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Abstract: Objective: To evaluate the combined effect of atorvastatin calcium and hyperbaric oxygen therapy (HBOT)
on postoperative functional recovery in patients with traumatic brain injury (TBI). Methods: We retrospectively ana-
lyzed 179 TBI patients who underwent surgery at the First Affiliated Hospital of Chongging Medical College from
March 2021 to October 2024. Patients were divided into two groups. An atorvastatin group (n=87), receiving stan-
dard neurosurgical care plus atorvastatin, and a combination group (n=92), receiving atorvastatin and HBOT. Both
groups followed a 14-day treatment protocol. Outcomes, including cognitive function, limb performance, quality of
life, neurological status, cerebral hemodynamics, and serum biomarkers, were assessed at 7 and 14 days post-
treatment. Results: The combination group showed significantly better cognitive scores, higher Fugl-Meyer Assess-
ment scores for both limbs, and improved Quality of Life after Brain Injury scores (all P<0.05). They also demon-
strated greater reductions in National Institutes of Health Stroke Scale scores and increases in Glasgow Coma Scale
scores (both P<0.001). Brain injury markers were lower in this group (P<0.001), with neuron-specific enolase differ-
ing only on Day 7. Hemodynamically, the combination group had higher flow velocity and peak systolic velocity, and
lower pulsatility index (all P<0.05). Conclusion: Combined atorvastatin and HBOT therapy significantly enhances
cognitive and limb recovery, improves neurological outcome, regulates cerebral hemodynamics, and reduces brain
tissue damage. Thus, it shows substantial value in early TBI rehabilitation.

Keywords: Traumatic brain injury, atorvastatin calcium, hyperbaric oxygen therapy, cognitive function, cerebral
hemodynamics

Introduction

Traumatic brain injury (TBI) is one of the most
common and severe emergencies in neurosur-
gical practice, typically caused by traffic acci-
dents, falls, or blunt trauma. It poses a high risk
of long-term disability and mortality [1]. Studies
show that TBI remains a leading cause of dis-
ability globally, with over 10 million cases
reported in 2021, especially among young and
middle-aged men [2]. The complex pathophysi-
ology of TBI involves not only immediate
mechanical damage but also progressive sec-
ondary injuries, including cerebral hypoperfu-
sion, programmed cell death, neuroinflamma-
tion, oxidative stress, and blood-brain barrier

dysfunction, all contributing to long-term cogni-
tive deficits, motor impairment, and reduced
community reintegration [3].

Traditional neurosurgical interventions primari-
ly focus on reducing intracranial pressure, evac-
uating hematomas, and relieving brain tissue
compression. However, postoperative recovery
of neurological and cognitive functions requires
multifactorial synergistic interventions [4].
Current standard of care for TBI emphasizes
stabilization, neurotrophic support, and ho-
meostasis maintenance, but these measures
offer limited benefits in restoring multidimen-
sional function [5]. Consequently, there is a
lack of standardized protocols for comprehen-
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sive post-surgery rehabilitation, making it es-
sential to identify effective adjunctive therapies
with broader and more sustained benefit in
neurorehabilitation.

Atorvastatin calcium, a widely used statin and
selective 3-hydroxy-3-methylglutaryl-coenzyme
A (HMG-CoA) reductase inhibitor, is primarily
used for lipid-lowering purposes [6]. Emerging
evidence suggests that atorvastatin has neuro-
protective properties beyond lipid reduction,
modulating recovery mechanisms such as neu-
rotrophic factor regulation and cytokine sup-
pression [7-9]. Additionally, brain tissue retains
considerable plasticity after TBI, and some
rehabilitation strategies can promote early
recovery of brain function [10]. Hyperbaric oxy-
gen therapy (HBOT) has emerged as a widely
accepted adjunctive therapy, enhancing neural
cell proliferation, increasing cerebral oxygen-
ation, improving perfusion in ischemic areas,
and supporting restoration of neural function
[11]. HBOT has also been shown to inhibit plate-
let aggregation, facilitate endothelial repair,
and provide metabolic support to damaged
neurons [12, 13].

Although both atorvastatin and HBOT have
demonstrated potential in TBI treatment, few
studies have explored their combined effects.
The lack of empirical data on their synergistic
mechanisms limits their integrated application.
Therefore, this study aimed to investigate sys-
tematically the combined effects of atorvas-
tatin calcium and HBOT on postoperative func-
tional recovery in TBI patients, with the goal of
establishing a practical and evidence-based
therapeutic framework for individualized neu-
rorehabilitation.

Materials and methods
Study design and participants

This retrospective study used clinical records
from the First Affiliated Hospital of Chongging
Medical College, spanning March 2021 to
October 2024. Patient data were anonymized
following privacy regulations, and the study
was approved by the Ethics Committee of the
First Affiliated Hospital of Chongging Medical
College.

Patients were stratified into two treatment
groups: the Atorvastatin group (n=87), received
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atorvastatin monotherapy, and the Combi-
nation group (n=92), received atorvastatin cal-
cium plus adjunctive HBOT. Inclusion criteria
included adults aged 18 to 70 years with
confirmed TBI on cranial CT [14], a Glasgow
Coma Scale (GCS) score of 3-8 on admission,
and a postoperative GCS >8 within 24 hours.
Exclusion criteria included severe hepatic/
renal insufficiency, prior neurodegenerative dis-
eases or TBI, psychotropic/immunosuppres-
sive drug use, incomplete follow-up, and con-
traindications to HBOT.

Treatment protocol

All patients enrolled in this study underwent
one of the following neurosurgical procedures
before treatment initiation: decompressive cra-
niectomy, burr hole drainage, or external ven-
tricular drainage. Decompressive craniectomy
was performed for cases with diffuse cerebral
edema or medically refractory intracranial
hypertension. This procedure involved the
removal of the frontotemporoparietal bone flap
or a craniotomy, adjusted according to the
lesion location, to relieve intracranial pressure
[15]. Burr hole drainage was performed in
patients with chronic subdural hematoma or
select cases of epidural hematoma, using a
cranial burr hole to establish a closed drainage
system for hematoma evacuation [16]. External
ventricular drainage was used in patients with
intraventricular hemorrhage or hydrocephalus,
where a catheter was inserted into the frontal
horn of the lateral ventricle through a burr hole
placed at Kocher’s point to facilitate cerebro-
spinal fluid diversion [17]. All surgeries were
performed by experienced neurosurgeons fol-
lowing standardized institutional protocols.
Subsequent therapeutic interventions were ini-
tiated only after patients exhibited stable vital
signs and intracranial pressure for at least 24
hours postoperatively. Baseline clinical evalua-
tions were performed prior to therapeutic
intervention.

All patients received standard nursing inter-
ventions, including maintaining a 30° head
elevation, continuous intracranial pressure
monitoring, strict infection prevention, fluid and
electrolyte balance management, and nutri-
tional and psychological support.

Patients in the atorvastatin group received 20
mg of atorvastatin calcium (H20133127; Lepu
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Pharmaceutical Technology Co., Ltd.) daily for
14 days, while the Combination group also
received HBOT. HBOT was conducted at 1650
mmHg, with each session consisting of 20 min-
utes of pressurization, 30 minutes of oxygen
inhalation, a 10-minute break, another 30 min-
utes of oxygenation, and a 30-minute decom-
pression phase. Sessions were conducted daily
for 14 days.

Outcome measures

Clinical indicators were assessed at base-
line, 7 days, and 14 days post-treatment.
Cognitive performance was measured using
the Lowenstein Occupational Therapy Cognitive
Assessment (LOTCA) [18], Mini-Mental State
Examination (MMSE) [19], and Montreal
Cognitive Assessment (MoCA) [20], with higher
scores indicating better cognitive functioning.
Quality of life was measured using the Quality
of Life after Brain Injury (QOLIBRI) scale [21].
Higher QOLIBRI scores reflect better perceived
quality of life.

Neurological condition was measured by the
National Institutes of Health Stroke Scale
(NIHSS) and GCS scores. Limb function recov-
ery was measured with the Fugl-Meyer
Assessment (FMA) for both upper and lower
limbs [22]. Cerebral hemodynamics were moni-
tored by transcranial Doppler ultrasonography,
assessing mean flow velocity (Vm), peak sys-
tolic velocity (Vs), and pulsatility index (PI) in
the middle cerebral artery.Peripheral venous
blood (5 mL) was drawn in the early morning.
Serum was isolated by centrifugation at 3000
rpm for 10 min at 4°C and stored at -80°C for
batch testing. The neuronal injury markers
including S100, glial fibrillary acidic protein
(GFAP), myelin basic protein (MBP), and neu-
ron-specific enolase (NSE), were measured
using ELISA kits (Elabscience, Wuhan, China).
Inflammatory and lipid metabolism indicators
such as high-sensitivity C-reactive protein (hs-
CRP), low-density lipoprotein cholesterol (LDL-
C), high-density lipoprotein cholesterol (HDL-C),
triglycerides (TG), and total cholesterol (TC)
were assessed using the Beckman Coulter
AU2700 automated chemistry analyzer (Tokyo,
Japan).

Statistical analysis
Data analysis was performed using SPSS 22.0.

Continuous variables were tested for normality
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with the Kolmogorov-Smirnov test and ex-
pressed as mean * standard deviation (Xs),
compared using t-tests. Categorical variables
were summarized as counts and percentages
[n (%)] and analyzed using the chi-square (x?)
test. A P-value of <0.05 was considered signifi-
cant. Graphical representations were created
using GraphPad Prism.

Results
Comparison of general characteristics

Baseline demographic and clinical characteris-
tics are summarized in Table 1. There were no
significant differences between the two groups
in sex distribution, age, BMI, cause of injury
(traffic accidents, falls, or blunt trauma), or type
of surgical intervention (decompressive crani-
ectomy, burr hole drainage, or external ventric-
ular drainage) (all P>0.05). Prevalence of hyper-
tension (P=0.369) and diabetes (P=0.058) was
also comparable, ensuring good baseline bal-
ance for subsequent comparisons.

Comparison of clinical findings

The combination group demonstrated signifi-
cantly lower subdural effusion volume, shorter
time to normalization of intracranial pressure,
and a reduced length of hospital stay com-
pared to the Atorvastatin group (all P<0.01),
suggesting enhanced clinical recovery (Table
2).

Comparison of LOTCA scores

LOTCA scores in the combination group were
consistently higher across all domains (all
P<0.05). While no significant difference was
observed in spatial perception on day 7 post-
treatment, a significant improvement emerged
by day 14 (P=0.002) (Table 3).

Comparison of MMSE and MoCA scores

Post-treatment assessment demonstrated that
the combination group scored significantly
higher than the atorvastatin group on both the
MMSE and MoCA (both P<0.05). These differ-
ences became more pronounced by Day 14
(MMSE: 24.69+2.35 vs. 26.85+1.85; MoCA:
24.0742.85 vs. 26.38+2.15 (both P<0.05)),
indicating that combination therapy more effec-
tively facilitated cognitive recovery after TBI
(Table 4).
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Table 1. Comparison of general characteristics

Atorvastatin group Combination group

(n=87) (n=92) vx P
Sex 0.025 0.874
Male 51 (58.6) 55 (59.8)
Female 36 (41.4) 37 (40.2)
Age 47.62+8.10 49.39+8.24 1.449 0.149
Cause of injury 0.492 0.782
Traffic accident 52 (59.8) 57 (62.0)
Fall from height 28 (32.2) 30 (32.6)
Blunt trauma 7 (8.0) 5(5.4)
BMI (kg/m?) 23.37+2.38 22.79+2.24 1.655 0.100
Surgical approach 0.256 0.880
Decompressive craniectomy 35 (40.2) 36 (39.1)
Burr hole drainage 33(37.9) 33 (35.9)
External ventricular drainage 19 (21.8) 23 (25.0)
Hypertension 0.807 0.369
Yes 28 (32.2) 24 (26.1)
No 59 (67.8) 68 (73.9)
Diabetes mellitus 3.600 0.058
Yes 9 (10.3) 19 (20.7)
No 78 (89.7) 73 (79.3)

Table 2. Comparison of clinical data

Atorvastatin group Combination group

(n=87) (n=92) t P
Subdural effusion volume (mL) 4.21+1.63 3.58+1.35 2.822 0.005
Days to normalization of intracranial pressure 13.28+2.36 11.30+2.64 5.258 <0.001
Length of hospital stay (d) 30.47+6.12 26.55+6.31 4213 <0.001
Table 3. Comparison of LOTCA scores
Atorvastatin group (n=87) Combination group (n=92) t P

Visual perception

Pre-treatment 7.85+1.69 8.02+1.25 0.768 0.444

Day 7 8.82+2.04 9.47+1.93 2.196 0.029

Day 14 10.53+2.16 12.27+2.05 5.531 <0.001
Thinking operations

Pre-treatment 13.25+2.04 13.79+2.17 1.713 0.088

Day 7 15.91+2.53 16.62+2.05 2.070 0.040

Day 14 18.44+3.35 21.11+3.05 6.193 <0.001
Praxia

Pre-treatment 4.81+1.15 5.05+1.63 1.132 0.259

Day 7 5.49+1.52 6.01+1.54 2.257 0.025

Day 14 7.94+1.61 9.23+1.41 5.699 <0.001
Visuomotor organization

Pre-treatment 11.52+1.93 12.01+£2.27 1.552 0.123

Day 7 13.26+2.80 15.01+2.64 4.293 <0.001

Day 14 16.51+2.93 19.53+2.80 7.065 <0.001
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Orientation
Pre-treatment 3.62+1.34
Day 7 4.25+1.17
Day 14 5.69+1.11
Spatial perception
Pre-treatment 5.68+1.25
Day 7 6.28+1.56
Day 14 8.35+1.47

3.95+1.12 1.791 0.075
4.64+1.05 2.332 0.021
6.84+0.91 7.583 <0.001
5.42+1.64 1.188 0.236
6.73+1.74 1.830 0.069
9.07+1.58 3.153 0.002

LOTCA: Lowenstein Occupational Therapy Cognitive Assessment; Day 7 and Day 14 refer to the 7th and 14th days after treat-

ment initiation, respectively.

Table 4. Comparison of MMSE and MoCA scores

Atorvastatin group (n=87) Combination group (n=92) t P

MMSE

Pre-treatment 19.35+2.16 19.74+1.90 1.284 0.201

Day 7 21.53+1.85 22.12+1.53 2.334 0.021

Day 14 24.69+2.35 26.85+1.85 6.846 <0.001
MoCA

Pre-treatment 19.22+2.84 18.87+2.74 0.839 0.403

Day 7 20.16+£3.24 21.99+2.92 3.970 <0.001

Day 14 24.07+2.85 26.38+2.15 6.146 <0.001

MMSE: Mini-Mental State Examination, MoCA: Montreal Cognitive Assessment; Day 7 and Day 14 refer to the 7th and 14th

days after treatment initiation, respectively.

Comparison of neurological function and brain
injury biomarkers

The combination group outperformed the ator-
vastatin group in NIHSS, GCS, S10083, GFAP,
and MBP, with significant differences observed
on Day 14 (all P<0.001). A difference in NSE
was noted on Day 7 (P=0.039), but this disap-
peared by Day 14 (P>0.05). Overall, these
results indicate that combination therapy
improved neurological function and reduced
brain tissue damage (Table 5).

Comparison of FMA scores

FMA scores showed significantly greater mo-
tor recovery in both upper and lower limbs in
the combination group compared to the atorv-
astatin group. Significant differences were
observed on both Day 7 and Day 14 (both
P<0.01), suggesting that combination therapy
enhanced early-stage motor rehabilitation
(Table 6).

Comparison of inflammatory and lipid metabo-
lism indicators

By Day 14, the combination group exhibited sig-
nificantly lower levels of hs-CRP, LDL-C, TG, and
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TC (all P<0.05), while HDL-C levels were signifi-
cantly higher (P<0.001) compared to the atorv-
astatin group (Table 7). These findings suggest
that combination therapy was more effective in
reducing systemic inflammation and optimizing
lipid metabolism.

Comparison of cerebral hemodynamic indices

On both Day 7 and Day 14, patients in the com-
bination group exhibited significantly higher Vm
and Vs values compared to those in the atorv-
astatin group, indicating enhanced cerebral
perfusion. Additionally, Pl values decreased
significantly in the combination group at both
time points, suggesting improved cerebrovas-
cular resistance and more favorable cerebral
hemodynamic patterns (Figures 1, 2).

Comparison of QOLIBRI scores

As shown in Table 8, the combination group
achieved significantly higher scores across all
six dimensions of the QOLIBRI compared to the
atorvastatin group. These findings suggest
that combination therapy may significantly
enhanced perceived quality of life and overall
patient satisfaction during early rehabilitation
following traumatic brain injury.
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Table 5. Comparison of neurological function and brain injury biomarkers

Atorvastatin group (n=87) Combination group (n=92) t P

NIHSS

Pre-treatment 10.87+1.10 11.12+1.24 1.424 0.156

Day 7 9.41+2.14 8.68+2.08 2.312 0.022

Day 14 6.20+1.93 4.30+1.54 7.259 <0.001
GCS

Pre-treatment 8.46+0.87 8.29+0.57 1.555 0.122

Day 7 8.87+0.52 9.03+0.48 2.120 0.035

Day 14 12.70+£2.15 14.15+0.98 5.855 <0.001
S100B (pg/L)

Pre-treatment 1.30+0.33 1.35+0.41 0.896 0.372

Day 7 1.25+0.28 1.10+0.25 3.857 <0.001

Day 14 1.02+0.35 0.72+0.22 7.253 <0.001
GFAP (ng/L)

Pre-treatment 551.84+10.26 554.41+11.34 1.587 0.114

Day 7 521.74+14.84 539.33+17.96 7121 <0.001

Day 14 287.45+9.18 174.27+7.67 89.708 <0.001
MBP (pg/L)

Pre-treatment 1.62+0.26 1.60+0.34 0.440 0.660

Day 7 1.48+0.32 1.20+0.29 5.971 <0.001

Day 14 1.15+0.28 0.88+0.23 6.976 <0.001
NSE (ug/L)

Pre-treatment 21.93+3.75 22.84+2.79 1.849 0.066

Day 7 18.26+2.28 17.53+2.40 2.084 0.039

Day 14 15.36+2.58 15.21+1.47 0.449 0.654

NIHSS: National Institutes of Health Stroke Scale, GCS: Glasgow Coma Scale, GFAP: glial fibrillary acidic protein, MBP: myelin
basic protein, NSE: neuron-specific enolase; Day 7 and Day 14 refer to the 7th and 14th days after treatment initiation, respec-

tively.

Table 6. Comparison of FMA scores

Atorvastatin group (n=87) Combination group (n=92) t P
Upper extremity
Pre-treatment 26.45+5.84 27.3845.32 1.115 0.267
Day 7 30.68+6.86 33.87+6.14 3.283 0.001
Day 14 41.32+7.20 49.55+6.95 7.785 <0.001
Lower extremity
Pre-treatment 14.63+4.87 15.84+4.15 1.792 0.075
Day 7 17.17+4.53 19.47+4.12 3.550 <0.001
Day 14 24.21+4.34 28.92+3.32 8.188 <0.001
FMA: Fugl-Meyer Assessment; Day 7 and Day 14 refer to the 7th and 14th days after treatment initiation, respectively.
Table 7. Comparison of Inflammatory and lipid metabolism indicators
Atorvastatin group (n=87) Combination group (n=92) t P
hs-CRP (mg/L)
Pre-treatment 5.12+0.70 5.05+0.62 0.709 0.479
Day 7 4.31+0.84 4.23+0.79 0.654 0.514
Day 14 2.98+0.64 2.62+0.51 4.157 <0.001
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LDL-C (mmol/L)
Pre-treatment 3.68+0.74 3.59+0.81 0.775 0.440
Day 7 3.29+0.61 3.06+0.58 2.587 0.011
Day 14 2.24+0.54 1.65+0.46 7.962 <0.001
HDL-C (mmol/L)
Pre-treatment 1.12+0.36 1.15+0.25 0.651 0.516
Day 7 1.19+0.34 1.30£0.36 2.118 0.036
Day 14 1.42+0.18 1.68+0.23 8.912 <0.001
TG (mmol/L)
Pre-treatment 2.31+0.67 2.25+0.61 0.627 0.531
Day 7 2.16+0.73 1.89+0.75 2.440 0.016
Day 14 1.89+0.47 1.63+£0.42 3.915 <0.001
TC (mmol/L)
Pre-treatment 5.74+0.58 5.65+0.49 1.124 0.263
Day 7 5.38+0.64 5.21+0.48 2.132 0.034
Day 14 4.30+0.35 4.18+0.31 2.429 0.016

hs-CRP: high-sensitivity C-reactive protein, LDL-C: low-density lipoprotein cholesterol, HDL-C: high-density lipoprotein cholesterol,
TG: triglycerides, TC: total cholesterol; Day 7 and Day 14 refer to the 7th and 14th days after treatment initiation, respectively.
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Figure 1. Comparison of cerebral hemodynamic indices. Vm: mean flow velocity, Vs: peak systolic velocity, Pl: pul-
satility index; Day 7 and Day 14 refer to the 7th and 14th days after treatment initiation, respectively; **P<0.01,
***P<0.001, ****P<0.0001.

Figure 2. Representative TCD waveforms 14 days after treatment. A. A 56-year-old male patient from the Atorv-
astatin group showing Vs of 56.5 cm/s, Vm of 33.6 cm/s, and Pl of 1.25. B. A 60-year-old male patient from the
Combination group showing Vs of 76.6 cm/s, Vm of 43.8 cm/s, and Pl of 1.13. TCD: transcranial Doppler, Vm: mean
flow velocity, Vs: peak systolic velocity, Pl: pulsatility index.
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Table 8. Comparison of QOLIBRI scores in atorvastatin vs. combination groups

Atorvastatin group (n=87) Combination group (n=92) t P

Cognition

Pre-treatment 52.16+7.58 53.9818.62 1.497 0.136

Day 7 58.341£9.12 63.12+8.64 3.597 <0.001

Day 14 66.40+8.73 72.91+7.58 5.338 <0.001
Self-concept

Pre-treatment 54.83+8.16 56.25+8.27 1.156 0.249

Day 7 60.11+8.87 65.84+£7.92 4.559 <0.001

Day 14 68.52+7.95 75.60+7.11 6.289 <0.001
Emotions

Pre-treatment 48.09+7.84 49.77+7.55 1.460 0.146

Day 7 58.89+9.01 62.33+11.35 3.539 <0.001

Day 14 65.26+8.19 72.45+5.44 6.942 <0.001
Physical function

Pre-treatment 40.43+8.97 42.12+9.06 1.253 0.212

Day 7 55.75+£10.13 60.02+9.77 2.873 0.005

Day 14 63.08+9.31 70.82+8.94 5.670 <0.001
Social relationships

Pre-treatment 55.2516.38 56.92+7.29 1.627 0.106

Day 7 60.41+7.96 64.77+11.40 2.949 0.004

Day 14 67.51+5.84 73.3816.90 6.130 <0.001
Overall satisfaction

Pre-treatment 52.7949.65 53.64+10.74 0.556 0.579

Day 7 61.20+8.73 66.35+9.16 3.848 <0.001

Day 14 74.131+9.05 77.05+£7.32 2.387 0.018
QOLIBRI: Quality of Life after Brain Injury; Day 7 and Day 14 refer to the 7th and 14th days after treatment initiation, respec-
tively.
Discussion Recent studies suggest that with timely exter-

Traumatic brain injury (TBI) remains a major
global public health issue. The mechanical
impact from trauma induces widespread cere-
bral contusions and hemorrhagic lesions, lead-
ing to secondary complications such as cere-
bral edema, elevated intracranial pressure, and
compromised cerebral perfusion [23]. Current
research highlights the complex pathologic and
physiologic mechanisms of TBI, which include
abnormal energy metabolism, calcium over-
load, microcirculation disorders, and inflamma-
tory response. These mechanisms are closely
linked to various cytokines and signaling path-
ways [24]. Despite early interventions such as
surgical decompression, pharmacologic thera-
py, and mild hypothermia, many survivors con-
tinue to experience persistent impairments in
consciousness, motor function, speech, and
cognition, severely affecting their physical, psy-
chological, and overall quality of life [25].
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nal interventions and appropriate neural stimu-
lation, the brain’s ability to reorganize and
repair itself can be significantly supported [26].
Synnot et al. reported that early and targeted
interventions can reduce skeletal muscle spas-
ticity, indirectly improving motor recovery and
reducing complications like muscle contrac-
tures [27]. On another front, extensive preclini-
cal studies have demonstrated that HBOT, by
elevating arterial oxygen tension, can suppress
lipid peroxidation and excessive reactive oxy-
gen species generation, reduce excitatory neu-
rotransmitter release and neuronal apoptosis,
and attenuate central neuroinflammation [28,
29]. These mechanisms contribute to the pres-
ervation of blood-brain barrier integrity, promo-
tion of axonal regeneration, and enhancement
of neural repair. Clinical findings support these
mechanisms. For instance, Ablin et al. reported
that HBOT improved pain and cognitive-related
symptoms more effectively than pharmacologi-
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cal interventions in post-TBI fibromyalgia pa-
tients, suggesting that HBOT benefits extend
beyond motor recovery to broader neurological
function [30]. Ren et al. also found that HBOT
reduced oxidative stress markers and increa-
sed nerve growth factor expression in cranioce-
rebral injury patients, enhancing cognitive and
motor outcomes [31].

Our study aligns with these reports: patients
receiving combined drug therapy and HBOT
showed superior neurological and cognitive
improvements compared to the control group,
reinforcing HBOT’s clinical utility [32, 33].
Notably, spatial perception showed no signifi-
cantimprovement at Day 7, but improved mark-
edly by Day 14, suggesting a delayed recovery
trajectory that may require a longer therapeutic
duration.

S-100B and GFAP, two astrocyte-derived pro-
teins, play critical roles in neuronal repair and
structural maintenance. Under normal condi-
tions, their serum levels remain low, but they
rapidly enter circulation following brain dam-
age. Elevated S-1000 levels reflect altered neu-
ronal membrane permeability, while GFAP
increases correlate with glial cell injury severity
[34, 35]. In our study, the Combination group
showed a significantly sharper decline in both
markers, suggesting that the therapy may have
suppressed glial activation and promoted
healthier neuron-glia interactions. We also
examined MBP, a key structural protein of the
myelin sheath. Elevated MBP levels are indica-
tive of myelin damage or compromised blood-
brain barrier function [36]. The Combination
group showed significantly greater reductions
in MBP, suggesting that HBOT may play a criti-
cal role in restoring blood-brain barrier integrity.
Atorvastatin may also have supported recovery
by improving endothelial function and contrib-
uting to a more stable neurovascular environ-
ment [37].

There is growing consensus that single thera-
peutic strategies may be insufficient for ad-
dressing the complex pathology of brain injury.
In contrast, combination therapies appear bet-
ter suited to deliver broad-spectrum benefits,
modulating metabolism, reducing inflamma-
tion, and improving cerebral perfusion simulta-
neously [13, 38-40]. Our findings strongly sup-
port this approach.

Notably, while most markers showed distinct
differences between the two groups, NSE
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exhibited a more complex pattern of change.
NSE, a glycolytic enzyme primarily found in
neuronal cell bodies, is rapidly released after
acute brain injury and has long been used as
an indicator of early neuronal damage [41]. In
our study, NSE levels differed significantly
between the groups on Day 7 but converged by
Day 14, suggesting a transient response to
intervention. This finding aligns with previous
research. Zhang et al. reported that while NSE
can identify early septic encephalopathy or
post-traumatic brain dysfunction, its diag-
nostic and prognostic value can fluctuate over
time, influenced by non-neurological factors
such as inflammatory responses and metabolic
status [42]. Moreover, Bandyopadhyay et al.
highlighted that NSE shows significant base-
line differences and high inter-individual vari-
ability, which can limit its consistency and reli-
ability in cross-phase and cross-population effi-
cacy assessments [43]. Based on these
findings, we recommend interpreting NSE
alongside other neuronal injury biomarkers to
enhance diagnostic precision and clinical
applicability.

Hemodynamic disturbances are characteristic
of TBI, often manifesting as reduced cerebral
blood flow velocity. Continuous monitoring of
cerebral hemodynamic parameters is crucial
for guiding management in TBI patients [44]. In
our study, patients in the combination group
demonstrated higher Vm and Vs, along with sig-
nificantly lower Pl values, indicating improved
cerebral perfusion and reduced vascular resis-
tance. Elevated Vm and Vs reflect enhanced
middle cerebral artery perfusion, while reduced
Pl suggests better vascular compliance and
elasticity [45]. These improvements may result
from the combined effects of HBOT, which
enhances oxygen delivery efficiency, alleviates
cerebral vasospasm, and regulates autonomic
nervous tone [46]. Additionally, atorvastatin -
beyond its lipid-lowering action as an HMG-CoA
reductase inhibitor - exhibits vascular-protec-
tive and anti-inflammatory effects through
upregulation of eNOS and activation of the
AKT/eNOS signaling pathway. These actions
enhance vasodilation and microvascular regu-
lation, contributing to the restoration of cere-
bral hemodynamic stability in the postopera-
tive setting [47].

Patients recovering from TBI surgery often
experience varying degrees of limb motor dys-
function, which worsens their quality of life
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and social function recovery. Our data re-
vealed superior limb function and quality of life
metrics in the combination therapy group com-
pared to the atorvastatin monotherapy group.
Notably, the combination group also had signifi-
cantly shorter hospital stays and quicker
intracranial pressure recovery times, suggest-
ing that it accelerates postoperative recovery
and reduces medical resource burdens, dem-
onstrating substantial practical significance.
Furthermore, the reduction in postoperative
subdural effusion volume indirectly confirms
the treatment’s effect on alleviating brain tis-
sue inflammatory exudation. However, several
limitations should be acknowledged. First, the
present study adopted a retrospective, single-
center design, which may restrict the external
validity of the findings. Future investigations
should therefore be conducted as prospective,
multicenter trials with larger patient cohorts to
strengthen the reliability and generalizability of
the conclusions. Second, HBOT was adminis-
tered for only 14 days, and outcome assess-
ments were confined to short-term follow-up.
As a result, the durability of treatment effects
remains uncertain. Subsequent studies should
consider prolonging both the therapeutic
course and the observation period to clarify
whether extended HBOT provides more sus-
tained improvements in neurological function
and cognitive recovery.

In conclusion, our results are robust, showing
that HBOT offers superior outcomes com-
pared to medication alone in several areas.
This supports the idea that HBOT is a valuable
treatment for TBI and underscores the impor-
tance of a multi-faceted approach in clinical
studies.
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