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Abstract

Background: The prefrontal cortex (PFC) has been reported to be related to memory function. Especially, the dorsolateral PFC (DLPFC)
is a substantial neural structure in short-term memory. In this study, using diffusion tensor tractography (DTT), we investigated the
relationship between short-term memory impairment and the DLPFC injury in patients with mild traumatic brain injury (TBI).Methods:
We recruited 46 consecutive chronic patients with mild TBI and 42 normal control subjects. Fractional anisotropy (FA) and fiber number
(FN) of the prefronto-thalamic tracts were determined for both hemispheres. Results: Significant differences were detected in the FA
value of the DLPFC and FN value of the prefronto-thalamic tracts in the patient and control groups (p < 0.05). However, no significant
differences were detected in the ventrolateral PFC (VLPFC) and orbitofrontal cortex (OFC) between the patient and control groups (p
> 0.05). In addition, the FN value of the DLPFC showed moderate positive correlation with short-term memory (r = 0.510, p < 0.05).
However, no significant correlations were detected between the short-term memory and the FA value of the DLPFC, and the FA and FN
values of the VLPFC and OFC in the patient group (p > 0.05). Conclusions: We found that the short-term memory impairment was
closely associated with the DLPFC injury in patients with mild TBI. Our results suggest that the estimation of the DLPFC using DTT
would be useful for patients with severity of short-term memory impairment following mild TBI.
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1. Introduction
Traumatic brain injury (TBI) is one of the most com-

mon causes of disability in adults, and is categorized as
mild, moderate, and severe, depending on the severity [1,2];
70–90% patients with TBI is categorized as mild TBI [3,4].
Memory impairment is an important sequelae of mild TBI,
with previously reported incidence up to 25% of patients
with postconcussional syndrome among patients with mild
TBI [5–7]. Memory is related to accumulate and preserve
individual experiences and plays a key role in themental ac-
tivities and whole brain [8]. Among the variety of memory
function, the short-term memory means keeping informa-
tion in mind for a short period of time and temporary stor-
age, organization, and processing of information to guide
reasoning and goal-directed behavior [9,10]. It takes charge
of transient information processing and direction of com-
plex cognitive activity related to frontal and posterior corti-
cal areas and subcortical structures [11]. The prefrontal cor-
tex (PFC) has been reported to be involved in memory func-
tion [12–14]. specially, the dorsolateral prefrontal cortex
(DLPFC) among the PFC is an important neural structure in
short-term memory [11,15]. Therefore, elucidating the re-
lationship between short-term memory impairment and the

DLPFC injury following TBI would be important in terms
of rehabilitation; especially, for neuromodulation such as
repetitive transcranial magnetic stimulation and transcra-
nial direct-current electrical stimulation [16,17]. However,
it has not been clearly elucidated so far.

Previous studies have employed functional mag-
netic resonance imaging (fMRI), magnetoencephalography
(MEG), and electroencephalographic (EEG) to evaluate the
DLPFC [6,18–21]. However, these methods are not suf-
ficient to detect DLPFC injury, because the DLPFC is
not clearly distinguished from near neural structures. By
contrast, the introduction of diffusion tensor tractography
(DTT), which is developed from diffusion tensor imaging
(DTI) results, has enabled three-dimensional reconstruction
and assessment of the DLPFC. Therefore, DTT has advan-
tage to determine the degree of detect injury of the DLPFC
more accurately than the above evaluation methods [22].
However, no study on the relationship between short-term
memory impairment and the DLPFC injury in patients with
mild TBI has been reported.

In this study, using DTT, we investigated the rela-
tionship between short-term memory impairment and the
DLPFC injury in patients with mild TBI.
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2. Methods
2.1 Subjects

Forty-six consecutive patients (male: 19, female: 27,
mean age 32.84± 6.49 years) with TBI and 42 normal con-
trol subjects (male: 16, female: 26, mean age 35.17± 8.33
years) with no previous history of neurological, physical,
or psychiatric diseases were enrolled. Inclusion criteria for
the patients were as follow: (1) post-traumatic amnesia for
≤ 24 hours, an initial Glasgow Coma Scale score of 13–15,
and loss of consciousness for <30 min [23,24]. (2) no spe-
cific lesion identified on T1-weighted, T2-weighted, and
Fluid attenuated inversion recovery MRI images, (3) more
than one month since TBI, (4) age range 20–49 years, (5) no
previous history of head trauma, neurologic or psychiatric
disease. Table 1 summarizes the demographic and clini-
cal data of the patient and control groups. This retrospec-
tive study protocol was admitted by the institutional review
board of Yeungnam University Hospital (ethical number:
YUMC 2021-03-014).

Table 1. Demographic and clinical data of the patient and
control groups.

Patients group Control group

Age (years) 32.84 ± 6.49 35.17 ± 8.33
Number (n) 46 42
Male:Female 19:27 16:26
Mean duration to DTI (months) 5.86 ± 3.36 -
Short-term memory subscale score 84.77 ± 15.47 -
DTI, diffusion tensor imaging; Values presented are means ±
standard deviations.

2.2 Clinical evaluation

The short-term memory subscale of the Memory As-
sessment Scale (MAS) was used to estimate the short-term
memory performance of all patients at a similar time (within
a week) with DTI scanning. The short-term memory sub-
scale is one of the four subsets (verbal memory, visual
memory, short-term memory, and global memory) of the
MAS [25]. The standard score of the short-term memory
scale has a mean of 100 with a standard deviation of 15,
and a standard score below 86 indicates memory difficulties
[25]. The reliability and validity ofMAS iswell-established
[26].

2.3 Diffusion tensor imaging

DTI data were acquired an average of 5.86 ± 3.36
months after the onset of TBI using Synergy-L Sensitiv-
ity Encoding (SENSE) head coil on a 1.5 T Philips Gy-
roscan Intera system (Philips Ltd, Best, Netherlands) with
a single-shot, spin-echo planar imaging pulse sequence.
60 contiguous slices were obtained parallel to the anterior
commissure-posterior commissure line for each of the 32

non-collinear diffusion sensitizing gradients according to
the following condition: acquisition matrix = 96 × 96, re-
constructed to matrix = 192× 192, field of view = 240 mm
× 240 mm, TR = 10.398 ms, TE = 72 ms, parallel imaging
reduction factor (SENSE factor) = 2, EPI factor = 59 and b
= 1000 s/mm2, number of excitations (NEX) = 1, thickness
= 2.5 mm. Using probabilistic tractography in the default
tractography option, fiber tracking was performed in the
Oxford Centre for FunctionalMagnetic Resonance Imaging
of the Brain Diffusion Software (FSL version 5.0, Analy-
sis group, FMRIB, Oxford, UK) (5000 streamline samples,
0.5 mm step lengths, curvature thresholds = 0.2). Includ-
ing the diffusion in each voxel of both dominant and non-
dominant orientation, 5000 streamline samples from seed
regions of interest (ROI) were calculated. For tracking of
the prefronto-thalamic tracts [22,27], a seed ROI was as-
signed on the mediodorsal nucleus of the thalamus on the
coronal plane of the b0 map and each target ROI was placed
on the b0 map as follow: DLPFC of 8, 9, and 46 Brod-
mann areas (BAs) on the coronal plane, ventrolateral PFC
(VLPFC) of 44, 45, and 47 BAs on the coronal plane, and
orbitofrontal cortex (OFC) of 47/12, 10, 11, and 13 BAs on
the axial plane [27,28]. With the threshold of 2 streamlines,
the prefronto-thalamic tracts were implemented by choos-
ing fibers passing through seed and each target ROI (Fig. 1).

2.4 Statistical analysis
Through the SPSS software (v. 5.0; SPSS Inc.,

Chicago, IL, USA), the independent t test was conducted for
evaluation of differences between DTT parameters [frac-
tional anisotropy (FA) and fiber number (FN) values] of
the prefronto-thalamic tracts (DLPFC, VLPFC, and OFC)
in the patient and control groups. The Pearson correla-
tion test was used to identify the Relationships between
short-term memory and DTT parameters of the prefronto-
thalamic tracts. The correlation coefficient (r-value) indi-
cates the relative strength and direction of the linear rela-
tionship (none or very weak: <0.3, weak: 0.3–0.5, moder-
ate: 0.5–0.7, strong: >0.7) between two values [29]. The
significance level of the p value was set at <0.05.

3. Results
The results for DTT parameters of the patient and con-

trol groups, and correlation of the short-term memory with
the three prefronto-thalamic tracts in the patient group are
listed in Table 2. Regarding of the FA value, significant
difference was observed in the DLPFC between the patient
and control groups [t(71) = –4.24, p = 0.00]. However,
no significant differences were detected in the VLPFC and
OFC between the patient and control groups [FA value of
VLPFC: t(69) = –1.40, p = 0.17; FA value of OFC: t(66)
= –0.42, p = 0.68]. In addition, regarding of the FN value,
significant differences were shown in the three prefronto-
thalamic tracts between the patient and control groups [FN
value of DLPFC: t(65) = –2.26, p = 0.03; FN value of
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Fig. 1. Results of diffusion tensor tractography (DTT) of the prefronto-thalamic tracts. (A) T2-weighted brain magnetic resonance
images show no abnormality in a representative patient (35-year-old female). (B) Results of DTT of the prefronto-thalamic tracts, the
dorsolateral prefrontal cortex (DLPFC) show narrowing (red arrow) on the both side compared with a normal subject. (C) DTT results
of the prefronto-thalamic tracts in a representative normal subjects (33-year-old female).

VLPFC: t(58) = –3.65, p = 0.00; FN value of OFC: t(54)
= –6.29, p = 0.00].

In the correlation analysis between the DTT parame-
ters of the prefronto-thalamic tracts and short-termmemory
in the patient group, moderate positive correlation was de-
tected between the FN value of the DLPFC and the short-
term memory (r = 0.510, p = 0.00). However, there were
no significant correlations between the short-term memory
and the FA value of the DLPFC, and the values of FA and
FN of the VLPFC and OFC in the patient group (FA value
of DLPFC: r = 0.150, p = 0.35; FA value of VLPFC: r =
0.226, p = 0.19; FN value of VLPFC: r = 0.120, p = 0.48;

FA value of OFC: r = 0.280, p = 0.11; FN value of OFC: r
= 0.100, p = 0.56).

4. Discussion
In this study, using DTT, we identified the relation be-

tween the short-term memory and the status of the three
prefronto-thalamic tracts in the patients with mild TBI.
The results can be summarized in the following; (1) The
FA value of the DLPFC and the FN values of the three
prefronto-thalamic tracts in the patient group were lower
than those of the control group. (2) Only the FN value
of the DLPFC shown moderate positive correlation with
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Table 2. Diffusion tensor tractography parameters of the
prefronto-thalamic tracts in the patient and control groups.
DTT parameters
Group Fractional anisotropy Fiber number
DLPFC
Patient 0.35 (0.02)** 396.77 (172.30)*
Control 0.37 (0.02) 514.10 (264.40)
p-value 0.00 0.03
VLPFC
Patient 0.36 (0.01) 400.30 (171.02)**
Control 0.37 (0.02) 728.94 (322.90)
p-value 0.17 0.00
OFC
Patient 0.37 (0.02) 316.79 (147.28)**
Control 0.38 (0.02) 529.47 (296.32)
p-value 0.68 0.00
Correlation between short-term memory and DTT parameters

Fractional anisotropy Fiber number
DLPFC
Correlation 0.15 0.51**
p-value 0.35 0.00
VLPFC
Correlation 0.226 0.12
p-value 0.19 0.48
OFC
Correlation 0.28 0.10
p-value 0.11 0.56
Values represent mean (±standard deviation); DTT, diffusion
tensor tractography; *Significant differences between patient
and control group, p< 0.05; ** Significant differences between
working memory and in the patient group. p < 0.01.

the short-term memory. The FA value reflects the state of
white matter microstructure by representing axonal density,
myelination, and the degree of directionality, and the FN
value indicates the total number of voxels [30,31]. There-
fore, a decrease in the values of FA or FN means an in-
jury of the neural structure [30,31]. Our results reveal that
the FA and FN values in the all of prefronto-thalamic tracts
in the patient group were lower than those of the control
group, suggesting injuries of the three prefronto-thalamic
tracts in the patient group. According to the correlation be-
tween the short-term memory and three prefronto-thalamic
tracts, the short-term memory showed a moderate positive
correlation with the FN value of the DLPFC in the patient
group. These results suggest that severity of the short-term
memory impairment correlated to the decreased FN value
of the DLPFC. As a result, the severity of the short-term
memory impairment was closely associated with the degree
of DLPFC injury.

A few studies have demonstrated on abnormality of
the DLPFC in patients with short-term memory impair-
ment using brain imaging techniques including fMRI, mag-
netoencephalography (MEG), and electroencephalographic
(EEG) following mild TBI [6,20,21]. In 2012, Chen et al.
[6], reported that decreased activation in the around of the

DLPFC including bilateral frontal and parietal areas during
memory test using fMRI in 20 patients with memory im-
pairment following mild TBI. In 2018, Arakaki et al. [20],
demonstrated decreased activation on the fronto-parietal ar-
eas among the 10–20 system during memory test on EEG
in 20 patients with short-term memory impairment follow-
ing mild TBI. In 2019, Lawton et al. [21], reported on
the low-level visual timing deficits and high-level cogni-
tive functioning including the short-term memory during
memory test in four patients with mild TBI who remark-
able lower activating in the DLPFC including frontal pole
on MEG. As a result, to the best of our knowledge, the
present study is the first to demonstrate a relationship be-
tween the short-term memory impairment and the DLPFC
injury in patients with mild TBI using DTT. However, the
limitations of this study should be considered. First, al-
though short-term memory impairment might be associated
with various neural tracts including the fornix, cingulum,
prefronto-limbic circuit and Papez circuit, these tracts were
not investigated due to the main purpose of this study de-
scribing DLPFC injury in mild TBI. Second, because this
study was conducted retrospectively, we could not able to
evaluate additional clinical data about the short-term mem-
ory for the DLPFC injury. Furthermore, we could not pro-
vide clinical data for memory of normal control subjects.
In addition, the education period of each group could not
be considered. Lastly, DTI data should be corrected when
examining the frontal area that is vulnerable artifacts be-
cause of geometric distortion and signal drop [32]. There-
fore, further studies to control the above limitations should
be recommended.

5. Conclusions
In conclusion, using DTT, we found that the short-

term memory impairment was closely associated with the
DLPFC injury in patients with mild TBI. The results sug-
gest that the investigation of the DLPFC using DTT would
be useful for neuro-rehabilitation in patients with short-
term memory impairment following mild TBI; particularly,
neuromodulation. For example, recently developed non-
invasive brain stimulation therapies such as repetitive tran-
scranial magnetic stimulation or transcranial direct current
stimulation can be applied to the DLPFC to facilitate the re-
covery of short-term memory impairment in patients with
mild TBI [16,17]. However, further studies on this topic
should be warranted.

Abbreviations
TBI, traumatic brain injury; PFC, prefrontal cor-

tex; DLPFC, dorsolateral prefrontal cortex; DTT, diffu-
sion tensor tractography; DTI, diffusion tensor imaging;
MAS, memory assessment scale; ROI, regions of interest;
VLPFC, ventrolateral prefrontal cortex; OFC, orbitofrontal
cortex; FA, fractional anisotropy; FN, fiber number.
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