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Objective: To investigate the effect of transcranial direct current stimulation

(tDCS) combined with hyperbaric oxygen therapy (HBOT) in patients with delayed

encephalopathy after carbon monoxide poisoning (DEACMP).

Design: A parallel-group, open-label randomised controlled study.

Setting: Hyperbaric Oxygen Therapy Room of the Second Hospital of Hebei

Medical University.

Subjects: A total of 40 patients were recruited for the current study. Patients were

randomly divided into a treatment group and a control group (20 cases/group).

Interventions: Control group: conventional, individualised rehabilitation therapy.

Treatment group: conventional, individualised rehabilitation therapy and tDCS.

Main Measures: cognitive function of patients, the Barthel Index (BI).

Results: After treatment, significantly higher MMSE and BI scores, as well as a greater

reduction in P300 latency and an increase in P300 amplitude, were observed in the

treatment group compared to the control group (MMSE: 13 ± 7 vs. 9 ± 5; P300 latency:

342 ± 29 vs. 363 ± 17ms; P300 amplitude: 7.0 ± 3.3 vs. 5.1 ± 2.7 µV; all P < 0.05).

In both groups, however, MMSE and BI scores, in addition to P300 amplitude, were

significantly improved; in contrast, there was a decrease in P300 latency in both groups

after treatment compared to before treatment (all P < 0.05).

Conclusion: Combined with HBOT, tDCS can help improve cognitive function and

ADL in patients with DEACMP. This combination therapy might be a helpful method to

enhance the recovery of patients with DEACMP.

Keywords: transcranial direct current stimulation, hyperbaric oxygen, delayed encephalopathy after carbon

monoxide poisoning, cognitive function, activities of daily living
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INTRODUCTION

The incidence and mortality of acute carbon monoxide
poisoning rank first among the occupational hazards in China
(1). Acute carbon monoxide poisoning may lead to many
neurophysiological and neuropathological changes, and can
cause severe symptoms, including dementia, incontinence,
psychosis, Parkinson’s syndrome and epilepsy (2, 3). Moreover,
in 3–40% of patients, it may cause delayed encephalopathy
after acute carbon monoxide poisoning (DEACMP). Delayed
encephalopathy after carbon monoxide poisoning was a group
of neuropsychiatric symptoms mainly acute dementia in patients
with carbon monoxide poisoning after recovery from rescue.
It usually occurs within 2 months after acute poisoning.
At present, the pathogenesis of DEACMP is not clear.
DEACMP is related to many factors, such as ischemia,
hypoxia, reperfusion injury, immune dysfunction, cytotoxic
injury and neurotransmitter imbalance (4, 5). At present,
different types of medications, hyperbaric oxygen therapy
and various rehabilitation methods have been applied in
the treatment of delayed encephalopathy after acute carbon
monoxide poisoning. However, these treatments are difficult to
control the further progress of the disease. Therefore, exploring
more effective treatments is the focus of current research.

Transcranial direct current stimulation (tDCS) is a non-
invasive, low-intensity, constant weak current (1–2mA)
technique that regulates excitability of cortical neurons (6). tDCS
may regulate cognitive function by increasing local cerebral
blood flow, promoting cerebral circulation and improving
synaptic plasticity. It has been used in the treatment of sequelae
of stroke, Parkinson’s disease, Alzheimer’s disease, epilepsy and
depression (7–12). tDCS may promote cerebral circulation and
improve synaptic plasticity by increasing local blood flow in the
brain (13). It activates sodium, calcium dependent channels and
NMDA receptor activities, depolarize or hyperpolarize neuronal
membrane potential, so as to regulate neural activity and cortical
excitability, act on key brain regions related to cognitive process,
cause excitability changes in relevant brain regions, and improve
their cognitive function (14).

The aim of this study was to investigate the efficacy of
transcranial direct current stimulation combined with hyperbaric
oxygen therapy in the treatment of delayed encephalopathy after
acute carbon monoxide poisoning providing a reference for
clinical treatment.

MATERIALS AND METHODS

Subjects, Inclusion, and Exclusion Criteria
This was a parallel group, randomised controlled study. From
December 2016 to February 2018, forty patients with delayed
encephalopathy after acute carbon monoxide poisoning who
were admitted to the Second Department of Rehabilitation
Medicine (Hyperbaric Oxygen Therapy Room) of the Second
Hospital of Hebei Medical University were selected for this study
(Figure 1). The random allocation was referred to the random
number table without blinding. This study was conducted in
accordance with the Declaration of Helsinki and approved by

the ethics committee of the Second Hospital of Hebei Medical
University. All participants had signed the informed consent.

The inclusion criteria included the following: (1) patients
who met the diagnostic criteria of delayed encephalopathy
after acute carbon monoxide poisoning (2): ① having a clear
history of carbon monoxide (CO) poisoning; ② disappearance
of acute poisoning symptoms after treatment; ③ symptoms
including cognitive and psychosis dysfunction, mental disorder,
extrapyramidal symptoms, agnosia, temporary deafness, visual
field changes, temporary decline in spatial recognition ability
and vegetative coma that occurred within 2–60 days after a
complete rehabilitation; ④ CT/MRI showing no specific changes
or extensive white matter lesions. (3) Patients aged between 18
and 80 years old; (4) first onset; (5) patients or their family
members who signed the consent form.

Exclusion criteria included: (1) patients who had a history
of cerebral infarction, cerebral haemorrhage or trauma; (2)
patients who had cognitive impairment or could not take care
of themselves before onset; (3) patients who had a history of
psychosis; (4) patients or their family members who did not agree
to participate.

All subjects were randomly divided into two groups according
to the random number table: a treatment group (n = 20)
and a control group (n = 20). There were no significant
differences between the two groups in terms of age, gender,
education level, latent phase (Time from acute carbon monoxide
poisoning to delayed encephalopathy) and visit time (Time
between the occurrence of delayed encephalopathy after acute
carbon monoxide poisoning and the first evaluation) (Table 1).

Therapeutic Approach
Both groups of patients underwent hyperbaric oxygen therapy,
conventional individualised rehabilitation therapy and received
medications (hormones, neurotrophic drugs, anticoagulants, free
radicals scavenging, and intracranial hypotensive drugs) for the
improvement of microcirculation and nutritional nerves; the
treatment group was additionally treated with transcranial direct
current stimulation. Patients underwent 10 treatment sessions;
one session per day, six times a week, excluding Sunday. One
course of treatment lasted for 10 days, and the therapeutic effect
was evaluated after three courses. All patients were treated alone.
There is no interaction between patients.

Hyperbaric Oxygen Therapy
Themedical three-compartment and seven-door air compression
chamber (YC3200/0.3-22) produced by Yantai Ice Wheel Factory
was used for treatment. The time for compression and
decompression was 25min. The treatment pressure was set to 0.1
MPa. During the pressure stabilisation period, pure oxygen was
inhaled through a mask for 30min; this was conducted over two
sessions, with an interval of 10min to allow for the inhalation of
the air in the compartment. The total time for one treatment was
120 min.

Conventional Rehabilitation Therapy
Routine, individualised symptomatic rehabilitation, including
physical recovery, occupational therapy, speech training,
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FIGURE 1 | The flow diagram.

TABLE 1 | Comparison of the general information of patients between two groups.

Groups Number of patients/

group

Ages (years) Gender Latent phase

(days)

Visit time (days) Education level

Male Female Illiteracy Primary school Secondary school

and above

Treatment group 20 59 ± 10 9 11 23 ± 9 10 ± 8 5 7 8

Control group 20 62 ± 8 12 8 19 ± 7 8 ± 6 3 10 7

latent phase: time from acute carbon monoxide poisoning to delayed encephalopathy.

visit time: time between the occurrence of delayed encephalopathy after acute carbon monoxide poisoning and the first evaluation.

psychological counselling and cognitive training, was also
performed. Each treatment lasted 30–40 min.

Transcranial Direct Current Stimulation
For the treatment group, transcranial direct current stimulation
(model number: IS200, Sichuan Intelligent Electronics Industry
Co., Ltd.) was used. The surface electrodes were composed of
gelatine sponge, with an area of 7 cm × 5 cm and a battery-
driven constant current intelligent stimulator. The intensity of
the stimulus current was adjusted to 1–2mA, depending on
the tolerance of the patient. The time was set to 20 min/time.

Anode electrodes were placed on the projection position of the
left dorsolateral prefrontal cortex on the body of the patient,
while cathode electrodes were placed on the right orbital or right
shoulder as reference electrodes.

Assessment Approach
The Mini-Mental State Examination (MMSE) score (15) and
the latency and amplitude of endogenous event-related evoked
potential P300 (16) were used for cognitive function assessment.
Conduct P300 detection in a quiet environment. The patient
takes a sitting or supine position, closes his eyes, focuses his
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TABLE 2 | Comparison of MMSE, BI scores, P300 latency, and amplitude between two groups before and after treatment (x±s, n = 20).

Group MMSE score BI score P300 latency (ms) P300 amplitude (µV)

Before treatment After treatment Before treatment After treatment Before treatment After treatment Before treatment After treatment

Treatment

group

6 ± 5 13 ± 7ab 29 ± 16 54 ± 17ab 372 ± 10 342 ± 29ab 4.3 ± 2.3 7.1 ± 3.3ab

Control

group

4.8 ± 3.7 9 ± 5a 20 ± 15 43 ± 15a 379 ± 14 363 ± 17a 3.3 ± 1.8 5.1 ± 2.7a

MMSE, Mini-mental State Examination; BI, Barthel Index. Compared with before treatment, aP < 0.05; Compared with the control group, bP < 0.05.

attention and relaxes his whole body. Place electrodes according
to the international 10/20 system for recording ordinary EEG,
place the recording electrode at the CZ point on the skull top,
place the reference electrode at the inner side of the earlobe
on both sides (A1 point on the left ear and A2 point on the
right ear), and place the grounding electrode at the FPZ point
in the middle of the forehead. Explain the test process and
requirements to the subjects before the test, and conduct the
pre-test at least once. During the test, auditory Oddball mode
is selected for sound stimulation, which is target stimulation
sound and non-target stimulation sound. The two stimulation
sounds are superimposed for 100 times, in which the probability
of target stimulation sound is 20% and the probability of non-
target stimulation sound is 80%. The subjects are required to
report the times of target stimulation after the test. Finally, the
latency and amplitude of P300 were measured. The activity of
daily living was assessed using the Barthel Index score (17). The
cognitive function and activity of daily living were assessed in
both groups before and after three courses of treatment.

Statistical Analysis
Statistical analysis was performed using SPSS 21.8 software.
The measurement data were represented as mean ± standard
deviation. The categorical variables were expressed as frequency
[percentage (%)]. For two comparisons, each value was compared
by t-test when each datum conformed to normal distribution,
while the non-normally distributed continuous data were
compared using non-parametric tests. The counting data were
tested by chi-square test. A value of P < 0.05 was considered
statistically significant.

RESULTS

General Information of Patients
No significant differences in age, gender, educational level, latent
phase and visit time were found between the control and
treatment groups (P < 0.05) (Table 1).

Comparison of Mini-Mental State
Examination and Barthel Index Scores
Between Groups
In both groups, significantly higher Mini-Mental State
Examination and Barthel Index scores were observed after
treatment compared to those before treatment (P < 0.05);

however, scores in the treatment group were significantly higher
compared to the control group (P < 0.05) (Table 2).

Comparison of P300 Latency and
Amplitude Between Groups
After treatment, there was a reduction in P300 latency and an
increase in P300 amplitude in both groups compared to before
treatment (P < 0.05); however, the reduction in latency and
increase in amplitude observed in the treatment group were
significantly greater compared to the control group (P < 0.05)
(Table 2).

In addition, no significant differences were detected in Mini-
Mental State Examination and Barthel Index scores, or in P300
latency and amplitude, between the two groups before treatment
(P > 0.05).

DISCUSSION

The outcomes of this study presented that Mini-Mental State
Examination and Barthel Index scores were significantly higher
after treatment when compared to those before treatment, the
scores in the treatment group were also significantly higher
than the control group. After treatment, there was a reduction
in P300 latency and an increase in P300 amplitude in both
groups compared to before treatment, the reduction in latency
and increase in amplitude observed in the treatment group were
significantly greater compared to the control group.

Delayed encephalopathy after acute carbon monoxide
poisoning is characterised by a recurrence of neurological or
psychiatric symptoms, which frequently cause diffuse brain
damage in patients; however, the exact pathogenesis of delayed
encephalopathy after acute carbon monoxide poisoning still
remains unclear. At present, aside from medications, hyperbaric
oxygen therapy and various rehabilitation methods have been
applied in the clinical treatment of delayed encephalopathy after
acute carbon monoxide poisoning (18–20). Previous studies
have shown transcranial direct current stimulation to be a
very effective treatment approach for post-stroke cognitive
impairment (21), Parkinson’s disease (8) and Alzheimer’s disease
(9). Bennabi et al. (22) have found that when synaptic activity
occurs, transcranial direct current stimulation stimulate of the
cerebral cortex could cause the accumulation of intracellular
Ca2+ in neuronal cells of synaptic terminals, presynaptic
neurons and postsynaptic neurons; this can, therefore, lead
to long-term potentiation and long-term inhibition, both of
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which are currently recognised as the cellular basis of learning
and memory (23). By increasing regional cerebral blood flow
and promoting cerebral circulation, transcranial direct current
stimulation also regulates cognitive function. Merzagora et al.
have found that anodic transcranial direct current stimulation
has the potential to prolong the relaxation of the cerebrovascular
system and increase the cerebral blood flow (24), while the
increased blood supply in the dorsolateral prefrontal cortex
dorsolateral prefrontal cortex improves the cognitive function
(25). After acute carbonmonoxide poisoning, vascular injury and
cerebral circulation disturbance could cause brain edoema and
secondary microcirculatory disturbance. These, in turn, can lead
to ischemic softening in the medial part of the globus pallidus,
which has a lower blood supply, and to extensive demyelination
changes in the white matter of the brain, eventually resulting in
cognitive impairment of memory, learning ability, attention and
motor dysfunction in delayed encephalopathy after acute carbon
monoxide poisoning patients (2).

This study used a randomised controlled trial. The results
showed that theMMSE and BI scores in the treatment groupwere
significantly increased after treatment, and the P300 latency were
significantly shortened and P300 amplitude were significantly
decreased. Therefore, it is believed that tDCS combined with
HBOT is helpful to improve the cognitive function and ADL
of DEACMP patients. The stimulating sites, the polarity of
the stimulus electrode and the stimulus parameters have a
great impact on the therapeutic efficacy of transcranial direct
current stimulation. Based on previous studies (26–29) and our
preliminary data, the stimulating sites selected in this experiment
were all left dorsolateral prefrontal cortex with a stimulating
power of 1–2mA and a stimulating time of 20min. The curative
effect was evaluated after three courses of continuous treatment;
each course consisted of 10 treatments, which were performed
each day of the week, except Sunday. The use of transcranial
direct current stimulation resulted in a significantly higher Mini-
Mental State Examination score (13 ± 7 points) compared to
before treatment (6 ± 5 points), and also when compared to the
control group (9 ± 5 points); the most significant improvements
were observed in memory, orientation and naming ability. In
addition, during the course of the treatment, no discomfort
occurred in other patients, except for the itching of the scalp at
the stimulating site, which was observed in some patients.

A kind of endogenous cognitive potential, P300 is mainly
used in the evaluation and research of cognitive impairment (30).
Braverman et al. (31) have suggested that the prolongation of
P300 latency could be used to predict early clinical cognitive
impairment. In the present study, we found that the Mini-
Mental State Examination score and the P300 amplitude of the
treatment group were increased, while the latency was reduced
compared with the control group, suggesting that transcranial
direct current stimulation could improve the cognitive function
of patients. The mechanism might be related to the increase of
synaptic plasticity induced long-term potentiation and long-term
depression by anodic transcranial direct current stimulation,
and the promotion of cerebral circulation caused by increased
regional cerebral blood flow.

Cognitive function is closely associated with activity of
daily living. Yuan et al. (32) have found that cognitive
training has the potential improve the cognitive function
of delayed encephalopathy after acute carbon monoxide
poisoning patients, including their activity of daily living.
Researches have confirmed that cognitive impairment could
affect activity of daily living in stroke patients (33) and
craniocerebral injury patients (34). The results of this study
showed that the Barthel Index score of the treatment group
was significantly higher than that of the control group, which
suggests that the improvement of activity of daily living was
more significant.

In addition, the mechanism of DEACMP has the
following assumptions. Recent studies have shown that at
the molecular level, affective disorder and suicide behaviour
are related to structural and synaptic plasticity disorders.
Small non-coding RNAs (ncRNAs), especially microRNAs
(miRNAs), play an important role in the translation and
regulation of synapses (35). There are also studies suggesting
that an imbalance in glutamatergic neurotransmission
may lead to increased levels of N-methyl-D-aspartate
(NMDA) agonists, thereby enhancing excitatory activity
in most brain circuits involved in major depression (36).
MicroRNAs and NMDA may be involved in the pathogenesis
of DEACMP.

This study has some limitations; the sample size was too small,
and the observation time was too short. A larger number of
samples are, therefore, required to further compare and optimise
the stimulus parameters and therapeutic effects. The later effects
of cognitive function and quality of life of the patients after
discharge will be followed up and additionally reported. In
addition, this studymainly described the clinical efficacy with less
research on relatedmechanisms. Subsequent studies will focus on
the pathogenesis of DEACMP.

In this study, a randomised controlled trial was conducted.
A total of 20 delayed encephalopathy after acute carbon
monoxide poisoning patients were enrolled in both the treatment
group and the control group, respectively. The control group
was treated with hyperbaric oxygen therapy, drug therapy
and conventional rehabilitation therapy; the treatment group
was treated with the combination of these therapies and
transcranial direct current stimulation, once a day, 6 days
a week, and 10 times per course. After three courses of
treatment, the cognition and activity of daily living abilities
of patients both in the control group and the treatment
group were significantly improved; the improvement of patients
in the treatment group, however, was more significant. The
combination of hyperbaric oxygen therapy, drug therapy and
conventional rehabilitation therapy with transcranial direct
current stimulation treatment maybemore effective at improving
the cognitive function and activity of daily living of delayed
encephalopathy after acute carbon monoxide poisoning patients.
Therefore, adding transcranial direct current stimulation to
hyperbaric oxygen therapy maybe worthy of application for
patients with delayed encephalopathy after carbon monoxide
poisoning in clinical practise.
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