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Abstract 

Background:  It is well known that lipids are vital for axonal myelin repair. Diffuse axonal injury (DAI) is characterized 
by widespread axonal injury. The association between serum lipids and DAI is not well known. The purpose of this 
study was to investigate the associations of serum lipid profile variables (triglycerides, high- and low-density lipopro-
teins, and total cholesterol) with DAI detected by magnetic resonance imaging (MRI) and with clinical outcome for 
patients suffering from traumatic brain injury (TBI).

Methods:  This study included 176 patients with a history of TBI who had undergone initial serum lipid measure-
ments within 1 week and brain MRIs within 30 days. Based on MRI findings, patients were divided into negative and 
positive DAI groups.

Results:  Of the 176 patients, 70 (39.8%) were assigned to DAI group and 106 (60.2%) patients to non-DAI group. 
Compared with the non-DAI group, patients with DAI had significantly lower levels of high-density lipoprotein cho-
lesterol (HDL-C) in serum during the first week following TBI. Multivariate analysis identified HDL-C as an independent 
predictor of DAI. Patients with lower serum HDL-C levels were less likely to regain consciousness within 6 months in 
TBI patients with DAI lesions identified by MRI.

Conclusions:  Plasma levels of HDL-C may be a viable addition to biomarker panels for predicting the presence and 
prognosis of DAI on subsequent MRI following TBI.
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Introduction
Traumatic brain injury (TBI) is the leading cause of death 
and disability in young and middle-aged adults [1–3]. 
Traditionally, TBI is classified based on biomechanical 
and neuroradiological characteristics into either focal or 
diffuse injury [4]. Diffuse axonal injury (DAI) is caused by 
a rotational acceleration–deceleration force to the brain 
resulting in damage to white matter axons, which leads to 
disruption of neuronal networks [5]. Magnetic resonance 

imaging (MRI) is the sensitive method to detect DAI, as it 
is capable to visualize even subtle axonal damage [4].

Myelin is a multilamellar cell sheath surrounding neu-
ronal axons, which is essential for maintenance of axonal 
integrity and cell survival. As a vital component of the 
myelin sheath, the importance of cholesterol in the brain 
has been recognized since at least the early nineteenth 
century [6]. It has been estimated that up to half of the 
white matter in the central nervous system (CNS) may 
be composed of myelin. Lipids, especially lipoproteins, 
play many important roles in the CNS. There is increas-
ing evidence emerging, for example, that lipoproteins are 
coupled to the progression of neurodegenerative diseases 
such as Alzheimer’s disease [7]. High-density lipoprotein 
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(HDL) plays a vital role in the transport of lipids and cho-
lesterol in human plasma and is present in the CNS due 
to its ability to across the blood–brain barrier (BBB) [8, 
9]. HDL is also involved in several key functions in the 
CNS. It has been shown that HDL has both antioxidant 
and anti-inflammatory properties [10, 11]. In addition, 
HDL may play a protective role in the BBB injury under 
pathological conditions [12].

Unfortunately, very limited information is available to-
date on the possible roles that serum HDL levels may play 
in TBI. DAI is a common finding in patients suffering 
from severe TBI, and is often associated with prolonged 
comas and poor outcomes, making DAI a challeng-
ing clinical entity to study [13]. Nonetheless, predicting 
which DAI patients may eventually regain conscious-
ness remains extremely difficult. Although the mecha-
nisms underlying the outcome following severe TBI are 
complex, neuroinflammation and oxidative damage have 
been extensively validated as important contributors 
to the pathophysiology of secondary damage post-TBI 
[14]. Over the past few years, BBB disruption has been 
increasingly recognized as a crucial secondary injury 
mechanism following TBI [15]. The disruption of the 
BBB is also responsible for traumatic axonal injury [16]. 
It is generally thought that there is no net transfer of cho-
lesterol from the periphery into the CNS since the BBB 
could limit the movement of plasma lipoproteins into 
the brain. However, it is also generally thought that the 
brain does not produce apoA-I, which is the major pro-
tein component of HDL in the plasma, and that apoA-I in 
the brain comes from the circulation. In addition, plasma 
and cerebrospinal fluid HDL cholesterol are reported to 
be correlated, which suggests that plasma HDL levels 
can influence brain HDL level [17]. As above-mentioned, 
HDL may play a beneficial role in the BBB injury [12]. In 
addition, DAI is associated with microglial/macrophage-
mediated immune inflammatory response [18]. Micro-
glial/macrophage activation is induced by DAI-mediated 
secondary pathologies such as Wallerian degeneration 
and/or cellular membrane perturbation. The presence 
of axonal breakdown products may contribute to pro-
longed activation of immune cell which results in per-
sistently high inflammatory responses [18]. In this study, 
we focused on measuring serum HDL in TBI patients, 
because there is an emerging body of data suggesting 
protective roles of serum HDL on neuroinflammation, 
oxidative processes, and BBB disruption as above men-
tioned. An association between serum lipids and DAI, 
however, has never been established in previous studies 
to the best of our knowledge.

In order to clarify potential associations of serum HDL 
levels with DAI in TBI patients, we sought to examine: 
(1) the relationship between serum HDL level and the 

presence of DAI, as seen on MRI, and (2) the clinical 
significance of HDL for predicting the recovery of con-
sciousness in patients with DAI.

Methods
Study Population
We retrospectively screened all patients with TBI admit-
ted to the neurosurgery, emergency, or rehabilitation 
department of Nanfang hospital from 2007 to 2017. 
Patients were considered eligible for this study if they 
met the following criteria: (1) aged 18–75  years old; (2) 
absence of previous neurologic disorders; (3) absence of 
a previous history of hyperlipidemia requiring statins. 
Exclusion criteria included concurrent liver cirrhosis, 
terminal stage cancer, and patients who had received 
total parenteral nutrition at the time of blood sampling.

Parameters
Demographic data and other clinical information were 
collected from the electronic patient record system. A 
standardized case collection form included the causes of 
trauma, age, sex, injury severity score (ISS), and Glasgow 
coma scale (GCS) scores at baseline. The time interval 
from injury to initial MRI was also calculated. We also 
evaluated initial computed tomography (CT) obtained 
within 24 h after the onset regarding the injury severity 
validated in the Rotterdam CT scoring system.

Serum analyses for lipids and lipoproteins were per-
formed within 1 week after the onset of trauma. Serum 
samples were collected in the morning (~ 7:00  a.m.). 
Total cholesterol and triglyceride levels were meas-
ured enzymatically using diagnostic reagent kits (Denka 
Seiken, Tokyo, Japan). HDL and low density lipoprotein 
(LDL) cholesterol concentrations were measured by the 
homogeneous method. These assays were conducted on 
an automated chemistry analyzer.

Evaluation of MRI
A consecutive 176 patients with TBI underwent MRI 
within 30  days following trauma. All MRIs were per-
formed with a 3.0  T scanner (Siemens Avanto, Siemens 
Medical, Erlangen, Germany).

Based on the MRI findings, patients were divided into 
DAI and non-DAI groups. The DAI group included hem-
orrhagic and non-hemorrhagic DAI. DAI-associated 
lesions were defined as having hypointense/decreased 
signals for T2 * gradient echo and susceptibility weighted 
imaging sequences, and/or restricted diffusion for diffu-
sion weighted imaging (DWI) sequence in white matter 
localization not extending to the cortex. A hemorrhagic 
DAI was defined as having hypointense foci noted on 
T2  *  weighted imaging (WI), that was not compatible 
with vascular, bony, or artifactual structures and was 
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located in the consistent brain regions [19]. A non-hem-
orrhagic DAI was defined as having a hyperintense focus 
noted on DWI, T2 weighted imaging, or fluid attenuated 
inversion recovery located in the consistent brain regions 
without association of hypointense foci on the corre-
sponding T2 * WI [19, 20]. Patients were then assigned to 
one of the four DAI stages according to Adams et al. [21]: 
stage 0, no DAI; stage 1, DAI lesions confined to the lobar 
white matter or cerebellum; stage 2, DAI lesions located 
in the corpus callosum with or without lesions of stage 1; 
and stage 3 DAI lesions located in the brainstem with or 
without lesions of stages 1 and/or 2. All brain MR images 
were blindly analyzed by neuroradiologists experienced 
in the field of central nervous system diseases.

Study Outcome
The primary outcome measured was recovery of con-
sciousness. Patients were considered to have recovered 
consciousness if they met at least one of the following 
demonstrations: (1) functional interactive communi-
cation, (2) functional use of one or more objects, or (3) 
clearly discernable behavioral manifestation of a sense of 
self. The judgment on the unconscious state during the 
follow-up period was evaluated by the Coma Recovery 
Scale-Revised (CRS-R) [22]. All patients were followed 
for at least 6 months. Clinical outcome raters were blind 
to laboratory data and MRI results.

Statistical Analysis
All statistical analyses were performed using SPSS soft-
ware version 13.0 (SPSS Inc., Chicago, IL, USA). A p 
value of < 0.05 was considered statistically significant.

A number of conditions have defined normal HDL 
ranges for their specific populations, but this varies 
according to different diagnoses. Given the absence of 
normative values for TBI, we divided our cohort into 
quartiles to objectively define a measurable threshold. 
Continuous HDL quartiles were defined as less than 
0.77  mmol/L for quartile 1 (Q1); 0.77–0.97  mmol/L for 
quartile 2 (Q2); 0.97–1.22  mmol/L for quartile 3 (Q3); 
and more than 1.22 mmol/L for quartile 4 (Q4).

Normally distributed data are presented as the 
mean ± standard deviation (SD) and compared using 
Student’s t test. Non-normally distributed continuous 
data are presented as median (range) and compared by 
the Mann–Whitney U test. Chi-square or Fisher’s exact 
tests were performed to compare categorical data. Logis-
tic regression analysis was used to determine which 
variables independently predicted the presence of DAI 
by MRI and clinical outcome. The times to recovery of 
consciousness for patients with DAI were illustrated 
with Kaplan–Meier curves, with adjustment for baseline 
characteristics. The predictive power of serum HDL level 

was analyzed using the receiver operating characteristic 
(ROC) curve method.

Results
Enrollment and Characteristics of the Patients
Of 3411 patients with TBI screened for eligibility, 176 
patients with TBI met all the inclusion criteria and 
were enrolled in this study. The clinical, injury-related 
variables and mean serum lipids levels of the cohort are 
shown in Table  1. Of the 176 patients, 70 (39.8%) had 
DAI as identified on MRI. The GCS scores at admission 
were significantly lower in patients with DAI (p < 0.001), 
as were the Glasgow Outcome Scale–Extended (GOSE) 
score at 6 months after injury (p < 0.001). No statistically 
significant differences were found between the DAI and 
non-DAI groups regarding age, sex, cause of injury, or 
time interval from injury to initial MRI.

The patients’ serum lipid and lipoprotein levels were 
measured within 1  week following injury. The mean of 
serum HDL cholesterol levels in patients with DAI was 
found to be significantly lower than those of patients 
without DAI (p < 0.001). However, no significant differ-
ence was found between the DAI and non-DAI groups in 

Table 1  Demographic and  clinical characteristics 
of patients

Bold values indicate statistical significance (p < 0.05)

GCS Glasgow coma score, GOSE Glasgow Outcome Scale–Extended, HDL-C high-
density lipoprotein cholesterol, LDL-C low density lipoprotein cholesterol

DAI group Non-DAI group p value

Demographic variable

 No. of patients 70 106 NS

 Age 42.0 ± 16.6 44.3 ± 16.13 0.372

Sex 0.104

 Male 61 (87.1%) 82 (77.4%)

 Female 9 (12.9%) 24 (22.6%)

 Median GCS score 8 (5–13) 14 (9–15) < 0.001
Cause of accident

 Traffic accident 36 (51.4%) 55 (51.9%) 0.953

 Fall 29 (41.4%) 34 (32.1%) 0.205

 Others 5 (7.1%) 17 (16.0%) 0.081

 Median time from onset until 
initial MRI scan (interquartile 
range)

24 (18–27) 23 (12–26) 0.090

 Median GOSE score 6 months 
later

4 (2–6) 6 (4–7) < 0.001

Lipid profile variables (mmol/L)

 HDL-C 0.8 ± 0.2 1.1 ± 0.3 < 0.001
 LDL-C 2.5 ± 0.9 2.7 ± 0.8 0.069

 Total cholesterol 4.2 ± 1.0 4.4 ± 0.9 0.351

 Triglycerides 1.8 ± 0.5 1.9 ± 0.9 0.830



468

the other component of the lipid profile including total 
cholesterol, triglyceride levels, and LDL cholesterol.

Relationship Between Initial Serum HDL‑C Quartiles 
and Presence of DAI on Subsequent MRI
Due to the absence of defined normative values of serum 
HDL-C for TBI patients, we divided our cohort into 
quartiles to objectively define a measurable threshold.

To assess the relative importance of HDL-C to the 
associations with DAI after injury, we constructed a mul-
tivariable binary logistic regression model (Table  2). All 
variables were considered as candidate variables for the 
analysis, including HDL-C quartile, age, sex, GCS score, 
Rotterdam CT score, and cause of accident. When all 
other factors had been adjusted for, HDL-C level in Q1 
was found to be significantly associated with an increased 
risk of having DAI on MRI (odds ratio (OR) 44.355, 95% 
confidence interval (CI) 10.204–192.811; p < 0.001), along 
with GCS score at admission. In addition, patients pre-
senting with lower GCS score at baseline were more 
likely to suffer from DAI after TBI.

In addition, the power of initial serum HDL-C to 
predict DAI on MRI was further assessed with ROC 
analysis, as shown in Fig. 1. This ROC analysis showed 

that the area under the curve (AUC) was 0.818 (95% CI 
0.755–0.881; p < 0.001).

Relationship Between Initial Serum HDL‑C Quartiles 
and the Staging or Type of DAI
To further confirm that HDL-C quartiles were associ-
ated with the severity of DAI, we examined the asso-
ciations of HDL-C quartiles with the staging of DAI 
(Table  3). Regarding the stage of DAI, 106 patients 
(60.2%) had stage 0 (no DAI), 24 patients (13.6%) had 
stage 1, 16 patients (9.1%) had stage 2, and 30 patients 
(17.0%) had stage 3. The proportion of patients in Q1 
was higher in DAI stage 3 (p < 0.001), stage 2 (p < 0.001), 
or stage 1 (p < 0.001) compared to DAI stage 0. How-
ever, no significant differences between the three grades 
of DAI (stage 1, 2, or 3) with respect to initial HDL-C.

Among the patients presenting with DAI, 33 of 70 
patients (47.1%) showed coexistence of hemorrhagic 
and non-hemorrhagic DAI lesions. Hemorrhagic 
DAI lesions alone were found in 10 patients (14.3%), 
whereas non-hemorrhagic DAI lesions alone were 
noted in 27 (38.6%). No statistically significant differ-
ence was noted between different DAI lesion types with 
respect to HDL-C quartiles.

Table 2  Relationship between  HDL cholesterol quartiles 
at  initial visit postinjury and  presence of  DAI on  subse-
quent MRI on logistic regression

Bold values indicate statistical significance (p < 0.05)

The HDL-C quartile boundaries were: the lowest quartile (Q1) corresponds 
to HDL-C ≤ 0.77 mmol/L, 0.77 mmol/L < quartile 2 (Q2) ≤ 0.97 mmol/L, 
0.97 mmol/L < quartile 3 (Q3) ≤ 1.22 mmol/L, and the highest quartile 
(Q4) > 1.22 mmol/L

DAI diffuse axonal injury, GCS Glasgow coma score, HDL-C high-density 
lipoprotein cholesterol, LDL-C low density lipoprotein cholesterol

Variable Adjusted 
odd ratio

95% CI p value

Multivariate analysis

 Age 0.999 0.972–1.026 0.999

Sex 0.839

 Male 1

 Female 1.125 0.360–3.519 0.839

GCS 0.877 0.784–0.981 0.022
Rotterdam CT score 1.047 0.706–1.552 0.821

Cause of accident 0.518

 Traffic accident 1

 Fall 0.984 0.395–2.448 0.972

 Others 0.105 0.105–1.855 0.265

HDL-C quartiles < 0.001
 Q4 1

 Q3 2.525 0.687–9.281 0.163

 Q2 3.203 0.847–12.118 0.086

 Q1 44.355 10.204–192.811 < 0.001

Fig. 1  Receiver operator characteristic (ROC) curve for initial high-
density lipoprotein cholesterol (HDL-C) for predicting the DAI lesions 
on subsequent MRI. The probability results are from the ROC curve, 
where larger test results indicate a more positive test. The area under 
the curve for testosterone was 0.818 (95% CI 0.755–0.881; p < 0.001)
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Associations of Serum HDL‑C with Recovery 
of Consciousness in Patients Post‑DAI
We then investigated whether serum HDL-C lev-
els were associated with recovery of consciousness in 
patients with DAI lesions to assess their potential pre-
dictive value to recovery of unconsciousness follow-
ing DAI. Of 70 TBI patients with DAI, consciousness 
was regained in 38 patients. Among these patients, 
the duration of recovery to consciousness after TBI 
was < 1  month for 17 patients, 1–3  months for 11 
patients, 3–6 months for seven patients, and more than 
6  months for three patients. HDL-C level in Q4 was 
only found in four patients with DAI which all of them 
(100%) had regained consciousness. The multivari-
ate analyses are summarized in Table  4. After adjust-
ments for other factors were made, including age, sex, 
GCS score, Rotterdam CT score, and cause of accident, 
patients with HDL-C levels in Q1 were less likely to 
regain consciousness at 6 months post-DAI than those 
with HDL-C levels in all other quartiles (OR 0.318, 95% 
CI 0.108–0.939, p = 0.038).

Furthermore, the times to recovery from unconscious-
ness for DAI patients with HDL levels in Q1, versus all 
other quartiles were compared by Kaplan–Meier survival 
curves, which showed the proportion of DAI patients 
remaining in an unconscious state for 6 months follow-
ing TBI (Fig. 2). The analysis showed that HDL levels in 
Q1 significantly increased the risk of patients with DAI 
lesions on MRI remaining in an unconscious state within 
6 months after injury (log-rank test, p = 0.031).

Discussion
In this retrospective study, we have reported results indi-
cating that initial serum HDL-C levels was independently 
associated with DAI visible on subsequent MRIs of TBI 
patients. Of the HDL-C quartiles, serum HDL-C levels 
falling in our Q1 were specifically correlated with the 
presence of DAI. In addition, we demonstrated that the 
lower HDL-C level was found to be, the higher the prob-
ability of that DAI patient remaining in an unconscious 
state at 6 months post-TBI. To our knowledge, this is the 
first study to clearly establish the relationship between 
serum lipid profile variables and DAI lesions detected on 
subsequent MRIs in patients with TBI.

In previous works, it has been reported that post-trau-
matic brain lesions typically occur by two main mecha-
nisms: direct injury (contact with the skull) and indirect 
injury (shearing strain) [23–25]. Gennarelli [26] reported 
that TBI can be classified into two categories: focal inju-
ries and diffuse injuries. DAI was first described by Strich 
[27] and is usually caused by the shearing strain of angu-
lar or rotational acceleration–deceleration forces on 
the brain. Axonal breakage, caused by axonal retraction 
balls and changes to glia cells, has been reported to be 
involved in the pathological mechanism underlying DAI 

Table 3  Analysis of HDL cholesterol quartiles by DAI in MRI

Bold values indicate statistical significance (p < 0.05)

The HDL-C quartile boundaries were: the lowest quartile (Q1) corresponds to HDL-C ≤ 0.77 mmol/L, 0.77 mmol/L < quartile 2 (Q2) ≤ 0.97 mmol/L, 
0.97 mmol/L < quartile 3 (Q3) ≤ 1.22 mmol/L, and the highest quartile (Q4) > 1.22 mmol/L

DAI diffuse axonal injury, HDL high-density lipoprotein

Variable Q1 Q2 Q3 Q4 p value
% % % %

DAI type

 Hemorrhagic DAI 6/10 (60%) 3/10 (30%) 1/10 (10%) 0/10 (0%) Reference

 Non-hemorrhagic DAI 15/27 (55.6%) 5/27 (18.5%) 6/27 (22.2%) 1/27 (3.7%) 0.702

 Coexistence 19/33 (57.6%) 6/33 (18.2%) 5/33 (15.2%) 3/33 (9.1%) 0.665

DAI stage

 0 6/106 (5.7%) 28/106 (26.4%) 35/106 (33.0%) 37/106 (34.9%) Reference

 1 13/24 (54.2%) 6/24 (25%) 4/24 (16.7%) 1/24 (4.2%) p < 0.001
 2 9/16 (56.3%) 2/16 (12.5%) 4/16 (25%) 1/16 (6.3%) p < 0.001
 3 18/30 (60%) 6/30 (20%) 4/30 (13.3%) 2/30 (6.7%) p < 0.001

Table 4  Logistic regression analysis of  HDL cholesterol 
quartiles to predict recovery of consciousness

Bold value indicates statistical significance (p < 0.05)

The HDL-C quartile boundaries were: the lowest quartile (Q1) corresponds 
to HDL-C ≤ 0.77 mmol/L, 0.77 mmol/L < quartile 2 (Q2) ≤ 0.97 mmol/L, 
0.97 mmol/L < quartile 3 (Q3) ≤ 1.22 mmol/L

Variable Adjusted odd 
ratio

95% CI p value

HDL quartiles

 Q3 1.982 0.616–6.381 0.251

 Q2 1.029 0.344–3.081 0.959

 Q1 0.318 0.108–0.939 0.038
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[21, 28]. It is estimated that 25% of the total amount of 
cholesterol in the body is localized to the brain, most of 
it present in myelin. Since up to half of the brain’s white 
matter may consist of myelin, it is unsurprising that the 
brain is the most cholesterol-rich organ in the human 
body. Cholesterol levels in the brain are often affected in 
neurodegenerating disorders, such as Alzheimer disease, 
and wherein the capacity for cholesterol transport seems 
to be of particular importance in development of the dis-
ease [29]. In the injured CNS, the need for cholesterol is 
much higher than that in the uninjured state [30].

DAI is associated with microglial/macrophage-medi-
ated immune inflammatory response [18]. Under nor-
mal conditions, the BBB effectively prevents the uptake 
of lipoprotein cholesterol from the circulation. How-
ever, HDL-C, as the major component of lipoprotein, 
plays a key role in the transport of cholesterol and lipids 
in human, as well as being involved in the regulation of 
several neural functions in the CNS. HDL-C is thus able 
to traverse the BBB under both normal and pathologi-
cal conditions. In sepsis, HDL can attenuate the chain of 
inflammation, once activated, by suppressing the produc-
tion of proinflammatory cytokines from macrophages 

[31]. The disruption of the BBB is also responsible for 
traumatic axonal injury [16]. Higher serum HDL-C is 
associated with lower degrees of BBB injury [12]. In this 
study, we found that lower serum HDL-C levels were sig-
nificantly correlated with the presence of DAI in patients 
suffering from TBI. This implies that HDL-C levels in 
Q1 (< 0.77  mmol/L) could be used as a marker of war-
rant DAI workup. We speculated that low levels of serum 
HDL-C in the initial phases following TBI may impair 
the innate immune response against inflammation and 
heighten susceptibility to inflammatory damage and BBB 
disruption, then facilitating the onset of DAI. However, 
it is impossible to ascertain whether low levels of serum 
HDL-C are a cause or a consequence of DAI from this 
study. Further studies on the potential mechanism of 
HDL-C involvement in DAI will be of great benefit to the 
field.

In this study, we applied the widely used DAI grading 
system of Adams et al. [21] to modern MRI imaging. We 
found no significant differences between the three grades 
of DAI (stage 1, 2 or 3) with respect to initial HDL-C, 
which is consistent with the findings of some previous 
studies [5, 21]. In some previous works, DAI grading 
according to Adams et al.’s scale did not show any signifi-
cant relationship to long-term patient outcome [21]. This 
most widely used classification for DAI has been reported 
to lack prognostic value in comatose patients [5]. There-
fore, an alternative tool is clearly needed to offer more 
accurate outcome predictions for these patients.

It is well known that DAI can influence degree of con-
sciousness [32]. Patients with DAI often present more 
prolonged post-traumatic comas, or even remain in 
persistent vegetative state [33]. Unconsciousness result-
ing from DAI is frustrating for clinicians and distressing 
for patients’ families, particularly since the mechanisms 
behind the recovery from unconsciousness are largely 
unknown and accurate prognoses are especially chal-
lenging to provide. The ascending reticular activating sys-
tem (ARAS) of the brain is primarily responsible for the 
regulation of consciousness [34]. It has been proposed 
that impaired consciousness level post-DAI may be due 
to widespread damage of axons, which are the key com-
ponents of the ARAS particularly in such areas as the 
brainstem, or the disconnection of white matter between 
the thalamus and cerebral cortex [35, 36]. In this study, 
HDL-C was found to be independently associated with 
the recovery from unconsciousness. Notably, patients 
with HDL-C levels in Q1 were significantly associated 
with an increased risk of persistent unconsciousness. 
This indicated that measuring serum HDL-C may be 
used to predict the risk of a patient remaining an uncon-
scious state at 6 months post-TBI. HDL has been impli-
cated in several brain functions, including protection 

Fig. 2  Kaplan–Meier curves of consciousness recovery in patients 
with severe TBI, based on HDL-C quartiles. Blue curves show the pro-
portion of consciousness recovery in patients with HDL-C levels in Q2 
or Q3. Green curves show the proportion of consciousness recovery 
in patients with HDL-C levels in Q1. HDL-C level in Q4 was only found 
in four patients with DAI which all of them (100%) had regained con-
sciousness. The HDL-C quartile boundaries were: the lowest quartile 
(Q1) corresponds to HDL-C ≤ 0.77 mmol/L, 0.77 mmol/L < quartile 
2 (Q2) ≤ 0.97 mmol/L, 0.97 mmol/L < quartile 3 (Q3) ≤ 1.22 mmol/L 
(Color figure online)
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against inflammatory response, pathogenic BBB injury, 
and oxidative stress [10–12]. To date, the mechanisms 
underlying DAI after TBI are very complicated, and 
inflammation and BBB disruption may have a prominent 
role, as well as oxidative stress [16, 37]. Myelin damage 
also contributes to axonal degeneration in the traumatic 
brain suggesting that promotion of myelin regeneration 
could provide important targets for the treatment of 
DAI [38]. HDL-C is needed for membrane lipid synthe-
sis and axonal myelin repair [29], so a significant decline 
in HDL-C may correspond to severe axonal damage, 
implying a poor prognosis. Thus, the present observa-
tion that HDL-C was independently associated with the 
recovery from unconsciousness for patients with DAI, as 
visualized on subsequent MRIs, can be explained by our 
assumption that these protective functions of HDL-C are 
essential for preserving axon structural integrity and pro-
moting the recovery from axonal damage.

At the present study, presence of previous hyper-
lipidemia requiring statins was an exclusion criterion 
because that statins exert both potential salutary and 
negative effects in diseases of the CNS. Preclinical studies 
have shown that statins may exert significant benefit in 
TBI models by multiple mechanisms, such as their anti-
inflammatory and anti-inflammatory properties. Thus, 
statins are considered as potential therapeutic drug for 
TBI [39]. However, statins also have been shown to have 
negative impact of statin on TBI. It has been reported 
that statins could hinder myelin formation by interfering 
with Ras and Rho signaling in mature oligodendrocytes 
[40]. As mentioned above, myelin damage is associated 
the axonal degeneration post-TBI and the repair of DAI. 
Hence, we excluded the patients received treatment of 
stains from this study in order to eliminate the interfer-
ence effect of stains on the presence/outcome of DAI.

Limitations
Although these findings are interesting, important limita-
tions should be considered given our retrospective study 
design. First, inherent selection biases due to nonran-
domized treatment assignments may affect the primary 
outcome of the patients. Second, this study lack of analy-
sis of nutrition for patients within this cohort. Third, we 
did not investigate cholesterol and lipoprotein profiles in 
the cerebral spinal fluids. As HDL as a molecule can be 
considered a phase with the constituents come and go 
with distinct half-lives, one of cholesterol particles that 
act as an cute phase reactant and can change in the set-
ting of severe inflammation and specifically severe TBI, 
thus the level of HDL within a week of TBI might not 
be the accurate baseline level for this particular patient, 
yet having a low level might reflect a lower baseline 
and might indicate the lack of the available protective 

molecules against DAI. Fourth, this study was performed 
in single center and lack of ethnic diversity. Last but not 
the least, there was only a single evaluation of lipids; 
long-term follow-up was not performed.

Conclusions
We conclude that initial serum HDL-C levels were inde-
pendently associated with DAI lesions visible on sub-
sequent MRIs of TBI patients. HDL-C levels in Q1 in 
patients presenting with DAI were significantly associ-
ated with an increased risk of a persistent unconscious 
state (> 6 months). However, it remains unclear whether 
low levels of serum HDL-C are a cause or a conse-
quence of the DAI presence. Our study would be further 
strengthened if we had also obtained cholesterol and 
lipoprotein profiles in the cerebral spinal fluids. Further 
experimental studies are needed to support the data of 
this study, and these investigations may hopefully provide 
deeper insights into the roles HDL plays in DAI.
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