI has been reported in
75-85% of patients with TBI (De Kruijk et al., 2001; Styrke
et al., 2007; Andelic, 2013). Cognitive impairment is a main
sequela of mTBI, with previously reported incidence of more
than 30% in mTBI (Stulemeijer et al., 2007; Silver et al.,
2009). Many studies investigated injury of the neural tracts
associated with cognition such as the fornix, cingulum, and
the thalamocingulate tract of the Papez circuit in patients
with mTBI (Kraus et al., 2007; Niogi et al., 2008a, b; Rutgers
et al., 2008; Maruta et al., 2010; Wu et al., 2010; Mac Don-
ald et al., 2011; Davenport et al., 2012; Shenton et al., 2012;
Lee and Jang, 2014; Jang and Kwon, 2015; Kim et al., 2015;
Veeramuthu et al.,, 2015; Yang et al., 2016). However, the re-
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lationship between injuries of the neural tracts and cognitive
impairment in mTBI has not been clearly elucidated.

The cingulum, connecting the orbitofrontal cortex to the
medial temporal lobe, involves in diverse cognition func-
tions including attention, memory, and motivation (Bush et
al., 2000). Especially, it is important in memory because it
supplies cholinergic innervations to the cerebral cortex by
getting cholinergic input from the cholinergic nuclei in the
basal forebrain; the medial septal nucleus (Ch 1), the vertical
nucleus of the diagonal band (Ch 2), and the nucleus basalis
of Meynert (Ch 4) (Selden et al., 1998; Mesulam, 2004; Nieu-
wenhuys R, 2008; Naidich and Duvernoy, 2009; Hong and
Jang, 2010). Anatomically, the cingulum is long and large,
and located deep within the brain, and shows less discrim-
inability with adjacent neural structures. Thus, precise as-
sessment of the cingulum using conventional brain MRI was
limited.

Diffusion tensor tractography (DTT), which is derived
from diffusion tensor imaging (DTI), has recently enabled
three-dimensional estimation of the cingulum (Malykhin et
al., 2008). A previous study suggested that DTT is superior
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to DTI for demonstrating the cingulum injury in TBI (Kurki
et al., 2014). Many studies using DTT have reported on the
cingulum injury in intracerebral hemorrhage, hypoxic-isch-
emic brain injury, subarachnoid hemorrhage, and TBI (Hong
and Jang, 2010; Lee et al., 2012; Kurki et al., 2014; Kwon et
al,, 2014; Yoo et al., 2014). Regarding mTBI, although many
studies have demonstrated the cingulum injury by measur-
ing DTI parameters on DTI, only a few studies using DTT
demonstrated the cingulum injury (Kraus et al., 2007; Niogi
et al., 2008a, b; Rutgers et al., 2008; Maruta et al., 2010; Niogi
and Mukherjee, 2010; Wu et al., 2010; Mac Donald et al,,
2011; Davenport et al., 2012; Shenton et al., 2012; Kim et al.,
2015; Veeramuthu et al., 2015).

In the current study, we investigated the relationship be-
tween cingulum injury and cognitive impairment in chronic
mTBI patients using DTT.

Subjects and Methods

Subjects

Seventy-three patients (34 males, 39 females, age 43.29 +
11.42 [range 21-60] years) with mTBI who visited the Re-
habilitation Department of Yeungnam University Hospital
and 40 healthy subjects who showed no history of previous
head trauma, neurologic or psychiatric disease (22 males, 18
females, age 40.11 £ 16.81 [20-58] years) were included in
this study. The patients were recruited consecutively with the
inclusion criteria: (1) LOC for < 30 minutes, PTA for < 24
hours, and initial GCS score of 13—15 (Alexander, 1995; Ruff
et al., 2009), (2) more than 1 month after onset of TBI to
rule out the effect of the secondary traumatic axonal injury
following mTBI (Povlishock and Christman, 1995; Buki and
Povlishock, 2006; Jang, 2010; Kwon and Jang, 2014), (3) age:
20-60 years. Exclusion criteria were as follows: (1) no specit-
ic lesion on brain MRI (T1-weighted, T2-weighted, and fluid
attenuated inversion recovery [FLAIR], (2) patients with any
history of previous head trauma, neurologic or psychiatric
disease. This study was conducted retrospectively and in
accordance with the Declaration of Helsinki and the study
protocol was approved by Yeungnam University Hospital In-
stitutional Review Board (YUMC-2014-01-425-010) on Au-
gust 16, 2017. All participants or patients’ guardians signed
the written informed consent.

DTT acquisition and analysis

DTT (Amsterdam, The Netherlands) data was obtained at
3.1 = 2.9 months after the onset of TBI. Imaging parameters
were as follows: field of view = 240 mm x 240 mm, repetition
time = 10,398 ms, echo time = 72 ms, parallel imaging re-
duction factor = 2, echo-planar imaging factor = 59 and b =
1000 s/mm’, number of excitations = 1, thickness = 2.5 mm.
Reconstruction was performed using the fiber assignment
continuous tracking algorithm (Philips Extended MR Work
Space 2.6.3 [Philips, Amsterdam, The Netherlands]) (Mori et
al., 1999; Behrens et al., 2007). To analyze the cingulum, the
first region of interest (ROI) was placed on the middle part
of the cingulum on the coronal view. The second ROI was
placed in the posterior part of the cingulum on the coronal

view (Concha et al., 2005). Termination criteria were frac-
tional anisotropy (FA) < 0.15 and angle change > 27°. The
FA, apparent diffusion coefficient (ADC), and tract number
were measured.

The patients were classified into three subgroups based on
the integrity between the anterior cingulum and the basal
forebrain on DTT; subgroup A: both sides of the anterior
cingulum showed intact continuity to the basal forebrain,
subgroup B: either side of the anterior cingulum was discon-
tinued to the basal forebrain, and subgroup C: both sides of
the anterior cingulum were discontinued to the basal fore-
brain (Figure 1A). Among 73 patients, 19 patients belonged
to subgroup A (26.0%, ten males, nine females, and mean
age 46.4 + 15.1 years), 36 patients to subgroup B (49.3%, 16
males, 20 females, and mean age 43.0 + 10.1 years), and 18
patients to subgroup C (24.6%, eight males, ten females, and
mean age 43.7 + 13.3 years). No significant differences in all
demographic data were observed between the patient and
control groups (Figure 1A: patients, Figure 1B: healthy sub-
jects), and between three patient subgroups (P > 0.05). De-
mographic data of the patient groups (subgroups A, B, and C)
and control group are summarized in Table 1.

Neuropsychological tests

The Wechsler Intelligence Scale (WAIS) [measurement of
intelligence and cognitive ability, 0—130 scores] and Memory
Assessment Scale (MAS) [comprehensive battery short-term,
verbal and visual memory function, 0—120 scores] were used
for evaluation of cognitive function (Wechsler, 1981; Wil-
liams, 1991). The MAS consisted of total, short-term, verbal,
and visual memories (Williams, 1991).

Statistical analysis

SPSS software (version 18.0; SPSS, Chicago, IL, USA) was
used for statistical analyses. One-way analysis of variance
followed by the Least Significant Difference (LSD) post hoc
test was used to detect difference between three patient sub-
groups (MAS and IQ score, and DTT parameters). Statistical
significance was accepted for P-value of < 0.05.

Results

Memory function

The MAS and IQ scores for three patient subgroups are sum-
marized in Table 2. No significant differences in terms of
verbal IQ, performance IQ, total IQ, short term MAS, verbal
MAS, and visual MAS were observed between three patient
subgroups (P > 0.05). On the contrary, significant difference
in total MAS was detected between subgroups A and B, and
between subgroups A and C (P < 0.05). By contrast, signifi-
cant difference was not detected between subgroups B and C
(P> 0.05).

DTT parameters

The results for DTT parameters of the patient and control
groups are summarized in Table 3. Significant differences in
terms of FA, ADC, and tract number were observed between
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Table 1 Demographic data of included patients

Variables Total Subgroup A Subgroup B Subgroup C Control group
Cases [n(%)] 73(100) 19(26.07) 36(49.31) 18(24.62) 40(100)

Age (years)® 43.29+11.42 46.44+15.11 43.02+10.18 43.71+13.35 40.11+16.81
Sex (male/female, n) 34/39 10/9 16/20 8/10 22/18

LOC (minutes)* 5.54+8.85 4.44+5.80 6.88+10.50 3.85+7.33 -

PTA (minutes)* 30.42+82.93 7.70%15.44 31.55+83.03 10.61+16.40 -

Duration to DTT (month) 2.80+3.36 1.69+2.32 2.72+3.12 3.68+4.19 -

Subgroup A: Both sides of the anterior cingulum showed intact continuity to the basal forebrain; subgroup B: either side of the anterior cingulum
was discontinued to the basal forebrain; and subgroup C: both sides of the anterior cingulum were discontinued to the basal forebrain. LOC: Loss
of consciousness; PTA: post-traumatic amnesia; DTT: diffusion tensor tractography. “Values indicate the mean + SD.
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Figure 1 DTT for the cingulum in patients with mild traumatic
brain injury and the healthy control.

(A) DTT for the cingulum in the subgroup A (both sides (red color:
the cingulum on the right hemisphere; yellow color: the cingulum on
the left hemisphere) of the cingulum showed intact anterior cingulum
and basal forebrain), subgroup B (either side of the cingulum showed
discontinuation to the anterior cingulum and the basal forebrain (green
arrow)), and subgroup C (both sides of the cingulum were discontin-
ued to the anterior cingulum and the basal forebrain (green arrows)).
(B) DTT for the cingulum in a normal subject. DTT: Diffusion tensor
tractography; A: anterior.

the patient and control groups, between three patient sub-
groups and control group, and between three patient sub-
groups (P > 0.05).

Discussion

In this study, the relationship between the anterior cingulum
injury and cognitive impairment was investigated in patients
with mTBI, and the results were as follows: 1) no significant
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differences in all DTT parameters were observed between
the patient and control groups, between each subgroup and
the control group, and between three patient subgroups, 2)
total MAS scores of the patient group differed according to
the integrity of the anterior cingulum with the basal fore-
brain; in detail, patients with discontinuation of integrity to
the basal forebrain in either cingulum showed lower total
MAS score than patients with intact integrity in both cingu-
lums. However, no difference was observed between patients
with discontinuation in both cingulums and one cingulum
in total MAS score. Because the cingulum is the passage of
acethylcholine to the cerebral cortex, any discontinuation of
this passage appeared to cause memory impairment in terms
of total MAS rather than general cognition impairment in
terms of IQ (Selden et al., 1998; Mesulam, 2004; Hong and
Jang, 2010). Discontinuation of the anterior cingulum indi-
cates traumatic axonal injury because no abnormality was
shown in the brain MRI in the patient group (Povlishock,
1992; Alexander, 1995; Povlishock and Christman, 1995).
The FA, ADC, and tract number indicate the degree of
directionality of water diffusion, the magnitude of water
diffusion, and the total number of voxels existing in a neu-
ral tract, respectively (Mori et al., 1999; Neil, 2008; Jang et
al., 2013). Therefore, our results showed no difference in all
DTT parameters for the cingulum between the patient and
control groups, between three patient subgroups and the
control group, and between three patient subgroups, sug-
gesting that the DTT parameters of the cingulum in mild
TBI cannot be used as a marker for traumatic axonal injury
of the cingulum in chronic mTBI patients. By contrast, re-
sults from the patient subgroup showed that any discontinu-
ation of the anterior cingulum has a lower total MAS score,
indicating that the discontinuity of the cingulum to the basal
forebrain on DTT configuration can be used as a marker for
traumatic axonal injury of the cingulum. The above men-
tioned difference in the results on DTT parameters and con-
figuration might indicate that DTT configuration is superior
to DTT parameters in the diagnosis of the cingulum injury
in mTBI patients. Furthermore, these results appeared to be
attributed to the fact that the cingulum injury cannot result
in an abnormality on DTT parameters because the cingulum
is a large and long neural tract. A previous study involving
TBI patients (mainly severe TBI: mean LOC was 8.9 days)
reported that DTT parameters (FA, ADC, and VN) showed
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Table 2 Correlates of clinical data according to the types of patients

Patient group P-value
Subgroup A (n=19) Subgroup B (n=36) SubgroupC (n=18) A-B A-C B-C
1Q Verbal 105.76+17.18 106.68+11.66 104.66+14.68 0.814 0.810 0.624
Performance 101.04£12.13 105.48+11.47 103.61+15.53 0.211 0.533 0.613
Total 103.28+16.03 106.85+£10.46 104.33+14.95 0.336 0.808 0.517
MAS (score) Short term 96.80+12.24 94.02+20.05 92.11+16.89 0.565 0.404 0.705
Verbal 89.47+13.84 87.02+15.50 81.61+16.52 0.564 0.114 0.227
Visual 94.23+19.07 96.51+13.74 94.66+13.22 0.592 0.931 0.679
Total 92.85+15.06 89.25+13.50 79.94+14.64 0.363 0.006" 0.027"

Subgroup A: Both sides of the anterior cingulum showed intact continuity to the basal forebrain; subgroup B: either side of the anterior cingulum
was discontinued to the basal forebrain; and subgroup C: both sides of the anterior cingulum were discontinued to the basal forebrain. MAS:
Memory Assessment Scale; IQ: Intelligence index. Values indicate the mean + standard deviation. *P < 0.05 (one-way analysis of variance followed

by the Least Significant Difference post hoc test).

Table 3 DTT parameters in three types of TBI patients and normal controls

Patient group

Total Subgroup A (n=19) Subgroup B (n=36)  Subgroup C(n=18)  Control group
FA 0.39+0.02 0.39+0.01 0.39+0.01 0.38+0.02 0.39+0.02
ADC 0.79%0.02 0.79+0.02 0.79£0.02 0.79%0.03 0.79+0.02
Fiber volume (number) 2051.45+421.67 2184.11+535.64 2017.31+342.08 1990.91+459.73 2212.61+331.13
FA ADC Fiber volume
P-value Patient — Normal 0.312 0.347 0.204
Subgroup A - Subgroup B 0.664 0.399 0.261
(Normal - Subgroup A) (0.618) (0.926) (0.714)
Subgroup A - Subgroup C 0.534 0.524 0.115
(Normal - Subgroup B) (0.671) (0.731) (0.121)
Subgroup B - Subgroup C 0.497 0.576 0.852
(Normal - Subgroup C) (0.514) (0.423) (0.091)

Subgroup A: Both sides of the anterior cingulum showed intact continuity to the basal forebrain; subgroup B: either side of the anterior cingulum
was discontinued to the basal forebrain; and subgroup C: both sides of the anterior cingulum were discontinued to the basal forebrain. DTT:
Diffusion tensor tractography; TBI: traumatic brain injury; FA: fractional anisotropy; ADC: apparent diffusion coeflicient. Values indicate the

mean + SD.

correlation with the IQ or MAS as well as integrity of the
anterior cingulum (Baek et al., 2013). We believe that this
discrepancy on DTT parameters between two studies can be
ascribed to the fact that mTBI patients have milder injury of
the cingulum compared with all TBI patients. In addition,
our results appeared to coincide with those of Kurki’s study,
which demonstrated that DTT based analysis of the cingu-
lum, performed from volumes defined by tractography, was
superior to measurement of FA value of DTT in TBI patients
(Kurki et al., 2014).

Since introduction of DTI, many studies have demonstrat-
ed the cingulum injury in mTBI patients (Kraus et al., 2007;
Niogi et al., 2008a, b; Rutgers et al., 2008; Maruta et al., 2010;
Mac Donald et al., 2011; Davenport et al., 2012; Kim et al.,
2015; Veeramuthu et al., 2015). Most of these studies inves-
tigated the cingulum injury by measuring DTI parameters
two-dimensionally using the ROI method and reported con-
troversial results: no change or significant change in DTI pa-
rameters including mainly FA value (Kraus et al., 2007; Niogi
et al., 2008a, b; Rutgers et al., 2008; Maruta et al., 2010; Mac
Donald et al., 2011; Veeramuthu et al., 2015). A few DTT

based studies on the cingulum injury in mTBI have been
reported (Davenport et al., 2012; Kim et al., 2015). Davenpot
et al. (2012) demonstrated a global pattern of lower white
matter integrity including the cingulum using probabilis-
tic DTT in 25 patients with blast-related mTBI. A recent
case study reported on three patients who showed bilateral
discontinuations of the anterior cingulum on DTT follow-
ing mTBI (Kim et al., 2015). Therefore, to the best of our
knowledge, our study is the first original study to demon-
strate the relationship between the integrity of the anterior
cingulum to the basal forebrain and memory function in
mTBI patients. However, limitation of DTT should be con-
sidered: DTT can produce a false negative result throughout
the white matter of the brain due to crossing fiber or partial
volume effect (Parker and Alexander, 2005). In addition, the
fact that we did not confirm the neural injury in the other
neural structures which are involved in the memory func-
tion is a limitation of this study. Therefore, further studies on
this limitation should be warranted.

In conclusion, we investigated the relationship between the
cingulum injury and cognitive impairment in chronic mTBI
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patients and found that the integrity between the anterior
cingulum and the basal forebrain, rather than DTT parame-
ters, can play a predictive role in assessing cognitive impair-
ment. This result suggests that DTT would be a useful tech-
nique for detection of traumatic fiber injury of the cingulum
in chronic mTBI patients, which could not be detected on
conventional brain MRI. As a result, DTT reconstruction of
the cingulum can be recommended for mild TBI patients
who complain of memory impairment.

Author contributions: Concept and design of this study and funding
acquisition: SHJ, SHK; data acquisition: SH], SHK, HDL; manuscript
development and writing: SHJ, SHK, HDL; manuscript authorization:
HDL; approval of final manuscript for publication: all authors.

Conflicts of interest: The authors declare that they have no competing
interests.

Financial support: This work was supported by the Medical Research
Center Program (2015R1A5A2009124) through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science, ICT and
Future Planning (to SHJ and SHK).

Institutional review board statement: Approval for the study was ob-
tained from the Institutional Review Board of Yeungnam University Hos-
pital (approval No. YUMC-2014-1425-010) on August 16, 2017.
Declaration of participant consent: The authors certify that they have
obtained the appropriate participant consent forms. In the form the par-
ticipants or patients’ guardians have given their consent for participants’
images and other clinical information to be reported in the journal. The
participants or patients’ guardians understand that participants’ names
and initials will not be published and due efforts will be made to conceal
their identity.

Reporting statement: This study followed the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE) statement.
Biostatistics statement: The statistical methods of this study were re-
viewed by the biostatistician of Yeungnam University in Korea.
Copyright license agreement: The Copyright License Agreement has
been signed by all authors before publication.

Data sharing statement: Individual participant data will be available
(including data dictionaries). All of the individual participant data col-
lected during the trial, after deidentification. Study protocol, statistical
analysis plan and informed consent form will be available. Data will be
available immediately following publication, no end date. Data are avail-
able indefinitely at http://www.nrronline.org.

Plagiarism check: Checked twice by iThenticate.

Peer review: Externally peer reviewed.

Open access statement: This is an open access journal, and articles are
distributed under the terms of the Creative Commons Attribution-Non-
Commercial-ShareAlike 4.0 License, which allows others to remix, tweak,
and build upon the work non-commercially, as long as appropriate credit
is given and the new creations are licensed under the identical terms.
Additional file:

Additional file 1: Model Consent Form (Korean).

References

Alexander MP (1995) Mild traumatic brain injury: pathophysiology,
natural history, and clinical management. Neurology 45:1253-1260.

Andelic N (2013) The epidemiology of traumatic brain injury. Lancet
Neurol 12:28-29.

Baek SO, Kim OL, Kim SH, Kim MS, Son SM, Cho YW, Byun WM,
Jang SH (2013) Relation between cingulum injury and cognition in
chronic patients with traumatic brain injury; diffusion tensor trac-
tography study. NeuroRehabilitation 33:465-471.

Behrens TE, Berg HJ, Jbabdi S, Rushworth MFE, Woolrich MW (2007)
Probabilistic diffusion tractography with multiple fibre orientations:
What can we gain? Neuroimage 34:144-155.

Buki A, Povlishock JT (2006) All roads lead to disconnection?—Trau-
matic axonal injury revisited. Acta Neurochirurgica 148:181-193.

1560

Bush G, Luu P, Posner MI (2000) Cognitive and emotional influences
in anterior cingulate cortex. Trends Cogn Sci 4:215-222.

Concha L, Gross DW, Beaulieu C (2005) Diffusion tensor tractography
of the limbic system. AJNR Am ] Neuroradiol 26:2267-2274.

Davenport ND, Lim KO, Armstrong MT, Sponheim SR (2012) Diffuse
and spatially variable white matter disruptions are associated with
blast-related mild traumatic brain injury. Neuroimage 59:2017-2024.

De Kruijk JR, Twijnstra A, Leffers P (2001) Diagnostic criteria and
differential diagnosis of mild traumatic brain injury. Brain Inj 15:99-
106.

Hong JH, Jang SH (2010) Neural pathway from nucleus basalis of Mey-
nert passing through the cingulum in the human brain. Brain Res
1346:190-194.

Jang SH (2010) Delayed neurological deterioration following head trau-
ma. Neural Regen Res 5:1829-1831.

Jang SH, Kwon HG (2015) Selective injury of fornical column in a
patient with mild traumatic brain injury. Am J Phys Med Rehabil
94:e86.

Jang SH, Chang CH, Lee ], Kim CS, Seo JP, Yeo SS (2013) Functional
role of the corticoreticular pathway in chronic stroke patients. Stroke
44:1099-1104.

Kim JW, Lee HD, Jang SH (2015) Severe bilateral anterior cingulum
injury in patients with mild traumatic brain injury. Neural Regen Res
10:1876-1878.

Kraus ME, Susmaras T, Caughlin BP, Walker CJ, Sweeney JA, Little DM
(2007) White matter integrity and cognition in chronic traumatic
brain injury: a diffusion tensor imaging study. Brain 130:2508-2519.

Kurki T, Himanen L, Vuorinen E, Myllyniemi A, Saarenketo AR, Kau-
ko T, Brandstack N, Tenovuo O (2014) Diffusion tensor tractogra-
phy-based analysis of the cingulum: clinical utility and findings in
traumatic brain injury with chronic sequels. Neuroradiology 56:833-
841.

Kwon HG, Jang SH (2014) Delayed gait disturbance due to injury of the
corticoreticular pathway in a patient with mild traumatic brain inju-
ry. Brain Inj 28:511-514.

Kwon HG, Choi BY, Kim SH, Chang CH, Jung YJ, Lee HD, Jang SH
(2014) Injury of the cingulum in patients with putaminal hemor-
rhage: a diffusion tensor tractography study. Front Hum Neurosci
8:366.

Lee AY, Shin DG, Park JS, Hong GR, Chang PH, Seo JP, Jang SH (2012)
Neural tracts injuries in patients with hypoxic ischemic brain injury:
diffusion tensor imaging study. Neurosci Lett 528:16-21.

Lee HD, Jang SH (2014) Changes of an injured fornix in a patient with
mild traumatic brain injury: diffusion tensor tractography follow-up
study. Brain Inj 28:1485-1488.

Mac Donald CL, Johnson AM, Cooper D, Nelson EC, Werner NJ, Shi-
mony JS, Snyder AZ, Raichle ME, Witherow JR, Fang R, Flaherty SF,
Brody DL (2011) Detection of blast-related traumatic brain injury in
U.S. military personnel. N Engl ] Med 364:2091-2100.

Malykhin N, Concha L, Seres P, Beaulieu C, Coupland NJ (2008) Dif-
fusion tensor imaging tractography and reliability analysis for limbic
and paralimbic white matter tracts. Psychiatry Res 164:132-142.

Maruta J, Suh M, Niogi SN, Mukherjee P, Ghajar J (2010) Visual track-
ing synchronization as a metric for concussion screening. ] Head
Trauma Rehabil 25:293-305.

Mesulam MM (2004) The cholinergic innervation of the human cere-
bral cortex. Prog Brain Res 145:67-78.

Mori S, Crain BJ, Chacko VP, van Zijl PC (1999) Three-dimensional
tracking of axonal projections in the brain by magnetic resonance
imaging. Ann Neurol 45:265-269.

Naidich TP, Duvernoy HM (2009) Duvernoy’s atlas of the human brain
stem and cerebellum: high-field MRI: surface anatomy, internal
structure, vascularization and 3D sectional anatomy. Wien; New
York: Springer.



Jang SH, Kim SH, Lee HD (2019) Traumatic axonal injury of the cingulum in patients with mild traumatic brain injury: a diffusion tensor tractography

study. Neural Regen Res 14(9):1556-1561. doi:10.4103/1673-5374.255977

Neil JJ (2008) Diffusion imaging concepts for clinicians. ] Magn Reson
Imaging 27:1-7.

Nieuwenhuys R V], Huijzen Cv (2008) The human central nervous sys-
tem, 4" ed. New York: Springer.

Niogi SN, Mukherjee P (2010) Diffusion tensor imaging of mild trau-
matic brain injury. ] Head Trauma Rehabil 25:241-255.

Niogi SN, Mukherjee P, Ghajar ], Johnson CE, Kolster R, Lee H, Suh
M, Zimmerman RD, Manley GT, McCandliss BD (2008a) Structural
dissociation of attentional control and memory in adults with and
without mild traumatic brain injury. Brain 131:3209-3221.

Niogi SN, Mukherjee P, Ghajar J, Johnson C, Kolster RA, Sarkar R, Lee
H, Meeker M, Zimmerman RD, Manley GT, McCandliss BD (2008b)
Extent of microstructural white matter injury in postconcussive syn-
drome correlates with impaired cognitive reaction time: a 3T diffu-
sion tensor imaging study of mild traumatic brain injury. AINR Am
] Neuroradiol 29:967-973.

Parker GJ, Alexander DC (2005) Probabilistic anatomical connectivity
derived from the microscopic persistent angular structure of cerebral
tissue. Philos Trans R Soc Lond B Biol Sci 360:893-902.

Povlishock JT (1992) Traumatically induced axonal injury: pathogene-
sis and pathobiological implications. Brain Pathol 2:1-12.

Povlishock JT, Christman CW (1995) The pathobiology of traumatical-
ly induced axonal injury in animals and humans: a review of current
thoughts. ] Neurotrauma 12:555-564.

Ruff RM, Iverson GL, Barth JT, Bush SS, Broshek DK (2009) Recom-
mendations for diagnosing a mild traumatic brain injury: a National
Academy of Neuropsychology education paper. Arch Clin Neuropsy-
chol 24:3-10.

Rutgers DR, Toulgoat F, Cazejust J, Fillard P, Lasjaunias P, Ducreux D
(2008) White matter abnormalities in mild traumatic brain injury: a
diffusion tensor imaging study. AJNR Am ] Neuroradiol 29:514-519.

Selden NR, Gitelman DR, Salamon-Murayama N, Parrish TB, Mesulam
MM (1998) Trajectories of cholinergic pathways within the cerebral
hemispheres of the human brain. Brain 121(Pt 12):2249-2257.

Shenton ME, Hamoda HM, Schneiderman JS, Bouix S, Pasternak O,
Rathi Y, Vu MA, Purohit MP, Helmer K, Koerte I, Lin AP, Westin
CE, Kikinis R, Kubicki M, Stern RA, Zafonte R (2012) A review of
magnetic resonance imaging and diffusion tensor imaging findings
in mild traumatic brain injury. Brain Imaging Behav 6:137-192.

Silver M, McAllister TW, Arciniegas DB (2009) Depression and cogni-
tive complaints following mild traumatic brain injury. Am J Psychia-
try 166:653-661.

Stulemeijer M, Vos PE, Bleijenberg G, van der Werf SP (2007) Cog-
nitive complaints after mild traumatic brain injury: things are not
always what they seem. ] Psychosom Res 63:637-645.

Styrke J, Stalnacke BM, Sojka P, Bjornstig U (2007) Traumatic brain
injuries in a well-defined population: epidemiological aspects and
severity. ] Neurotrauma 24:1425-1436.

Veeramuthu V, Narayanan V, Kuo TL, Delano-Wood L, Chinna K,
Bondi MW, Waran V, Ganesan D, Ramli N (2015) Diffusion tensor
imaging parameters in mild traumatic brain injury and its correla-
tion with early neuropsychological impairment: a longitudinal study.
] Neurotrauma 32:1497-1509.

Wechsler D (1981) Manual Wechsler Adult Intelligence Scale revised.
New York: Psychological Corporation.

Williams JM (1991) Memory Assessment Scales: Professional manual.
Odessa, FL: Psychological Assessment Resources.

Wu TC, Wilde EA, Bigler ED, Yallampalli R, McCauley SR, Troyanskaya
M, Chu ZL, Li XQ, Hanten G, Hunter JV, Levin HS (2010) Evaluating
the relationship between memory functioning and cingulum bundles
in acute mild traumatic brain injury using diffusion tensor imaging.
] Neurotrauma 27:303-307.

Yang DS, Kwon HG, Jang SH (2016) Injury of the thalamocingulate
tract in the Papez circuit in patients with mild traumatic Brain Inju-
ry. Am ] Phys Med Rehabil 95:e34-38.

Yoo JS, Kim OL, Kim SH, Kim MS, Jang SH (2014) Relation between
cognition and neural connection from injured cingulum to brain-
stem cholinergic nuclei in chronic patients with traumatic brain inju-
ry. Brain Inj 28:1257-1261.

C-Editor: Zhao M; S-Editor: Li CH; L-Editor: Song LP; T-Editor: Jia Y

1561



