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Background: Carbon monoxide (CO) poisoning represents a significant contributor to injury burden across Asia. This study seeks to
assess the burden of CO poisoning in Asia from 1990 to 2021 utilizing data from the Global Burden of Disease Study (GBD) 2021.
Methods: Data on the burden of CO poisoning across 49 Asian countries were extracted from GBD 2021. The variations in burden
were analyzed according to year, gender, location, age, and Socio-Demographic Index (SDI). Analyses included Joinpoint analysis to
evaluate temporal trends, the age-period-cohort model to assess disease burden trends, the slope index of inequality and concentration
index for assessing health disparities, frontier analysis for estimating potential outcomes based on developmental stages, and the auto-
regressive integrated moving average model to predict the disability-adjusted life year (DALY) rates.

Results: During 1990-2021, the age-standardized incidence rate (average annual percent change (AAPC) = —0.83, 95% CI: —0.94 to
—0.73), age-standardized mortality rate (AAPC = —-2.01, 95% CI: —2.20 to —1.81), and DALY rates (AAPC =—2.39, 95% CI: —2.54 to
—2.23) for CO poisoning across Asia declined. In 2021, females experienced a lower burden than males, and countries in higher
latitudes bore a greater burden. The burden was more pronounced in extreme age groups, with an elevated cohort risk in the
1967-1971 birth cohort (relative risk (RR) = 1.045, 95% CI: 0.96-1.14). Health inequality analyses showed a reduction in disparities
between countries with varying SDI levels. Frontier analysis identified potential improvements in reducing the burden across different
countries. However, there was no notable correlation between this burden and SDI levels. The age-standardized disability-adjusted
life year rate is predicted to continue declining from 2022 to 2030.

Conclusion: This study analyzes the burden of CO poisoning in Asia, revealing a decline from 1990 to 2021, with variations across
countries and higher burdens in males and extreme age groups. It suggests a reduction in health inequalities and forecasts a continued
decline in the burden by 2030.
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Introduction

Carbon monoxide (CO) poisoning is the leading cause of accidental poisoning and one of the most common causes of
fatal poisoning globally.! CO is an invisible, odorless gas primarily produced by the incomplete combustion of fuels.*
Common household sources include gas appliances, and the burning of wood and coal.*® At low levels (0.3-1%
carboxyhemoglobin, COHb), endogenous CO serves as a neurotransmitter, helping regulate inflammation, apoptosis, and
cell proliferation.”® However, exposure to higher concentrations of CO (>2% COHb) impairs oxygen delivery, leading to
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poisoning. Clinically, CO poisoning is characterized by elevated COHb levels due to exogenous CO exposure. The
severity of symptoms depends on COHb levels: mild exposure (2-10% COHb) may cause headache, fatigue, nausea,
dizziness, and confusion, while severe poisoning (>65% COHDb) can lead to seizures, coma, and even death.**"!
Currently, there is no effective antidote for CO poisoning. Clinical management focuses on promptly removing
patients from the exposure source and current treatments for CO poisoning involve 100% normobaric oxygen (NBO,)
and hyperbaric oxygen (HBO,) at pressures of 2.5-3 atmospheres. Both approaches aim to accelerate the elimination of
CO from the blood by increasing the oxygen pressure. However, these treatments have limitations.'® HBO,, in particular,
carries risks of middle-ear and pulmonary injuries, as well as oxygen toxicity, especially when used in critically ill
patients.'> Some individuals may suffer from long-term neurological sequelae such as memory loss, difficulty concen-
trating, emotional disturbances, and impaired motor coordination, which usually occur within 20 days of CO poisoning,
persist for a month or more, and can significantly reduce quality of life.”'*'*2° Additionally, research has shown that
CO poisoning increases the risk of congestive heart failure (CHF),chronic kidney disease (CKD), and acute kidney injury
(AKI), further contributing to the disease burden.?'** These sequelae place considerable strain on healthcare systems
and families, often resulting in substantial financial costs for medical treatment, support services and rehabilitation.**2¢
Clinical challenges and social burdens associated with CO poisoning underscore the necessity for effective prevention
strategies. Implementing preventive measures can greatly lower the incidence of such poisoning”” >* Data from the
Global Burden of Disease Study (GBD) show that in 2021, the age-standardized mortality rate (ASMR) for CO
poisoning in Asia (0.39, 95% uncertainty interval (UI): 0.21 to 0.48) was higher than the global average (0.37, 95%
UI: 0.25 to 0.42), as well as the rates in Africa (0.11, 95% UI: 0.07 to 0.2) and the Americas (0.2, 95% UI: 0.2 to 0.21).
Similarly, the age-standardized disability-adjusted life year rate (ASDR) in Asia (16.36, 95% UI: 9.02 to 19.74)
surpassed both the global average (15.57, 95% UI: 11 to 17.93) and the rates in Africa (5.99, 95% UI: 3.88 to 10.21)
and the Americas (9.99, 95% UIL: 9.53 to 10.49) in 2021.° While existing studies on the burden of CO poisoning have

639 there is a lack of comprehensive research on its

primarily focused on global trends and individual country analyses,
impact in the Asian region. This gap leaves a shortage of detailed epidemiological data to inform public health policies
and resource allocation for CO poisoning in Asia. Therefore, there is an urgent need for in-depth studies that examine the
trends, causes, and disparities of CO poisoning across the region.

Using data from the Institute for Health Metrics and Evaluation (IHME), the purpose of this study is to evaluate the
burden of CO poisoning across 49 Asian countries from 1990 to 2021. The analysis will include death rates, age-
standardized incidence rates (ASIR), ASDR, ASMR, and disability-adjusted life years (DALYSs). It will also examine the
impact of factors such as sex, age, Socio-Demographic Index (SDI) and region. Additionally, this study will forecast

future trends in the burden of CO poisoning in Asia until 2030.

Materials and Methods

Data Source

GBD 2021 conducts an in-depth assessment of the health burden of 371 diseases and injuries across 204 countries and
regions from 1990 to 2021. It estimates crucial health metrics such as healthy life expectancy (HALE), years of life lost
(YLLs), years lived with disability (YLDs) and DALY, based on data from over 100,000 sources. There are three steps
to prepare data for poisoning by CO. To begin with, all available data were identified and assigned to GBD causes of
death.® Moreover, poorly defined causes were reassigned to other underlying causes of death through garbage code
redistribution. Garbage code redistribution was done by age, sex, country, year, and International Classification of
Diseases (ICD) system; this method is complex and variable by type of garbage code, but generally requires estimating
the proportions of each group of garbage codes that should be reassigned to true underlying causes of death based on
available information.®" At last, a Bayesian noise-reduction algorithm was used to apply an adjustment to zero counts and
correct for stochasticity in small populations in the cause of death data.>? This method was implemented by cause, sex,
and country, and ensured that datapoints of zero deaths were not dropped when modelling in natural logarithm or logit
space. These data come from vital registration systems, censuses, household surveys, health service records, verbal
autopsies, disease registries, and more. YLDs are calculated by multiplying the prevalence of disease sequelae by their
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disability weights, adjusting for factors like cause, year, age, sex, and location. YLLs are determined by multiplying
mortality data specific to age, sex, and location by the standard life expectancy at age of death. DALY are the sum of
YLLs and YLDs. HALE calculations use YLDs per capita along with age-specific mortality rates, adjusted for factors
like cause, sex, year, and location. To incorporate uncertainty, 95% Uls were created, representing the 2.5th and 97.5th
percentiles from 500 model simulations. These uncertainties were factored in throughout the estimation process. The
study reports counts and age-standardized rates at global, super-regional, regional, national, and subnational levels,
covering seven super-regions, 21 regions, 204 countries (21 with subnational data), and 811 subnational areas for the
entire period.*® The data is publicly accessible at https://vizhub.healthdata.org/gbd-results/. We extracted and analyzed

this data to explore the burden of CO poisoning.

Case Definition

CO poisoning was defined according to the ICD codes established in GBD 2021.%* The ICD codes mapped to poisoning
by CO were E862.0-E862.9, E868.0-E868.9, and E869.9 for ICD-9, and X47.0-X47.9 for ICD-10. Hence, our study only
captured unintentional non-fire-related CO poisoning, and explicitly excludes intentional CO poisoning (eg, suicide) and
unin-tentional fire-related CO poisoning.’

Asian Division

The United Nations categorizes 49 Asian countries and territories into five geographic subregions: East Asia, West Asia,
Central Asia, South Asia, and Southeast Asia. These divisions consider both geographical proximity and epidemiological
similarities. In our study, we examined the regional variations in the epidemiological features of CO poisoning across
these Asian divisions.

Statistical Analysis
All data computations were conducted using R version 4.4.1.

EAPC (Estimated Annual Percentage Change)

The EAPC was determined using a linear model with a Gaussian distribution. This involved two main steps: (1) linear
regression was performed on 31 years of data, using the equation y=a+px+e (with y representing the natural logarithm of
the rate and x the year), and (2) calculating the EAPC as EAPC=100%(ef—1), based on the regression parameters.

Join-Point Regression Model

Join-point regression analysis was used to examine the long-term trends in ASIR, ASMR, and ASDR by sex in Asia from
1990 to 2021. This analysis works by dividing the trend of each rate into distinct segments, or “joinpoints”, fitting
a straight line to each segment to estimate trends over specific periods.>**> Monte Carlo permutation test was used to
identify the number and location of these joinpoints, with significance set at P<0.05. The annual percent change (APC)
was calculated for each segment to quantify changes in trends. The average annual percent change (AAPC) was then
computed as a geometric weighted average of the APCs, offering an overall trend measurement for the study period®®’
The APC or AAPC greater than 0 indicated an increase in rates over time, while values less than 0 signified a decrease.

To evaluate statistical significance, 95% confidence intervals (Cls) were provided for each APC and AAPC.

Age-Period-Cohort Model

The Age-period-cohort model evaluates how age, time period, and birth cohort influence health outcomes. The age effect
highlights risks associated with different ages, the period effect reflects changes impacting all age groups over time, and
the cohort effect examines variations in outcomes among individuals born in the same time period. This model is
represented by a log-linear regression: log(Y;) = pn + a *age; + B *period; + y *cohort; + €, where Y; indicates the
prevalence or mortality rate of CO poisoning, p is the intercept and ¢ is the error term, o, B and y are the coefficients of
age, period and cohort. The intrinsic estimator (IE) method, integrated into this model, was used to determine the net
effects of age, time period, and birth cohort.>®
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Measurement Health Inequalities Model

The ASDR was used to analyze inequality. Based on World Health Organization guidelines, two main measures: the
Slope Index of Inequality (SII) and the Concentration Index (CI) were applied to evaluate absolute and relative income-
related disparities across countries.®* The SII represents the slope of the regression line connecting each country’s ASDR
for CO poisoning to its socio-economic status ranking. To adjust for the overall burden, the SII is divided by the global
ASDR, producing the Relative Index of Inequality (RII). The CI assesses relative disparities in the CO poisoning burden
among countries by plotting a Lorenz curve based on cumulative DALY's and population. This index ranges from —1 to 1,
indicating the area under the curve. A negative CI suggests that CO poisoning is more prevalent in countries with
a lower SDI.

Frontier Analysis Model

To investigate the link between CO poisoning burden and socio-demographic development, we utilized frontier analysis
to formulate a model using ASDR and the SDI. Unlike traditional regression models that predict outcomes or describe
linear relationships, frontier analysis accommodates the non-linear dynamics between disease burden and SDI, capturing
the multifaceted factors influencing CO poisoning. This method identifies the minimum achievable ASDR for each
country, relative to its developmental stage, offering a benchmark for optimal outcomes. It quantifies the difference
between a nation’s actual burden and its theoretical minimum, pointing out potential areas for improvement. To model
the non-linear relationship between ASDR and SDI, we employed locally weighted regression (LOESS) combined with
local polynomial regression, using smoothing spans of 0.3, 0.4, and 0.5 to create smooth frontier lines and enhance our
understanding of this intricate relationship.*’

Auto-Regressive Integrated Moving Average (ARIMA) Model

The ARIMA model is commonly used in both demographic and epidemiological studies to analyze time series data and
forecast trends in disease patterns. We applied the ARIMA model to the 2021 GBD data, processing it through
differencing to ensure the time series was stationary. The optimal model was selected based on the smallest Akaike
Information Criterion (AIC) using the “auto.arima()” function. To validate the model’s accuracy, we conducted a white
noise test, where a residual p-value above 0.05 indicated successful validation. Lastly, the “forecast” package was used to
predict the ASDR for CO poisoning, with a significance level of 0.05.

Results
Temporal Trends in Burden of CO Poisoning: 1990-2021

Table 1 illustrates the data regarding deaths and age-standardized rates (ASRs) attributed to CO poisoning in Asia from
1990 to 2021, emphasizing trends observed during this timeframe. In general, deaths caused by CO poisoning in Asia
experienced a reduction of 7.12%. In 1990, the ASMR stood at 0.67 per 100,000 (95% UI: 0.50-0.91) and decreased to
0.38 per 100,000 in 2021 (95% UI: 0.20-0.46), reflecting an annual reduction of 1.64 (95% CI: 1.89-1.38). However, the
burden of CO poisoning varied across different Asian countries and regions. In 2021, 28 countries reported higher death
rates compared to 1990, while 21 countries had lower rates. The ASMR decreased in 46 countries, increased in one
country, and remained stable in two countries. Among the countries with the highest burden, Mongolia recorded the
highest ASMR in 2021, reaching 2.6 per 100,000 at 2.6 per 100,000 (95% UI: 2.03-3.56), followed by Afghanistan at
1.76 per 100,000 (95% UI: 0.61-2.69) and Kazakhstan at 1.7 per 100,000 (95% UI: 1.53—1.9). Among the 49 countries
and regions in Asia, the majority exhibited a declining trend in EAPC of deaths caused by CO poisoning. The most
pronounced declines were noted in the Republic of Korea (EAPC: —6.32, 95% CI: —=7.0 to —5.64), followed by
Kyrgyzstan (EAPC: —6.2, 95% CI: —=7.6 to —4.78) and Tajikistan (EAPC: —6.2, 95% CI: —7.6 to —4.78). In contrast,
Japan showed no significant trend, with an EAPC of —0.15 (95% CI: —1.18 to 0.89).

Burden of CO Poisoning by Sex and Age in Asia, 202
In 2021, there were 12,336 male deaths (95% UI: 7118-16,380) and 5818 female deaths (95% UI: 1644-7654) due to CO
poisoning. The highest number of deaths occurred in the 70—74-year age group, with 1434 deaths (95% UI: 682—-1855).
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Table | The Death Cases, Age-Standardized Mortality and Temporal Trend of Carbon Monoxide Poisoning in Asia From 1990 to 2021

Characteristics

1990

2021

1990-2021

Deaths cases (95% Ul)

ASR per 100000 No.(95% Ul)

Deaths cases (95% Ul)

ASR per 100000 No.(95% Ul)

EAPC No. (95% Cl)

Asia

18,982.70 (14,149.99 to 25,721.13)

0.67 (0.5 to 0.91)

18,153.69 (9,587.79 to 22,260.23)

0.38 (0.2 to 0.46)

—1.64(—1.89 to —1.38)

East Asia

People’s Republic of China

13,916.47 (10,116.02 to 21,131.14)

132 (0.96 to 2.01)

13,288.80 (6,544.45 to 17,340.25)

0.8 (039 to 1.03)

~1.35(-1.68 to —1.01)

Taiwan (Province of China)

47.06 (43.48 to 51.18)

0.24 (0.23 to 0.26)

85.18 (76.4 to 92.52)

0.26 (0.24 to 0.28)

~0.55(~1.04 to —0.06)

Mongolia

161.19 (85.94 to 225.23)

9.2 (482 to 12.32)

83.13 (64.21 to 114.6)

2.6 (2.03 to 3.56)

~5.1(-5.77 to —4.43)

Republic of Korea

573.09 (286.26 to 741.87)

136 (0.65 to 1.76)

129.47 (104.41 to 218.91)

0.18 (0.14 to 0.31)

~6.32(-7 to —5.64)

Democratic People’s Republic of Korea

148.09 (79.89 to 255.06)

0.78 (0.43 to 1.38)

2144 (13691 to 379.16)

0.73 (0.46 to 1.3)

~0.15(-0.26 to —0.04)

Japan

217.42 (211.56 to 221.87)

0.16 (0.15 to 0.16)

182.36 (171.41 to 189.94)

0.11 (0.11 to 0.11)

~0.15(-1.18 to 0.89)

Southeast Asia

Republic of the Philippines

18.68 (6.35 to 25.9)

0.03 (0.01 to 0.05)

28.67 (11.36 to 39.07)

0.03 (0.01 to 0.04)

~0.59(-0.69 to —0.49)

Socialist Republic of Viet Nam

179.78 (45.65 to 279.87)

0.34 (0.08 to 0.54)

230.72 (69.05 to 382.05)

0.22 (0.07 to 0.35)

—1.46(~1.51 to —1.41)

Lao People’s Democratic Republic

4.09 (1.79 to 7.77)

0.12 (0.06 to 0.22)

485 (2.5 to 9.93)

0.07 (0.04 to 0.14)

~1.98(~2.08 to —1.89)

Kingdom of Cambodia

8.63 (3.59 to 15.72)

0.11 (0.05 to 0.17)

12.1 (6.48 to 22.96)

0.08 (0.04 to 0.14)

~1.08(-1.15 to —1.01)

Republic of the Union of Myanmar

130.53 (34.69 to 229.09)

0.41 (0.09 to 0.7)

112.07 (36.36 to 167.07)

0.22 (0.07 to 0.32)

~2.48(~2.64 to ~2.32)

Kingdom of Thailand

25.57 (11.76 to 41.58)

0.05 (0.02 to 0.08)

36.47 (16.45 to 52.37)

0.05 (0.02 to 0.07)

—0.3(-0.51 to —0.1)

Malaysia

24.44 (13.87 to 363)

0.16 (0.09 to 0.23)

36.88 (24.29 to 58.55)

0.11 (0.08 to 0.18)

~1.4(1.56 to —1.25)

Brunei Darussalam

0.59 (039 to 0.76)

0.26 (0.17 to0 0.33)

0.56 (0.42 to 0.77)

0.12 (0.09 to 0.17)

~2.23(-2.38 to ~2.07)

Republic of Singapore

2.96 (2.75 to 3.16)

0.09 (0.09 to 0.1)

0.85 (0.77 to 0.92)

0.01 (0.01 to 0.01)

~4.83(~5.58 to —4.08)

Republic of Indonesia

163.54 (42.84 to 259.83)

0.09 (0.03 to 0.15)

235.64 (73.6 to 368.9)

0.08 (0.03 to 0.13)

~0.23(-0.37 to —0.09)

Democratic Republic of Timor-Leste

0.58 (0.23 to 1.07)

0.09 (0.04 to 0.16)

0.78 (0.41 to 1.88)

0.07 (0.04 to 0.16)

~1.06(~1.43 to —0.69)

South Asia

Federal Democratic Republic of Nepal

301.39 (131.41 to 543.42)

198 (0.93 to 3.18)

331.47 (199.68 to 550.95)

126 (0.75 to 1.98)

~1.43(-1.53 to —1.33)

Kingdom of Bhutan

03 (0.11to 1)

0.06 (0.02 to 0.2)

0.25 (0.1 to 1.05)

0.03 (0.01 to 0.14)

~1.89(-2.02 to —1.76)

People’s Republic of Bangladesh

132.19 (12.06 to 367.29)

0.09 (0.0l to 0.22)

63.11 (1146 to 116.38)

0.04 (0.01 to 0.07)

~2.46(-2.68 to ~2.24)

Republic of India

576.93 (122.25 to 922.95)

0.07 (0.02 to 0.11)

700.09 (166.81 to 985.39)

0.05 (0.01 to 0.07)

~1.27(~1.47 to —1.07)

Islamic Republic of Pakistan

43.91 (18.25 to 145.13)

0.05 (0.02 to 0.15)

70.59 (33.68 to 243.95)

0.03 (0.02 to 0.12)

~1.07(~1.23 to0 —0.92)

Democratic Socialist Republic of Sri Lanka

21.42 (891 to 29.18)

0.13 (0.06 to 0.18)

10.55 (6.28 to 17.86)

0.05 (0.03 to 0.08)

~4.37(-4.83 to ~3.91)

Republic of Maldives

0.03 (0.01 to 0.07)

0.02 (0.01 to 0.04)

0.07 (0.04 t0 0.2)

0.01 (0.01 to 0.03)

—1.65(—1.77 to —1.54)

(Continued)
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Table 1 (Continued).

Characteristics

1990

2021

1990-2021

Deaths cases (95% Ul)

ASR per 100000 No.(95% UI)

Deaths cases (95% Ul)

ASR per 100000 No.(95% UI)

EAPC No. (95% CI)

Central Asia

Republic of Kazakhstan

575.81 (533.71 to 621.86)

3.71 (343 to 401)

32591 (291.79 to 366.79)

1.7 (1.53 to 1.9)

~3.41(-4.21 to -2.61)

Kyrgyz Republic

87.47 (78.58 to 98.03)

232 (2.08 to 2.61)

63.84 (53.69 to 75.13)

1.03 (0.86 to 1.21)

—6.2(—7.6 to —4.78)

Republic of Tajikistan

83.54 (63.94 to 105.83)

182 (1.37 to 2.34)

116.5 (73.06 to 213.7)

124 (0.79 to 2.2)

~6.2(~7.6 to —4.78)

Republic of Uzbekistan

196.73 (174.1 to 218.35)

1.1 (0.97 to 1.22)

219.17 (185.6 to 262)

0.65 (0.5 to 0.77)

Turkmenistan

26.09 (23.69 to 29.11)

0.83 (0.74 t0 0.9)

18.01 (14.24 to 22.49)

0.36 (0.28 to 0.44)

~6.06(-7.48 to —4.63)

West Asia

Islamic Republic of Afghanistan

206.87 (78.92 to 347.94)

232 (091 to 3.65)

426.97 (156.95 to 659.84)

1.76 (0.61 to 2.69)

~0.98(-1.16 to —0.8)

Republic of Iraq

47.43 (27.62 to 63.97)

0.3 (0.19 to 0.41)

58.38 (32.26 to 82.84)

0.16 (0.09 to 0.23)

~2.22(-24 to ~2.04)

Islamic Republic of Iran

686.06 (346.44 to 901.16)

1.35 (0.72 to 1.78)

477.89 (300.76 to 569)

0.54 (0.35 to 0.64)

~2.73(-3.08 to ~2.38)

Syrian Arab Republic

48.89 (31.68 to 66.05)

0.45 (0.31 to 0.58)

38.14 (23.33 to 52.22)

029 (0.18 to 0.4)

~1.08(-1.3 to —0.85)

Hashemite Kingdom of Jordan

35.71 (23.42 to 45.47)

116 (0.77 to 1.51)

45.42 (34.44 to 59.88)

0.42 (0.32 to 0.56)

~3.74(-4.05 to —3.42)

Lebanese Republic

3.5 (1.73 to 5.28)

0.14 (0.07 to 0.2)

454 (2.69 to 5.8)

0.07 (0.04 to 0.1)

~1.86(-1.95 to —1.76)

State of Israel

3.53 (3.07 to 3.93)

0.07 (0.06 to 0.08)

271 (243 to 2.95)

0.03 (0.02 to 0.03)

~2.33(-2.75 to —1.91)

Palestine

3.57 (2.07 to 5.05)

022 (0.13 to 0.31)

478 (2.86 to 6.34)

0.12 (0.07 to 0.15)

~1.95(-2.09 to ~1.82)

Kingdom of Saudi Arabia

84.96 (53.04 to 120.18)

0.67 (0.44 to 0.96)

166.78 (104.5 to 237.23)

0.42 (0.28 to 0.58)

~121(~1.43 to0 —0.99)

Kingdom of Bahrain

1.44 (I to 1.9)

0.38 (0.26 to 0.48)

2.36 (1.72 to 3.02)

0.18 (0.13 to 0.22)

~2.89(-3.07 to -2.71)

State of Qatar

3.66 (2.65 to 5.35)

116 (0.86 to 1.67)

9.71 (6.89 to 14.12)

0.39 (029 to 0.54)

~3.44(-3.94 to —2.94)

State of Kuwait

13.4 (12.16 to 14.99)

0.9 (0.82 to I)

14.65 (12.26 to 17.48)

0.34 (0.29 to 0.4)

~3.43(—4.14 to —2.72)

United Arab Emirates

892 (5.17 to 13)

0.61 (0.35 to 0.88)

17.6 (11.74 to 24.74)

0.25 (0.16 to 0.34)

~2.1(~2.35 to —1.84)

Sultanate of Oman

137 (0.73 to 2.09)

0.09 (0.05 to 0.14)

142 (0.93 to 1.97)

0.04 (0.02 to 0.05)

~2.45(-2.62 to ~2.29)

Republic of Yemen

127.5 (36.78 to 236.91)

116 (0.4] to 2.02)

228.29 (67.67 to 412.16)

0.87 (0.26 to 1.55)

~1L11(~1.24 to —0.99)

Georgia

51.96 (46.4 to 57.66)

0.89 (0.79 to 0.98)

28.36 (24.51 to 32.58)

0.63 (0.54 to 0.72)

~4.83(-6.53 to -3.11)

Republic of Armenia

22.99 (17.89 to 27.64)

0.7 (0.54 to 0.84)

14.91 (12.58 to 17.45)

0.4 (0.34 to 0.47)

~5.54(7.02 to —4.04)

Republic of Turkey

369.82 (264.87 to 640.95)

071 (0.53 to 1.23)

349.1 (250.26 to 444.01)

041 (0.29 to 0.52)

~1.12(~1.47 to —0.76)

Republic of Cyprus

3.01 (2,05 to 4.14)

0.43 (0.28 to 0.61)

2.33 (1.8 to 2.98)

0.14 (0.11 t0 0.17)

~3.78(-3.89 to ~3.67)

Republic of Azerbaijan

68.59 (49.33 to 89.63)

1.02 (0.74 to 1.33)

57.72 (38.94 to 83.9)

0.51 (035 to 0.74)

~3.58(~4.08 to ~3.09)

Abbreviations: ASR, agestandardized mortality rate; EAPC, estimated annual percentage change; Ul, uncertainty interval.
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Among males, the 50-54-year age group (931 deaths, 95% UI: 476—-1335) recorded the greatest number of deaths.
Among females, the highest number of deaths occurred in the 70—-74-year age group (537 deaths, 95% UI: 139-753).
(Figure 1A). Overall, males experienced a greater number of deaths across all age groups compared to females, with the
exception of individuals aged 90 years and above. The most pronounced disparity between sex was found in the 30-34-
year age group, where male deaths totaled 916, significantly exceeding the 283 deaths among females. (Figure 1A).

As shown in Figure 1B, the ASMR for males was 0.52 per 100,000 (95% UI: 0.30-0.70), while for females, it was 0.26 per
100,000 (95% UI: 0.07-0.34) in 2021. The highest mortality rate (MR) was observed in the 85-89-year age group (3.236 per
100,000, 95% UI: 1.631-4.114). The highest male MR occurred in the same age group (4.918 per 100,000, 95% UI:
2.657-6.685), while the highest female MR occurred in the 90-94-year age group (2.281 per 100,000, 95% UI: 0.632-3.134).
In every age group, the MR was higher for males than for females, with the largest gender difference in the 85-89-year age group
(4.918 for males vs 2.192 for females) In every age group, males exhibited higher MRs than females, with the most significant
gender disparity observed in the 85-89-year age group (4.918 for males vs 2.192 for females). (Figure 1B).

The ASIR for males was 6.09 per 100,000 (95% UI: 4.38-8.07), and for females, it was 5.77 per 100,000 (95% UI:
3.97-8.00). The highest incidence rate occurred in the 95+ age group (24.77 per 100,000, 95% UI: 13.83-39.16). Both
males and females showed similar trends in incidence by age (Figure 1C).

Regarding the ASDR, the rate for males was 22.29 per 100,000 (95% UI: 13.02-29.22), while for females, it was
10.21 per 100,000 (95% UI: 3.33—13.01). The highest ASDR occurred in the 85-89-year age group (33.23 per 100,000,
95% UI: 17.41-41.88). The highest male ASDR was also in the 85-89-year age group (49.98 per 100,000, 95% UI:
27.35-67.53), for females, the peak ASDR occurred in the 80-84-year age group (23.71 per 100,000, 95% UI:
6.97-32.25). Similar to the ASMR, the ASDR was consistently higher for males than for females across all age groups.
The most substantial gender difference was found in the 85-89-year age group (49.98 for males vs 22.85 for females)
(Figure 1D).
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Burden of CO Poisoning by Country in Asia, 2021

In 2021, the countries with the highest CO poisoning crude incidence rates (CIR) per 100,000 people were Mongolia
(27.48, 95% UI: 19.86-36.97), Kazakhstan (26.99, 95% UIL: 19.72-35.56), and Kyrgyzstan (17.43, 95% UL
11.66-25.39). These findings highlight the need for enhanced prevention measures in these nations. In contrast, the
countries with the lowest CIR were India (1.82, 95% UI: 1.07-2.81), Thailand (1.89, 95% UI: 1.17-2.85), and
Bangladesh (2.12, 95% UI: 1.22-3.28) (Figure 2A).

Regarding CO poisoning crude mortality rates (CMR), Mongolia (2.49, 95% UI: 1.92-3.44), Kazakhstan (1.72, 95%
UI: 1.54-1.94), and Afghanistan (1.37, 95% UI: 0.50-2.11) had the highest CMR in 2021, as shown in Figure 2B. The
countries with the lowest mortality rates were the Maldives (0.01, 95% UI: 0.01-0.04), Singapore (0.01, 95% UI:
0.01-0.02), and the Philippines (0.03, 95% UI: 0.01-0.03).

When analyzing the EAPC in CMR, the countries showing the slowest rates of decline were North Korea (—0.15, 95%
CI: —0.26 to —0.04), Japan (—0.15, 95% CI: —1.18 to 0.89), and Indonesia (—0.23, 95% CI: —0.37 to —0.09) (Figure 2C).
This indicates a relatively slow reduction in mortality rates in these regions, suggesting a need for increased medical
investment and policy attention. Conversely, Turkmenistan (—6.06, 95% CI: —7.48 to —4.63), Kyrgyzstan (—6.2, 95% CI:
—7.6 to —4.78), and South Korea (—6.32, 95% CI: —7 to —5.64) experienced the highest decreases in CMR over the past
32 years, as illustrated in Figure 2C.

Long-Term Trends in the Burden of CO Poisoning in Asia

The trends in the incidence and ASIR of CO poisoning in Asia are presented in Figure 3. Between 1990 and 2003, both
the number of cases and ASIR were slightly higher for females than for males. However, from 2004 to 2008, the
incidence rate for males surpassed that of females, although their ASIR remained lower. In the years that followed, both
the number of cases and the ASIR for males continued to exceed those of females. From 1990 to 2009, the incidence and
ASIR for both genders increased, peaking in 2010 before declining in subsequent years. By 2021, the ASIR was 6.39
(95% UI: 4.64-8.48) per 100,000 population for males and 6.18 (95% UI: 4.24-8.68) per 100,000 for females (Figure 3).

Join-Point Analyses of the Burden of CO Poisoning by Sex in Asia

Figure 4 illustrates the APC in the ASDR, ASMR, and ASIR for CO poisoning in Asia from 1990 to 2021. The ASDR
for males showed a significant decline over this period, with an AAPC of —2.27 (95% CI: —2.47 to —2.08). A similar
trend was demonstrated a notable decrease during this period, with an AAPC of —2.27 (95% CI: —2.47 to —2.08).
A comparable trend was observed in females (AAPC = —2.73, 95% CI: —3.13 to —2.33) and in both sexes combined
(AAPC = —2.39, 95% CI: —2.54 to —2.23) (Figure 4A).

For the ASMR, both the combined-sex group (AAPC =—-2.01, 95% CI: —2.20 to —1.81) and females (AAPC = —2.24,
95% CI: —2.43 to —2.06) showed a notable decline. However, the decrease was less pronounced in males (AAPC = —1.85,
95% CI: —2.05 to —1.65) (Figure 4B).

The ASIR for males demonstrated an increasing trend from 2002 to 2010 (APC = 1.48, 95% CI: 1.26 to 1.71),
followed by a decline in subsequent years.
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Figure 2 The Asian map of CIR (A), CMR (B), and EAPC of MR (C) per 100,000 population of CO poisoning in 2021, by country.
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From 1990 to 2021, the male ASIR decreased at an average annual rate of —0.63 (95% CI: —0.83 to —0.44). A similar
decline was noted for both sexes combined (AAPC = —0.83, 95% CI: —0.94 to —0.73). In females, the ASIR remained
relatively stable from 1990 to 2010, before decreasing significantly between 2010 and 2021 (AAPC = —2.81, 95% CI:
—2.89 to —2.74). The overall AAPC for females from 1990 to 2021 was —1.04 (95% CI: —1.10 to —0.98) (Figure 4C).

Age-Period-Cohort Analysis of the Burden of CO Poisoning in Asia

Figure 5 illustrates the Age-period-cohort model effects on the incidence rate of CO poisoning. The incidence began to
decline in individuals aged 20-24 years, reaching its lowest point between 55-60 years, before rising again in older age
groups. Notably, the incidence rates were higher in the 15-19 and 90-94 age groups compared to others (Figures 5A
and B).

Period-based trends showed a relatively stable incidence among middle-aged groups, while both younger and older
age groups experienced an upward trend (Figure 5C). The relative risk (RR) remained steady, fluctuating around the
baseline ratio without significant deviation. Analysis of birth cohort effects revealed that CO poisoning incidence was
higher in both earlier and later birth cohorts compared to the middle cohorts. The risk was significantly elevated in the
cohort born between 1967 and 1971 (RR cohort: 1.045, 95% CI: 0.957-1.141), while it was notably lower in the early
cohort (born 1902-1906) (RR cohort: 0.346, 95% CI: 0.137-0.87) and the recent cohort (born 2017-2021) (RR cohort:
0.648, 95% CI: 0.567-0.741) (Figure 5D).

The Relationship Between the Burden of CO Poisoning and the SDI in Asia

Figure 6 illustrates the relationship between the SDI and the burden of CO poisoning, as indicated by DALYs. In 1990,
the SII for DALY per 100,000 population was 18.30 (95% CI: —26.61 to 80.33), which decreased to —4.78 (95% CI:
—30.27 to 8.96) in 2021 (Figures 6A and B). This trend indicates a diminishing correlation between the crude DALY rate
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and SDI, indicating a decrease in the inequality of the age-standardized burden of CO poisoning between high- and low-
income countries in Asia (Figure 6B). Additionally, Figure 6A shows a significant decline in the crude DALY rate (per
100,000 population) in China from 1990 to 2021, suggesting that government measures have effectively reduced the
burden of CO poisoning. From 1990 to 2021, the CI for DALY in Asia also decreased significantly, from 0.20 to —0.03,
indicating a reduction in health inequities across the region (Figure 6C). Despite this progress, the inequality between
high- and low-income countries in terms of CO poisoning remains a persistent issue in Asia.

From 1990 to 2021, frontier analysis based on the ASDR and SDI was conducted to assess the potential for
improvement in the ASDR for CO poisoning, considering national and regional development levels frontier analysis
was performed using the ASDR and SDI to evaluate the potential for improvements in the ASDR for CO poisoning,
taking into account the levels of national and regional development (Figures 7A and B). Figure 7A presents a scatter plot
illustrating the relationship between SDI and ASDR across Asian countries and regions. Data points positioned away
from the frontier line indicate a higher-than-expected ASDR for CO poisoning given the level of SDI development,
suggesting opportunities for improvement. In contrast, points near the frontier line represent countries that have
effectively reduced ASDR relative to their SDI level. This analysis underscores the influence of socio-demographic
factors on health outcomes and helps identify regions that may benefit from targeted interventions. This analysis
identified 15 countries and territories with the greatest potential for improvement in their ASDR (effective difference
range: 118.02-18.62), including Mongolia, Afghanistan, Kazakhstan, Tajikistan, Nepal, Kyrgyzstan, Yemen, China,
North Korea, Uzbekistan, Georgia, Iran, Azerbaijan, Jordan, and Saudi Arabia (Figure 7B). Notably, low-SDI countries
such as Timor-Leste, Bhutan, Bangladesh, Laos, and Cambodia, as well as high-SDI countries like Singapore, Japan,
South Korea, and Taiwan (Province of China), showed significant improvement potential. The frontier analysis highlights
that, despite having limited resources, low-SDI countries such as Bhutan and Bangladesh have achieved significant
success in controlling the burden of CO poisoning (Figure 7B).

Figure 8 illustrates the relationship between ASMR and SDI across Asian countries, showing a higher ASMR in low-
SDI regions. The trend indicates a potential decrease in ASMR with increasing SDI1. However, the Spearman correlation
coefficient (p = —0.068, p = 0.645) suggests no significant correlation between ASMR and SDI levels.

Prediction of CO Poisoning DALY Rates in Asia

The predicted trends for the ASDR of CO poisoning indicate a decline across all groups from 2022 to 2030. By 2030, the
ASDR for males is projected to decrease to 15.31, for females to 6.06, and for both sexes combined to 10.70. This
represents a 33.33% reduction in the combined-sex ASDR compared to 16.05 in 2021 (Figure 9).

Discussion

CO poisoning ranks among the most prevalent fatal poisonings globally.'** It can lead to numerous long-term
neurological consequences and elevate the risk of other diseases.””'%'* 1821723 In 2021, Asia’s ASMR for CO poisoning
exceeded the global average. Despite this, there has been limited systematic analysis of the burden of CO poisoning in
Asia. The research aims to fill that gap by analyzing the epidemiological trends and contributing factors, providing
valuable data to guide policy development for CO poisoning prevention and improving patient outcomes.

Our findings indicate that in 2021, Asia recorded 18,153.69 (95% UI: 9587.79 to 22,260.23) CO-related deaths. The
ASMR was 0.38 per 10,000 people (95% UI: 0.20 to 0.46). Between 1990 and 2021, the EAPC of ASR per 10,000 was
—1.64 (95% CI: —1.89 to —1.38). Join-point analysis showed consistent downward trends in ASIR (AAPC = —0.83, 95%
CIL: —0.94 to —0.73), ASMR (AAPC = -2.01, 95% CI: —2.20 to —1.81) and ASDR (AAPC = —2.39, 95% CI: —2.54 to
—2.23) from 1990 to 2021. This downward trend likely indicates the success of public health measures, including the
expanded use of hyperbaric oxygen therapy and improvements in treatment.*' To gain a deeper understanding of the
factors affecting CO poisoning trends across various Asian nations, further research is crucial.

We also analyzed CIR and CMR across various Asian countries. In 2021, Mongolia (27.48 per 100,000, 95% UI:
19.86-36.97), Kazakhstan (26.99 per 100,000, 95% UI: 19.72-35.56), and Kyrgyzstan (17.43 per 100,000, 95% UI:
11.66-25.39) had the highest CIRs. Mongolia (2.49, 95% UI: 1.92-3.44), Kazakhstan (1.72, 95% UI: 1.54-1.94), and
Afghanistan (1.37, 95% UI: 0.50-2.11) had the highest CMRs. These higher rates may be attributed to harsh climates
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Figure 7 Frontier analysis investigates the association between the SDI and ASDR for CO poisoning across countries and territories in Asia. In Figure A, a gradient from
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with long, cold winters, which increase reliance on indoor heating systems that are often poorly ventilated or mal-
functioning. Additionally, the use of alternative heating methods during power outages, such as portable generators and
charcoal grills, further elevates CO exposure.” Given the geographical and climatic challenges, especially in rural areas,
governments face increased demands to address these risks. In these regions, transitioning to cleaner fuels may not be
immediately feasible, so short-term solutions, such as improving home ventilation, are recommended.>**** Public health
campaigns highlighting the dangers of indoor cooking and heating could contribute to a decrease in poisoning cases.
Moreover, CO poisoning can be prevented through the effective use of CO alarms.**** Regular maintenance and timely
replacement are crucial to ensure that these alarms provide early warnings when needed.*® Governments can promote the
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Figure 8 ASMR due to CO poisoning for Asian countries and territories by SDI, 1990-2021.

installation of residential CO alarms through legislation and supportive policies, helping to reduce the incidence of CO
poisoning in the region.*’

Our study highlights variations in CO poisoning burden across age and gender. In 2021, the ASMR was 0.26 (95%
UI: 0.07-0.34) for females and 0.52 (95% UI: 0.30-0.70) for males. Similarly, the ASIR was 5.77 (95% UI: 3.97-8.00)
for females and 6.09 (95% UI: 4.38-8.07) for males, while the ASDR was 10.21 (95% UI: 3.33—-13.01) for females and
22.29 (95% UI: 13.02-29.22) for males. These figures indicate a significantly higher burden among males, possibly due
to the following reasons. Males might be more likely to inadvertently put themselves at risk of CO poisoning when
operating machinery, using fuel-burning appliances (eg, grilling), or being exposed in the workplace.**° Additionally,
alcohol use increases the risk of CO poisoning due to reduced inhibitions and poor decision making. Individuals under
the influence of alcohol might also be less likely to recognize early symptoms of CO poisoning.*®>! Some studies
suggest that estrogen might offer females some protection against hypoxia-related injuries, which could partly explain the
lower burden among women.””>> A few studies have also found that females have an ability to eliminate CO more
rapidly, leading to better prognosis after poisoning.’®>’ The incidence of CO poisoning varied across age groups,
decreasing from 20-24 years, reaching a low between 55-60 years, and then increasing in later years. Notably, the
15-19 and 90-94 age groups exhibited elevated incidence rates. This trend might be linked to a lack of awareness among
adolescents and slower response times in the elderly. Furthermore, in Asia, the highest mortality rate is in the 85-89 age
group (3.236, 95% UI: 1.631-4.114), likely due to existing health conditions exacerbating vulnerability.”™®>’

The SDI is a key indicator of regional development. In this study, we examined the relationship between SDI and the
burden of CO poisoning across Asia. Our findings showed that countries with lower SDI values had significantly higher
ASMR for CO poisoning. This disparity can be attributed to factors related to economic structures. In low-SDI countries,
widespread use of solid fuels like wood and coal for cooking and heating, along with inadequate ventilation, increases the

risk of CO exposure and poisoning.®”

Moreover, limited access to healthcare often results in delayed or insufficient
diagnosis and treatment.®® Additionally, low public awareness of CO risks and preventive measures contributes to higher
incidence rates.®’ In contrast, high-SDI countries benefit from stricter safety regulations, such as mandatory CO
detectors, and more effective enforcement of policies aimed at reducing exposure.®? Despite these patterns, our analysis
found no significant correlation between ASMR and SDI levels across the studied countries (Spearman correlation,
p=0.645). This unexpected result can be attributed to several factors. The sources of CO exposure vary widely across

regions. In low-SDI countries, exposure mainly results from solid fuel use, while in high-SDI countries, industrialization
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and traffic-related pollution are more prominent. Such differences in exposure sources may obscure the expected
relationship between SDI and mortality. Additionally, underdeveloped healthcare systems and limited diagnostic
resources in low-SDI countries could lead to underreporting or misclassification of CO poisoning cases, particularly
among older populations. This may result in an underestimation of mortality rates, weakening the observed correlation.®?
Furthermore, high-SDI countries often have larger elderly populations, who are more vulnerable to CO poisoning due to
age-related health issues and comorbidities. This demographic factor may reduce the effectiveness of advanced
healthcare systems and preventive measures, further diluting the association between SDI and CO poisoning
mortality.** Differences in SDI may also contribute to health inequalities reflected in DALYs. Our analysis showed
that the SII for DALYs decreased from 18.30 (95% CI: —26.61 to 80.33) in 1990 to —4.78 (95% CI: —30.27 to 8.96) in
2021. This suggests a decrease in the gap in the age-standardized burden of CO poisoning between high- and low-income
nations. To further analyze these trends, we conducted a frontier analysis using ASDR and SDI to identify potential areas
for improvement in handling CO poisoning across different developmental contexts. The analysis demonstrated
a narrowing gap between current burdens and optimal levels according to SDI from 1990 to 2021. This progress may
be attributed to recent public health initiatives by Asian governments aimed at reducing CO poisoning.

Using the ARIMA model, we forecast a decline in ASDR across all groups from 2022 to 2030, with rates for males,
females, and combined sexes expected to decrease to 15.31, 6.06, and 10.70, respectively, by 2030. This represents
a 33.33% decrease for both sexes compared to 2021.

However, the study has limitations. It cannot fully account for discrepancies in health data across different Asian
countries. It is also subject to ecological fallacy and constraints inherent in the age-period-cohort model: the linear
dependency among age, period, and cohort (Cohort = Period - Age) prevents unique estimation of their independent
effects. Methods like the IE impose implicit constraints that are hard to verify. If true effects do not meet these
constraints, estimates become biased. IE’s constraints also depend on the number of age, period, and cohort categories,
leading to inconsistent results. Without prior theoretical justification, age-period-cohort models risk producing misleading
conclusions, as estimates are sensitive to arbitrary constraints and data structures.®® In addition, because the data are from
GBD 2021, it has methodological limitations. The lack of data in many countries limits the accurate estimation of CO
poisoning mortality, resulting in the reliance on covariates and regional data, which may produce bias. In the absence of
a detailed autopsy or evidence, underreporting or overstatement of deaths remains a concern, especially in areas with
weak vital registration systems.’ Future research should address data limitations by improving data collection, enhan-
cing vital registration systems, and standardizing ICD coding across countries. For age-period-cohort model ecological
fallacies, developing methods that incorporate external theoretical information or alternative constraints could mitigate
bias. Additionally, exploring hybrid models that combine age-period-cohort frameworks with machine learning techni-
ques may improve estimation accuracy. Researchers should also focus on capturing within-country variations and risk
factors to better reflect real-world complexities. Collaborative efforts to share high-quality, detailed data globally are
essential to overcome these challenges and provide more reliable insights into age, period, and cohort effects.

Conclusion

This study thoroughly examines the epidemiological trends and determinants of CO poisoning in Asia from 1990 to
2021. In 2021, Asia’s ASMR for this poisoning surpassed the global average, emphasizing the necessity for focused
public health actions. Our findings indicate a general decline in CO poisoning rates from 1990 to 2021, reflecting the
effectiveness of comprehensive public health interventions. Governments have mitigated the risk of CO exposure by
promoting clean energy alternatives to traditional high-emission fuels. Concurrently, public education campaigns have
raised awareness about CO concentration monitoring alarms and safety precautions against poisoning. Advances in
medical treatment, including the widespread use of hyperbaric oxygen therapy, have significantly improved the survival
rates and outcomes for poisoning patients. However, notable regional differences in the burden remain, with higher rates
observed in countries with colder, longer winters, underscoring the need for region-specific strategies. The study also
reveals a higher burden among males, likely due to greater exposure risks and biological factors, such as the protective
effect of estrogen in females. Moreover, the incidence is elevated in both younger and older age groups, highlighting the
necessity for targeted educational initiatives and safety measures. Although no significant link was identified between the
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SDI and the burden of CO poisoning, countries with a lower SDI showed higher ASMR, suggesting economic factors
like occupational exposure play a role. The narrowing gap between actual and optimal burden levels based on SDI
suggests improvements in public health policies. Finally, the ARIMA model predicts a continued decline in CO
poisoning burden in Asia by 2030, offering optimism for future public health outcomes.
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