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A B S T R A C T

Air pollution is a major cardiovascular risk factor leading to higher rates of heart failure and myocardial infarction (MI), but its effects on functional 
recovery after an MI remain unknown. Cardiac rehabilitation is a cornerstone of post-MI care and leads to better performance and quality of life, but 
its benefits may be hampered in heavily polluted environments. To assess the effect of different pollutants on post-MI rehabilitation, we included 
137 post-MI patients from 7 Spanish hospitals that were enrolled in a cardiac rehabilitation program who underwent two cardiopulmonary exercise 
tests (CPET) within a 12-week period. Air pollution data were obtained from preexistent databases and matched with the patient’s zip code. Patients 
exposed to higher NO2 levels (>22.5 ppb, above the median exposure of the cohort) had less improvement in peak oxygen consumption (0.9 % vs 
9.5 %, p = 0.014), in oxygen pulse (0.0 % vs 6.9 %, p = 0.034) and tidal volume (− 3.7 % vs 4.0 %). PM2.5 and PM10 did not have an impact on 
CPET parameters. After adjusting by age, sex, active smoking, hypertension, diabetes, hemoglobin, beta-blockers and left ventricular ejection 
fraction at discharge, the association between high NO2 levels and the change in peak VO2 remained significant (p = 0.029). This study highlights 
the importance of air pollution during cardiac rehabilitation and suggests that NO2 negatively impact on post-MI functional recovery.

1. Introduction

Air pollution is recognized as a major cardiovascular risk factor by the World Health Organization, as there is compelling evidence 
that air pollution increases the risk of myocardial infarction (MI), heart failure hospitalization and cardiovascular death, both in 
patients with history of cardiac disease and in those without [1,2]. In patients recovering from an MI, cardiac rehabilitation improves 
functional capacity and quality of life and accelerates recovery, enhancing the patient’s physical and psychological readiness to restart 
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his usual activities [3,4]. From centuries ago, until nowadays, many physicians have advocated for staying away from the noise and 
pollution of the city to promote a faster and fuller recovery in a healthier environment, although there is compelling data suggesting 
the physical activity should be encouraged regardless of air pollution to decrease cardiovascular risk [5]. To date, however, there is 
little data to support this long-lasting recommendation.

2. Material and methodology

We conducted a retrospective, multicentric study including patients from 7 Spanish hospitals who suffered an MI between January 
2015 and December 2019 who were enrolled into a cardiac rehabilitation program and had 2 cardiopulmonary exercise tests (CPET) 
within a 12-week period. By measuring oxygen consumption and carbon dioxide production during exercise, a CPET is the ideal in
strument to assess cardiorespiratory fitness and identify the mechanism of exercise intolerance. Based on the zip code, the daily 
average concentration of air pollutants during the 2 previous years in the closest air pollution station to the patient zip code was 
collected from publicly available sources managed by the Spanish Department of Environmental Quality. Data was provided by the Air 
Quality Area from the Spanish Ministry for the Ecologic Transition. The pollutants that we included were nitrogen dioxide -NO2-, 
particulate matter 2.5 -PM2.5- and particulate matter 10 -PM10-, and if no data regarding air pollutant was available within a radius of 
1 km from the boundaries of the zip code, the patient was excluded from the analysis. The CPET protocol varied from center to center, 
but most centers reported peak oxygen consumption (VO2 peak), oxygen uptake efficiency slope (OUES), oxygen pulse (VO2/heart 
rate) and the minute ventilation (VE)/minute CO2 production (VCO2) as a measure of ventilatory efficiency. Categorical values are 
presented as count and percentages, and continuous variables as median and interquartile ranges (IQR). were compared using Mann 
Whitney U test. Given the small sample size and significant P values in the Shapiro-Wilk test, all comparisons between medians and 
percentual changes in continuous variables were performed using Mann Whitney’s U test, and adjusted analyses by were performed 
using multiple linear regression using CPET variables as the dependent variable. All analyses were performed using Stata 15.0 for Mac 
(StataCorp, TX, US), and a two-tailed P value < 0.05 was considered significant for all comparisons. Ethics approval was obtained (PR 
(AG)97/2020) from the Research Ethics Board of Vall d’Hebron University Hospital.

Table 1 
Median values for several CPET parameters are provided depending on the average exposure to NO2, PM10 or PM2.5. The median values at baseline 
(CPET 1) and after finishing cardiac rehabilitation (CPET 2) are provided, along the individual change, calculated as the median percentual change 
compared to baseline ([CPET 2 – CPET 1]/CPET 1). The P value compared the median percentual change between groups using U-Mann Whitney test 
(above vs below median for each pollutant).

NO2

NO2 < median (n = 56*) NO2 > median (n = 55*) P value

CPET 1 CPET 2 % Diff CPET 1 CPET 2 % Diff

VO2 peak (ml/kg/min) 21.0 23.3 9.5 19.0 20.6 0.9 0.014
% of predicted OUES 84.0 86.0 5.8 79.6 79.0 0.0 0.07
METS 6.1 6.8 9.1 5.7 6.3 1.5 0.09
O2 pulse (ml/heartbeat) 13.0 14.0 6.9 13.2 13.9 0.0 0.034
VE/VCO2 slope 30.5 29.9 − 1.5 29.4 28.3 1.2 0.11
Tidal volume (L) 2.0 2.2 4.0 2.1 2.1 − 3.7 0.010

PM10
​ PM10 < median (n¼33*) PM10 > median (n¼33*) P value
​ CPET 1 CPET 2 % Diff CPET 1 CPET 2 % Diff ​

VO2 peak (mL/kg/min) 21.0 23.0 9.5 23.0 23.5 1.9 0.23
% of predicted OUES 94.0 91.8 7.1 95.0 96.4 1.8 0.68
METS 6.1 6.8 9.9 7.0 7.4 4.0 0.87
O2 pulse (mL/heartbeat) 13.2 14.0 1.6 14.7 16.3 5.9 0.16
VE/VCO2 slope 31.0 29.0 − 4.7 28.7 29.7 − 1.5 0.09
Tidal volume (L) 2.4 2.4 0.8 2.3 2.3 0.6 0.58

PM2.5
​ PM2.5 < median (n¼21*) PM2.5 > median (n¼19*) P value
​ CPET 1 CPET 2 % Diff CPET 1 CPET 2 % Diff ​

VO2 peak (mL/kg/min) 20.0 23.0 4.3 19.0 23.0 3.3 0.84
% of predicted OUES 95.5 92.0 6.3 93.0 99.9 − 0.3 0.93
METS 6.0 6.8 11.3 6.0 7.2 0.0 0.35
O2 pulse (mL/heartbeat) 13.2 13.7 3.3 13.0 14.4 1.2 0.95
VE/VCO2 slope 28.6 27.9 − 0.8 31.1 29.9 − 0.3 0.48
Tidal volume (L) 2.4 2.4 − 5.0 2.3 2.3 4.9 0.030

CPET: cardiopulmonary exercise test; NO2: nitrogen dioxide; VO2: oxygen consumption; OUES: oxygen uptake efficiency slope; VE/VCO2: minute 
ventilation/minute CO2 production. *Number of patients with valid values.
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3. Results

A total of 137 patients were included. Median age was 59 (interquartile range 50–65) years old, and 15 (11 %) were women. There 
were 52 (38.0 %) patients with hypertension and 28 (20.6 %) with diabetes, and 11 (8.0 %) had been previously admitted due to heart 
failure. The median ejection fraction after the MI was 50 % (IQR 44 %–60 %). Cardiac rehabilitation had a positive impact in the 
overall cohort, with a significant increase in peak VO2 (20 ml/kg/min at baseline vs 23 ml/kg/min at the second CPET, p < 0.001), 
oxygen pulse (13.5 vs 14.1 ml O2 per heartbeat) and more METS (6.0 vs 6.6, p < 0.001), with no change in VE/VCO2 slope (p = 0.24) 
nor in tidal volume (p = 0.06).

Based on the WHO recommendations, median yearly exposure was above the suggested threshold for cardiovascular risk in 98.4 % 
of the patients for NO2, in 100 % for PM10 and in 69 % for PM2.5, therefore not allowing to create groups for comparison, so that 
patients were divided based on the median exposure to each of the pollutants. High NO2 levels (>22.5 parts per billion) was 
significantly associated with an impaired recovery after an MI, with only a 0.9 % increase in VO2 peak compared to 9.5 % increase in 
patients in the low NO2 group (p = 0.014). Patients exposed to high NO2 levels also improved their oxygen pulse less (0.0 % vs 6.9 %, 
p = 0.034), as well as their tidal volume (− 3.7 % vs 4.0 %, p = 0.010), with a trend towards less METS exercised (p = 0.09) and worse 
% of the predicted OUES (p = 0.07)(see Table 1) After adjusting by age, sex, active smoking, hypertension, diabetes, hemoglobin, beta- 
blockers and left ventricular ejection fraction at discharge, the association between high NO2 levels and the change in peak VO2 
remained significant (p = 0.029), whereas the association with oxygen pulse and tidal volume did not. These results were not seen 
when patients were divided based on PM10 median exposure, not when divided depending on average PM2.5 levels.

4. Discussion

This study is the first to suggest that air pollution may hamper the recovery after an MI by undermining the beneficial effects of 
cardiac rehabilitation and emphasizes the need to conduct further research to determine the effects of air pollution on cardiac 
remodeling and functional recovery in patients with cardiac disease. Specifically, we observed that patients exposed to higher NO2 
levels had less improvement in VO2 peak after adjusting by several confounders. The causal association between NO2 and impaired 
recovery after an MI is yet to be stablished of prospective studies, ideally measuring individual exposure to several pollutants, but we 
believe it is worth exploring as it appears to be hypothesis generating. We exclusively assessed average air pollution in the two years 
preceding the MI, but we did not consider exposure to air pollution after the MI and during the recovery phase, which might have 
yielded to different results than the ones we observed.

Of note, the average pollution in the patient zip code was obtained from a national database and may not reflect the precise levels of 
pollutant that the patients were exposed to, and this work is therefore subjected to the limitations intrinsic to ecological studies. Also, 
the average values for air pollutants were above the WHO recommendations, and bigger differences may have been observed had the 
control group been exposed to air pollutant levels below the recommended WHO thresholds. Sample size is another major limitation of 
the study, which was due to lack of available measurements of certain pollutants, excessive distance between the zip code and 
pollution station and heterogeneity in CPET protocols between centers. Despite the known effects of SO2 in cardiovascular risk [6], no 
data was reported in this study related to SO2 given the small numbers of patients for whom we could obtain the concentrations of 
these pollutants at less than 1 km radius from their zip code. However, the associations between NO2, PM10 and PM2.5 and car
diovascular risk are stronger than those observed with SO2 or ozone [7].

5. Conclusions

Patients living in areas with higher exposure to NO2 levels during the two years preceding an MI had a worse recovery during a 
cardiac rehabilitation program, with an impaired increase in peak VO2 at the end of the training program after adjusting for several 
confounders. This suggests a deleterious effect of air pollution on functional recovery after an MI and warrants further research.
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