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neurological sequelae in children
with carbon monoxide poisoning
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This study retrospectively analyzed children admitted to the Fourth Affiliated Hospital of Guangxi
Medical University for CO (carbon monoxide) poisoning from January 2018 to December 2022 and
followed up on their neurological sequelae for a long time. The study was approved by the Ethics
Committees of the Fourth Affiliated Hospital of Guangxi Medical University (the identification code was
KY2023131) and informed consent was obtained from all participants and/or their legal guardians. The
study complied with the Declaration of Helsinki. Through Global Deterioration Scale [GDS], we further
compared the differences between children with and without cognitive impairment, and identified
some risk factors for long-term cognitive impairment in children after CO poisoning. The GDS score

of the patient was based on the follow-up score, and we only conducted one follow-up and recorded
the GDS score throughout the entire study period. The follow-up time interval is defined as the time
from the first discharge of the patient to our follow-up. A total of 113 children were encompassed in
the study, with an average follow-up of 3.6 years (3.6 + 1.5 years). Among them, 13 children (11.5%,
13/113) had cognitive abnormalities. The utilization of gas water heaters in enclosed bathrooms (101
cases, 89.4%) constituted the most frequent cause of CO poisoning among children in this study,
followed by heating with fire (11 cases, 9.7%). Furthermore, one child was left by his fatherina
running car, thereby resulting in poisoning. The clinical manifestations of CO poisoning in children
were mainly consciousness disorders (67 cases, 59.3%), dizziness or headache (37 cases, 32.7%), and
other manifestations including irritability, crying, vomiting, limb weakness, and limb twitching, a
total of 9 cases. The duration of consciousness disorders in children with cognitive abnormalities was
mostly more than one day, with a median of 5 days, and the hospitalization time was longer. Children
with cognitive abnormalities had higher C-reactive protein (CRP) levels, higher D-dimer levels, and
higher liver enzyme levels. The most common imaging change after CO poisoning in children was
cerebral edema, with two cases of subarachnoid hemorrhage observed and one case of demyelinating
changes observed. For children with coma time less than one hour, there were few abnormal changes
in cranial imaging. Children with cognitive abnormalities were more likely to develop epilepsy (38.5%,
5/13) and other system damage (53.8%, 7/13) during hospitalization, including pulmonary infection

(3 cases), stressful gastrointestinal bleeding (2 cases), electrolyte imbalance (2 cases), dysfunction

of liver, kidney or myocardial (3 cases), and some children had multiple system damage at the same
time. There were statistical differences in the admission CO hemoglobin level, fibrinogen, D-dimer,
high-sensitivity CRP, neuron enolase, alanine aminotransferase or aspartate aminotransferase (ALT or
AST), lactate dehydrogenase, length of hospital stay, discharge and admission Glasgow Coma Scale
(GCS), seizure frequency, duration of consciousness disorders more than one day, cranial imaging
changes, use of ventilators, presence of other system damage, the number of hyperbaric oxygen
(HBO) treatments, and whether the patients were transferred to another hospital between the two
groups of children. Multivariate logistic regression analysis showed that head imaging changes

and consciousness disorders lasting for more than a day were statistical differences. For children

with unconsciousness lasting for more than one hour, it is advisable to contemplate conducting

a head imaging examination as soon as possible within 3 days after CO exposure to guide the
treatment during the acute phase.Characteristic alterations in cranial imaging and a longer duration
of consciousness disorders (exceeding one day) might be correlated with subsequent neurological
sequelae. For children with CO poisoning presenting these characteristics, active treatment can be
implemented, encompassing but not restricted to HBO treatments, to minimize subsequent damage
to the greater extent possible. So, for children who were unconscious for more than one day or
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presented characteristic changes in cranial imaging, long-term follow-up should be carried out to
determine whether delayed encephalopathy or subsequent cognitive impairment occurs.
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Background

Carbon monoxide (CO) poisoning is a common gas poisoning in emergency rooms during winter. For CO
poisoning in children, if long-term cognitive impairment occurs, it will have a detrimental effect on children’s
neurodevelopment and long-term healthy growth.

Through literature search, there are not many studies on long-term follow-up of children with CO poisoning,
and researchers have paid insufficient attention to the cognitive impairment of children after CO poisoning. This
study focuses on the cognitive impairment of children with CO poisoning, which can provide some theoretical
basis for the treatment of children with cognitive impairment during the rehabilitation period after carbon CO
poisoning.

CO poisoning is the most common gas poisoning in emergency rooms during winter. Although public
health departments have made great efforts to promote the prevention of CO poisoning, emergency rooms still
receive many patients with CO poisoning whenever the weather becomes cold. Epidemiological studies have
shown that in China, infants (0-4 years old) and elderly people (70 years old and above) have a higher risk of
DALYs (disability-adjusted life years), while young people (15-24 years old) have a higher risk of CO poisoning'.
According to our retrospective study statistics, the most common causes of hospital admissions in our hospital
were using gas water heater in a closed bathroom (89.4%) and employing charcoal fire for heating purposes
(9.7%), which is also consistent with previous studies®. The most prevalent symptoms of mild poisoning are
dizziness and headache, brief loss of consciousness (not exceeding 60 min), and the main symptom of severe
poisoning is prolonged loss of consciousness and possible neurological sequelae. Although the global age-
standardized mortality rate caused by unintentional CO poisoning decreased by nearly 50% during the 20-year
period studied, the improvement in various regions was uneven?, so we still need to continue to work hard in
preventing and treating carbon monoxide poisoning.

CO has an affinity for hemoglobin that is 210 times greater than that of oxygen, thereby impeding the delivery
and utilization of oxygen. CO can induce cellular hypoxia, followed by oxidative stress and inflammation,
and may give rise to neurological, cerebrovascular, or cardiovascular disorders, including encephalopathy,
ischemia, and peripheral nerve injury. Through direct cellular damage and downstream signaling cascades,
reactive oxygen species (ROS) produced during acute CO poisoning can lead to long-term neurological
and cardiac sequelae. CO poisoning also causes adduct formation between myelin basic protein (MBP) and
malonaldehyde, a reactive product of lipid peroxidation, resulting in an immunological cascade?, and this may
lead to neurodegeneration. Currently, there are few studies focused on pediatric CO poisoning patients. We
conducted a retrospective study with an average follow-up of 3.6 years to analyze pediatric patients with CO
exposure in medical centers and analyzed the risk factors associated with long-term cognitive impairment after
CO poisoning.

Method

Study design

We retrospectively analyzed the data of children hospitalized with CO poisoning in Liuzhou Workers’ Hospital
from January 2018 to December 2022. The study was approved by the Ethics Committees of the Fourth Affiliated
Hospital of Guangxi Medical University (the identification code was KY2023131) and informed consent was
obtained from all participants and/or their legal guardians. The study complied with the Declaration of Helsinki.
The privacy information of all patients was safeguarded, and we did not divulge any patient’s private information.

The inclusion criteria for this study were as follow: all hospitalized children (aged < 18 years) diagnosed with
acute CO poisoning between January 2018 and December 2022 based on medical history and COHb levels > 5%.
Information regarding the first hospitalization of the children due to CO poisoning was collected. The exclusion
criteria for this study were: (1) children who were still under 2 years old at the time of follow-up; (2) history of
neurocognitive dysfunction before CO poisoning, including genetic diseases, neonatal hypoxic encephalopathy,
etc.; (3) previous history of CO poisoning, and this poisoning was not the first occurrence of CO poisoning; (4)
cardiac arrest before or during arrival at the emergency room; (5) lost to follow-up or uncooperative children or
uncooperative family members during follow-up.

Based on the child’s medical history and a carboxyhemoglobin (COHD) level of > 5%, the diagnosis of acute
CO poisoning was established. Some patients with CO poisoning had received 100% high-flow oxygen therapy
via a mask prior to arriving at the emergency department, at which point the diagnosis of CO poisoning could
be determined without relying on COHb levels. In addition, patients with any neurocognitive symptoms and
signs, cardiovascular dysfunction, severe acidosis, or COHb levels of >25% can receive HBO therapy. If the
child’s condition is unstable, it is regarded as perilous to employ HBO therapy, so only 100% high-flow oxygen
therapy was administered.
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Research methods

Through the hospitalization system, clinical information such as blood biochemical and blood gas testing
information at the time of admission, length of hospitalization, source of CO poisoning, clinical manifestation,
GCS scores at admission and discharge, cranial imaging data, and clinical treatment information such as whether
hyperbaric oxygen therapy was utilized, the number of hyperbaric oxygen therapy sessions, and the time interval
between the first hyperbaric oxygen therapy session and the time of poisoning were collected. The cognitive
status of the child during follow-up was determined by councting follow-up with the child or the child’s family.
Follow-up is carried out using the global deterioration scale (GDS)?, with the range of cognitive impairment
ranging from none (GDS score, 1 point) to present (GDS score, 2-7 points), which is objectively confirmed
through detailed interviews with experienced pediatric rehabilitation physicians. We merely conducted a one-
time GDS follow-up when collecting cognitive information from the children at the end and utilized this GDS
score for grouping and statistical analysis. According to the inclusion and exclusion criteria, based on the GDS
scoring results, children are divided into normal group and cognitive abnormality group. The normal group has
a GDS score of 1 point, indicating no cognitive impairment, with a total of 100 cases included; the GDS score >2
points for the cognitive abnormality group, with a total of 13 cases included. Compare the differences in various
aspects of data between the two groups of children using statistical methods. (Table 1, 2 and 3)

Statistical analysis

The general characteristics, laboratory results(Table 1), and clinical manifestations(Tables 2 and 3) of the
participants were presented as the mean + standard deviation or median (interquartile range) for continuous
variables and the frequency (percentage) for categorical variables. The two-sample independent Mann-Whitney
U test was imployed for continuous variables, and the chi-square test or Fisher’s exact probability method was
utilized for categorical variables to evaluate the differences between the two groups. The test for correlation
between two variables employs Spearman rank correlation. After selecting a subset of variables that exhibited
differences between Tables 2 and 3, binary logistic regression analysis was carried out to determine the association
between cognitive impairment and clinical information related to CO poisoning in long-term follow-up (Table 4).
The following is an explanation of regression analysis and its variable selection. Firstly, variables with differences
were selected through univariate analysis, but due to incomplete blood test data, they were not included in the
multivariate analysis. In addition to blood test data, select factors with statistical differences among the single
factors and include them in the binary regression analysis. But we excluded some variables with overlapping

Normal group
Variable Total (n=113) Cognitive abnormality group (n=13) | (n=100) P (U test)
Blood gas pH 7.375,7.417 (7.391) | 7.38,7.53 (7.43) 7.37,7.41 (7.39) 0.090
Blood gas Lactate(mmol/L) 1.30, 2.55 (1.60) 1.1,2.7 (1.3) 1.4,2.5 (1.6) 0.255
COHD (%) 1.9,19.5(8.8) 0.95, 9.65 (1.30) 3.5,21.3(9.6) 0.020
Blood gas K+( mmol/L) 3.06, 3.68 (3.40) 3.04,3.68 (3.42) 3.02, 3.68 (3.40) 0.927
WBC(x10/9/L) 8.65,14.04 (11.12) | 7.50, 22.26 (12.08) 8.73, 13.55 (10.94) 0.495
Neutrophil granulocyte(x1019/L) 5.49,11.78 (7.94) 5.49, 19.58 (8.59) 5.49,10.53 (7.94) 0.407
Leukocyte/neutrophil ratio 1.17, 1.54 (1.34) 1.13,1.47 (1.32) 1.18,1.61 (1.34) 0.496
Lymphocyte(x1079/L) 1.20, 2.63 (1.64) 1.12,1.91 (1.49) 1.20, 2.76 (1.76) 0.280
Platelet count(x1019/L) 246.5,378.5 (333.0) | 310.0, 374.0 (336.0) 233.5,384.5 (303.5) 0.437
Fibrinogen 2.24,3.04 (2.46) 2.60, 3.44 (3.03) 2.19,2.81(2.38) 0.018
Partial(g/L) Thromboplastin time(second) | 22.1, 30.2 (25.8) 22.5,33.0 (29.0) 21.9,28.9 (24.6) 0.267
D-Dimer(mg/L) 0.175, 0.730 (0.390) | 0.405, 3.150 (0.910) 0.155, 0.550 (0.315) 0.017
CRP(mg/L) 0.165, 3.810 (0.810) | 1.700, 7.800 (4.440) 0.130, 1.423 (0.385) 0.001
NSE(ng/mL) 20.76,35.13 (24.98) | 29.3,168.9 (40.7) 20.2,29.8 (24.2) 0.003
CK-MB/CK ratio 0.10, 0.21 (0.15) 0.05, 0.26 (0.155) 0.10, 0.20 (0.15) 0.972
Creatine kinase isoenzyme(U/L) 17.0, 29.2 (20.0) 18,57 (36.50) 17,28 (20.0) 0.086
ALT(U/L) 9.0, 16.5 (11.0) 15.5, 35.5 (22.0) 9,14 (10.5) 0.000
AST(U/L) 18.0, 31.5 (24.0) 23.0, 84.5 (44.0) 17,30 (23.0) 0.005
LDH(U/L) 186.0, 264.8 (217.0) | 232.0,596.0 (315.0) 183.0,242.5 (205.0) 0.003
Blood urea(mmol/L) 3.175,4.725 (3.700) | 3.05, 4.20 (3.40) 3.20, 4.85 (3.70) 0.371
Creatinine(pmol/L) 33.75, 55.0 (45.0) 32,53.5 (42) 34,56 (45) 0.476
Cystatin C(mg/L) 0.50, 0.70 (0.56) 0.4475,0.7275 (0.5050) 0.5175,0.7025 (0.6200) | 0.512

Table 1. The blood biochemical results of two groups. COHb = Carboxyhemoglobin; WBC = white blood cell;
CRP = C-reactive protein; NSE = neuron-specific enolase; CK-MB/CK = creatine kinase-MB/ creatine kinase;
ALT = Alanine aminotransferase; AST = Aspartate aminotransferase; LDH = Lactate dehydrogenase. There
were statistically significant differences in COHDb, fibrinogen, D-Dimer, CRP, NSE, CK-MB/CK ratio, ALT/
AST, and lactate dehydrogenase between the two groups. Data are presented as 25% ,75% quartiles (median)

for the variables.
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Variable Total (n=113) | Cognitive abnormality group (n=13) | Normal group (n=100) | P (U test)
Age(y) 9.81+4.7 9.08+4.21 9.91+4.81 0.555
Hospitalization days 2.0,7.0 (4.0) 3.5,18.0 (7.0) 2.0, 6.0 (4.0) 0.006
First GCS 15,15 (15) 5.5,15(13.0) 15,15 (15) 0.002
Discharge GCS 15,15 (15) 10, 15 (15) 15,15 (15) 0.000
GCS of out-in 0.0,0.0 (0.0) 0.0,5.5 (0.0) 0.0,0.0 (0.0) 0.087
Epilepsy frequency 0.0,0.0 (0.0) 0.0,1.0 (0.0) 0.0,0.0 (0.0) 0.024
Exposure time to CO(min) 25,40 (30) 25,55 (30.0) 25.0, 39.5 (30.0) 0.821
Coma duration(h) 0.00, 0.75 (0.17) | 0.085,216.0 (120.0) 0.00, 0.56 (0.17) 0.004
Follow up period(y) 2.1,5.0 (3.5) 2.9,5.6 (4.5) 2.0, 5.0 (3.3) 0.193
GDS classification 1.0, 1.0 (1.0) 2.0,3.0 (3.0) 1.0, 1.0 (1.0) 0.000
Times of first HBOT after poisoning 12.0,29.0 (24.0) | 9.0, 53.0 (24.0) 12.0, 27.0 (24.0) 0.714
HBOT times for the first hospitalization | 2,11 (6) 6.5,23.5(12.0) 2,10 (5) 0.001
HBOT total times 3,12 (8) 10.5,162.5 (17.0) 2,12 (6) 0.001

Table 2. Assessment of the condition and HBOT in two groups of children. GCS = Glasgow Coma Scale;
CO =carbon monoxide; GDS = Global Deterioration Scale; HBOT =hyperbaric oxygen therapy. The
hospitalization days (P <0.05), admission GCS score(P < 0.05), discharge GCS score (P < 0.05), number of
seizures (P <0.05), duration of CO exposure, duration of consciousness impairment (P < 0.05), follow-up
duration, GDS grading, and HBOT treatment (P <0.05) of two groups of patients. Data are presented as 25%
,75% quartiles (median) for the variables.

clinical significance through clinical judgment. For example, the duration of consciousness disorders and
the GCS scores of admissions and exit are variables that indicate the child’s consciousness status, so only the
duration of consciousness disorders was selected for inclusion. Given the limited number of cases in this study,
including an excessive number of variables might influence the regression analysis results. Consequently, some
variables that presented differences in univariate analysis were ultimately excluded through the aforementioned
method. The basic principle of the backward Wald test is to gradually eliminate insignificant variables until only
significant variables are included in the model. This method is commonly used in regression analysis, especially
when dealing with multicollinearity problems, which can help simplify the model and improve interpretability.
All statistical analyses were performed using SPSS version 22, with a significant level set at 0.05.

Result

By retrieving the hospitalization system, from January 2018 to December 2022, a total of 515 patients were
admitted to Liuzhou Workers’ Hospital for CO poisoning. Through age screening, a total of 179 cases were
obtained in the pediatric group. In accordance with the inclusion and exclusion criteria, 41 cases were further
eliminated. Among them, there were 34 cases under the age of two years old, and 7 cases of non-first-time CO
poisoning. Finally, a total of 138 cases were included. Through follow-up, a total of 25 patients were lost to
follow-up, and ultimately 113 patients fulfilled the study criteria. Based on the GDS classification of follow-up,
100 cases were classified into the normal cognitive group and 13 cases were classified into abnormal cognitive
group.

In comparison with the normal group, the cognitive abnormality group had a longer hospitalization time,
lower admission GCS scores, lower discharge GCS scores, more frequent seizures, longer periods of consciousness
impairment, more common abnormal changes in cranial imaging, higher probability of using ventilators, more
common occurrence of other system damage, and more children from lower-level hospitals were referred to the
abnormal group. Simultaneously, children in the abnormal group also underwent more high-pressure oxygen
therapy, including the number of high-pressure oxygen therapy for the first hospitalization and the total number
of high-pressure oxygen therapy thereafter.

Laboratory data indicate that there are differences in fibrinogen, D-dimer, CRP, neuron enolase, ALT/
AST, and lactate dehydrogenase, with higher levels in the abnormal group, while COHDb levels are lower in the
cognitive abnormality group than in the normal group. Multivariate logistic regression analysis indicated that
hospitalization days, referral cases, head imaging alterations, and coma duration were statistically significant risk
factors for children with neurological sequelae due to CO poisoning. The clinical data of the studied children are
presented in Tables 1, 2, 3, 4 and 5 below.

Hospitalization days, coma duration, alterations in head imaging, other system complications were taken
into consideration for inclusion in the logistic regression model in the multivariable analysis. A backward Wald
selection process was employed. We found that alterations in head imaging and coma duration were statistically
significant risk factors for CO poisoning children with long-term neurological sequelae.

The blood biochemical results in Table 1 were not performed in all patients, so the statistically significant
blood biochemical results could not be compared between the two groups. For HBO therapy, our center tends
to prefer more frequent HBO therapy when the clinical judgment of the child’s poisoning situation is more
severe, so the variables related to HBO therapy were not included in the regression analysis. For alterations
in cranial imaging, as some children did not undergo cranial imaging examinations, we divided this variable
into two categories when conducting regression analysis: the first category showed abnormal findings in cranial
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Variable Total (n=113) | Cognitive abnormality group (n=13) | Normal group (n=100) | P (chi square)
Consciousness disorder for more than one day 0.00
Y 9(8.0) 7 (53.8) 2(2.0)

N 104 (92.0) 6(46.2) 98 (98.0)

Gender 0.555
M (male) 46 (40.7) 4(30.8) 42 (42.0)

F (female) 67 (59.3) 9(69.2) 58 (58.0)

Head imaging changes 0.000
Normal 50 (44.2) 5(38.5) 45 (45.0)

Abnormal 12 (10.6) 8(61.5) 4(4.0)

No image 51 (45.1) 0(0.0) 51 (51.0)

Referral Cases 0.000
Y 34 (30.1) 10 (76.9) 24 (24.0)

N 79 (69.9) 3(3) 76 (76.0)

Symptoms 0.424
Consciousness disorders 67 (59.3) 10 (76.9) 57 (57.0)

Dizziness/headache 37(32.7) 3(23.1) 34 (34.0)

Others 9(8.0) 0 (0.0) 9(9.0)

CO-source 1.000
Take a bath with gas water heater 101 (89.4) 12 (92.3) 89 (89.0)

Barbecue heating 11 (9.7) 1(7.7) 10 (10.0)

Other sources 1(0.9) 0 (0.00) 1(1.0)

Seizures 0.019
N 97 (85.8) 8 (61.5) 89 (89.0)

Y 16 (14.2) 5(38.5) 11 (11.0)

The consciousness status when CO poisoning was found 0.238
Sober 45 (39.8) 3(23.1) 42 (42.0)

Consciousness disorders 68 (60.2) 10 (76.9) 58 (58.0)

Recurrent consciousness disorders after waking up 0.065
N 109 (96.5) 11 (84.6) 98 (98.0)

Y 4(3.5) 2(15.4) 2(2.0)

Use ventilator 0.035
N 110 (88.5) 11 (84.6) 99 (99.0)

Y 3(11.5) 2(15.4) 1(1.0)

Other systems damage 0.002
N 92 (81.4) 6(46.2) 86 (86.0)

Y 21 (18.6) 7 (53.8) 14 (14.0)

Table 3. A comparison of consciousness, the source of CO, cranial imaging, and other relevant data between
two groups of pediatric patients was conducted. Y = Yes; N=No; CO = carbon monoxide; M =male;

F =female. There were statistically significant differences between the two groups in terms of consciousness
disturbance for more than one day, cranial imaging changes, whether they were referred patients, seizure
frequency, whether they used ventilator, and combined with other system damage. Data are presented as
number of cases (%) for categorical the variables.

variable standard error | Odds ratio (95% CI) | P-value
Coma duration /24 h 1.2 10.1(1.0,104.1) 0.049
Alterations in Head imaging | 1.0 10.2(1.3,78.1) 0.026

Table 4. Logistic regression analysis of risk factors for cognitive impairment after long-term follow-up.

imaging, and the second category showed no abnormal findings or no cranial imaging, because most children
who did not undergo cranial imaging were clinically diagnosed with mild conditions and did not require cranial
imaging examinations. Due to the limited number of cases in this study and the inclusion of more variables in
the regression analysis compared to theory, the results of the regression analysis have certain limitations.
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Follow- | Coma
No. | G | Age | GDS |uply duration/h | GCS | Imaging Results
1 M| 4 |7 3.64 144 7 CT: SAH, brain swelling; patchy low-density shadow in the right basal ganglia region
2 F | 4 |3 5.89 120 6 CT: Large areas of low-density shadow with unclear edges can be seen in various brain lobes
3 Ml1z |3 5.92 192 5 MRI: abnorma'l signal changes in bilateral cerebral cortex and bilateral white matter regions near the posterior horn
of lateral ventricles
4 F MRI: symmetrical abnormal signals in the white matter surrounding the posterior horn of bilateral ventricles, which
8 3 4.77 1 15 .
may be due to old lesions
MRI: Patchy and small patchy T1 slightly low, T2 slightly high and FLAIR high signal were observed in bilateral
5 Flis |3 5.85 720 6 basal ganglia, right hippocampus, left temporal lobe, and bilateral cerebellar hemispheres. Patchy T1 low and T2 high
: signal were observed in the right occipital lobe. Symmetric patchy T1 slightly low and T2 high signal were observed
in the posterior horn of bilateral lateral ventricles, considered to be demyelinating changes
6 F |12 |2 2.92 0.3 15 MRI normal
7 F |10 2 2.83 0.3 15 MRI normal
8 F |15 |2 5.26 0.33 15 CT normal
9 F 5 |2 4.88 192 3 CT: Abnormal signal foci in the left radiating corona, bilateral basal ganglia, hippocampus, and cerebellar hemisphere
CT: Decreased density in bilateral cerebellar hemispheres, bilateral temporal lobes, and part of the frontal lobe,
100 |F | 4 |2 4.49 360 3 with unclear gray-white matter demarcation, particularly in the cerebellum; brain swelling; suspected subarachnoid
hemorrhage
11 |F | 7 |3 2.48 240 13 MRI: changes of acute CO toxic encephalopathy
12 M |14 3 3.53 0.17 15 MRI normal
13 (M| 8 2 1.90 0.3 15 MRI normal
Table 5. The gender, age, coma duration, GDS grade, admission GCS score and cranial imaging characteristics
of children in the cognitive abnormality group. SAH = subarachnoid hemorrhage; CT = Computerized
tomography; MRI =magnetic resonance imaging; G =gender; M = male; F =female; CO = carbon monoxide.
100 disturbance of 100 Abnormal
consciousness changes
over one day in cranial
imaging
80r] Mo - (0=No
[} 1=Yes)
o
£ 60 o
3
a E 60
. 3
404 o
40
201
204
0—-
0 1
o
“groups 0 1
0= normal group; 1=cognitive abnormalit groups (O=normal group;t=cognitive
group, 1=cognitive abne y abnormality)

Comparison of the duration of consciousness disorders and changes in cranial imaging between two groups
of pediatric patients.

Discussion

CO poisoning progresses more severely in children presenting neurological symptoms, increased red blood
cell distribution width, and mean platelet volume. The study also indicates that satisfactory results have been
achieved even in severe cases of CO poisoning through early and appropriate treatment®. Most of the children
in this study did not show cognitive abnormalities during subsequent follow-up, which is consistent with the
results of this study. A study encompassing 81 children with CO poisoning indicated that the most common
initial symptoms of CO poisoning in children were vomiting and alterations in consciousness. Multivariate
analysis demonstrated that treatment in intensive care units and the utilization of ventilators due to prolonged
loss of consciousness might be associated with delayed neurological sequelae in children?. The results of this
study suggest that the most prevalent initial symptom in pediatric patients is also consciousness disorders. The
final regression analysis also suggests that consciousness disorders persisting more than one day may be a related
factor for cognitive impairment in the later stages of the disease, which is analogous to the above research results.
A case report describes a 4-month-old infant who developed delayed neurological sequelae after CO poisoning.
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She presented with neurological symptoms, this child presents with neurological symptoms, including
opisthotonus, athetoid movements, anterior tongue thrust, and opsoclonus. These symptoms include kyphosis,
hand and foot movement, anterior tongue push, and eye spasms’. Owing to the retrospective nature of this
study, cognitive information of the children was gathered through a questionnaire survey, and no neurological
physical examination was performed on the children. Consequently, other neurological signs were not taken
into account , which is also one of the limitations of this study.

COHb level

COHD level is a reliable laboratory indicator for diagnosing acute CO poisoning. In previous studies, COHb as
a biochemical indicator had a relatively weak correlation with the severity or prognosis of patient poisoning®-1°.
The clinical detection of COHDb level is affected by various factors'®!!. Under indoor air conditions, the half-life
of COHD is 320 min'2, while under 100% normal pressure oxygen conditions!?, the half-life is shortened to
approximately 74 min. Therefore, using COHb alone to evaluate the prognosis of CO poisoning patients has
certain limitations. In this study, the median COHb level was 8.8%. The COHDb level in the cognitive abnormality
group was lower than that in the normal group overall. Clinically, COHb level is often used to classify CO
poisoning into mild, moderate, and severe categories. However, considering that most children with cognitive
impairment come from lower-level hospitals for referral, the COHDb level might have significantly decreased by
the time they arrive at our hospital. This also suggests that COHDb level alone cannot be used to judge the severity
of poisoning. A forensic study on low COHb levels of CO poisoning in Shanghai, China showed that acute CO
poisoning with low COHDb (less than 30%) still resulted in patient death, accounting for 18.9% (58/307) of the
total cases studied!®. A retrospective study conducted by the Portuguese National Institute of Legal Medicine
and Forensic Science showed that there was one case of blood and internal organs with cherry red color, but the
detected COHDb level was only 3%!%. Therefore, some studies have suggested using total blood CO (TBCO) as
a surrogate biomarker for COHb!!. Because for TBCO, its concentration is relatively stable during observation
regardless of temperature, time, and tube headspace volume parameters. While for COHDb, its concentration
changes significantly during storage.

The severity of CO poisoning

Previous studies have shown that Poisoning Severity Score is a good indicator for predicting the prognosis of
CO poisoning'®!7, but they mainly predict short-term adverse outcomes. Therefore, there are limitations in
predicting the long-term outcome of patients. A retrospective study of 331 children showed that GCS, white
blood cell count, and troponin T level are factors associated with the severity of CO poisoning in children, which
may help predict the clinical outcome of children with CO poisoning!'8. This study defined severe poisoning as
the utilization of positive inotropic drugs, mechanical ventilation therapy, or multiorgan failure, but did not
conduct a follow up on the long-term prognosis of children. It only analyzed factors that may be related to severe
poisoning. A study on CO poisoning in patients aged 16 or above demonstrated that the main endpoint outcome
was neurocognitive sequelae in the subsequent 4 weeks, with GDS scores ranging from good (1-3 points) to
poor (4-7 points)'®. The results showed that age greater than 50 years (1 point), GCS score less than or equal to
12 points (1 point), shock (1 point), serum creatine kinase level greater than 320 U/L at emergency department
visit (1 point), and no use of HBO therapy (1 point) were still significantly associated with poor outcomes,
and the scoring system was named COGAS. The area under the receiver operating characteristic curve for the
COGAS score was 0.862 (95% CI, 0.828-0.895) for the derivation cohort and 0.870 (95% CI, 0.779-0.961) for
the validation cohort. This study had a longer follow-up period (3.6 + 1.5 years), and divided the patients into
cognitive impairment group (11.5%, 13/113) and normal group (88.5%, 100/113) based on long-term GDS
scores. Based on the data from this study, consciousness changes persisting for more than one hour, combined
with damage to other systems, and characteristic alterations in cranial imaging seem to imply more severe CO
poisoning and a poorer prognosis. The GDS scores of the 13 cases in the cognitive impairment group are shown
in the table below (Table 5).

About the sequelae of nervous system

A retrospective study from Taiwan on children showed that acute seizures, severe metabolic acidosis, significantly
low blood pressure, prolonged unconsciousness, and longer hospitalization time were associated with delayed
neurological sequelae (DNS)*. DNS refers to the symptoms of varying degrees of cognitive impairment,
personality changes, motor disorders, and focal nervous system defects that occur in patients with acute CO
poisoning after a period of false recovery after significant recovery from poisoning. It generally occurs between
2 and 60 days after acute CO poisoning. Typically, if the duration of this sequelae exceeds three months, it might
develop into PNS(permanent neurological sequelae or long-term neurological sequelae). A total of 30 children
were included in the study®, and only 5 (16.7%) children developed DNS, but all recovered completely within
2 months. Owing to the limited number of cases, no further analysis of risk factors was carried out. Another
study regarding DNS or PNS in children after CO poisoning indicated that treatment in the intensive care unit
due to prolonged loss of consciousness was the only independent risk factor for patients with DNS2. The use of
ventilators was the only independent risk factor for patients with PNS. A total of 81 children were included in
the study, and patients with PNS were followed up for more than one year, similar to our follow-up duration?.
Although the study concluded that prolonged loss of consciousness was the only independent risk factor for the
occurrence of DNS, it did not analyze the impact of specific duration of consciousness loss on the long-term
neurological prognosis of children. A systematic review included 2328 patients®!, and the results showed that low
initial GCS scores in patients with CO poisoning were associated with the occurrence of delayed neurological
sequelae, and the incidence of delayed neurological sequelae in GCS <9 group was significantly higher than that
in the control group (OR 2.80, 95% CI 1.91-4.12, I’= 34%). This study demonstrated through univariate analysis
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that children with consciousness disorders for more than 1 day were associated with long-term neurological
sequelae. Moreover, multivariate analysis revealed that duration of consciousness disorders was an independent
risk factor for long-term neurological sequelae. Most of the coma duration in cognitive impairment group was
more than 1 day, with a median of 5 days (120 h). Among the 13 children with long-term neurological sequelae,
only 2 were treated with ventilators during hospitalization, and one of them had a GCS score of only 3 points
upon discharge. However, we failed to identify a correlation between the utilization of ventilators and PNS,
which might be attributed to an insufficient number of cases.

Explanation of inspection indicators

Although some test results between the two groups presented statistical differences in univariate analysis, due
to the absence of some test results, the test results were not incorporated into the regression analysis, which
constitutes one of the limitations of this study. However, through univariate analysis of some test results, it was
shown that children with cognitive impairment had higher levels of CRP, higher liver enzyme indicators, higher
neuron-specific enolase (NSE) levels and higher D-dimer and fibrinogen indicators. A previous study reported
that the levels of NSE and S100B proteins increased after traumatic brain injury in children?’. A study in children
showed that the level of NSE increased in children with hypoxic brain injury related to CO poisoning??, which
might indicate that NSE might be a meaningful indicator for detecting cerebral ischemia and anoxia injury after
CO poisoning. In a study of adults (aged 53.48 +19.29 years), the incidence of DNS was 29.2% (84/288)**. This
study indicated that neutrophil-to-lymphocyte ratio was an significant independent predictor of DNS in CO
poisoning patients, which also reflected from the side that CO poisoning patients with higher inflammatory
indicators may be more prone to subsequent neurological damage.

CO has a high affinity for hemoglobin and can cause varying degrees of tissue hypoxia when poisoning
occurs. Owing to the restricted availability of oxygen in tissues, the functions of the heart, liver, nervous system,
and other tissues could be negatively affected, and these effects might manifest as abnormalities in hematological
tests, including but not limited to liver function abnormalities, myocardial enzyme abnormalities, coagulation
function abnormalities, and so forth. CO induces the production of reactive oxygen species through three
different mechanisms, leading to lipid peroxidation and reduced glutathione. The utilization of antioxidants
or oxidase inhibitors can protect neurons and astrocytes from CO-induced oxidative stress and cell death?.
These reactive oxygen species might cause damage to various tissues in the human body, which may manifest as
abnormal hematological markers in different organs.

CO poisoning can induce reversible or irreversible myocardial injury through the direct toxic effects of
myocardial hypoxia and CO. CO binds to myoglobin and decreases the availability of oxygen, which can cause
arrhythmia and cardiac dysfunction?. A study on the effects of acute CO poisoning on the heart in children
showed that, acute CO intoxication temporarily increases troponin I and creatine kinase isoenzyme levels, and
cardiac enzyme levels are correlated with echocardiographic and electrocardiographic abnormalities. Further
studies are required to evaluate the importance of these new electrocardiographic and echocar diographic
parameters in children with CO poisoning?’. This might be one of the reasons for abnormal myocardial
enzymes caused by CO poisoning. A study on the relationship between adverse neurological outcomes after
CO poisoning and the neutrophil lymphocyte ratio at admission suggests that an increase in the neutrophil
lymphocyte ratio at admission is an important and independent predictor of poor neurological outcomes in
CO poisoning patients®*. Furthermore, this study also showed that patients with delayed neurological sequelae
or elevated neutrophil lymphocyte ratio after CO poisoning had a higher incidence of acute kidney injury
during hospitalization. Systemic ischemia-hypoxia injury, direct cellular injury at the level of the kidney, and
inflammation can explain the pathogenesis of CO poisoning-related nephrotoxicity?.

Significance of cranial imaging
Alterations in cranial imaging are another characteristic of CO poisoning induced hypoxic ischemic
encephalopathy, and such alterations might have certain value in predicting CO poisoning related delayed
encephalopathy. Magnetic resonance imaging (MRI) can be used to sensitively identify CO poisoning related
cytotoxic edema within 72 h after CO exposure?’. The globus pallidus is the most common location of abnormal
MRI signals in patients with acute CO poisoning, with abnormal signals observed in 19.9% of CO poisoning
patients. Most lesions were located in the cortex, hippocampus white matter, and basal ganglia (including
the globus pallidus), while lesions in the brain stem and thalamus are rare’’. Among the 13 children with
cognitive impairment in this study, 8 (61.5%, 8/13) had alterations in cranial imaging, while 4 (4%, 4/100) had
alterations in cranial imaging in the normal group. Univariate analysis showed that there was a statistically
significant difference in cranial imaging alterations between the two groups (P<0.05). The most common
imaging alteration is brain edema, with SAH observed in 2 cases (this might be related to the child falling after
experiencing consciousness disorders) and demyelinating changes observed in one case. Among the 13 cases, no
abnormal alterations were detected in the cranial imaging of children with coma time less than one hour. In the
normal group, there were 4 cases presenting abnormal cranial imaging, and the durations of coma were ranging
from 120 h, 20 h, 3 h, to 0.33 h. These data might imply a positive correlation between coma time exceeding one
hour and brain hypoxic changes; that is, brain injury is more likely to be observed on imaging, which is closely
related to patient prognosis. Among the imaging techniques for detecting acute ischemic changes in the brain,
MRI has higher sensitivity than CT in identifying lesions®!. Therefore, for children with coma time exceeding
one-hour, cranial imaging should be considered, preferably cranial MRI. The examination time should be within
72 hours after CO exposure®?, to determine whether there are changes of brain injury, which has certain guiding
significance for the subsequent treatment of children.

The tissues of children afflicted with CO poisoning will encounter varying degrees of hypoxia, which is
dictated by the high affinity between CO and hemoglobin. The imaging manifestations of cerebral hypoxia
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include high DWI signal intensity, shallow sulci and gyrus, cerebral edema signal intensity, and low density of
brain parenchyma. These hypoxic processes might exert adverse effects on children’s development, behavior, and
academic performance®. The abnormal imaging findings discovered in this study mainly include low-density
shadows of brain parenchyma, brain swelling, and specific imaging changes of CO poisoning (symmetrical
abnormal signal shadows of bilateral globus pallidus), which also belong to the scope of cerebral hypoxia. A
resting state functional MRI study on children with CO poisoning showed that, compared to healthy children,
the functional network small-world structure of the children with CO poisoning was damaged, and the brain’s
ability to integrate information was reduced®. Furthermore, the results of the brain network nodes and edge
attributes of CO poisoning patients were mutually verified, and the relationship between the nodes with altered
characteristics and the neurocognitive performance of the patients was determined.

Hyperbaric oxygen therapy

Hyperbaric oxygen therapy (HBOT) can accelerate the clearance of CO in the body by increasing oxygen partial
pressure and ventilation, and is a recognized treatment method for acute CO poisoning, with many research
results and theoretical support®. In terms of drugs, drugs that can alleviate downstream pathophysiological
damage caused by acute CO poisoning include steroids, anti-inflammatory drugs, and mitochondrial electron
transfer chain substrates®. Extremely limited research exists regarding the relationship between the utilization
of HBO and prognosis in children with CO poisoning. An earlier study showed that HBOT should be carried
out within 6 h after poisoning, which is related to the significant reduction of DNS incidence rate®”. A study
from Taiwan suggests that the acceptable HBOT time is within 22.5 h after CO poisoning, if HBOT is performed
more than 48 h after CO poisoning, it is not beneficial for preventing DNS®. The overall trend of evidence is
that for patients who have been assessed to require HBOT, implementing HBOT as soon as possible under
possible conditions might have greater benefits. Our center launched HBOT earlier, with 86.7% (98/113) of all
enrolled children receiving HBOT. The median number of HBOT hospitalizations for the first time was 8, and
most of them could start HBOT within one day after poisoning. For severely poisoned children, we will urgently
arrange HBOT to expel CO from the body as soon as possible. Continue HBOT after the acute phase to exert
its potential neuroprotective effect, as studies have shown that high affinity hemoglobin for CO may continue
to slowly release CO within hours to days after COHD returns to normal levels, continuing to cause damage to
the nervous system®. However, there is no good evidence to support the number of HBOT times that should
be implemented to prevent long-term neurological sequelae, and clinical judgment can only be based on actual
conditions or experience.

In our study, children who did not receive HBOT had a shorter length of hospitalization and mild symptoms.
Through Spearman rank correlation analysis, the duration of consciousness impairment (r=0.012, p=0.237),
length of hospitalization(r=0.453, p<0.001), and presence of other systemic complications(r=0.219, p=0.020)
were positively correlated with the number of HBOT times during the first hospitalization. Univariate analysis
further indicated a statistically significant difference in the number of HBOT sessions between the two groups
of children. The median number of sessions was 12 for children in the cognitive abnormality group during their
first hospitalization, in contrast to 5 for children in the normal group. This also implies that our center is inclined
to conduce multiple HBOT session for children with more severe conditions.

The opportunities for HBOT are restricted after CO poisoning, and other forms of treatment are also
necessary. For children presenting with long-term consciousness disorders (more than one day) and abnormal
findings in cranial imaging subsequent to CO poisoning, greater attention and a longer treatment course
might be requisite. These treatments might impose an additional burden on the families of affected children.
Hence, healthcare policies ought to pay appropriate due attention to this category of child and, if necessary,
augment medical insurance expenses to alleviate the burden on the families of affected children.

Conclusion
For children with unconsciousness lasting for more than one hour, it is advisable to contemplate conducting a
head imaging examination as soon as possible within 3 days after CO exposure to guide the treatment during
the acute phase. A longer hospitalization duration, characteristic alterations in cranial imaging, referral cases,
and a longer duration of consciousness disorders (exceeding one day) might be correlated with subsequent
neurological sequelae. For children with CO poisoning presenting these characteristics, active treatment can be
implemented, encompassing but not restricted to HBOT, to minimize long-term damage to the greater extent
possible.

Therefore, for children who were unconscious for more than one day or presented characteristic changes in
cranial imaging, long-term follow-up should be carried out to determine whether delayed encephalopathy or
subsequent cognitive impairment occurs.

Limitations

This study has certain limitations. We focused primarily on assessing the cognitive and learning abilities of the
pediatric patients and did not follow up on the impact of CO poisoning on other systems. Firstly, the age range
of the included patients was quite broad, and children’s learning abilities and cognitive levels are constantly
developing. Therefore, there are significant differences in these abilities among children of different age groups.
To facilitate data analysis and statistical analysis, we uniformly adopted the GDS grading system, which may not
provide an accurate assessment of the patients’ cognitive and learning abilities. During the follow-up assessment
of GDS scores, we primarily compared the patients with their peers of the same age to ensure the detection of
any differences in cognitive and learning abilities compared to most children of the same age. Secondly, the
impairment of cognitive and learning abilities in these patients was mostly mild, making it difficult to strictly
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distinguish between different severity levels. Therefore, this study did not further conduct subgroup analysis and
instead included all patients with cognitive abnormalities into a unified group. There are certain limitations to
the single follow-up GDS assessment of cognitive function in children in this study, and more comprehensive
cognitive assessment methods may be needed for further research in the future. Additionally, since this
study was retrospective, some patients’ blood biochemical tests were not comprehensive. We only conducted
univariate analysis to identify some significant test items and did not include them in the multivariate binary
regression analysis. This is another aspect where the study could be improved. Future considerations could
include conducting a multicenter prospective study to more comprehensively analyze relevant risk factors. The
sample size of the cognitive impairment group in this study is small, therefore larger multicenter studies are
needed to further confirm the research results. More prospective studies or clinical trials are needed in the future
to validate the potential of these findings.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available due to protect patient
privacy information, but are available from the corresponding author on reasonable request.
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