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A B S T R A C T   

Background: Previous research has established carbon monoxide (CO) as a significant air pollutant 
contributing to coronavirus disease 2019 (COVID-19) transmission. The spatiotemporal hetero
geneity in the relationship between short-duration CO exposure and COVID-19 incidence remain 
underexplored. Investigating such heterogeneity plays a crucial role in designing region-specific 
cost-effective public health policies, exploring the reasons for heterogeneity, and understanding 
the temporal trends in the association between CO and an emerging infectious disease such as 
COVID-19. 
Methods: The 49 states of the continental United States (U.S.) were examined in this study. 
Initially, we developed time-series generalized additive models (GAMs) for each state to assess the 
preliminary correlation between daily COVID-19 cases and short-term CO exposure from April 1, 
2020, to December 31, 2021. Subsequently, the correlations were compiled utilizing Leroux- 
prior-based conditional autoregression (LCAR) to achieve a smoothed spatial distribution. 
Finally, we integrated a time-varying component into the GAM and LCAR to analyze temporal 
correlations and illuminate the factors contributing to spatiotemporal heterogeneity. 
Results: Our analysis revealed that, across the 49 states, a 10-ppb increase in CO concentration 
was associated with a 1.33 % (95%CI: 0.86%–1.81 %) increase in COVID-19 cases on average. 
Furthermore, spatial variability was noted, with weaker correlations observed in the central and 
southeastern regions, stronger associations in the northeastern regions, and negligible associa
tions in the western regions. Temporally, the correlation was not significant from April 2020 to 
June 2021, but began to increase steadily thereafter until the end of 2021. Additionally, vacci
nation and temperature were determined to be potential causes contributing to the heterogeneity, 
indicating stronger positive associations in areas with higher vaccination rates and temperatures. 
Conclusion: The findings of this study underscore the importance of monitoring CO pollution in 
the central and northeastern US, especially in the aftermath of the pandemic.  
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1. Background 

Since December 2019, the severe acute respiratory syndrome coronavirus (SARS-CoV-2) has rapidly spread worldwide, marking an 
unprecedented global health crisis [1]. This virus, known for its exceptional capacity to evade the immune system, is highly contagious 
and has led to the devastating coronavirus disease 2019 (COVID-19) pandemic [2]. Despite being significantly underestimated, 769, 
806,130 COVID-19 cases had been documented as of August 16, 2023, resulting in 6,955,497 fatalities [3]. The COVID-19 pandemic 
has subsequently imposed a substantial burden on global health systems and populations [4]. 

Carbon monoxide (CO) is the most harmful byproduct of incomplete fossil fuel combustion [5]. In general, the level of carbox
yhemoglobin (COHb) in the body is generally below 2 %; but due to CO’s potent affinity with hemoglobin, the significantly rising level 
of COHb could lead to reduced oxygenation in both peripheral and cerebral tissues, manifesting symptoms such as chest discomfort, 
disorientation, headaches, weakness, coughing, shortness of breath, dyspnea, and in severe cases, loss of consciousness [6–8]. The 
diminished oxygenation also impairs the immune system, thus increasing the susceptibility to various diseases [9]. Although the 
underlying mechanisms have not been fully delineated, it is biologically plausible that short-term exposure to low levels of ambient CO 
is associated with increased daily mortality and cardiovascular or pulmonary disease morbidity [10,11]. Epidemiological studies have 
provided evidence regarding the association between ambient CO exposure and blood markers of inflammation and coagulation, 
including increased levels of C-reactive protein, intercellular adhesion molecule-1, and fibrinogen [12]; besides, Short-term CO 
exposure was also found to impair lung function in children and increase the blood pressure for women [13,14]. Therefore, CO is 
worthy of being regarded as an independent atmospheric pollutant for exploration. 

According to a previous study evaluating the health impacts of air pollutants (CO, fine particulate matter, ozone, sulfur dioxide, and 
nitrogen dioxide), exposure to CO has been pinpointed as the most substantial marginal attributable burden among the five key air 
pollutants in the context of COVID-19 cases [15]. Currently, extensive epidemiological investigation has examined the correlation 
between short-term exposure to CO and the occurrence of COVID-19. Nevertheless, the findings of these investigations have been 
notably inconsistent. For instance, Kutralam-Muniasamy et al. [16] and Dragone et al. [17] showed that short-term CO exposure is 
highly correlated with the increase of COVID-19 incidence in Mexico City and Lombardy provinces, Italy, but Meo et al. [18] found 
negative and negligible correlations between short-term CO exposure and COVID-19 occurrence. Recently, a review ([19] revealed 
that a considerable proportion of the examined publications (61 %) found the relationship between CO exposure and COVID-19 
incidence to be negligible or negative. Furthermore, the review highlighted that correlations varied significantly across different 
regions. The results underscore the importance of considering spatial variability in large-scale studies to avoid drawing inaccurate 
conclusions about the link between CO exposure and COVID-19 in some areas, which could have potentially profound implications for 
public health policy and interventions. Moreover, the review pointed out that the temporal variability in the association of CO 
exposure and COVID-19 over time could be attributed to human behavior modification, immunization campaigns, and viral mutations. 
Identifying these contributing factors to the temporal variation of associations is crucial for developing effective public health stra
tegies that can be adapted to various phases of the pandemic response and might also provide insights into predicting future re
lationships. However, few studies have covered the spatiotemporal correlations between CO exposure for a short term and SARS-CoV2 
infections. 

By the end of December 2021, the United States (U.S.) reported 52 million COVID-19 cases and 840,000 fatalities, making it one of 
the countries most severely impacted by the pandemic. Variations in political and environmental factors lead to considerable dif
ferences among states in terms of epidemic prevention–control programs, as well as effect-modifying variables related to COVID-19 
[20]. The relationship between CO exposure and COVID-19 incidence may demonstrate considerable spatiotemporal heterogeneity, 
influenced largely by these diverse factors. Despite a significant reduction in CO concentrations over the past few decades, with levels 
stabilizing at a relatively low average (~200 ppb) in recent years, certain local regions, such as California (CA), continue to face high 
CO concentrations due to frequent wildfires [21,22]. A previous study has uncovered that the health burden attributable to CO in 
relation to COVID-19 remains substantial in the U.S., surpassing the impacts of other air pollutants [15]. Thus, the spatiotemporal 
variability of CO-COVID-19 association within the U.S. should hold more attention when considering its implications for public health. 
Further, the availability of high-quality data from monitoring stations provides an opportunity for exploring the heterogeneity in the 
relationship between CO exposure and COVID-19 incidence within the U.S., where there are abundant medical supplies and a precise 
registration system. 

In our research, we studied the spatial patterns of correlations between short-term CO exposure and cases of COVID-19 in the 
continental U.S. using daily confirmed COVID-19 cases along with CO concentration data. Additionally, we investigated the temporal 
fluctuation trajectory of the relationship between CO exposure and COVID-19 incidence and identified potential factors contributing to 
the spatiotemporal heterogeneity. Our findings suggest that understanding these patterns could facilitate the development of region- 
specific and time-specific public health policies for COVID-19 prevention, control, and air pollution management. Furthermore, the 
study further offers implications for the optimal locations and methods for performing cost-effective validation research utilizing 
individual-level data. 

2. Methods 

2.1. Data collection and processing 

This study incorporated data from 49 states, including 48 native states and the District of Columbia, referred to here as a special 
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entity. We used two-letter abbreviations for each state to maintain clarity. A complete list of state names, their abbreviations, and 
geographical locations are provided in Table S1 as well as Figure S1. 

Given the severly underestimated COVID-19 cases during the early and late phases of the pandemic, our analysis focused on the 
period from April 1, 2020 to December 31, 2021. Daily confirmed COVID-19 cases per state were compiled from the National Centers 
for Disease Control and Prevention (CDC). Corresponding state-level daily CO concentrations at 0.75◦ × 0.75◦ resolution were ob
tained from the fourth-generation ECMWF global reanalysis of atmospheric composition, available at https://ads.atmosphere. 
copernicus.eu/cdsapp#!/dataset/cams-global-reanalysis-eac4?tab=overview. State-level daily vaccination data, including percent
age of the population that received at least one vaccine dose (PP1V) and percentage fully vaccinated (PPFV), were retrieved from the 
website https://covid.cdc.gov/covid-data-tracker/#datatracker-home. Meteorological data, including temperature, air pressure, and 
wind velocity, were collected from 64,346 monitoring stations, accessible at https://doi.org/10.7289/V5D21VHZ [23]. Population 
data at the state level for 2021 were acquired from the 24th census of the U.S., which can be accessed at https://www.census.gov/. The 
retrieved data for the study met the analytical criteria, with no instances of missing data throughout the specified study period. 

A kriging interpolation approach with population weighting was utilized to achieve more accurate daily exposure data that 
considers the unevenly spatially distributed population. Initially, high-resolution meteorological data and CO concentrations were 
acquired using the standard kriging method based on a fine grid resolution of 1 km × 1 km [24]. The state-level statistics were then 
obtained by computing the average grid values for each state. Lastly, the daily average meteorological data per state were computed by 
averaging the population-weighted values of all states. 

2.2. Statistical analysis 

Because the traditional meta-analysis-based approaches do not account for the commonly-existed spatial dependencies among 
associations and lack the capability to assess temporal variations in these associations [25], we adopted a recently introduced 
conditional-autoregression-based strategy to assess the spatial pattern of the association between CO exposure COVID-19 incidence. 
Subsequently, we applied a modified time-varying strategy to investigate the temporal variation trend and explore the possible 
effect-modifying factors. The R Foundation for Statistical Computing version 4.2.1 was utilized to execute the analyses of statistical 
data. The statistical significance levels were set as p < 0.05 for the two-tailed test. The flow chart illustrating the analytical process is 
presented in Fig. 1. 

2.2.1. Generalized additive model (GAM) 
In the first stage, a standardized analytical procedure was utilized to obtain the preliminary estimation of the correlation between 

CO exposure for a short term and COVID-19 incidence for each state. Specifically, time-series GAMs were generated for each state with 
consistent model specifications: 

Yt ∼ Quasi − Poisson(ut),

ln(ut)= α+ βCOt + s1(Tempt)+ s2(APt)+φWindt + s3(Timet)+Auto.termt +DOWt + Holidayt , (1) 

Fig. 1. The methodological flow chart of the spatiotemporal heterogeneity analysis for the CO-COVID-19 associations.  
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where Yt denotes the daily case count at time t for a particular state with E(Yt) ≡ ut. Due to the over-dispersion observed in COVID-19 
cases, a quasi-Poisson distribution was chosen as the fitting probability function. Here, α indicates the intercept and β reflects the 
strength of the association between CO exposure and COVID-19 incidence. COt represents the exponential moving average (EMA) of 
CO concentrations over a 0–14 days lag period [26,27], chosen based on the score of generalized cross-validation (Figure S2 in the 
Supplementary materials) and the time of incubation for SARS-COV-2. Additionally, s1(Tempt) and s2(APt) capture the effects of 
temperature and air pressure, respectively, modeled using natural cubic splines with corresponding degrees of freedom (df) of 4 and 3. 
Windt denotes the wind speed EMA with a 0–14 days lag. s3(Timet) represents the natural cubic spline trend over the long period with a 
df value of 11/year. The Bayesian information criteria were utilized to optimize the selection of confounding variables and their 
respective df values. Auto.termt denotes the autoregressive term that reclaims the independence of errors due to the high conta
giousness of COVID-19. The impacts of weekends and holidays are shown by DOWt and Holidayt. The Supplementary materials 
(Table S2 and Figure S3) present the details about the selection of parameters. 

2.2.2. Leroux-prior-based conditional autoregression (LCAR) 
The second phase involved the use of an LCAR model to achieve spatial smoothness for the parameters, which were derived from 

the estimates of state-specific correlations in equation (1), i.e., the coefficients β̂i and the standard error σ̂ i. Compared with the 
traditional meta-analysis method, LCAR can sufficiently utilize the spatial dependencies, thus yielding results with higher stability and 
accuracy. The LCAR model is established below: 

β̂ i ∼ N
(
βʹ

i, σ̂2
i
)
,

βʹ
i = η + ξi,

ξ ∼ MN
(

0, [τW]
− 1
)
, (2)  

W= ρR + (1 − ρ)I, (3)  

where βʹ
i denotes the true associations for state i. The symbol η denotes the average associations for all states and ξi (the ith element of ξ) 

represents the spatial heterogeneity. As such, ξ follows a multivariate normal distribution as shown in formula (2) where τ illustrates 
the precision parameter. The spatial dependency based on Leroux prior is shown by W, with the intensity of this dependence measured 
by ρ. The symmetric matrix denoted by R is a derivative of the spatial adjacent association. I is an identity matrix. The estimated value 

of βʹ
i, labeled as β̂

ʹ
i, was estimated utilizing the Integrated Nested Laplace Approximations [28,29]. The spatial distribution of 

CO–COVID-19 correlation was obtained based on β̂
ʹ
i. 

2.2.3. Time-varying GAM-LCAR 
Given the dynamic nature of the immune evasive capability of SARS-CoV-2, vaccination rates, and preventive measures, we 

developed a modified time-varying GAM-LCAR to assess the temporal fluctuation patterns in the correlation between CO exposure and 
COVID-19 incidence and identify potential effect-modifying factors. 

Initially, we developed a time-varying GAM to incorporate nonlinear interactions between CO exposure and time, with the model 
(1) serving as the point of reference. For each state, the time-varying GAM was generated as 

ln(ut)= α+ s1(Tempt)+ s2(APt)+φWindt + s3(Timet)+Auto.termt +DOWt +Holidayt + s4(Timet) ∗ COt . (4)  

In equation (4), s4(Timet) reflects the natural cubic spline of time, for which the df is 3, illustrating the linear impact of CO on the 
incidence of COVID-19 at time t, i.e., s4(Timet) = βt. Consequently, the natural cubic spline for s4(Timet) assures a continual change 
while allowing for a nonlinear evolution of the relationship change over time, which is more reasonable because the associations 
between two adjacent time points tend to be similar. Subsequently, we pooled the association parameter from the time-varying GAMs 
across states for each specific time point t using an LCAR model, as detailed in Section 2.2.2, to compute time-specific average 
associations. 

The following spatiotemporal LCAR model was developed to determine if temperature and vaccination rates modify the associa
tion: 

β̂ it ∼ N
(
βʹ

it, σ̂2
it
)
,

βʹ
it = η + θxit + ξi + γt , (5)  

ξ ∼ MN
(

0, [τW]
− 1
)
,

γt

⃒
⃒
⃒ γt− 1 ∼ N

(
γt− 1, σ2

γ

)
, (6)  
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where β̂ it indicates the estimate of the association parameter from the time-varying GAM at time t for state i, and the corresponding 
standard error is denoted by ̂σ it. xit represents the vaccine or temperature while θ indicates the magnitude of the modification impact in 
linear terms. The spatiotemporal autocorrelations are denoted by ξi and γt , which were distinguished, respectively, by the imple
mentation of an LCAR-based prior as shown in equation (3) and a random walk prior as shown in formula (6). In addition, we examined 
the nonlinear impact of modification by adjusting equation (5) as follows: βʹ

it = η+ s(xit)+ ξi + γt , where s(xit) represents a natural 
cubic spline function, for which the df is 3. 

3. Results 

3.1. Descriptive results 

Fig. 2 delineates the temporal pattern of the vaccination rate and the spatial patterns of CO exposure, COVID-19 incidence, and 
vaccination rates in the U.S. Notably, an aggregate of 52,250,191 cases of confirmed COVID-19 cases were confirmed throughout the 
49 continental states of the U.S. between April 1, 2020 and December 31, 2021. Fig. 2A illustrates the geographical distribution of 
these cases, highlighting CA, Texas (TX), and Florida (FL) as the states with the highest cumulative case numbers. An average of 16.63 
% of the population in these states had been reported as COVID-19 cases by December 31, 2021. Furthermore, the COVID-19 incidence 
across states varied between 8 % and 23 %, as illustrated in Fig. 2B. The central and eastern regions of the country exhibited higher 
incidence rates, whereas Oregon, Washington, and some northern states recorded lower incidence rates. Fig. 2C presents the spatial 
variation in CO concentrations, with state-specific average concentrations ranging from 151.53 to 348.03 ppb. A comparative analysis 
of CO concentration in the U.S. with those in other countries (Figure S11) uncovered the western region in the U.S. exhibited higher CO 

Fig. 2. Spatial description of COVID-19 incidence, carbon monoxide exposure, and vaccination rates. Fig. 2A and B exhibits the cumulative 
COVID-19 cases and incidence from April 1, 2020 to December 31, 2021, respectively. Fig. 2C exhibits the average daily CO concentrations between 
observation period, in which asterisks mark (*) the three states with the highest average concentrations of CO. Fig. 2D exhibits the time trends of 
vaccination rates. Fig. 2E and F exhibit the cumulative vaccination rates for one or full dose in each state, respectively. 
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concentrations than most other states, which may be ascribed to the frequent mountain fires in CA. Conversely, CO concentrations in 
other regions of the U.S. were relatively lower. 

The mean coverage rate for PP1V was recorded at 72.23 %, while that for PPFV reached 61.70 % by December 31, 2021. Fig. 2D 
illustrates the temporal trend of increasing vaccine coverage rates. Fig. 2E and F further detail the spatial distribution of PP1V and 
PPFV, respectively. This variability underscores the potential importance of examining how vaccination rates may influence the as
sociation between CO exposure and COVID-19 incidence. 

3.2. Spatial distribution of the CO–COVID-19 association 

As depicted in Fig. 3, short-term CO exposure was positively linked to a greater risk of COVID-19 incidence in most northeastern 
states of the U.S. Specifically, a 10-ppb increase in CO levels was associated with a 1.33 % increase in COVID-19 cases (95%CI: 0.86%– 
1.81 %). Predictably, the strength of this correlation varied significantly across the 49 states, with relative risks (RRs) corresponding to 
a 10-ppb rise in CO ranging from 0.98 to 1.04. Notably, significant positive correlations were observed in a majority of northeastern 
states, including Minnesota, Iowa, Wisconsin, Massachusetts, Vermont, Connecticut, New York (NY), New Jersey, Pennsylvania, Ohio, 
Maine, and Rhode Island. Conversely, significant negative correlations were recorded in southeastern and southwestern states, 
particularly in CA and FL. 

The lack of significant correlations in many states located in the western, central, and southeastern regions could be attributed to 
insufficient statistical power corresponding to the individual state level. Therefore, a meta-analysis was implemented to combine the 
impacts in 15 southern, 11 western, and 9 central states, where correlations were found to be insignificant. The homogeneity of 
correlations within these regions was supported by the I2 statistics, as depicted in Fig. 4. Hence, the fixed-effect models were used to 
synthesize the effects. According to the obtained data, the average impacts are weak but significant in the central and southeastern 
parts, with RRs of 1.012 (95%CI: 1.006–1.019) and 1.005 % (95%CI: 1.000%–1.009 %), respectively. Nevertheless, the average impact 
remained insignificant in the western region, with an RR of 1.001 (95 % CI: 0.996–1.006). 

The validity of incorporating spatial dependency through the LCAR-based method was evaluated utilizing the traditional meta- 
analysis-based two-stage and stratified techniques. Unlike meta-analysis, which assumes uniform correlation strength across all 
states, and stratified techniques, which deny any inter-state similarities, the LCAR approach acknowledges geographical variations. 
The performance of each model was evaluated using the deviance information criterion (DIC) [30] and the logarithmic score (LS) [31], 
with lower values indicating superior model performance. The LCAR-based approach illustrated the highest performance levels, as 
evidenced by the lowest DIC values (-245.59, -238.03, and -216.59) and LS values (-120.47, -111.10, and -70.68) compared to the 
meta-analysis and stratified approaches, respectively. 

3.3. Temporal variations in associations and the modifying impacts of vaccination and temperature 

As depicted in Fig. 5, we corroborated the time-specific average associations between CO exposure and COVID-19 incidence across 
all states utilizing the time-varying GAM-LCAR method. A period of stability was noted from April 2020 to June 2021, during which the 
RR remained close to 1, indicating no significant association. Thereafter, the association exhibited a marked increase from June 2021 
to December 2021, culminating in a maximum RR of 1.050 (95%CI: 1.036–1.064). 

Fig. 3. Spatial distribution of association between short-term exposure to CO and the incidence of COVID-19. The asterisk mark (*) denotes 
a statistically significant relative risk (RR) (P < 0.05). 
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The spatiotemporal LCAR model, depicted in Table 1, investigated the linear modifying influence of temperature and vaccination 
on the CO–COVID-19 correlation. An increase in the vaccination rate by 1 % was associated with a 0.23 % and 0.29 % rise in the RR of 
CO exposure for PP1V and PPFV, respectively, indicating a significant modification of the association. The modifying impact of 
temperature on the correlation was weak, although it reached significance, with a 1 ◦C rise in temperature resulting in a 0.05 % 
increment in the RR. In addition, the nonlinear modifying impacts of vaccinations and temperature on the CO–COVID-19 association 
were examined (Fig. 6). At higher vaccination rates, both PP1V and PPFV considerably enhanced the negative influence of CO 
exposure on COVID-19 incidence. Conversely, at low vaccination rates (<53 % for PP1V and <70 % for PPFV), the modifying effects 
were not significant. The modifying impact of temperature on the CO-COVID-19 association was predominantly linear. 

3.4. Sensitivity analysis 

In the sensitivity analysis, we examined the potential nonlinear relationship between daily COVID-19 cases and short-term CO 
exposure. Accordingly, we adopted a natural cubic spline model with a df of 3 to characterize any nonlinear dynamics in the 
CO–COVID-19 relationship. As evidenced in Fig. 7, the CO–COVID-19 correlation was approximately linear, indicating that the linear 
hypothesis was justified in the primary analysis. Moreover, we conducted additional sensitivity analyses to account for adjusting for 
the seasonal trends and relative humidity. The results, as depicted inFigure S5–S10 of the Supplementary materials, demonstrated that 
the association remained consistent and stable, even after accounting for these factors. 

4. Discussion 

This study is the first to examine the spatiotemporal variability in the correlation between short-term exposure to CO and the risk of 
COVID-19. We uncovered notable spatial heterogeneity in this relationship; specifically, the correlation between CO exposure and 
COVID-19 incidence was weak and insignificant in the central, western, and southeastern states. In contrast, significant positive re
lationships were predominantly found in the central and northeastern regions. The strength of CO–COVID-19 correlation substantially 
rose over time in the post-pandemic era. Vaccination rates and temperature were pinpointed as major predisposing factors contributing 
to the spatiotemporal heterogeneity, highlighting regions and periods of heightened sensitivity where CO exposure may worsen 
COVID-19 transmission. Such insights are crucial for understanding the temporal trajectory of the link between CO exposure and 
susceptibility to infectious diseases, including COVID-19. 

The data from 49 states revealed that a 10-ppb increment in CO concentrations corresponded to a 1.33 % rise (95%CI: 0.86%–1.81 
%) in COVID-19 cases on average. Our finding further provides evidence that short-term CO exposure increases the incidence of 
COVID-19, which concurs with existing literature [19]. Spatial analysis revealed a notably robust CO–COVID-19 correlation in the 
northeastern states such as Wisconsin, New Jersey, NY, Connecticut, Massachusetts, and Maine. The robustness of this correlation is 
unlikely to be caused by the type-I error introduced by multiple testing or random spatial permutations, suggesting that an epide
miological mechanism may underlie these findings. Furthermore, our findings suggest that the intensity of the CO-COVID-19 rela
tionship does not solely depend on average CO concentrations. States with higher CO concentrations did not necessarily exhibit the 
strongest exposure-response relationships, indicating that other factors, such as local meteorological conditions, demographic char
acteristics, and behavioral practices, may play significant roles. Understanding these interactions is essential for developing targeted 
public health interventions and policies that can effectively mitigate the impacts of air pollution on infectious disease transmission. 

Conversely, most states situated in the western, central, and southern areas had weak CO–COVID-19 correlations that were 
insignificant, with some even exhibiting negative correlations. This observation does not undermine the overall conclusion that CO 
exposure facilitates the risk of COVID-19 transmission. Notably, the lack of significant findings in these regions could be attributed to 

Fig. 4. Meta-analyses for the associations between CO and COVID-19 incidence in insignificant regions. Fig. 4A exhibits the spatial dis
tribution of states in the three meta-analyses, Fig. 4B, C and D exhibit the meta-analysis results in the western (orange), middle-northern (brown) 
and southeastern (grey) states respectively. Note that the standard of subregion division was based on the combination of the spatial locations of 
states and whether the RR values were statistically significant. 

Fig. 5. Temporal patterns of the association between short-term CO exposure and COVID-19 incidence over time.  
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insufficient statistical power when analyzing data on a state-by-state basis. Alternatively, we implemented an additional meta-analysis 
for the western, central, and southeastern regions based on their RR values and spatial location. The obtained data unveiled that the 
average impacts of CO exposure on COVID-19 incidence remained significant in the central and southeastern states, implying that the 
adverse impacts of CO in the two regions should not be disregarded. However, in the western region, the average impact remains 
insignificant. Interestingly, several counties exhibited a negative correlation, some of which was significant. We hypothesize that the 
lack of significant impact in the western states may not be attributable to low statistical power. Given the possibility of unobserved 
confounding variables and the risk of ecological fallacy, more individual-based investigation is required to verify our findings. Due to 
the significant spatial heterogeneity in the association, we also used the recently proposed estimation-error-based spatial scan statistic 
to detect the association-clustered region [32,33]. Results showed that no clustering region was detected, which may owe to the 
insufficient power when the number of states was relatively small. 

Our analysis revealed a noteworthy temporal fluctuation pattern in the CO–COVID-19 correlation throughout the pandemic. This 
pattern can be categorized into two stages: stage 1, largely defined by a consistently weak and insignificant association; and stage 2, 
wherein the association grew significantly over time. This period was characterized by widespread public concern over the pandemic, 
which significantly affected daily communications and led to increased protective measures such as reducing outside activities. These 
behaviors likely reduced individuals’ actual exposure to CO, resulting in a minimal correlation between outdoor CO levels and COVID- 
19 infection rates. In contrast, the second phase saw a marked strengthening of the CO–COVID-19 correlation. This change coincided 
with the rollout and widespread acceptance of COVID-19 vaccinations, which paradoxically led to a relaxation in adherence to 

Table 1 
Linear modification effect of vaccination and temperature on the association between short-term CO exposure and COVID-19 incidence.  

Variables Relative risk 

Meana SD Median 95%CI lower 95%CI higher 

PP1V 1.00225 0.00012 1.00225 1.00202 1.00248 
PPFV 1.00294 0.00012 1.00294 1.00272 1.00317 
Temperature 1.00052 0.00010 1.00052 1.00034 1.00071 

Note. 
a This value is eθ̂ where θ̂ is the estimated parameter in model (5).  

Fig. 6. Temperature and vaccination’s nonlinear modifying impact on the CO-COVID-19 association. Fig. 6A exhibits the modification effect 
of vaccination rates, red line indicates the percentage of full dose vaccination rate (PPFV) and blue line indicates the percentage of one dose 
vaccination rate (PP1V); and Fig. 6B exhibits the modification effect of daily temperature. 

Fig. 7. The average nonlinear associations between short-term CO exposure and COVID-19 incidence.  
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preventive measures, such as outdoor activities and social distancing. Hence, people’s exposure to environmental pollutants, including 
CO, increased, intensifying the CO–COVID-19 correlation [34]. The post-epidemic period witnessed a stronger link between CO 
exposure and COVID-19, which may be attributed to the heightened susceptibility to the consequences of the pandemic, such as 
compromised immunity, more frequent outdoor exposure, and the increase of pollutant concentration caused by the recovery of 
normal production and life. The present temporal study underscores the influence of behavioral changes and public health awareness 
on the relationship between environmental contaminants and COVID-19 incidence. These insights have profound implications for 
public health strategies. 

In the context of a new pandemic, people’s behaviors often follow a consistent pattern: initially reducing social activities and 
avoiding crowds, then gradually resuming normal interactions as vaccination rates increase and acquired immunity increases. This 
observed temporal trend in the CO–COVID-19 association may also be referenced for managing future pandemics. During an extensive 
emerging infectious disease epidemic cycle, such as that of COVID-19, it is crucial for governments to strengthen public awareness 
about protective measures and control air pollution to mitigate the impact of environmental contaminants on the disease, especially in 
the post-epidemic phase compared to the epidemic and pre-epidemic phases. 

Based on the flexible LCAR, the analytical technique in our work enabled adequate characterization of the possible spatial auto- 
correlation and utilized a modified time-varying GAM-LCAR to elucidate the temporal patterns of the CO–COVID-19 correlation. 
This approach also facilitated the examination of various factors contributing to observed spatiotemporal variability. The utility of this 
analysis strategy extends beyond our current focus, offering a versatile tool for other similar studies investigating the short-term 
correlation between environmental factors and public health outcomes. The substantial spatiotemporal heterogeneity in the corre
lation between CO exposure and COVID-19 incidence observed in the U.S. suggested that similar patterns of variability might be 
observed in other countries, particularly those covering extensive geographical areas. Thus, exploring the spatial heterogeneity of the 
CO–COVID-19 correlation across different countries could yield valuable insights. 

However, several limitations must be acknowledged. Firstly, the reliance on interpolated CO concentrations from fixed environ
mental monitoring centers, rather than direct individual monitoring, might have introduced measurement inaccuracies about the 
actual exposure levels [35]. Secondly, the underreporting of COVID-19 cases during the early stages of the pandemic may have skewed 
the analysis due to difficulties in detecting viral nucleic acids [36]. Thirdly, the potential impact of SARS-CoV-2 variants that evolved 
during COVID-19 on the link between CO exposure and COVID-19 was not accounted for in our analysis. Hence, additional research 
that focuses on individual-level or quasi-experimental data is warranted to validate our findings. 

Despite these limitations, our study highlights strategic approaches to conducting individual-based research. For instance, future 
investigations could focus on areas of high sensitivity, such as NY, Massachusetts, New Jersey, and Maine, to examine the adverse 
impacts of CO exposure on COVID-19 risk more precisely. Additionally, studies conducted during later vaccination phases could 
provide insights into the drivers of temporal heterogeneity. Comparative studies in regions with varying levels of vulnerability, such as 
NY and FL, could present a promising strategy for examining the possible factors underlying spatial differences in the CO–COVID-19 
correlation. 

5. Conclusion 

This study is the first investigation of the spatiotemporal relationship between short-term CO exposure and COVID-19 incidence in 
the continental U.S. The evaluation of the data from 49 states revealed that a 10-ppb increase in CO levels is associated with a 1.33 % 
increase in COVID-19 cases. The findings highlight considerable spatial heterogeneity in the CO–COVID-19 correlations: strong in the 
northeastern regions, weak in the central and southeastern parts, and insignificant in the western parts. Temporally, the CO–COVID-19 
correlation presented no significance from April 2020 to June 2021, but a gradual increase was noted from June 2021 to the end of 
2021. Furthermore, our findings highlight the pivotal roles of vaccination rates and temperature in facilitating the spatiotemporal 
heterogeneity in the CO–COVID-19 association, which tends to become stronger at high temperature and vaccination rate. The 
research implications are particularly relevant for the northeastern U.S. during the post-pandemic period, where CO pollution warrants 
increased attention. 
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