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Abstract: Background
Epidemiological evidence on short-term association between ambient carbon
monoxide (CO) and mortality is inconclusive and limited to single cities, regions, or
countries. Generalization of results from previous studies is challenged by potential
publication bias and different modeling approaches. We, therefore, assessed the
association between short-term exposure to ambient CO and daily mortality in a multi-
city multi-country setting.
Methods
We collected daily data on air pollution, meteorology, and total mortality from 337 cities
in 18 countries or regions. We first estimated city-specific associations using
confounder-adjusted generalized additive models with a quasi-Poisson distribution;
then, we pooled the estimates, accounting for their statistical uncertainty, using a
random-effects multilevel meta-analytical model. We also assessed the overall shape
of the exposure-response curve and evaluated the possibility of a threshold below
which health is not impacted.
Findings
Overall, a 1 mg/m  3  increase in the average CO concentration of the previous day
was associated with a 0·91% (95% confidence interval [95% CI]: 0·32%, 1·50%)
increase in daily total mortality. The pooled exposure-response curve showed a
continuously elevated mortality risk with increasing CO concentrations, suggesting no
threshold. Larger mortality risk estimates were found at daily CO levels below 1 mg/m
3  and persisted at concentrations as low as below 0·2 mg/m  3  .
Interpretation
This international study is by far the largest epidemiological investigation on short-term
CO-related mortality. We found significant associations between ambient CO and daily
mortality, even at levels well below current air quality guidelines.
Funding
EU Horizon 2020, UK Medical Research Council and Natural Environment Research
Council.
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Abstract (not exceeding 250 words) 79 

Background 80 

Epidemiological evidence on short-term association between ambient carbon monoxide (CO) and 81 

mortality is inconclusive and limited to single cities, regions, or countries. Generalization of results from 82 

previous studies is challenged by potential publication bias and different modeling approaches. We, 83 

therefore, assessed the association between short-term exposure to ambient CO and daily mortality in a 84 

multi-city multi-country setting. 85 

Methods 86 

We collected daily data on air pollution, meteorology, and total mortality from 337 cities in 18 countries 87 

or regions. We first estimated city-specific associations using confounder-adjusted generalized additive 88 

models with a quasi-Poisson distribution; then, we pooled the estimates, accounting for their statistical 89 

uncertainty, using a random-effects multilevel meta-analytical model. We also assessed the overall shape 90 

of the exposure-response curve and evaluated the possibility of a threshold below which health is not 91 

impacted. 92 

Findings 93 

Overall, a 1 mg/m3 increase in the average CO concentration of the previous day was associated with a 94 

0·91% (95% confidence interval [95% CI]: 0·32%, 1·50%) increase in daily total mortality. The pooled 95 

exposure-response curve showed a continuously elevated mortality risk with increasing CO 96 

concentrations, suggesting no threshold. Larger mortality risk estimates were found at daily CO levels 97 

below 1 mg/m3 and persisted at concentrations as low as below 0·2 mg/m3.  98 

Interpretation  99 

This international study is by far the largest epidemiological investigation on short-term CO-related 100 

mortality. We found significant associations between ambient CO and daily mortality, even at levels well 101 

below current air quality guidelines. 102 

Funding 103 

EU Horizon 2020, UK Medical Research Council and Natural Environment Research Council. 104 

 105 
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Research in context 107 

Evidence before this study 108 

We searched the literature without any language restriction from PubMed up to December 31, 2019, using 109 

the following search terms: “carbon monoxide,” “mortality” or “death*,” “daily,” and “short-term” or 110 

“acute.” Then we screened the abstracts and full texts to select relevant articles. Our literature review 111 

showed that epidemiological evidence is inconsistent. As previous studies were mainly from single cities, 112 

regions, or countries, also the generalizability of the reported short-term associations between carbon 113 

monoxide (CO) and mortality is limited. Moreover, whether a potential threshold exists in the CO-114 

mortality relationship remains unclear.  115 

Added value of this study 116 

To our knowledge, this is the first global study of the risk of mortality associated with short-term 117 

exposure to ambient CO. Findings indicate adverse health effects of ambient CO levels, even below the 118 

current air quality guidelines. This large multi-country study applied the same analytical method for data 119 

from 337 cities, thus avoiding potential publication bias. Significant mortality risk estimates were found 120 

at daily concentrations below 0·2 mg/m3. We also addressed the overall shape of the exposure-response 121 

function and found no evidence for a threshold value below which ambient exposure to CO did not affect 122 

total mortality.  123 

Implications of all the available evidence 124 

Our study provides evidence on the positive association of daily mortality with short-term exposure to 125 

ambient CO at levels below the current air quality guidelines. These findings suggest that global and 126 

national air quality guidelines for carbon monoxide may need to be revisited. 127 

  128 
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Introduction 129 

Carbon monoxide (CO) is formed by incomplete combustion of fossil fuels and is ubiquitously found in 130 

ambient air. Adverse health effects of exposure to high levels of CO, such as accidental poisoning, are 131 

well documented.1,2 Epidemiological studies using time-series designs have also reported that exposure to 132 

ambient (low) CO concentrations could be associated with mortality and morbidity.3-9 However, 133 

epidemiological evidence from single-city studies remains inconclusive, with significant associations 134 

reported for some cities such as Montreal,6 Sao Paulo,7 and Seoul,10 but not for others such as London,11 135 

Amsterdam,12 or Chiang Mai.13 Further, a few multicity studies have been conducted, but they were 136 

mostly focusing on a single region or country,3,5,8,9,14 thus limiting the generalizability of the reported 137 

associations. Furthermore, previous studies applied different modeling choices, making it difficult to 138 

estimate a globally representative short-term CO-mortality association.   139 

In 1971, the U.S. Environmental Protection Agency (EPA) initially established the health-based 140 

National Ambient Air Quality Standard (NAAQS) for the daily maximum 8-h average CO concentration 141 

at 9 ppm (~10 mg/m3)15, which is equivalent to approximately 7 mg/m3 for the daily 24-h average CO. 142 

The NAAQS for CO was retained for the past five decades. The same limit value (10 mg/m3 for 143 

maximum 8-h average) is also applied in European Air Quality Guidelines (AQG). In China, a lower limit 144 

value of 4 mg/m3 was promulgated in the Chinese Ambient Air Quality Standards (CAAQS) for 24-h 145 

average CO. In 2005, the World Health Organization (WHO) published the latest edition of AQG, which 146 

did not include recommendations for ambient CO. Since then, substantial new evidence on the adverse 147 

health effects of ambient CO has emerged,15 leading to an ongoing review and update of the WHO AQG 148 

to reevaluate CO as an ambient air pollutant.16  149 

A key issue in setting AQG for CO is whether a threshold exists in the CO exposure-response 150 

relationship below which health is not impacted. Very limited epidemiological research has examined the 151 

existence of a potential threshold for CO at concentrations below existing guidelines. A previous time-152 

series study found very weak evidence for a potential threshold at 0·5 mg/m3 for the maximum 8-h 153 

average in the CO-mortality association in 19 European cities.3 Another multicity research in the U.S. 154 

reported a significantly increased risk in hospitalization admission for cardiovascular diseases for 1-h 155 

average ambient CO below 1 ppm (~1·15 mg/m3), and a linear exposure-response curve, indicating no 156 

evidence for a threshold.4 Two additional studies from China also found no evidence for an apparent 157 

threshold value in the association between 24-h average CO and cardiovascular mortality.5,8 However, 158 

these findings are difficult to synthesize because of different CO exposure metrics, health outcomes, and 159 

modeling approaches.  160 

Here, we conducted a global time-series analysis to assess the association between short-term 161 

exposure to ambient CO and daily mortality within the Multi-Country Multi-City (MCC) Collaborative 162 
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Research Network,17,18 including data from 337 cities within 18 countries. This network allowed a 163 

comprehensive and standardized analytical approach to examine and compare the association at the 164 

global, regional, and country level. We also evaluated the shape of the exposure-response curve and 165 

examined potential thresholds at low levels.  166 

Methods 167 

Data collection 168 

We obtained data on daily mortality, air pollution, and mean temperature for 344 cities across 18 169 

countries or regions with available data on CO from the database of the MCC Collaborative Research 170 

Network (http://mccstudy.lshtm.ac.uk/), covering various periods ranging from 1979 to 2016. This dataset 171 

has been applied in previous publications on the association between daily mortality and ambient 172 

particular matter and ozone pollution.19,20 Data on daily mortality were collected from local health 173 

authorities in each country. Mortality was represented by daily counts of deaths due to non-external 174 

causes (International Classification of Diseases, 9th Revision codes 0-799 or 10th Revision codes A00-175 

R99) or all-cause deaths when data on the non-external causes were not available. For each city, we 176 

derived daily 24-h average concentrations of CO, particulate matter with an aerodynamic diameter ≤ 10 177 

µm (PM10), nitrogen dioxide (NO2), sulfur dioxide (SO2), and daily maximum 8-h average ozone (O3) 178 

concentrations from urban and sub-urban air quality monitoring stations. In the MCC dataset, CO were 179 

collected using the 24-h average metric and then harmonized using the unit of mg/m3. We excluded seven 180 

cities due to limited periods (less than two years) with both CO and mortality, resulting in a total number 181 

of 337 cities in the final analysis. The geographical distribution of the studied cities and the corresponding 182 

annual mean CO concentrations in each city can be found in Figure 1. A detailed description of the data 183 

collection has been described in the Supplementary material Text S1. 184 

Statistical analysis 185 

We used a two-stage analytic framework to estimate the association between short-term exposure to 186 

ambient CO and daily mortality. In the first stage, we applied generalized additive models with a quasi-187 

Poisson distribution to evaluate the city-specific associations between CO and mortality. Consistent with 188 

previous studies,19,21 the following confounders were included in the city-specific models: (1) a penalized 189 

cubic spline with seven degrees of freedom (df) per year to control the long-term time trend and seasonal 190 

variations; (2) an indicator variable for day of the week to account for within week variations; and (3) two 191 

separate natural cubic splines for low and high temperatures, which account for different lag structures in 192 

heat- and cold-related mortality while reducing concurvity between the two splines.21 The temperature 193 

terms were defined as the average temperature on the previous six days (lag 1-6) only for days on which 194 

temperature was below the city-specific median value, and the average temperature on the current and 195 

previous day (lag 0-1) only for days on which the temperature was higher than the city-specific median 196 

http://mccstudy.lshtm.ac.uk/
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temperature. Different lag patterns in the association between CO and mortality were also explored using 197 

single lag days from lag 0 (current day) to lag 4 (previous three days) and cumulative lag days for lag 0-1 198 

(average of the current and the previous day). 199 

In the second stage, we pooled city-specific estimates using a random-effects multilevel meta-200 

analytical model that accounts for variations in risk across two nested groups (cities and countries).22 We 201 

assessed the heterogeneity using I2 statistic and Cochran Q-test. We evaluated the statistical significance 202 

of the risk estimates across countries using a likelihood ratio test of the meta-analytical model and another 203 

model without the nested group of countries. We then calculated the city-specific and country-specific 204 

estimates of the CO-mortality associations using the best linear unbiased predictions (BLUPs) at each 205 

level (city/country) from the fitted random-effects meta-analytical model. BLUPs can borrow information 206 

from the pooled associations within the same hierarchical level, thus providing more accurate estimates 207 

than the first-stage estimates in locations with small daily mortality counts or short time-series.  208 

In addition, we fitted two-pollutant models to adjust for potential confounding of co-pollutants (i.e., 209 

PM10, NO2, SO2, and O3) with the same lag as CO. For each pair of pollutants, the number of cities 210 

reduced due to data availability. To compare with estimates from two-pollutant models, we calculated the 211 

estimates for CO from single-pollutant models using the same days with both pollutants available within 212 

the same reduced number of cities, which were denoted as the estimates without adjustment for co-213 

pollutants. The association of CO with mortality was considered robust if the pooled effect estimates with 214 

and without adjustment for co-pollutants were not statistically significantly different. We tested the 215 

statistical significance of differences between the risk estimates in single-pollutant and two-pollutant 216 

models by calculating the z score as (𝐸̂1 − 𝐸̂2)/√(𝑆𝐸̂1)
2
+ (𝑆𝐸̂2)

2
, where 𝐸̂1and 𝐸̂2 are the natural 217 

logarithms of risk estimates, and 𝑆𝐸̂1and 𝑆𝐸̂2 are their respective standard errors calculated from the 218 

widths of 95% Confidence Intervals (CIs). 219 

To assess the overall shape of the association between CO and mortality at the global level, we 220 

estimated the exposure-response curve following an approach that was used in previous studies.19,23 221 

Briefly, we applied a B-spline term with two knots at the average 25th and 75th percentiles of CO 222 

concentration distributions, which were first averaged across cities within a country, and then averaged 223 

across all countries.  224 

To evaluate whether a threshold exists in the CO-mortality relationship, we performed a subset 225 

analysis, which was applied in previous studies.24,25 This approach only includes days that meet a certain 226 

air quality threshold in each city (i.e., only days with concentrations at or below that threshold), and then 227 

varies that possible threshold. Based on the sample sizes and distribution of CO concentrations across all 228 
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countries (Table 1), we explored thresholds ranging from 0·2 to 1·0 mg/m3 with an increment of 0·2 229 

mg/m3, and from 1·0 to 4·0 mg/m3 with an increase of 0·5 mg/m3. 230 

We conducted several sensitivity analyses to examine the robustness of the results, including using 231 

different dfs for time trend (5-10 per year), additionally adjusting for relative humidity in 230 cities with 232 

available information, restricting the analysis to 311 cities with data after the year 2000, and restricting 233 

the analysis to 315 cities with at least three years (1,095 days) of complete time-series data, which 234 

excluded all cities in China and Italy. In assessing the overall exposure-response curve, we also placed 235 

different knots at the average 30th and 70th percentiles of CO concentration distributions. Moreover, we 236 

restricted the subset analysis to 114 cities with at least one year of data for CO concentration at or below 237 

0·2 mg/m3. Furthermore, we compared the difference between using all-cause and non-external mortality 238 

as the outcome in 70 cities with both all-cause and non-external mortality. Finally, we applied alternative 239 

temperature control approaches: (1) using alternative lag days for low and high temperatures (lag 1-3 and 240 

lag 0-1, lag 0-5 and lag 0, and lag 0-3 and lag 0 for low and high temperatures, respectively); (2) a natural 241 

cubic spline term of moving average temperatures (lag 0-1, lag 0-3, and lag 0-7) with six dfs; and (3) a 242 

distributed lag nonlinear term (DLNM) using a quadratic B-spline for temperature with three internal 243 

knots at 10th, 75th, and 90th percentile of city-specific temperature distributions, and a natural cubic spline 244 

for lag with seven, 14, or 21 days, with four dfs for the lag structure. We compared these lag patterns 245 

using generalized cross-validation scores.19 246 

All analyses were conducted with R, version 3·6·0 (R Foundation for Statistical Computing, Vienna, 247 

Austria), using the mgcv and the mixmeta packages in the first and second stage analyses, respectively. 248 

Risk estimates are presented as percent increase (together with 95% confidence intervals [95% CI]) of 249 

daily mortality per 1 mg/m3 increase of CO. To facilitate comparison with other studies and guidelines 250 

that used the maximum 8-h average concentration, a conversion factor of 3:2 was applied to convert the 251 

maximum 8-h average to 24-h average concentrations.15  252 

Role of the funding source 253 

The funders of this study had no role in the study design, in the collection, analysis, or interpretation 254 

of the data, or in drafting the manuscript. The corresponding author had full access to all the data in the 255 

study and had final responsibility for the decision to submit for publication. 256 

 257 

Results 258 

Table 1 summarizes the environmental and mortality data in each country. This analysis included a 259 

total of 40,090,407 deaths in 337 cities, covering an average period of 16 years in 18 countries. The 260 

annual city-specific mean concentrations of CO in all 337 cities were below 2·3 mg/m3 (Figure 1), with 261 

the highest levels in some cities in the US and the lowest levels in some cities in the US, Romania, Spain, 262 
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UK, and Canada. Only 28 cities had an average of 0·2% of days with CO above 7 mg/m3 (equivalent to 263 

NAAQS), 24 of which were in the US. Table S1 reports country-specific summaries of the other air 264 

pollutants and Table S2 and S3 describe city-specific summary statistics of data. In general, CO was 265 

moderately to highly correlated with PM10, NO2, and SO2, but had weak and negative correlations with O3 266 

and daily mean temperature. The mean Pearson correlation coefficients between CO and co-pollutants 267 

were 0·40 for PM10, 0·58 for NO2, 0·37 for SO2, -0·16 for O3, and -0·23 for temperature. Country-specific 268 

correlation coefficients are summarized in Figure S1. 269 

The previous day’s (lag 1) exposure to ambient CO generated the smallest mean generalized cross-270 

validation scores and the largest risk estimate across different lag days (Figure 2). Therefore, we used lag 271 

1 for further analyses. Overall, an increase of 1 mg/m3 in CO at the previous day was associated with a 272 

0·91% (95% CI: 0·32%, 1·50%) increase in daily mortality in 337 cities (Figure 3). We observed some 273 

heterogeneity across country- and city-specific estimates (I2 of 41·4%, Cochran Q-test p-value < 0·001). 274 

Likelihood ratio test showed significant heterogeneity across countries (p-value < 0·001). The country-275 

specific estimates of the percentage change in daily mortality, per 1 mg/m3 increase in CO concentration, 276 

ranged from 3·09% (95% CI: 2·15%, 4·04%) for South Korea to -0·92% (95% CI: -1·90%, 0·08%) for 277 

Taiwan. Positive and significant effect estimates were also observed in Canada (1·71%), Chile (1·26%), 278 

Italy (2·11%), Spain (2·17%), Thailand (1·35%), and the US (0·92%).  279 

Figure 4 shows the pooled exposure-response curve of CO and mortality. No apparent threshold below 280 

which CO does not affect daily mortality was found from the curve. The curve also suggests an 281 

association with mortality for levels below 1 mg/m3. 282 

When restricting the analysis to days when CO concentrations were below a certain value (i.e., subset 283 

analysis), risk estimates remained positive and significant, further suggesting no thresholds in the CO-284 

mortality association (Figure 5). When the potential threshold decreased from 4·0 to 1·5 mg/m3, risk 285 

estimates remained similar and consistent with the main analysis. For example, when restricting the 286 

analysis to days with CO concentrations below 2 mg/m3, a 1 mg/m3 increase in CO was associated with 287 

an increase of 1·01% (95% CI: 0·40%, 1·62%) in daily mortality. When the potential threshold decreased 288 

from 1·5 to 0·2 mg/m3, risk estimates increased and remained significant, albeit the 95% CIs increased 289 

due to declining sample sizes from 337 to 114 cities.  290 

In two-pollutant models, the magnitude of the association between CO and mortality decreased after 291 

adjustment for PM10, NO2, and SO2, but remained similar after adjustment for O3 (Table 2). No significant 292 

differences in effect estimates were observed before and after adjustment for co-pollutants, except for 293 

NO2 (p-value for difference = 0·006). In 290 cities with both CO and NO2 data, the percent change per 1 294 

mg/m3 increase in CO concentration decreased significantly from 0·83% (95% CI: 0·24%, 1·42%) to -295 

0·20% (95% CI: -0·64%, 0·24%) after adjustment for NO2. Figure S2 compared the city-specific effect 296 



10 

 

estimates for CO, with and without adjustment for co-pollutants, and also indicated that city-specific 297 

effect estimates were sensitive to adjustment for NO2.  298 

Our results remained robust when: a) using 5 to 10 dfs per year for the time trend adjustment, b) 299 

adjusting for relative humidity, c) using at least three years of complete time-series data, d) restricting 300 

data after the year 2000, and e) comparing all-cause with non-external mortality (Table S4). The use of 301 

alternative temperature control approaches did not substantially change the estimated effect and the 302 

choice of temperature adjustment in the main model yielded the smallest mean generalized cross-303 

validation scores (Table S5). Using alternative knots generated similar shape of the exposure-response 304 

curve (Figure S3). Restricting data to 114 cities with at least one year of CO at or below 0·2 mg/m3, the 305 

subset analysis resulted in a similar pattern as using all cities that suggested no threshold in the CO-306 

mortality association (Figure S4).   307 

Discussion 308 

To the best of our knowledge, this research is by far the largest epidemiological study to investigate the 309 

association between ambient CO pollution and daily mortality. We analyzed data from 337 cities in 18 310 

countries, including more than 40 million deaths and covering a wide range of populations from different 311 

regions of the world. We found a significant association between short-term exposure to CO and daily 312 

mortality, with no evidence for a threshold value. This global study could provide comprehensive 313 

evidence on the health effects of ambient CO pollution to inform the adequacy of current AQG, both 314 

globally and regionally.  315 

Overall, we found an increase of 0·91% (95% CI: 0·32%, 1·50%) in total mortality per 1 mg/m3 316 

increase in 24-h average ambient CO at the previous day (lag1). Consistently, two earlier national time-317 

series studies also observed the strongest association at lag day 1, with a slightly lower mortality increase 318 

of 0·40% in the National Morbidity, Mortality, and Air Pollution Study (NMMAPS) of 82 U.S. cities9 and 319 

0·58% in 12 Canadian cities14. For the same increase in CO concentration on the current and previous day 320 

(lag0-1), the increase in total mortality was 1·81% in 19 European cities in the Air Pollution and Health: 321 

A European Approach (APHEA-2) project,23 which was higher compared to 0.69 % in our study using the 322 

same CO metric (Figure 2). 323 

We observed some regional differences in the CO-mortality associations across countries (Figure 3). 324 

Large mortality risk estimates (> 2% increase) were observed in South Korea, Spain, and Italy, whereas 325 

null or negative (although not significant) associations were found in Sweden and Taiwan. This 326 

variability across countries could be due to differences in air pollution levels, exposure assessment 327 

accuracies, population susceptibility, basic health status, and sample sizes. Notably, most of the countries 328 

with negative central estimates or null associations had only a limited number of cities included: Romania 329 

(n=2), Sweden (n=1), and Taiwan (n=2), except for the UK (n=30). On the contrary, countries with a 330 
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large number of cities generally had significant positive associations such as Canada (n=24), Spain 331 

(n=45), Thailand (n=19), and the U.S. (n=156). Thus, the failure to detect the CO-mortality associations 332 

in some countries using time-series regressions of mortality counts might be in part due to small sample 333 

sizes within these countries.26 Unlike the imprecise association that we observed for 3 Chinese cities, a 334 

recent study using 272 Chinese cities found a significant association between lag0-1 CO and 335 

cardiovascular mortality.8 This discrepancy suggests that future studies with increased sample sizes 336 

within each country are warranted to explore the between-country differences in the CO-mortality 337 

associations.  338 

The current ambient air quality standard for maximum 8-h average CO is 10 mg/m3 (about 7 mg/m3 339 

for 24-h average) in the U.S. and Europe, which is the same as the one established in 2010 by the WHO 340 

indoor air quality guideline.27 A more stringent guideline for 24-h average CO (4 mg/m3) is implemented 341 

in China. In this study, all 337 cities had low levels of CO, with annual mean concentrations below 2 342 

mg/m3 (Figure 1) and the 99th percentiles of all cities were below 4 mg/m3 (Table 1). However, when 343 

restricting CO concentrations below 4 mg/m3, we still observed a significant association between short-344 

term exposure to CO and total mortality (Figure 5). This association remained similar for CO 345 

concentrations below 4 to 1·5 mg/m3 but elevated when restricting CO concentrations below 1 to 0·2 346 

mg/m3. The pooled exposure-response curve also showed no threshold below which CO was not 347 

associated with daily mortality (Figure 4). In accordance with our findings, previous multicity studies also 348 

found weak or no evidence for a threshold in the associations of CO with total or cardiovascular mortality 349 

in Europe 3 and China.5,8 Our results suggest that current ambient AQG for CO in the U.S., Europe, and 350 

China are not sufficient enough to protect public health and should be updated. Thus, reductions in 351 

ambient CO levels, even in cities meeting the current AQG, should yield important health benefits.  352 

Emission of ambient CO are mainly from incomplete combustion of fuels from vehicles, whereas the 353 

contribution from natural sources is generally smaller (e.g., 0·15 mg/m3 in the U.S.).15 This primary 354 

source of CO makes it challenging to disentangle the health effects of CO and other combustion-related 355 

co-pollutants. In this study, the CO mortality risk estimates attenuated but remained positive after 356 

adjustment for PM10 and SO2 (Table 2). The association was reduced to null after adjustment for NO2, 357 

which also results from traffic emissions and is widely used as a surrogate for traffic-related air 358 

pollution.28 Consistently, previous multicity studies also found reduced mortality risk estimates for CO 359 

after including NO2 in the model.3,8,9,14 This sensitivity to adjustment for NO2 might be because: (1) CO 360 

and NO2 share common anthropogenic sources such as traffic; (2) CO and NO2 are usually moderately to 361 

highly correlated; and (3) NO2 might serve as a better surrogate for traffic-related exposure compared to 362 

low level concentrations of CO, which has decreasing relative contributions from traffic emissions for the 363 

past decades.15,28  364 
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Although the underlying mechanisms have not been fully delineated, it is biologically plausible that 365 

short-term exposure to low levels of ambient CO is associated with increased daily mortality. 366 

Epidemiological studies have provided evidence of a link between ambient CO exposure and blood 367 

markers of inflammation and coagulation, including increased levels of C-reactive protein, intercellular 368 

adhesion molecule-1, and fibrinogen29,30 and decreases in prothrombin time (hypercoagulability)31. Short-369 

term exposure to CO pollution may also lead to high blood pressure among women32 and impaired lung 370 

function in asthmatic children seen as reductions in forced vital capacity and forced expiratory volume in 371 

one second33. Consistently, toxicological studies reported that exposure to CO concentrations mimicking 372 

air pollution could aggravate cardiac dysfunction in rats34 and alter iron homeostasis in lung epithelial 373 

cells35.  374 

A major strength of this study is that we used an extensive dataset with large statistical power and 375 

applied a standardized analytical approach to cities across different countries and regions, which can 376 

provide robust results and avoid potential publication bias. Furthermore, we found no evidence of a 377 

threshold value in CO concentration, below which no effect occurs on daily mortality. The CO-mortality 378 

association persists at levels (<0·2 mg/m3) well below the current WHO indoor AQG and the outdoor 379 

guidelines in the U.S., Europe, and China. Our findings could provide timely evidence for the update of 380 

the WHO and national AQG.   381 

Several limitations should also be acknowledged in this study. First, our results cannot be interpreted 382 

as fully global representative estimates due to the lack of or insufficient coverage in Africa, the Middle 383 

East, and Latin America. We also note that our findings should be interpreted as the pooled estimates in 384 

the 337 studied cities and not as the total impacts of the 18 countries. Second, exposure measurement 385 

errors are inevitable since we only used fixed monitoring sites for air pollution. Despite the spatial 386 

variability in ambient CO concentrations, risk estimates from time-series designs may not be biased if 387 

levels at different locations have good temporal correlations.15 Finally, we were unable to fully 388 

disentangle the health effects of ambient CO exposure from other combustion-related air pollutants. Thus, 389 

we cannot rule out the possibility that the observed associations might reflect the effects of traffic-related 390 

air pollution mixture. The question of whether CO is independently affecting mortality or serve as an 391 

indicator of the combustion-related pollutants warrants further investigation.   392 

In conclusion, this multi-country time-series analysis provides evidence that exposure to ambient CO, 393 

despite its lower levels than current air quality guidelines, may still pose a public health threat. We 394 

demonstrated that short-term exposure to ambient CO was associated with increased daily mortality, with 395 

no evidence for a threshold value. Our findings suggest that the ongoing revision of WHO air quality 396 

guidelines, as well as future updates of national air quality guidelines in the U.S., Europe, and China, 397 

should consider revisiting the guideline for ambient CO. 398 
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Table 1. Summary statistics of daily data on deaths, air pollutants, and temperature. 

 
Cities 

(N) 
Period Deaths 

CO (mg/m3) 
Temperature (°C) 

Median (IQR) 1st 
percentile 

Median (IQR) 99th 
percentile 

Australia 2 2000-2009 279,410 0 0·38 (0·25; 0·63) 1·88 18·1 (14·5; 22·2) 

Canada 24 2000-2015 1,759,125 0 0·32 (0·23; 0·48) 1·39 8·1 (0; 15·8) 

China 3 2013-2015 246,246 0·35 0·95 (0·73; 1·24) 4·16 19·9 (11·3; 25·6) 

Chile 3 2004-2014 282,232 0·01 0·57 (0·34; 1·06) 3·49 13·4 (10·3; 17·1) 

Finland 1 1994-2014 153,308 0·11 0·25 (0·19; 0·35) 0·95 5·9 (0; 13·8) 

Germany 12 1993-2015 1,897,704 0·05 0·40 (0·27; 0·63) 1·79 10·4 (4·7; 15·8) 

Italy 12 2013-2015 212,494 0·14 0·57 (0·33; 0·99) 2·23 16·1 (10·6; 21·7) 

Japan 6 1979-2009 3,112,302 0·18 0·68 (0·48; 0·99) 2·63 15·6 (8·1; 22·3) 

South 

Korea 
7 1999-2015 1,661,559 

0·27 0·61 (0·48; 0·82) 1·85 15·1 (5·9; 22·0) 

Portugal 2 1995-2012 559,147 0·02 0·27 (0·19; 0·40) 1·09 16·3 (12·8; 19·9) 

Romania 7 2008-2016 242,014 0·01 0·17 (0·08; 0·39) 2·72 12·3 (4·9; 19·8) 

Spain 45 2003-2014 1,306,694 0·04 0·36 (0·25; 0·51) 1·25 15·7 (10·4; 21·2) 

Switzerland 4 1995-2013 150,003 0·20 0·50 (0·40; 0·90) 2·60 11·0 (4·9; 16·8) 

Sweden 1 1990-2010 194,239 0·31 0·92 (0·65; 1·45) 3·48 6·7 (1·1; 13·6) 

Thailand 19 1999-2008 758,133 0·13 0·63 (0·42; 0·92) 1·99 28·0 (26·5; 29·2) 

Taiwan 3 1996-2014 1,113,099 0·26 0·70 (0·53; 0·93) 1·91 25·1 (20·4; 28·0) 

UK 30 1990-2016 3,543,977 0·07 0·33 (0·21; 0·53) 1·71 10·6 (6·7; 14·8) 

USA 156 1985-2006 22,618,721 0·06 0·87 (0·56; 1·32) 3·93 15·2 (7·1; 22·2) 

         IQR: Interquartile range   
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Table 2. Overall percent increase of mortality per 1 mg/m3 increase in CO at lag day 1 with and without 

adjustment for co-pollutants. 

Models 
N. of cities with at 

least 2 years data 
Without co-pollutant With co-pollutant 

P-value for 

difference 

Single pollutant 

model of CO 
337 0·91 (0·32, 1·50) - - 

+PM10 271 0·95 (0·30, 1·61) 0·38 (-0·28, 1·03) 0·223 

+NO2 290 0·83 (0·24, 1·42) -0·20 (-0·64, 0·24) 0·006 

+SO2 297 0·78 (0·10, 1·45) 0·44 (-0·23, 1·11) 0·487 

+O3 249 1·20 (0·34, 2·07) 1·45 (0·67, 2·23) 0·676 

Note: All models were adjusted for time trend, day of the week effect, and temperature. Same lag days were applied to CO and co-

pollutants. 
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Figure Legends 

Figure 1. Map of the city-specific annual mean CO concentrations of 337 cities included in the analysis. 

Figure 2. Overall percent increase in daily mortality per 1 mg/m3 increase in CO at different lag days in 

337 cities in 18 countries. 

Figure 3. Overall and country-specific percent increase in daily mortality per 1 mg/m3 increase in CO at 

lag 1 day in 337 cities. 

Figure 4. Pooled exposure-response curve between CO (lag1) and daily mortality. The y axis represents 

the percentage change in daily mortality at a certain CO concentration compared with the median 

concentration. The x axis represents CO concentration from the 1st to 99th percentiles of CO 

concentrations across all cities. Shaded area represents the 95% confidence intervals.  

Figure 5. Overall percent increase in daily mortality per 0·1 mg/m3 increase in CO at lag 1 day by 

varying hypothetical thresholds using the subset analysis. Cities with at least 1 year of data (365 days) 

with CO below the threshold were used in this analysis. The italicized number in the bracket represents 

the number of cities included in each threshold analysis. 
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