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Global, regional, and national mortality due to unintentional
carbon monoxide poisoning, 2000-2021: results from the
Global Burden of Disease Study 2021

GBD 2021 Carbon Monoxide Poisoning Collaborators*

Summary

Background Unintentional carbon monoxide poisoning is a largely preventable cause of death that has received
insufficient attention. We aimed to conduct a comprehensive global analysis of the demographic, temporal, and
geographical patterns of fatal unintentional carbon monoxide poisoning from 2000 to 2021.

Methods As part of the latest Global Burden of Diseases, Injuries, and Risk Factors Study (GBD), unintentional
carbon monoxide poisoning mortality was quantified using the GBD cause of death ensemble modelling strategy.
Vital registration data and covariates with an epidemiological link to unintentional carbon monoxide poisoning
informed the estimates of death counts and mortality rates for all locations, sexes, ages, and years included in the
GBD. Years of life lost (YLLs) were estimated by multiplying deaths by remaining standard life expectancy at age of
death. Population attributable fractions (PAFs) for unintentional carbon monoxide poisoning deaths due to
occupational injuries and high alcohol use were estimated.

Findings In 2021, the global mortality rate due to unintentional carbon monoxide poisoning was 0-366 per 100000
(95% uncertainty interval 0-276-0-415), with 28900 deaths (21700-32800) and 1-18 million YLLs (0-886-1-35)
across all ages. Nearly 70% of deaths occurred in males (20100 [15 800-24 000]), and the 50-54-year age group had the
largest number of deaths (2210 [1660-2590]). The highest mortality rate was in those aged 85 years or older with
1-96 deaths (1-38-2-32) per 100000. Eastern Europe had the highest age-standardised mortality rate at 2-12 deaths
(1-98-2-30) per 100000. Globally, there was a 53-5% (46-2-63-7) decrease in the age-standardised mortality rate
from 2000 to 2021, although this decline was not uniform across regions. The overall PAFs for occupational injuries
and high alcohol use were 13-6% (11-9-16-0) and 3-5% (1-4-6-2), respectively.

Interpretation Improvements in unintentional carbon monoxide poisoning mortality rates have been inconsistent
across regions and over time since 2000. Given that unintentional carbon monoxide poisoning is almost entirely
preventable, policy-level interventions that lower the risk of carbon monoxide poisoning events should be prioritised,
such as those that increase access to improved heating and cooking devices, reduce carbon monoxide emissions from
generators, and mandate use of carbon monoxide alarms.
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Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY
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Introduction

Deaths due to unintentional carbon monoxide poisoning
are often preventable."” Quantification of mortality from
carbon monoxide poisoning is essential to draw attention
to this threat and reduce unnecessary deaths.” To our
knowledge, the Global Burden of Diseases, Injuries, and
Risk Factors Study (GBD) is the only study that has
estimated carbon monoxide poisoning mortality globally.
Other studies have sought to estimate the morbidity and
mortality associated with carbon monoxide poisoning at
the country or regional level and to identify risk factors
for such poisoning events. However, many of these
studies have been done only in countries in which high-
quality mortality data are available, focused on a single
country, or relied on previous iterations of the GBD.*"
Due to differences in the time periods covered, case
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definitions, and International Classification of Diseases
(ICD) coding systems used, the ability to make
comparisons across studies is limited.

Carbon monoxide is a poisonous gas that is odourless,
colourless, and tasteless, making it undetectable to the
human senses.®” It is produced by the incomplete
combustion of fuels, such as wood, coal, and natural
gas. Common household sources include heating and
cooking equipment, such as furnaces, wood stoves,
charcoal grills, gas stoves and heaters, and generators,
as well as vehicle exhaust."** Unintentional fatal carbon
monoxide poisonings mostly occur within residences
and are more common during the winter months when
heating systems are employed, windows are closed, and
ventilation is reduced.”” High levels of carbon monoxide
or prolonged periods of exposure to the gas can quickly
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Research in context

Evidence before this study

Previous studies have described single or multinational patterns
and trends of unintentional carbon monoxide poisoning
deaths, and have identified common risk factors such as age,
sex, weather, heating source, and type of cooking equipment.
Studies commonly found that males and older people were at
greater risk of death due to carbon monoxide poisoning. These
studies were identified opportunistically, via PubMed and
Google Scholar, using terms such as “carbon monoxide
poisoning” and “mortality” or “epidemiology” or “risk factors”.
Studies were also shared with us by expert collaborators.
However, existing studies use inconsistent versions or sets of
codes from the International Classification of Diseases (ICD)
system to identify carbon monoxide poisoning. Furthermore,
most identified studies focused on high-income locations and
reported findings for different age groups or time periods,
making it difficult to make comparisons between studies or
discern broad temporal and spatial trends; although, a few
national-level studies have shown decreases in carbon
monoxide poisoning mortality over the past 20-30 years.
Previous work has shown that increasing public awareness
about the sources of carbon monoxide and the use of carbon
monoxide alarms can reduce the burden of unintentional
carbon monoxide poisoning.

Added value of this study

This Global Burden of Diseases, Injuries, and Risk Factors Study
(GBD) reports trends in global mortality due to unintentional
carbon monoxide poisoning from 2000 to 2021, geographically
and by age and sex, using vital registration data gathered from
all available mortality databases. Unintentional carbon
monoxide poisoning mortality was first estimated as part of

lead to severe bodily harm through multiple mech-
anisms, such as interrupting the delivery of oxygen
throughout the body, impeding the use of oxygen,
causing oxidative stress, or impairing cellular
function.”* Mild carbon monoxide poisoning often
presents with non-descript symptoms, such as nausea,
headache, and fatigue, and more severe poisoning can
manifest in several ways, including loss of con-
sciousness, acute cardiac events, and death.**** Although
prompt removal from the source of exposure and
hyperbaric oxygen therapy have been recommended as
two strategies for reversing the effects of, and reducing
lasting harm due to, carbon monoxide poisoning, there
is currently no true antidote, underscoring the
importance of prevention.?*

Drawing on the most recent iteration of the GBD, we
aim to provide a complete time series of mortality
estimates for unintentional carbon monoxide poisoning
using a common case definition and a standardised
modelling approach, globally, for all ages and both
sexes, from 2000 to 2021, highlighting countries,

the GBD in GBD 2017. Compared with previous iterations of the
GBD, these results include new input data sources and
improved data processing and mortality estimation methods to
better account for miscoding in cause of death data and
handling of small numbers. We focus on trends over the past
two decades, in which vital registrations in most countries had
transitioned to ICD-10 coding. Drawing on more than

3000 data sources, we found approximately a 50% decrease in
the global age-standardised mortality rate due to unintentional
carbon monoxide poisoning from 2000 to 2021. Mortality due
to unintentional carbon monoxide poisoning was greater
among males than among females. The percentage of deaths
attributable to occupational injuries and high alcohol use was
higher for males than females, and varied by age. Although
unintentional carbon monoxide poisoning events tend to be
more common in places with cold winters, they still occur
across all locations and affect people of all ages. We also
estimated years of life lost (YLLs) due to carbon monoxide
poisoning. We found that while children younger than 5 years
have lower mortality rates than adults, this young age group
contributes similar numbers of YLLs to those estimated for
adults.

Implications of all the available evidence

From this analysis, we have identified the locations, ages, and
sexes in which mortality due to unintentional carbon monoxide
poisoning is highest and most deserving of public health
attention. Unintentional carbon monoxide poisoning is a
largely preventable cause of death. Future work to increase data
collection and public awareness and interventions to reduce
carbon monoxide poisoning need to be prioritised, especially in
populations most at risk.

regions, and demographic groups at greatest risk of
death. This manuscript was produced as part of the
GBD Collaborator Network and in accordance with the
GBD Protocol.

Methods

Overview

The GBD is a comprehensive effort to quantify health
loss by age and sex for 371 diseases and injuries and
88 risk factors, across 204 countries and territories, from
1990 to the present. This latest iteration of the GBD
includes crucial updates such as new input data sources
and improved data processing and mortality estimation
methods for miscoding in cause of death data and
handling of small numbers. Mortality due to unintentional
carbon monoxide poisoning was quantified through a
systematic modelling process informed by vital regi-
stration records and covariates with a relationship to
carbon monoxide poisoning. Details of this framework
are described elsewhere,”” but an overview of methods
specific to poisoning by carbon monoxide follows.
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Regional estimates were computed with estimates from
more detailed locations in accordance with the GBD
location hierarchy, which consists of seven super-regions,
21 regions, and 204 countries and territories, and was
constructed by grouping together countries on the basis
of geographical proximity and shared epidemiologically
relevant characteristics (appendix pp 6-7).

GBD complies with the Guidelines for Accurate and
Transparent Health Estimates Reporting statement
(appendix pp 4-5).* Input data sources are available
online and in the appendix (pp 58-120). Statistical code
used for GBD estimation is available online.

Input data and data processing

Three main steps were to prepare cause of death data for
poisoning by carbon monoxide. First, all available data
were identified and assigned to GBD causes of death
(appendix pp 7-8). Globally, 3807 data sources were used

as input data for the modelling of unintentional carbon
monoxide poisoning deaths (appendix pp 58-120). Vital
registration data constituted the majority of these sources
(97-8%), and the remainder were verbal autopsy studies.
However, because this cause of death is not part of the
algorithms to classify verbal autopsy data, and most
datapoints from these sources reported zero deaths, we
marked all verbal autopsy data (40 data sources with
2802 age-specific and sex-specific datapoints) as outliers.
The ICD codes mapped to poisoning by carbon monoxide
were E862.0-E862.9, E868.0-E868.9, and E869.9 for ICD-9,
and X470-X479 for ICD-10. Hence, this study only
captured unintentional non-fire-related carbon monoxide
poisoning, and explicitly excludes intentional carbon
monoxide poisoning (eg, suicide) and unintentional fire-
related carbon monoxide poisoning. This study reports
only on 2000-21 data and therefore does not include many
years of ICD-9-coded data; this decision was made to

Number of deaths, 95% Ul Age-standardised mortality rate per 100 000, 95% Ul
2000 2021 Percentage 2000 2021 Percentage
change, 2000-21 change, 2000-21
Global 42800 28900 -32:5% 0761 0-353 -53-5%
(37500t045700) (21700t032800) (-47-3t0-21-9) (0-668t00-810)  (0-265 to 0-401) (-63-7t0-46-2)
Central Europe, eastern 20600 7110 -65-4% 4-55 139 -69-4%
Europe, and central Asia  (20300t020900) (6660 to 7620) (-67-7t0-63-1) (4-48t0 4-63) (130t0 1-49) (-71-3t0-67-4)
Central Asia 2120 918 -56-6% 329 0-988 -70-0%
(1950 to 2250) (803 to 1040) (-61-2t0 -50-7) (3:03t0 3-50) (0-865t01-12) (-73:0t0-66.0)
Central Europe 1430 582 -59-3% 1.08 0-360 -66-1%
(1390 to 1470) (539 to 626) (-61-6 to-56-5) (1-04 to 1-11) (0-335t0 0-389) (-68-1t0-63-6)
Eastern Europe 17000 5610 -67-1% 6-83 212 -68-9%
(16800t017200) (5180 to 6080) (-69-6 to-64-5) (6:7510 6:91) (198 t0 2:30) (-71-0t0-666)
High income 2250 2430 7-9% 0-209 0186 -11-2%
(2170 to 2370) (232010 2510) (2:5t010-8) (0-203 to 0-221) (0-180t0 0-191) (153 t0-85)
Australasia 40-2 281 -30-2% 0171 0-0833 -50-9%
(38-6t0 42-2) (26:71t029-6) (-341to-25-3) (0-164 to 0-179) (0-0800 to 0-0874) (-53-8t0-47-0)
High-income Asia 430 310 -27-9% 0-207 0-122 -40-8%
Pacific (397 to 539) (279 to 396) (-36-8t0-21-1) (0-191to 0-259) (0-111t0 0-161) (-49-0t0-35-7)
High-income North 821 1310 59-4% 0-241 0314 30:4%
America (796 to 838) (1260 to 1350) (52-8to 64-6) (0-235t0 0-246) (0-303 to 0-324) (24-8t0 34-9)
Southern Latin America 245 247 0-9% 0:455 0-342 -24-5%
(237t0251) (236 t0 260) (-4-6 0 6:9) (0-440t00-468)  (0-326t0 0-360) (-28-7t0-20-2)
Western Europe 715 536 -251% 0-150 0-0860 -42-5%
(689t0732) (503 t0 560) (-27-8t0-231) (0145t00-153)  (0:0825t00:0889)  (-43-8to-41-2)
Latin America and 540 571 5-6% 0129 0-0965 -252%
Caribbean (514 to 570) (513 t0 628) (-31t0157) (0-123t0 0-136) (0-0860 t0 0-107) (-31:9 to-18-0)
Andean Latin America 271 46-4 713% 0-0632 0-0715 12:8%
(171t032:3) (31-:0t0 587) (40-6t0114-3) (0-0415t0 0-0736) ~ (0-0477to 0-0903) (-7:3t039-9)
Caribbean 477 449 -5.8% 0136 0-106 -23.0%
(35-2t0 63-5) (29-8t0 64-7) (-262t019-6) (0-0995t0 0-184)  (0-0668 to 0-156) (-39-4t0-3-0)
Central Latin America 405 411 1-6% 0-231 0-165 -287%
(3920 418) (370t0 458) (-8-0t011-5) (0224t00-239) (014810 0-184) (-35:6t0-21-8)
Tropical Latin America 60-7 681 12:3% 0-0370 0-0287 -21-6%
(58-3t0 63-8) (64-6t071-6) (6-6t018-5) (0-0352t0 0-0389)  (0-0272 to 0-0302) (-251t0-17-6)
North Africa and Middle 2610 2780 6-6% 0-700 0-487 -30-3%
East (1470 to 3340) (148010 3630) (-14-3t029-4) (0-409t00-889)  (0-264to 0-629) (-44-1t0-16-2)
South Asia 1170 1190 1-4% 0-0965 0-0681 -29-8%
(622 to0 1640) (673 t0 1530) (-19-2t033-9) (0-0557t00-128)  (0-0386to 0-0879) (-41-8t0-8-5)
(Table continues on next page)
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Number of deaths, 95% Ul Age-standardised mortality rate per 100 000, 95% Ul
2000 2021 Percentage 2000 2021 Percentage
change, 2000-21 change, 2000-21
(Continued from previous page)
Southeast Asia, east Asia, 15200 14300 -6-0% 0-942 0593 -363%
and Oceania (11400t017600)  (8360t017300)  (-43-4to 20-6) (0-694t0108) (0349 t0 0-711) (-60-2t0-19-1)
East Asia 14500 13500 -6-6% 130 0-802 -37-6%
(11000t017000)  (7690t016600)  (-45-4t019-1) (0-955to 1-49) (0-465t0 0-962) (-617t0-21-8)
Oceania 17-8 246 377% 0-245 0-195 -20-5%
(7-71t030:5) (11-4 to 45-6) (-8-8t0110-4) (0105t0 0-415)  (0-0886 to 0-383) (-43-4t014-1)

Southeast Asia 676 710 51% 0136 0-101 -25-8%

(2640 901) (289 to 925) (-201t0 45-4) (0-0533t00-183)  (0-0413 to 0-131) (-42:6t01-6)
Sub-Saharan Africa 502 552 9-9% 0-115 0-0750 -35-0%
(3390 1290) (26110 1640) (-28-8t056.0) (0-0724t00-289)  (0-0342 to 0-235) (-59-6 to-10-2)

Central sub-Saharan 605 753 24-5% 0117 0-0905 -23:2%

Africa (21:0t0 229) (14-7t0 308) (-55-4t0 99-3) (0-0427t00-432)  (0-0178 0 0-368) (-70-1t010-7)

Eastern sub-Saharan 205 212 33% 0136 0-0863 -36:6%

Africa (83-810 693) (56-2 to 890) (-54-210 50-8) (0-0500t0 0-478)  (0-0217 to 0-373) (-69-4t0-8-1)

Southern sub-Saharan 135 141 4-4% 0214 0178 -18-6%

Africa (756 t0 189) (90-3t0 207) (-24-1t0 46-0) (0120t00297)  (0-118t0 0-256) (-40-4t013-6)

Western sub-Saharan 102 123 21-6% 0-0762 0-0485 -363%

Africa (566 t0 206) (71:9t0 315) (-25:3t0 85.0) (0-0432t00153)  (0-0288 to 0:120) (-60-7t0-2-2)
Estimates were computed at the draw level to propagate uncertainty; manual calculations (eg, for percentage change or grouped locations) might result in slight differences.
Count and rate data are presented to three significant figures. Ul=uncertainty interval.

Table: Change in global, super-regional, and regional deaths and age-standardised mortality due to unintentional carbon monoxide poisoning, 2000-21

emphasise recent trends and reduce the effect of
inconsistencies in the coding method. Several countries
and geographical regions had scarce data for carbon
monoxide poisoning, including much of sub-Saharan
Africa, south Asia, and southeast Asia (appendix pp 35-36).

Second, poorly defined causes were reassigned to other
underlying causes of death through garbage code
redistribution. This process was used when the
underlying cause of death in vital registration data was
vague or assigned to a cause that should not be considered
the true underlying cause of death (eg, heart failure, or
injuries of undetermined intent). Garbage code
redistribution was done by age, sex, country, year, and
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 (eg, patterns in multiple cause
of death data; appendix pp 8-11).%% Approximately 17%
of all deaths in the carbon monoxide poisoning input
data were redistributed from ICD codes that were
considered garbage codes; visualisations for example
countries are available in the appendix (pp 12-15).

Third, 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 (appendix pp 16-18).” 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.

Modelling

The GBD Cause of Death Ensemble modelling
(CODEm) framework was used to produce carbon
monoxide poisoning mortality estimates for every age,
sex, GBD location, and year.**” On the basis of previous
knowledge of associations with mortality for the cause,
covariates were included in the model to help inform
estimates in locations with sparse or absent data
(appendix pp 35-36). CODEm is designed to create a
diverse set of models on the basis of mortality rates or
cause fractions, with mixed effect models or
spatiotemporal Gaussian process regression and a
selection of covariates (appendix pp 20-22).** All
possible combinations of covariates were tested in a
covariate selection process, but only those with
statistical significance (p<0-05) and that maintained
the covariate priors were chosen; not all covariates were
necessarily selected to inform the final model. Of the
seven covariates (alcohol consumption [litres per
capita]; education [years per capita]; health-care access
and quality index; lag-distributed income per capita;
sociodemographic index; a summary exposure value of
the risk factors for carbon monoxide poisoning; and
temperature [mean, population-weighted]) included in
CODEm for poisoning by carbon monoxide, two
covariates were selected consistently across all models:
mean temperature and lag-distributed income. Mean
temperature showed the greatest influence on model
estimates (appendix p 37). As part of the model testing
process, data were held out based on cause-specific
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patterns of missingness, and out-of-sample predictive
validity was assessed for each model and then used to
create weighted combinations (ensembles) of models;
ultimately, the ensemble with the highest out-of-sample
predictive validity was chosen (appendix pp 22-23).*
Separate models were run for countries considered to
be data-rich and for all countries with all available data
(appendix pp 18-19).” Uncertainty was propagated
throughout by taking draws from the posterior distri-
bution and computing the mean and 95% uncertainty
interval (UI) across the draws at the end of the
estimation process. After models were finalised, deaths
were first rescaled across poisoning by carbon
monoxide and poisoning by other means to sum to the
number of deaths from the aggregate poisoning cause,
and then with all other causes of death to ensure that
the sum of deaths across all causes was equivalent to
all-cause mortality estimates.” This ensures consistency
and allows for comparisons to be made across ages,
sexes, locations, and years, and between GBD causes,
where similar methods are applied.

Years of life lost (YLLs) due to unintentional carbon
monoxide poisoning were computed by multiplying the
number of deaths by the remaining standard life
expectancy at the age of death on the basis of the GBD
standard model life table.”* Age-standardised rates were
computed with age-specific weights derived from the
GBD standard population to calculate a weighted average,
enabling cross-country comparison.”*

Occupational injuries and high alcohol use are the only
two risk factors currently associated with mortality due to
unintentional carbon monoxide poisoning in the GBD
risk factor framework. Population attributable fractions
(PAFs), or the proportion of unintentional carbon
monoxide poisoning deaths attributable to associated
risk factors, were calculated for high alcohol use and
occupational injuries (appendix pp 24-32).”

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the manuscript.

Results

Global mortality

In 2021, the global age-standardised carbon monoxide
poisoning mortality rate was 0-353 per 100000 (95% UI
0-265-0-401), with a total of 28 900 deaths (21700-32 800)
and 1180000 YLLs (886 000-1350000) worldwide (table;
figure 1; appendix p 39). Mortality due to carbon
monoxide poisoning decreased by 53-5% (46-2-63-7)
over the two-decade period, from an age-standardised
mortality rate of 0-761 per 100000 (0-668—0-810) in 2000
(table; figure 1). YLLs also decreased, from 35-8 age-
standardised YLLs per 100000 (29-9-38-1) in 2000 to
14-9 per 100000 (11-1-17-0) in 2021 (a decrease of 58-1%
[52-8-66-4]; appendix p 39).
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Figure 1: Global age-standardised mortality rate and number of deaths due to unintentional carbon

monoxide poisoning, 2000-21
Shading indicates the upper and lower limits of the 95% uncertainty intervals.

Global differences by sex and age

In 2021, the global mortality rate was 0-508 per 100000
(95% UI 0-399-0-606) for males and 0-223 per 100000
(0-109-0-259) for females (appendix p 40). There
were 20100 (15800-24000) male deaths and 8780
(4300-10200) female deaths in 2021 (appendix p 40).
The 50-54-year age group had the greatest number of
deaths (2210 [1660-2590]; figure 2A; appendix p 40). The
greatest number of male deaths by age occurred in
the 50-54-year age group (1690 [1320-2080]), whereas
the greatest number of female deaths occurred in the
70-74-year age group (759 [327-945]) in 2021 (figure 2A;
appendix p 40). The highest mortality rate in 2021 was
in those aged 85 years or older, with 1-96 deaths
(1-38-2-32) per 100000 (appendix p 40). A greater
number of deaths occurred in every age group for males
than for females, with the exception of those aged
85 years or older (figure 2A; appendix p 40). Similarly,
males had greater mortality rates than females at every
age; however, the largest difference was in the 40—44-year
age group, in which the male mortality rate was
3-5-times greater than the female mortality rate (0-623
per 100000 [0-507-0-737] ws 0-176 per 100000
[0-0981-0-213]; figure 2B; appendix p 40). The
30-34-year age group had the largest number of YLLs
(107000 [77100-120000]) due to carbon monoxide
poisoning in 2021 (figure 3; appendix p 41). The
under-5 years age group contributed a similar number
of YLLS (86 000 [54 200115 000]) to the 45-49-year (88 000
[67700-102000]) and 50-54-year (84000 [63 10098 400])
age groups, despite having much lower mortality rates
(figure 3; appendix p 41).

Geographical patterns

Regionally, eastern Europe had the highest mortality
rate due to carbon monoxide poisoning at 2-12 deaths
per 100000 (95% UI 1-98-2-30) and contributed
5610 deaths (5180-6080) in 2021 (table). This accounted
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Super-region
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Figure 2: Age-specific deaths (A) and mortality rates (B) due to unintentional carbon monoxide poisoning, by
sex and GBD super-region, 2021
GBD=Global Burden of Diseases, Injuries, and Risk Factors Study.
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for approximately 19% of all carbon monoxide poisoning
deaths globally that year, despite only about 3% of the
world’s population residing in eastern Europe. The
mortality rate in eastern Europe was more than two
times greater than that of the region with the next-
highest mortality rate, central Asia, which had a
mortality rate of 0-988 deaths per 100000 (0-865-1-12;
table). However, eastern Europe saw one of the greatest
reductions in carbon monoxide poisoning fatality, with
a decrease of 68-9% (66-6-71-0) in the age-standardised
mortality rate from 2000 (6-83 per 100000 [6-75-6-91])
to 2021 (table). Central Asia and central Europe also had
notable declines in mortality rates due to unintentional
carbon monoxide poisoning from 2000 to 2021 (70-0%
[66-0-73-0] in central Asia and 66-1% [63-6-68-1] in
Europe; table). By contrast, high-income North America
had a 30-4% (24-8-34-9) increase in mortality relative

to 2000, with an age-standardised mortality rate of 0-314
per 100000 (0-303-0-324) in 2021 (table). The regions
with the lowest unintentional carbon monoxide
poisoning mortality rates in 2021 were tropical Latin
America (0-0287 deaths per 100000 [0-0272-0-0302])
and western sub-Saharan Africa (0-0485 deaths per
100000 [0-0288-0-120]; table).

In 2021, the country with the highest unintentional
carbon monoxide poisoning mortality rate was Moldova,
with 2.74 deaths per 100000 (95% UI 2-42-3-04),
followed by Mongolia with 2-48 deaths per 100000
(1-89-3-30) and Russia with 2-36 deaths per 100000
(2-22-2-51; figure 4A; appendix pp 42—-49). Eight of the
countries (Moldova, Mongolia, Russia, Kazakhstan,
Ukraine, Belarus, Lithuania, and Tajikistan) with the
ten highest mortality rates in 2021 also showed
substantial declines since 2000, with decreases of at
least 50% (figure 4; appendix pp 42-49). Afghanistan
and Nepal were the only countries in the top ten in
terms of age-standardised mortality rates in 2021 that
were not part of central Europe, eastern Europe, and
central Asia. Mongolia had the greatest age-standardised
YLL rate in 2021, at 113 per 100000 (85 - 3-151), followed
closely by Moldova (112 per 100000 [98-1-126]) and
Russia (107 per 100000 [101-113]), which were the only
countries with more than 100 YLLs per 100000 due to
unintentional carbon monoxide poisoning (appendix
pp 50-57).

Risk factors

The PAFs for occupational injuries as a risk factor for
carbon monoxide poisoning mortality were highest
globally in 2021 for both sexes in the 25-29-year age
group, at 31-6% (95% UI 27-3-37-3) for males, and
21-5% (17-2-27-9) for females (appendix p 38). Male
occupational injury PAFs were greater than female
occupational injury PAFs, across all ages. The PAFs for
high alcohol use as a risk factor for carbon monoxide
poisoning mortality were highest in males aged
25-44 years, with PAFs between 6-1% and 6-2%, for all
5-year age groupings in that range (appendix p 38). PAFs
for high alcohol use among males were greater than
among females, across all ages (appendix p 38).

Discussion

Drawing on thousands of data sources and a systematic
modelling strategy to describe global patterns of
unintentional carbon monoxide poisoning, we found
that globally, unintentional carbon monoxide poisoning
fatalities have decreased substantially over the past
21 years, with an age-standardised mortality rate in 2021
that is nearly half that in 2000. However, this decrease
was driven by major improvements in a few select
regions. Although 28900 deaths from unintentional
carbon monoxide poisoning constitute a relatively small
proportion of all deaths in 2021, these are largely
preventable.
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Figure 3: Global YLLs due to unintentional carbon monoxide poisoning, by age and sex, 2021

Error bars represent the 95% uncertainty interval. YLLs=years of life lost.

Regionally, eastern Europe and central Asia contributed
the most to fatality due to carbon monoxide poisoning,
but also showed some of the greatest improvements over
time. High mortality rates in these regions are likely to
be partly attributable to temperature, as countries in
these regions tend to have longer, colder winters relative
to many other parts of the world.** Poorly ventilated
indoor spaces combined with faulty heating systems can
lead to accumulation of dangerous levels of carbon
monoxide indoors.*** Additionally, use of alternative
heating or cooking equipment (eg, charcoal grills and
portable generators) indoors during power outages
caused by winter storms is a common source of carbon
monoxide.”” We found that the most influential
covariate on the cause of death model estimates for
carbon monoxide poisoning was temperature, exhibiting
a strong negative relationship with lower temperatures
corresponding to greater mortality. This corroborates
what has been reported in other studies; however, the
exposure—outcome pair of low temperature and carbon
monoxide poisoning was not formally assessed in the
GBD risk factor framework to confirm an
association.””** High-income North America was one
of only two regions that saw a substantial increase in the
carbon monoxide poisoning mortality rate from 2000 to
2021, driven by country-level estimates from the USA.
This result is supported by a report showing that
unintentional non-fire-related carbon monoxide deaths
associated with consumer products have increased
significantly over the period of 2009-19 in the USA.*
However, other studies have shown that unintentional
carbon monoxide poisonings have plateaued or decreased
during this period in the USA.**¥ These variations are
attributable to different case definitions and methods,

www.thelancet.com/public-health Vol 8 November 2023

such as single-coded versus dual-coded data. Stagnating
trends have been identified in other parts of the world,
where decreases in mortality have stalled in recent years
despite the preventable nature of this cause of death.*”
At nearly every age, males died of carbon monoxide
poisoning at a rate at least two times greater than females.
This finding is in line with what has been reported in
other studies.”®?" Males might be more likely to
inadvertently put themselves at risk of carbon monoxide
poisoning when operating machinery, using fuel-burning
appliances (eg, grilling), or being exposed in the
workplace.®** This is reinforced by our risk factor
analysis for occupational injuries. Although carbon
monoxide poisoning deaths in the workplace have
decreased due to more rigorous occupational regulations
and carbon monoxide poisoning alarm requirements,
some risk associated with occupational settings
remains.”*** Additionally, alcohol use increases the risk
of carbon monoxide poisoning due to reduced inhibitions
and poor decision making. Individuals under the
influence of alcohol might also be less likely to recognise
early symptoms of carbon monoxide poisoning.** A few
studies have also found that females have an ability to
eliminate carbon monoxide more rapidly, leading to
better prognosis after poisoning.”* Higher death rates
among the oldest age groups could be attributed to
existing comorbidities that make this population more
susceptible to the effects of carbon monoxide poisoning."*
Older people might also be at increased risk because they
are more likely to live in older homes without updated
appliances or carbon monoxide alarms.*” Although there
were a small number of deaths in the youngest age
groups, a significant proportion of all YLLs came from
these ages as they constituted very premature deaths.
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Most carbon monoxide poisonings occur in the home,
with some studies reporting that as many as 80% happen
within residences.**? Out-of-date, ill-maintained, or
incorrectly installed heating systems have been linked to
many cases of residential unintentional carbon monoxide
poisoning.** Homes that rely solely on biomass fuels for
heating or cooking can put residents at high risk for
carbon monoxide poisoning.” Even in warmer climates
or in warmer months, carbon monoxide poisoning is
possible under such circumstances.® A study from
South Korea showed that a transition away from wood
and charcoal as the most commonly used fuels led to a
drastic decrease in carbon monoxide poisoning deaths.”
Even though data are scarce on acute carbon monoxide
poisoning incidents and fatalities in parts of sub-Saharan
Africa, a few studies have found elevated levels of carbon
monoxide indoors, well above the WHO recommended
thresholds.*# These studies noted that, particularly in
rural areas, switching to clean fuels might not be an
immediately feasible solution, and recommended
addressing housing characteristics in other ways (eg,
improving home ventilation by increasing window area)
in the short term.” Increased public health education
about the sources and dangers of carbon monoxide, and
the risks of using alternative heating and cooking
equipment indoors, could help to reduce the occurrence
of severe carbon monoxide poisoning events under these
conditions.>**** Education of health professionals to
recognise the signs of carbon monoxide poisoning can
also help to reduce the risk of future, more severe
poisoning events.”* Additionally, when used properly,
carbon monoxide alarms are cost-effective tools for
preventing severe outcomes of carbon monoxide
poisoning, and increased education and legislation
around their use could further reduce mortality.®***
Findings from studies looking at the effectiveness of
carbon monoxide alarms have been mixed and do not
always show significant decreases in poisoning events,
but these studies often cite scarce data and inconsistencies
in usage as challenges to conclusive evidence.** Laws
around carbon monoxide alarm use are highly variable
across countries; if such laws exist, they often require
only newly constructed residential homes and apartment
buildings to contain carbon monoxide alarms. Even with
laws mandating carbon monoxide alarm installation in
most of the USA, only an estimated 50% of homes have
carbon monoxide alarms in working order.*** Further
research is necessary to pinpoint the specific catalysts
and inform future priority setting and resource allocation
for preventive interventions.

Data challenges constitute many of the limitations of
this analysis. First, without data in many countries, our
ability to estimate carbon monoxide poisoning was
severely affected. Where data were scarce, our cause of
death models relied on covariates and regional data to
estimate mortality.®” Although the ability to make
informed predictions in the absence of data is an
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advantage of the GBD methods, it can also introduce
biases. Second, although the GBD addresses miscoding
in vital registration data through garbage code
redistribution, incorrect assignment in cause of death
data could affect the estimation of deaths due to carbon
monoxide poisoning. For example, deaths due to
intentional carbon monoxide poisoning could have
inadvertently been coded as unintentional, or a
comorbid condition could have been listed as the
underlying cause of death.” Third, this study only
looked at trends after 2000 to reduce the influence of
ICD-9-coded data on the analysis, given some of the
inconsistencies between poisoning-related codes in
ICD-9 versus ICD-10.>* However, not all countries had
switched to ICD-10 by 2000, and ICD-9-coded data could
still have influenced the estimates. Fourth, accurately
identifying deaths by carbon monoxide poisoning is
challenging without a thorough autopsy or strong
circumstantial evidence. Many studies have reported
that the true number of deaths due to carbon monoxide
poisoning might be greater than that captured in the
data, particularly in countries without high-quality vital
registration systems; however, other evidence suggests
that deaths due to carbon monoxide poisoning could be
over-counted.””" Best practice for ICD-10 cause of
death coding is to use the cause of injury ICD code, X47,
in conjunction with the nature of injury code T58, as
supplemental information; however, most data sources
available to the GBD do not contain this level of detail.’
Additionally, not all countries provide the four-digit
detail for the cause of injury code X47 itself (ie,
specifying one of X47.0-X479), affecting our ability to
draw further information about the circumstances
surrounding these deaths. Fifth, it was not possible to
capture within-country variation, and between-country
variation could have been masked by regional estimates.
Risk factors for carbon monoxide poisoning can vary
greatly, both between and within countries, and by
season, climate, and demographic, which might have
been masked in this study. Sixth, not all underlying data
sources for both risk factors in the risk factor analysis
provided detailed age, sex, or cause of injury
information, requiring some degree of extrapolation to
produce carbon-monoxide-specific results.” Both risk
factors were estimated for people aged 15 years or older,
and as such cannot help to explain patterns seen among
children. Currently, only two risk factors are associated
with mortality due to carbon monoxide poisoning in the
GBD risk factor framework, which means thatimportant
associations, such as low temperature, are not captured;
we hope to address this in the future. Seventh, this
study was unable to examine the effect of the COVID-19
pandemic. Unintentional carbon monoxide poisonings
might have increased due to increased time at home,
and initial studies suggested that those who had
contracted COVID-19 might be at increased risk for
poisoning, but more data will be necessary to reach
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conclusions.” Finally, because this study only examined
unintentional non-fire-related carbon monoxide
poisoning mortality, it does not capture the burden of
carbon monoxide poisoning more broadly. Other studies
have noted that the distribution of types of carbon
monoxide poisoning can vary greatly between locations,
and approaches to prevention might differ depending
on the cause.’*"

In conclusion, deaths due to unintentional carbon
monoxide poisoning are largely preventable. Despite
this, approximately 30 000 people die annually worldwide
from carbon monoxide poisoning. Although unin-
tentional carbon monoxide poisoning mortality has
decreased over the past 21 years, the decline has not
been consistent over time or across regions. The need
for increased public health surveillance to fully
understand the scope of the problem is great. Improved
accessibility of safe heating and cooking equipment,
increased use of carbon monoxide alarms, and public
education to understand the causes of, and risks
associated with, carbon monoxide exposure are needed
to spur further reductions in mortality.
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