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Efficacy of repetitive transcranial
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consciousness recovery in
children with disorders of
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traumatic brain injury

Nan Zheng", Zhuo Zou", Wenjuan Wang?, Fangling Dong?,
Xuemei Hel, Jian Ren?, Xiaoyan Liu?, Yangping Zhang'* and
Zhongjian Su**

!Department of Rehabilitation, Kunming Children’s Hospital, Kunming Medical University, Kunming,
Yunnan, China, 2Department of Pediatric Intensive Care Unit, Kunming Children’s Hospital, Kunming
Medical University, Kunming, Yunnan, China, *Department of Cardiology, Kunming Children’s
Hospital, Kunming Medical University, Kunming, Yunnan, China

Objective: To evaluate the efficacy of 5 Hz repetitive transcranial magnetic
stimulation (rTMS) over the left dorsolateral prefrontal cortex (left DLPFC) for
consciousness recovery in children with disorders of consciousness (DOC)
following traumatic brain injury (TBI).

Methods: This randomized controlled trial included 98 pediatric patients aged
>2 years with DOC after TBI, admitted to Kunming Children’s Hospital from
January 2023 to July 2025. Patients were randomly divided into an experimental
group (n = 49) and a control group (n = 49). The experimental group received
5 Hz rTMS targeting the left DLPFC (80% resting motor threshold, 1,000 pulses
per session, totaling 20 min), combined with conventional rehabilitation
therapy (once daily for 3 weeks). The control group received only conventional
rehabilitation therapy. The primary efficacy outcomes included serum neuron-
specific enolase (NSE) level, Coma Recovery Scale-Revised (CRS-R) score,
Glasgow Coma Scale (GCS) score, and level of consciousness before and after
treatment.

Results: After 3 weeks of intervention, the experimental group demonstrated
statistically significant improvements compared to both baseline status and the
control group (p < 0.05). The experimental group demonstrated a significant
reduction in serum NSE levels, a significant increase in CRS-R and GCS scores,
and a significant improvement in the level of consciousness. No adverse events
(including seizures) were observed throughout the treatment.

Conclusion: This study provided the first clinical evidence that the combined
application of 5Hz rTMS targeting the left DLPFC is a safe and effective
intervention for promoting the recovery of consciousness in children with DOC
following TBI. Significant improvements in behavioral scales (CRS-R, GCS) and
reduced levels of the neurological injury marker (serum NSE) suggest that this
protocol exerts dual effects of promoting arousal and neuroprotection. This
novel treatment approach, designed based on the characteristics of pediatric
neurological development, offers a promising non-invasive neuromodulation
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strategy for this challenging patient population, filling a critical evidence gap in

this field.
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1 Introduction

TBI is an acute head injury caused by direct or indirect external
violence to the head, which can lead to DOC and represents a
significant public health issue (1). The global incidence of pediatric
TBI ranges from 47 to 280 cases per 100,000 people annually, affecting
over 3 million children worldwide each year (2). Some researchers
report that the incidence of TBI in Chinese children is between 55.4
and 64.1 cases per 100,000 people, with a male-to-female ratio of
2.98:1 (3). Retrospective studies on pediatric TBI patients indicate that
approximately 54% of children admitted in Unresponsive Wakefulness
Syndrome (UWS) or minimally conscious state (MCS) regain
consciousness within one year, while 46% remain in a prolonged DOC
(4). The large number of TBI patients experiencing DOC, coupled
with slow recovery rates, imposes a substantial financial burden on
healthcare systems and significantly reduces the quality of life for
patients and their families.

With population growth and inadequacies in construction,
road infrastructure, and sports safety measures, TBI incidence has
risen rapidly. Falls from heights, traffic accidents, and child abuse are
primary etiologies of TBI (5, 6). Unlike adults, children possess
distinct anatomical features including relatively larger head size, lower
cerebral blood volume, thin cranial bones, high cerebral water content,
reduced myelination, incompletely aerated paranasal sinuses, and
limited cerebrospinal fluid (CSF) cushioning. These factors collectively
increase TBI susceptibility (5). Currently, the diagnosis and
management of pediatric TBI primarily aim to reduce mortality,
focusing on life-saving interventions for critical and severe cases.
Although the concept of critical rehabilitation has gained widespread
acceptance, efforts remain centered on protecting musculoskeletal and
cardiopulmonary functions. Notably, there is still a lack of clearly
effective management strategies and clinical guidelines for pediatric
patients with DOC.

Transcranial Magnetic Stimulation (TMS) is a non-invasive
neuromodulation technique employed in the management of
neurological disorders and the investigation of brain function. High-
frequency rTMS (frequency >1 Hz) enhances cortical excitability,
while low-frequency rTMS (frequency <1 Hz) tends to suppress
neural activity. A review of recent domestic and international literature
indicates that multiple systematic reviews and meta-analyses have
validated the efficacy of high-frequency rTMS in improving
consciousness levels among adult patients (4, 7-12). Across these
studies, the targeted brain regions and stimulation frequencies varied,
with the left DLPFC being the most frequently targeted, followed by
the primary motor cortex (M1) and the posterior parietal cortex
(PPQC). Preferred stimulation frequencies primarily included 10 Hz or
20Hz, and one Chinese study also demonstrated significant
therapeutic efficacy with 3 Hz stimulation (13). Notably, the incidence
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of adverse reactions associated with 20 Hz rTMS was significantly
higher than that observed with 10 Hz rTMS (14).

NSE is a glycolytic enzyme predominantly localized in neurons
and neuroendocrine cells. It is present at extremely high
concentrations in the brain, while levels are relatively low in the
peripheral nervous system and nearly undetectable in non-neural
tissues (15-17). Following neuronal injury or death, NSE is released
into the extracellular space, leading to elevated levels in both
cerebrospinal fluid (CSF) and serum (16, 17). In the context of TBI,
NSE concentrations have been shown to correlate with elevated
intracranial pressure, severity of brain injury, and adverse clinical
outcomes (15, 18, 19). Moreover, studies have demonstrated a
significant negative correlation between serum NSE levels and GCS
scores, supporting its role as a widely investigated biomarker for
TBI (20).

To date, there are no direct clinical studies investigating rTMS
application in pediatric patients with DOC following TBI. Children
are by no means ‘small adults; their nervous systems remain
incompletely developed, rendering them more sensitive to external
stimuli after severe trauma. Consequently, the application of rTMS in
this population requires careful consideration of neurodevelopmental
stage, clinical characteristics, and safety profiles. Direct adaptation of
adult rTMS protocols may precipitate adverse events such as epilepsy.
Given these multifaceted factors, we proposed a novel stimulation
protocol: 5 Hz high-frequency rTMS targeting the left DLPFC for
consciousness recovery in pediatric patients with DOC following
TBI. This approach aims to evaluate its potential to effectively improve
conscious states in this vulnerable group.

2 Materials and methods
2.1 Participants

Ninety-eight pediatric patients with DOC following TBI admitted
to Kunming Children’s Hospital from January 2023 to July 2025 were
enrolled in this study (approved by the Institutional Review Board of
our hospital, with written informed consent obtained from their legal
guardians). Participants were randomly divided into a control group
and an experimental group, with 49 cases in each group. No significant
differences were observed in baseline characteristics between the two
groups, including sex, age, etiology of TBI, serum NSE level (normal
range: 0-15.7 ng/mL), GCS score, CRS-R score, and level of
consciousness (all p > 0.05) as shown in Table 1.

2.1.1 Inclusion criteria

1. Meeting the diagnostic criteria for TBI and DOC (21, 22);
2. Age 2-18 years;
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consciousness

CRS-R score
M(P25:P75)

Etiology

TABLE 1 General characteristics of the experimental group vs. control group
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3. Disease duration < 3 months;

4. Generally stable clinical condition;

5. No prior formal rehabilitation training for improving disorders
of consciousness before the initiation of intervention;

6. Written informed consent voluntarily provided by the
legal guardian.

2.1.2 Exclusion criteria

1. Presence of contraindications to rTMS treatment: (a) large-area
skull defect; (b) history of epilepsy; (c) metallic implants (e.g.,
vascular stents, ventriculoperitoneal shunts, cranial repair
materials, titanium cranial screws, external stimulators);

2. Critically ill patients with unstable vital signs in the acute phase;

3. Pre-existing motor or intellectual developmental disorders, or
a history of brain injury prior to the current trauma;

4. Patients taking medications that affect cortical excitability.

2.2 Study design

The children in the experimental group received rTMS at a
frequency of 5 Hz combined with conventional rehabilitation therapy,
which included 30 min of passive range-of-motion exercises for the
four limbs, 30 min of sensory stimulation therapy (encompassing
music stimulation therapy, light stimulation therapy, gravity
stimulation therapy, etc.), and acupuncture treatment, administered
once daily for 3 consecutive weeks. The control group only underwent
the same conventional rehabilitation therapy without receiving rTMS.

As a traditional Chinese therapeutic modality, acupuncture has
demonstrated potential efficacy in the treatment of DOC in previous
studies (23-27). The treatment protocol for this trial was designed
based on previously published research (23-25, 28, 29). The primary
acupoints selected were Baihui (GV20), Shuigou (GV26), Neiguan
(PC6), and Zusanli (ST36). The procedure was performed as follows:
The child was placed in a supine position. Following local skin
disinfection, disposable sterile acupuncture needles (0.25 mm in
diameter x 25 mm in length) were used. The insertion techniques
were applied as follows: a subcutaneous insertion at Baihui (GV20),
an upward oblique insertion at Shuigou (GV26), and perpendicular
insertions at both Neiguan (PC6) and Zusanli (ST36). The needles
were retained in place for 20 min.

rTMS Stimulation Protocol: The Magneuro60 TMS device
(Nanjing Vishee Medical Technology Co., Ltd.) was used. With
reference to the international 10-20 system for scalp electrode
positioning, the stimulation site was defined as 1 cm anterior to the
C3 electrode site. The minimum stimulation intensity required to elicit
a motor evoked potential (MEP) with an amplitude (sinusoidal
waveform) of at least 50 uV in the abductor pollicis brevis muscle
point of the contralateral hand in at least 5 out of 10 consecutive
stimuli was designated as the resting motor threshold (RMT). The
child lay in a supine position. A figure-8 coil was used to deliver
stimulation to the corresponding site of the left DLPFC (the F3
electrode site). The coil face was maintained in close contact with the
scalp surface and remained tangent to the cranial surface. Key
stimulation parameters were as follows: frequency of 5 Hz, intensity
set at 80% of RMT, stimulation duration of 2 s, inter-stimulus interval
of 10 s, total session duration of 20 min, 100 total stimulation cycles,
and 1,000 total pulses.
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2.3 Monitoring indicators

At baseline (post-enrollment and prior to intervention), all
pediatric subjects were assessed with the CRS-R, GCS, and serum NSE
level measurements. These evaluations were repeated following trial
completion. Comparative analyses were performed both between
groups and within groups. All assessments throughout the trial were
performed by the same physician from the Assessment Division of the
Department of Rehabilitation Medicine at Kunming Children’s
Hospital. This physician was blinded to both the group allocation and
the experimental protocol of the trial participants. Additionally, all
serum NSE level tests used the same type of reagent from the
same manufacturer.

2.4 Statistical analyses

SPSS 25.0 software was used for statistical processing and analysis.
Count data were expressed as frequency () and percentage (%), and
intergroup comparisons were conducted using chi-square test, corrected
chi-square test, or Fisher’s exact probability method. Quantitative data
that conformed to normal distribution and homogeneity of variance
were expressed as mean + standard deviation (x * s), and intergroup
comparisons were performed using the t-test or analysis of variance; for
data not conforming to normal distribution, they were expressed as M
(Pas, Pss), and intergroup comparisons were conducted using the rank
sum test. Statistical significance was set at p < 0.05.

3 Results
3.1 General condition of the patient

As shown in Table 1, among 98 pediatric patients with DOC
following TBI, there were 58 cases (59.2%) due to traffic accidents, 27

10.3389/fneur.2025.1678379

cases (27.6%) due to falls from height, and 13 cases (13.2%) due to
other external injuries. The cohort comprised 73 boys and 25 girls,
with a male-to-female ratio of 2.9:1. No significant differences were
observed between the two groups in baseline characteristics, including
sex (p = 0.247), age (p = 0.403), etiology (p = 0.710), serum NSE level
(p = 0.240), GCS score (p = 0.538), CRS-R score (p = 0.886), and level
of consciousness (p = 0.828) (all p > 0.05).

3.2 Changes in monitoring indicators
before and after treatment

As shown in Table 2 and Figure 1, serum NSE levels decreased
significantly after treatment in both the experimental and control
groups (both p <0.001), with the experimental group showing
significantly lower values than the control group (p =0.047).
Similarly, both groups demonstrated significant improvements in
GCS scores after treatment (both p < 0.001), and the experimental
group achieved significantly higher scores compared to the control
group (p <0.001). Furthermore, CRS-R scores also increased
markedly following treatment in both groups (both p < 0.001), with
the experimental group scoring significantly higher than the control
group (p < 0.001).

As shown in Tables 1, 3, in the experimental group, 16 patients
were in a state of unresponsive wakefulness syndrome (UWS) before
treatment. After treatment, 14 of these patients transitioned to a
minimally conscious state (MCS), and one patient improved to
emergence from MCS (EMCS). In the control group, 15 patients were
in UWS before treatment, of whom 9 transitioned to MCS after
treatment. Before treatment, 33 patients in the experimental group
were in MCS. After treatment, 13 of these patients improved to
EMCS. In the control group, 34 patients began in MCS, and only 2
transitioned to EMCS after treatment. Significantly more patients in
the experimental group showed improvement in their level of
consciousness compared to the control group (p = 0.002).

TABLE 2 Changes in CRS-R score, GCS score and NSE level after treatment in the experimental and control groups.

Group CRS-R score M(P;s,P;s) GCS score M(P,s,P7s) NSE (hg/mL) M(Pss,P7s)
Pre-treatment Post-treatment Pre-treatment Post-treatment Pre-treatment Post-treatment

Experimental Group 8(6,11) 14 (14,19) 9(7,9) 12 (11,13) 138.16 (80.00,170.83) 34.2 (23.10,50.85)

Control Group 8(5.5,10) 12 (9.5,14) 9(7,9) 10 (9,11) 142.63 (32.33,168.98) 63.8 (18.55,114.50)

Z (Experimental

Group: Post-

treatment vs. Pre- 6:023 6001 6:0%

treatment)

P <0.001 <0.001 <0.001

Z (Control Group:

Post-treatment vs. 5.931 5514 6.093

Pre-treatment)

P <0.001 <0.001 <0.001

Z (Post-treatment:

Experimental Group 4.888 4.627 1.982

vs. Control Group)

P <0.001 <0.001 0.047
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FIGURE 1
Changes in monitoring indicators before and after treatment.

TABLE 3 Changes in state of consciousness after treatment in the experimental and control groups.

Changes in state of consciousness (Pre-treatment— Post-treatment)

UWS—-UWS UWS—MCS UWS—-EMCS MCS-MCS MCS—EMCS

Experimental Group 1 14 1 20 13 49
Control Group 6 9 0 32 2 49 16.494 ‘ 0.002 ‘
n 7 23 1 52 15 98
3.3 Safety 4 Discussion
All subjects completed the scheduled treatment regimen, and no Adhering to the international TMS application guidelines (30, 31),

adverse events (e.g., epileptic seizures) were observed during the study.  this study is the first to explore the awakening-promoting effects of
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5 Hz high-frequency rTMS on DOC following TBI in children.
Results showed that patients in the experimental group receiving left
DLPFC stimulation exhibited significantly better outcomes in serum
NSE levels, GCS scores, CRS-R scores, and level of consciousness after
treatment compared to the control group without rTMS treatment
(p < 0.05). These findings suggest that 5 Hz rTMS targeting the left
DLPFC can effectively promote consciousness recovery in children
with DOC following TBI and reduce neurological damage.

The mechanism underlying the generation of consciousness is
extraordinarily intricate (32-37) with its core lying in the brains
effective integration and differentiation of information. This process
depends on the structural intactness and functional coordination
across multiple hierarchical levels, spanning from the molecular scale
to the entire brain. At the structural level, the structural integrity of
the cerebral cortex, thalamus, ascending reticular activating system
(ARAS), brainstem, and other key components constitutes the
material basis for the generation of consciousness. At the functional
level, highly coordinated interactions among core brain networks—
including the default mode network (DMN), central executive
network (CEN), and salience network (SN)—as well as the posterior
hot zone (PHZ), are critical for generating coherent, unified, and
content-rich conscious experience. At the cellular and molecular level,
normal excitatory-inhibitory balance, adequate energy supply, and a
favorable neurochemical environment serve as the core biological
substrates underpinning consciousness. TBI directly causes damage
to critical brain regions in patients. The resulting diffuse axonal injury
(DATI) leads to disruption of core network connectivity in the brain.
Moreover, TBI triggers a series of pathological cascades (38, 39), such
as an imbalance in neurotransmitters that disrupts the excitatory-
inhibitory equilibrium, thereby interfering with interneuronal
communication; mitochondrial dysfunction and metabolic
abnormalities that compromise energy supply in brain cells; and
hemodynamic changes that may result in inadequate regional cerebral
blood flow,

neurobiological mechanisms underlying the arousal-promoting effect

exacerbating consciousness impairment. The
of high-frequency rTMS may be realized through the following
synergistic pathways: First, high-frequency rTMS tends to facilitate
neuronal activity (40). Since the DLPFC is involved in key brain
functions (e.g., working memory, decision-making, and emotion
regulation) and serves as a critical node in central executive network
(CEN), high-frequency rTMS targeting the DLPFC can enhance its
functional connectivity with the posterior cortex (e.g., parietal lobe)
(41, 42), increase local cortical excitability, and strengthen the
connectivity of brain networks. Second, high-frequency rTMS
promotes the expression of brain-derived neurotrophic factor
(BDNF), regulates the strength of synaptic connections, and alleviates
neural damage (43-47). Meanwhile, TMS modulates the balance
between the excitatory neurotransmitter glutamate and the inhibitory
neurotransmitter y-aminobutyric acid (GABA); high-frequency rTMS
typically enhances glutamate release and strengthens synaptic
plasticity (48-53). Additionally, high-frequency rTMS can induce
changes in local cerebral blood flow, particularly in the stimulated
(54).
pro-inflammatory factors (e.g., TNF-a, IL-1B) via the let-7b-5p/

regions Finally, high-frequency rTMS downregulates
HMGA2/NF-kB signaling pathway, inhibits microglial polarization
toward the M1 phenotype, thereby protecting neurons and reducing

neural damage (55).

Frontiers in Neurology

10.3389/fneur.2025.1678379

The core innovation of this study lies in optimizing rTMS
treatment protocols for children by accounting for the specificity of
pediatric neurodevelopment. In previous adult studies, high-
frequency rTMS typically employed frequencies of 10 Hz or 20 Hz,
with 2,000-3,000 pulses delivered per day. However, children are not
simply “miniaturized adults,” their baseline cortical excitability is
higher, leading to a lower seizure threshold compared to adults (56,
57). Additionally, studies have reported that TBI enhances neuronal
intrinsic excitability, significantly increasing discharge frequency and
reducing threshold current (57-59). Given these factors, direct
application of adult protocols may induce abnormal synchronous
discharges. Although 5 Hz is lower than the 10 Hz or 20 Hz typically
used in adult high-frequency rTMS treatment protocols, it still falls
within the category of high-frequency stimulation and can upregulate
BDNF expression, induce long-term potentiation (LTP), and enhance
cortical excitability (47, 55, 60). Moreover, the 10-s inter-stimulus
interval design allows for neurotransmitter replenishment, promoting
cumulative rather than exhaustive pulse efficacy. For these reasons,
we cautiously selected the relatively lower 5Hz high-frequency
protocol. Results confirmed that 5 Hz rTMS stimulation significantly
improved consciousness levels in pediatric patients with DOC
following TBI without observing severe adverse events such as
seizures during treatment, preliminarily validating the safety and
efficacy of this protocol in the pediatric population. This parameter
choice is also indirectly supported by prior research: for instance, 3 Hz
treatment protocols has been shown to be effective in adult DOC,
suggesting the therapeutic potential of lower high-frequency
stimulation (13).

The clinical value of this study resides in establishing a novel, safe,
and effective non-invasive neuromodulation strategy for pediatric
DOC following TBI. Its significance is manifested in the following key
aspects: (a) It addresses an evidence gap in the field of rTMS treatment
for pediatric DOC; (b) provides a critical reference for pediatric rTMS
parameter optimization; and (c) Ultimately, by accelerating
consciousness recovery, reducing long-term care costs, improving
pediatric patients’ quality of life (QoL), and alleviating the burden on
families and society, it may yield transformative impacts on
clinical practice.

However, this study has certain limitations: First, the absence of
long-term follow-up data after treatment completion limits the
evaluation of therapeutic sustainability. Second, the assessment
primarily relied on behavioral scales and serum biomarkers, with no
measurements of cortical excitability or neuroplasticity biomarkers.
Furthermore, the study did not incorporate neuroimaging techniques,
such as functional magnetic resonance imaging (fMRI) or
electroencephalography (EEG), to investigate the specific mechanisms
by which rTMS modulates consciousness-related networks. Third,
only a single stimulation protocol was explored, without comparison
to alternative frequencies (e.g., individualized frequency), stimulation
targets (e.g., PPC or M1), or combined therapeutic strategies (e.g.,
r'TMS + tDCS). Fourth, given that TBI often alters cerebral anatomy;,
the sole use of the International 10-20 system for target localization—
without neuronavigation—may have resulted in imprecise stimulation
site placement. Finally, heterogeneity in lesion location and etiology
among pediatric patients may have influenced treatment outcomes,
underscoring the need for larger-sample subgroup analyses in
future studies.
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Based on the above findings and limitations, future research
should prioritize the following directions: (a) Conducting
multicenter, large-sample randomized controlled trials (RCTs) with
long-term follow-up (e.g., 6-12 months) to validate the stability of
treatment efficacy; (b) Detect cortical excitability indices (e.g.,
short-interval intracortical inhibition / long-interval intracortical
facilitation, ICI/ICF) and neuroplasticity biomarkers (e.g., BDNF
light
neuroimaging (fMRI/EEG) and brain network analysis, dynamically

levels, neurofilament chain), integrate multimodal
track the effects of rTMS on the connectivity and activity of
consciousness networks, and elucidate its underlying mechanisms.
(c) Evaluating the synergistic effects of rTMS combined with other
arousal-promoting modalities. (d) Utilize neuro-navigation
technology to precisely identify stimulation sites and explore
individualized stimulation parameters (frequency, target, intensity)
based on individual lesion characteristics or neurofunctional status.
(e) Investigating long-term neurocognitive function, motor

recovery, and QoL outcomes in pediatric patients post-arousal.

5 Conclusion

This study first demonstrates that applying 5 Hz high-frequency
rTMS targeting the left DLPFC on the basis of conventional
rehabilitation can safely and effectively promote consciousness
recovery in pediatric patients with DOC following TBI. This
innovative protocol significantly improved patients’ GCS and CRS-R
scores, accompanied by a concurrent decrease in serum NSE levels,
suggesting it exerts both arousal-promoting and neuroprotective
effects. Optimizing treatment parameters based on pediatric
neurodevelopmental characteristics provides the first non-invasive
neuromodulation strategy tailored to this population. The 5 Hz
parameters optimized based on pediatric neurodevelopmental
characteristics provide the first non-invasive neuromodulation
strategy tailored to this population, filling a critical gap in the field.
Future research should focus on large-scale long-term follow-up
studies and multimodal mechanistic investigations to further validate
the durability of efficacy and advance the optimization of personalized
treatment protocols.
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