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Study objective: Carbon monoxide (CO) poisoning causes central nervous system toxicity resulting in delayed neurologic
sequelae. This study aims to evaluate the risk of epilepsy in patients with a history of CO intoxication.

Methods: We conducted a retrospective population-based cohort study using the Taiwan National Health Insurance Research
Database and enrolled patients with and without CO poisoning matched for age, sex, and index year in a 1:5 ratio, between 2000
and 2010. Multivariable survival models were used to assess the risk of epilepsy. The primary outcome was newly developed
epilepsy after the index date. All patients were followed until a new diagnosis of epilepsy, death, or December 31, 2013.
Stratification analyses by age and sex were also conducted.

Results: This study included 8,264 patients with CO poisoning and 41,320 without. Patients with a history of CO poisoning were
strongly associated with subsequent epilepsy (adjusted hazard ratio [HR] 8.40; 95% confidence interval [Cl], 6.48 to 10.88). In
the age-stratified analysis, intoxicated patients aged 20 to 39 years had the highest HR (adjusted HR 11.06; 95% Cl, 7.17 to
17.08). In the sex-stratified analysis, adjusted HRs for male and female patients were 8.00 (95% CI, 5.86 to 10.92) and 9.53
(95% Cl, 5.95 to 15.26), respectively.

Conclusion: Patients with CO poisoning were associated with an increased risk of developing epilepsy compared with those
without CO poisoning. This association was more prominent in the young population. [Ann Emerg Med. 2023;82:145-151.]
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INTRODUCTION

Carbon monoxide (CO) is a common cause of
poisoning encountered in the emergency department that
gives rise to a worldwide cumulative incidence of 137 per
million people and a mortality of 4.6 per million person-
years."”” The affinity of CO for hemoglobin is 250 times
higher that of oxygen, thereby, interfering with cellular
respiration and causing damage to major oxygen-
consuming organs.”” Several hypotheses have also been
proposed to explain the injury involved in CO poisoning,
including myocardial stunning because of mitochondrial
dysfunction and synergistic effects of inflammation apart
from ischemia.”*"!

Delayed neurologic sequelae refer to neurologic,
cognitive, and psychiatric impairments after CO poisoning;
the reported onset and recovery rates vary among

. 6,10,12 . : .
studies.’ A few brain regions that are correlated with

seizures in neonatal hypoxic ischemic encephalopathy have
been identified in CO-intoxicated patients.'”'” These
include basal ganglia and hippocampus, both of which are
known for seizure initiation.' "’

We examined the relationship between CO poisoning
and subsequent epilepsy, given that the frequently involved
brain locations coincide with those mentioned. No study,
to our knowledge, has specifically assessed the relationship
between them. We performed a nationwide population-

based study to investigate this association.

METHODS

Study Design and Data Source

This retrospective cohort study was conducted using the
National Health Insurance Research Database, deidentified
claims data derived from Taiwan’s single-payer system that
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Editor’s Capsule Summary

What is already known on this topic

Carbon monoxide (CO) is a central nervous system
toxin, but the impact of serious exposure on
triggering epilepsy is not clear.

What question this study addressed
Does epilepsy develop often following CO

poisoning?

What this study adds to our knowledge

Using a population-based retrospective cohort,
patients admitted after CO poisoning had higher rates
of subsequent epilepsy (adjusted hazard ratio [HR]
8.40; 95% confidence interval [CI] 6.48 to 10.88),
seen in men and women (8.00, 95% CI 5.86 to 10.92
and 9.53, 95% CI 5.95 to 15.26, respectively).

How this is relevant to clinical practice

If confirmed, educating patients with CO exposure
resulting in hospitalization that they have increased
risk of developing epilepsy will prepare each for this
possibility.

provides mandatory universal coverage. It was approved by
the Institutional Review Board of China Medical
University (CMUH104-REC2-115) and exempted from
the informed consent of participants. This study is reported
according to the Reporting of Studies Conducted Using
Observational Routinely Collected Health Data
statement. '

Selection of Participants

We included patients aged 20 years and above admitted
to all hospitals in Taiwan from January 1, 2000, to
December 31, 2010, identified from the inpatient claims
during this timeframe, and matched each patient to five
patients without CO poisoning randomly on age (divided
into multiple 5-year strata), sex, and index years. The
admission date was regarded as the index date for cohort
entry. The earliest admission date was used if the patient
without CO poisoning had multiple hospitalizations within
the matched year. We excluded patients aged above 100
years of age, with epilepsy before the index date, or with
missing information on either sex or age.

Exposure, Covariates, and Outcome
The primary exposure was CO poisoning, which was
identified by the coded discharge diagnosis (International

Classification of Diseases, Ninth Revision, Clinical
Modification [ICD-9-CM] code 986) of the hospitalized
patients in the claims data. We included the common
comorbidities to reflect the patient’s baseline health status
in the analysis. These covariates were hypertension (ICD-9-
CM codes 401-405), hyperlipidemia (272), diabetes
mellitus (250, 357.2, 362.01, 362.02, 366.41), coronary
artery disease (411-414), heart failure (428), stroke (430-
438), chronic kidney disease (581-588, 403-404, 285.21,
250.4), and chronic obstructive pulmonary disease (490-
492, 494, 496). The primary outcome of this study was the
development of epilepsy during the follow-up period,
defined as ICD-9-CM code 345 (except for 345.6)

(Table E1, available at http://www.annemergmed.com).

Analysis

We used Cox proportional hazards regression and
adjusted for age, sex, history of CO poisoning, and the above
comorbidities to compare differences in developing epilepsy
for each variable. The incidence rates of subsequent epilepsy
in the cohorts with and without CO poisoning were
estimated using the Kaplan-Meier method and tested by the
log-rank test. Patients were followed up until the earliest date
of either new diagnosis of epilepsy, death, or December 31,
2013. Stratification analyses of the entire population by sex
and age to estimate the hazards of epilepsy in CO-poisoned
patients were further performed. In the sex-stratified analysis,
age and comorbidities were adjusted in the models, and in
the age-stratified analysis, age, sex, and comorbidities were
included. Statistical analyses were conducted by SAS 9.4
(SAS Institute Inc., Cary, NC, USA). Two-sided P values

less than .05 were considered statistically significant.

RESULTS

Our study included 8,264 patients with CO poisoning
and 41,320 without CO poisoning (Figure 1). The mean
age of the study population was 39 years, with 58%
(28,746/49,584) and 36% (17,886/49,584) in the 20 to 39
and 40 to 64 age groups, respectively. Men accounted for
52% (25,932/49,584) of these subjects. The exposed group
had greater proportions of comorbidities than the control
group (Table 1). Hypertension, diabetes, coronary artery
disease, and stroke were the most common comorbidities.
The mean follow-up intervals were 6.5 years in the exposed
cohort and 7.2 years in the unexposed. Figure 2 depicts a
greater cumulative incidence of epilepsy for the CO
poisoning cohort in the 13-year follow-up period.

All the covariates were associated with an increased risk of
epilepsy in the univariate analyses (Table 2). After
adjustment, CO-poisoned patients exhibited a greater hazard
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The inpatient claims data of all enrollees
(23 million residents) in Taiwan

A 4

Patients with carbon monoxide poisoning
(ICD-9-CM: 986) from 2000 to 2010 (n=9.635)

A 4

Excluded
Less than 20 years old or older than
100 years old or missing information|
of sex or age. (n=1.229)

Date of epilepsy diagnosis before the|
index date. (n=142)

Patients with carbon monoxide poisoning
(n=8.264)

Patients without carbon monoxide poisoning
(n=18,316,665)

A

Using a 1:5 ratio matching by sex. age (per 5 years) and index year
(Patients without carbon monoxide poisoning who were diagnosed with epilepsy prior to the index date were excluded.)

A 4

A

Cohort with carbon monoxide poisoning

(n=8.264)

Cohort without carbon monoxide poisoning

(41,320

Figure 1. Flowchart of the patient selection process in the exposed (CO-poisoned patients) and unexposed (non-CO-poisoned

patients) cohorts.

of subsequent epilepsy (adjusted HR 8.40; 95% confidence
interval [CI], 6.48 to 10.88; unadjusted HR 8.79, 95% CI,
6.80 to 11.36) (Table 2). Compared with their female
counterparts, the risk of epilepsy was higher in male
patients (adjusted HR 1.98; 95% CI, 1.51 to 2.60;
unadjusted HR 2.07; 95% CI, 1.58 to 2.71). The
adjusted hazard ratio (HR) for epilepsy in the elder and
middle-aged patients were 2.77 (95% CI, 1.77 to 4.32)
and 1.67 (95% CI, 1.27 to 2.21), respectively, compared
with the 20 to 39 age group. Hypertension, stroke, and
chronic kidney disease remained associated with
subsequent epilepsy in multivariate analysis
(hypertension: adjusted HR 1.80; 95% CI, 1.09 to 2.98;
stroke: adjusted HR 2.49; 95% CI, 1.48 to 4.21; chronic
kidney disease: adjusted HR 2.67; 95% CI, 1.51 to 4.71).
The results of stratification analyses are listed in Table 3.
When stratified by sex, both men and women with a history
of CO poisoning displayed higher incidence rates and HRs
for epilepsy (men: adjusted HR 8.00; 95% CI, 5.86 to
10.92; women: adjusted HR 9.53; 95% ClI, 5.95 to 15.20).

In the age-specific analysis, CO poisoning was associated

with epilepsy in all age groups. Though the incidence rates of
epilepsy rose with age, the 20 to 39 age group had the
greatest HR (adjusted HR 11.06; 95% CI, 7.17 to 17.08),
followed by the 40-64 and 65-100 age groups (aged 40-64:
adjusted HR 8.53, 95% CI [5.76-12.63]; aged 65 to 100
years: adjusted HR 4.16; 95% CI, 2.15 to 8.07).

LIMITATIONS

One limitation of the database we used was the
inability to obtain some important risk factors that might
confound the results, such as socioeconomic status,
smoking, substance use, alcohol consumption, and suicide
att‘::mpts.]7 Also, depression could be a confounder in the
relationship between CO poisoning and epilepsy. For one,
depressive patients are more likely to attempt suicide,
which may result in CO poisoning. For another, an
association between depression and epilepsy was identified
in a cohort study.18 Nonetheless, given that depression is
underdiagnosed and that only severe cases would be
hospitalized, its diagnosis is not well documented in the
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Table 1. Demographic characteristics and baseline comorbidities
in patients with and without carbon monoxide poisoning diagnosis.

Carbon monoxide poisoning

inpatient claims.'” Therefore, not including depression in
the model is considered one of the limitations. In
addition, factors related to disease severity, including
initial carboxyhemoglobin levels and initial intubation
status, were unavailable. We did not assess the association
between hyperbaric oxygen therapy and epilepsy in CO-
poisoned patients to avoid biased results.” Moreover,
because we only used inpatient claims, patients treated
and released after an ED visit without subsequent
inpatient admissions were not included. Consequently,
extrapolating our findings to those with CO poisoning not
requiring hospitalization is potentially biased. Lastly, we
did not locate central nervous lesions because of no
imaging exams available for analysis. Hence, we can only
infer the possible mechanism from previous

epidemiological findings.

DISCUSSION

In this population-based cohort, we demonstrated that
CO-intoxicated patients were more likely to develop
epilepsy after CO exposure. The adjusted HR of patients
with a history of CO poisoning aged between 20 and 39
years was approximately three times higher than that of
patients aged 65 years and over. Male and female patients

— Cohort without carbon monoxide poisoning ==
- =+ Cohort with carbon monoxide poisoning 1

No Yes
(n=41320) (n=8264)
Variables n % n %
Sex
Female 19710 47.7 3942 47.7
Male 21610 52.3 4322 52.3
Age group, y
20-39 23955 58.0 4791 58.0
40-64 14905 36.1 2981 36.1
65-100 2460 6.0 492 6.0
Mean (SD) 40 (13.9) 40 (13.8)
Baseline comorbidity
Hypertension 1269 3.1 478 5.8
Hyperlipidemia 465 1.1 224 2.7
Diabetes mellitus 803 1.9 336 4.1
Coronary artery disease 565 1.4 241 2.9
Congestive heart failure 177 0.4 68 0.8
Stroke 486 1.2 232 2.8
Chronic kidney disease 318 0.8 149 1.8
COPD 344 0.8 156 1.9
COPD, chronic obstructive pulmonary disease.
0.030 —
0.025
S Log-Rank test, p <.001
a
2
S 0.020
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Figure 2. Cumulative incidence of epilepsy between the two cohorts during the follow-up period.
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Table 2. Cox model measured HR and 95% Cls of epilepsy associated with carbon monoxide poisoning, sex, age, and comorbidities.

Crude Adjusted

Characteristics Epilepsy no. (n=247) HR (95% CI) HR (95% CI)
Carbon monoxide poisoning

No 95 1.00 reference 1.00 reference

Yes 152 8.79 (6.80-11.36) 8.40 (6.48-10.88)
Sex

Female 77 1.00 reference 1.00 reference

Male 170 2.07 (1.58-2.71) 1.98 (1.51-2.60)
Age group, ys

20-39 99 1.00 reference 1.00 reference

40-64 109 1.82 (1.39-2.40) 1.67 (1.27-2.21)

65-100 39 4.70 (3.24-6.81) 2.77 (1.77-4.32)
Baseline comorbidity (reference =non)

Hypertension 41 7.08 (5.06-9.91) 1.80 (1.09-2.98)

Hyperlipidemia 13 4.76 (2.72-8.32) 0.98 (0.52-1.83)

Diabetes mellitus 24 6.00 (3.93-9.15) 1.31 (0.79-2.19)

Coronary artery disease 15 4.96 (2.94-8.36) 0.72 (0.38-1.34)

Congestive heart failure 4 4.94 (1.84-13.28) 0.80 (0.28-2.34)

Stroke 26 10.81 (7.19-16.25) 2.49 (1.48-4.21)

Chronic kidney disease 17 10.78 (6.58-17.65) 2.67 (1.51-4.71)

COPD 12 6.98 (3.91-12.48) 1.59 (0.84-3.01)

Adjusted HR: adjusted for carbon monoxide poisoning, age, sex, and comorbidities in Cox proportional hazards regression.

shared similar risks of developing epilepsy after CO
poisoning.

The pathophysiology of delayed neurologic sequelae in
CO poisoning remains to be elucidated. It generally
occurs within six weeks after the incident with various
presentations ranging from headache, anxiety, and
memory impairment, to inability to ambulate.” A
popular explanation is that the sequelae arise from

hypoxic brain insults, resulting in the accumulation of
reactive oxygen species that destroy neurons.”’
Additionally, CO also induces inflammatory responses
that eventually cause harm to the nervous system.’
Moreover, a new mechanism involving catecholamine
transmission has been proposed.”’ In all, diverse
pathways are implicated in its toxic effect, which
warrants further investigation.

Table 3. Incidence rates, hazard ratios, and confidence intervals of epilepsy for patients with versus without carbon monoxide poisoning in

the stratification of sex and age.

Carbon monoxide poisoning

No Yes
(n=41320) (n=8264) Crude HR Adjusted HR

Variables Event Person-years IR Event Person-years IR (95%Cl) (95%ClI)
Sex

Female 27 143786 0.19 50 26999 1.85 9.84(6.16-15.71) 9.53(5.95-15.26)

Male 68 154261 0.44 102 26878 3.79 8.53(6.27-11.59) 8.00(5.86-10.92)
Age group, y

20-39 30 175798 0.17 69 33371 2.07 12.07(7.86-18.52) 11.06(7.17-17.08)

40-64 41 107401 0.38 68 18360 3.70 9.63(6.53-14.19) 8.53(5.76-12.63)

65-100y 24 14848 1.62 15 2147 6.99 4.36(2.29-8.32) 4.16(2.15-8.07)

IR, incidence rate, per 1,000 person-years;
Adjusted HR: adjusted for age, sex, and comorbidities in Cox proportional hazards regression.
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Though some acutely CO-intoxicated patients
presenting with seizures have been reported, few studies
have examined the relationship between CO poisoning and
epilepsy.”””” We identified a significantly larger proportion
of patients who developed epilepsy within a decade after
CO poisoning. Basal ganglia are frequently involved in CO
poisoning and are among the brain regions responsible for
seizure initiation.'>***” A study indicated that basal
ganglia volume decreased during the six months after CO
poisoning.”” Several studies found in children with epilepsy
after neonatal encephalopathy, usually attributed to
asphyxia, that most of them had basal ganglia injury on
magnetic resonance imaging.' """ The same
phenomenon is described for the hippocampus, a part of
the limbic system related to temporal lobe
epilepsy.'*'>**?%? It could potentially explain why some
CO-poisoned patients suffer psychiatric sequelae such as
depression and anxiety as well.” Still, other brain lesions,
including generalized white matter demyelination, can also
account for subsequent seizures.' >

The risks of epilepsy after CO poisoning in young and
middle-aged patients increased considerably compared with
older subjects. Several factors may contribute to the age-
stratified differences in HRs. First, as the incidence of
epilepsy peaks in childhood and the elderly years, it was
likely that senior epileptic patients who had CO poisoning
afterward were excluded from the analysis.”*>> Namely, the
effect of CO intoxication on epilepsy might be attenuated
by age, which itself is an independent risk factor.”®
Furthermore, the aged population might not survive long
enough to develop CO poisoning-induced epilepsy because
of shorter life expectancy. Still another explanation is that a
larger proportion of the younger patients could be
intoxicated by intentional exposure that led to more severe
sequelae. Collectively, the risks of subsequent epilepsy
remained significantly high in all age groups despite
different intensities.

We believe this is the first research to delineate the
relationship between CO poisoning and subsequent
epilepsy. We used a population-based design that provides
adequate power rendered by the sample size. Finally, we
found that younger patients are at higher risk of developing
epilepsy after CO poisoning. This may ultimately assist risk
stratification in intoxicated patients.

In conclusion, CO poisoning is a significant risk factor
for subsequent epilepsy in a large nationwide cohort. It
influences the neurologic outcome in all age groups with
the highest HR in patients aged 20 to 39 years. Future
research may identify the relationship between brain lesion
locations and epilepsy and investigate the mechanism of
epilepsy in CO-poisoned patients.
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