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ABSTRACT

BACKGROUND Mortality from acute myocardial infarction (AMI) exhibits a weekly pattern, with a peak occurring on 
Mondays. Although several hypotheses have been proposed, the effect of air pollution on this peak has not yet been 
investigated.

OBJECTIVES The purpose of this study was to investigate if daily variation in major air pollutants modifies the risk of 
AMI mortality on Monday.

METHODS A time-series study analyzed 260,320 AMI deaths in Spain from 2004 to 2018, using records from the 
Spanish National Institute of Statistics. Air pollution (ie, PM 2.5 , PM 10 , nitrogen dioxide, and ozone) levels were estimated 
across the mainland Spain and the Balearic Islands. Regression models and multilevel meta-analysis were used to assess 
the weekly variation in AMI mortality and the association between air pollution and the Monday excess in AMI mortality.

RESULTS AMI mortality varied throughout the week, peaking on Monday (+3.7% above the weekly average). 
Particulate air pollution (PM 2.5 , PM 10 ) also showed a weekly pattern, with lower levels on weekends than weekdays. 
A significant increase in PM 2.5 and PM 10 levels was observed from Sunday to Monday (12.6% and 12.0%, respectively), 
but not between other weekdays. After adjustment for inter-weekly baseline mortality changes, the intra-weekly 
pattern in AMI mortality was not modified by either the absolute level or the inter-day change in air pollutants. In 
addition, no association was found between air pollution and the Monday peak in AMI mortality.

CONCLUSIONS Our results suggest that the excess AMI mortality observed on Mondays in the Spanish 
population is not explained by concurrent variations in major air pollutants. (JACC Adv. 2026;5:102378)
© 2026 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an 
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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A cute myocardial infarction (AMI) is 
the leading cause of cardiovascular 
death worldwide. 1 Epidemiological 

studies have shown that the incidence of 
both AMI and AMI mortality varies according 
to the day of the week, with a peak on Monday 
and a minimum on Sunday. 2-5 This temporal 
or circaseptan distribution—that is, the rhyth-
mic occurrence of a peak every 7 days—is 
commonly attributed to cyclical cardiovascu-
lar triggers related to social rhythms (eg, the 
stress of returning to work on Mondays, 2 the 
lag effect of weekend excessive alcohol con-
sumption 6 ) or internal biological rhythms 
(eg, circadian rhythm disalignment, 7 or a hy-

pothetical weekly biological clock). 8 However, many 
uncertainties remain about its underlying causes, as 
association studies are lacking and other environ-
mental risk factors also prone to periodicity, such as 
air pollution, have long been overlooked.

In fact, a number of findings in the literature point 
to air pollution as a plausible candidate that could 
account for the Monday peak. Firstly, traffic and in-
dustrial activities are a major source of coarse (PM 10 ) 
and fine (PM 2.5 ) particles, 9 which are today consid-
ered among the largest cardiovascular risk factors in 
population studies. 10 Secondly, environmental ana-
lyses have highlighted weekly variations in air 
pollutant levels, with weekends being less polluted 
than the start of the week. 11 Lastly, exposure to acute 
variation in particulate air pollution significantly in-
creases the risk of AMI within a very short time frame 
(1-6 hours). 12,13

In this study, we therefore tested the hypothesis 
that daily variation in major air pollutants (PM 10 , 
PM 2.5 , nitrogen dioxide [NO 2 ], ozone [O 3 ]) modifies 
the risk of AMI mortality on Mondays. To assess this 
association, we examined daily mortality and air 
pollution data from Spain over a 15-year period 
(2004-2018).

METHODS

DATA SOURCES. This country-wide time-series 
study used data on deaths and air pollution (ie, PM 2.5 , 
PM 10 , NO 2 , and O 3 ) from 48 provinces in mainland 
Spain and the Balearic Islands (Supplemental 
Figure 1), representing an average population of 
about 43.6 million people (95.2% of the total Span-
ish population).

Individual death records were provided by the 
Spanish National Institute of Statistics upon request.

The database included, among others, the following 
variables for the deceased: date of death, sex, age, 
province of residence, and the cause of death coded 
according to the International Classification of 
Diseases-10th Revision (ICD-10). Individual death 
records were aggregated by date of decease and 
province of residence in order to perform the statis-
tical analysis described below.

As previously described, 14 daily mean concentra-
tions of PM 2.5 , PM 10 , NO 2 , and daily maximum 8-hour 
averages of O 3 across Spain were estimated using a 
Quantile Machine Learning model framework at a 
spatial resolution of 10 km × 10 km. The model 
development involved the integration of various data 
sources, including ground monitoring measure-
ments, fine and course mode Aerosol Optical Depth, 
climate and air quality reanalysis data, and 
geographical features (eg, land use, topography, road 
traffic). The model was trained using data from 

across Europe, covering the period from January 1, 
2003, to December 31, 2020. To assess the accuracy of 
the model, we conducted a 10-fold validation. The 
results showed good performance, with correlation 
coefficients of 0.80, 0.79, 0.79, and 0.90 for PM 2.5 , 
PM 10 , NO 2, and O 3 , respectively, when compared with 
site observations in Europe. The normalized root 
mean square error for PM 2.5 , PM 10 , NO 2, and O 3 pre-
dictions in Europe were found to be 1.84%, 2.07%, 
8.99%, and 3.35%, respectively, compared to site 
observations. Air pollution data were transformed 
into provincial estimates by weighting the values 
with 1 km × 1 km gridded population counts for the 
year 2011 from Spanish National Institute of 
Statistics. 15

STATISTICAL ANALYSIS. The statistical analysis was 
performed with R software version 4.5.1 (R Founda-
tion for Statistical Computing) and consisted of 2 
steps that are described below.
F i rst stage t ime-ser ies regress ion . We used 
time-series regression models to assess: 1) the weekly 
variation in AMI (ICD-10: I21-I22) mortality and the 
contribution of air pollution; and 2) the association 
between air pollution and the Monday excess in AMI 
deaths.

First, the weekly cycle of AMI deaths in each 
Spanish province was estimated using a daily time-
series quasi-Poisson regression model including a 
categorical variable of day of the week, together with 
a spline of time with 8 degrees of freedom to account 
for seasonal and long-term trends:

log(μ) = α + dow + ns(time) (1)

ABBR EV I A T I ON S 

AND ACRONYMS

AMI = acute myocardial
infarction

ICD-10 = International
Classification of Diseases-10th 
Revision

NO 2 = nitrogen dioxide

O 3 = ozone

PM 10 = coarse particulate
matter (aerodynamic 
diameter <10 μm)

PM 2.5 = fine particulate matter
(aerodynamic 
diameter <2.5 μm)
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where μ denotes the expected number of AMI 
deaths; α the intercept; dow the categorical variable 
of day of the week; and ns the natural cubic B-spline. 
Next, in order to evaluate the role of air pollution in 
increasing AMI mortality, we introduced, respec-
tively, in Equation 1, a linear term for: 1) daily mean 
air pollution concentrations at lags 0 to 2; and 2) 
inter-day pollution variation (defined as the differ-
ence between the daily mean concentration of 2 
consecutive days). Moreover, to examine effect 
modification by season (winter [December-March] 
and summer [June-September]), we introduced an 
interaction between dow and a binary variable of 
season.

Separately, the association between air pollution 
and the Monday excess in AMI mortality across 
Spanish provinces was examined through a condi-
tional quasi-Poisson regression model, which was 
fitted on a subset of data including only Sunday and 
Monday observations. The model included a stratum 

variable defined by week and year, a categorical 
variable of day of the week (1 = Sunday [week day of 
minimum AMI mortality], 2 = Monday [week day of 
maximum AMI mortality]), and, respectively, a linear 
term for daily mean air pollution concentration and 
inter-day pollution variation (ie, difference in air 
pollution levels between Monday and Sunday):

log(μ) = stratum + dow + pollution (2)

This modeling strategy isolated Monday–Sunday 
differences in mortality by controlling for inter-week 
variability through fixed effects.

The models described above provided sets of co-
efficients representing the province-specific esti-
mates, as well as their (co)variance matrices. 
Second-stage meta-analys is . In the second stage, 
we used multivariate (in the analysis of the weekly 
variation in AMI mortality) and univariate (in the 
analysis of the association between air pollution and 
Monday peak in AMI deaths) multilevel meta-anal-
ysis 16 to pool the province-specific estimates. This 
allowed us to derive the average associations across 
the whole country, which were reported either as 
relative risk (RR) of death or as percent increase in 
the risk of mortality, with 95% empirical CI. The 
meta-analytical model can be written as:

θ ij = ß 0 + γ i Y i + δ j Z ij + ε ij ; (3)

γ i ∼ N 
( 
0; τ 21

) 
; δ j ∼ N 

( 
0; τ 22

) 
; ε ij ∼ N 

( 
0; s2

ij

)

where θ ij denotes the coefficients representing AMI 
mortality in province j (n = 48) within region i 
(n = 16); ß 0 the pooled effect; Y i the matrix of region

indicators with random coefficients γ i ; Z ij the matrix 
of province indicators with random coefficients δ j ; 
and ε ij the error term distributed with province-
specific (co)variance matrices s 2ij. The random co-
efficients had unstructured (co)variance matrices τ 2 .
Residual heterogeneity was tested and quantified 
using the multivariate extension of the Cochran 
Q test and the I 2 statistic, respectively.

Finally, in order to assess whether the associations 
varied by degree of urbanization or rurality, we 
categorized the provinces into 4 groups (ie, quartiles) 
based on population density data (ie, proxy of degree 
of urbanization/rurality), and then fitted the meta-
analytical model described above for each group.

RESULTS

From 2004 to 2018, there were 260,320 deaths (mean 
[IQR] age, 77.4 [16.0] years; 41.6% women) from AMI 
in the Spanish population, accounting for 52.8% and 
14.9% of ischemic heart disease (ICD-10: I20-I25) and 
total cardiovascular disease (ICD-10: I00-I99), 
respectively. Crude mortality rates for AMI largely 
decreased over time (from 5.4 deaths per 10,000 in 
2004-3.0 deaths in 2018) (Supplemental Figure 1A), 
despite an aging population. The national average 
(interprovince range) of population-weighted daily 
mean concentrations of air pollutants was 10.4 μg/m 3 

(7.1-15.8) for PM 2.5 , 21.3 μg/m 3 (12.0-32.6) for PM 10 , 
12.7 μg/m 3 (10.0-17.2) for NO 2 , and 79.6 μg/m 3 (72.6-
85.1) for O 3 . Except for O 3 , population exposure to air 
pollution showed a clear reduction during the study 
period (Supplemental Figures 1B to 1E).

Figure 1 displays the weekly variation in AMI 
mortality, expressed as the percentage change (%) of 
mortality on each day of the week with regard to the 
weekly average. Overall, Sunday exhibited the lowest 
incidence of AMI mortality (− 1.7% below the weekly 
average), whereas Monday showed the highest inci-
dence (+3.7% above the weekly average), corre-
sponding to an estimated relative increase in AMI 
mortality of 5.4% from Sunday to Monday. The 
remaining days of the week were marked by a mod-
erate and stable number of AMI deaths, with de-
viations from the weekly average ranging 
between − 0.8% and 0.3%. The Monday peak was 
more pronounced in men (Figure 1A), and its magni-
tude decreased with age (Figure 1B). In addition, the 
Sunday trough was more pronounced in women, and 
its magnitude decreased with age, except for people 
younger than 65 years. The Monday peak was also 
less prominent for other ischemic heart diseases and 
was not found for other (non)cardiovascular diseases 
(Supplemental Figure 3).
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Figure 2 shows the weekly variation of the air 
pollutants analyzed in this study, namely PM 2.5 , 
PM 10 , NO 2 , and O 3 . NO 2 and O 3 levels remained stable 
throughout the week, while particulate air pollution 
(PM 2.5 , PM 10 ) showed greater variability depending 
on the day of the week. PM 2.5 and PM 10 levels were 
lower on weekends than on weekdays, with a mini-
mum on Sundays (− 10% [− 1.0 μg/m 3 ] and − 11% 

[− 2.3 μg/m 3 ], respectively, relative to the weekly 
mean). The relative increase in PM 2.5 and PM 10 levels 
between Sunday and Monday was 12.6% and 12.0%, 
or in absolute terms 1.2 μg/m 3 and 2.2 μg/m 3 . Partic-
ulate concentrations continued to rise over the 
remaining working days, albeit with lower inter-day 
variability.

Figures 3 and 4 depict the RR of AMI mortality on 
each day of the week compared to the minimum 

mortality week day derived from the multivariate 
meta-analysis. Before adjustment for air pollutants, 
the RR of death was highest on Monday (RR = 1.060 
[95% empirical CI: 1.040-1.080]), and progressively 
declined to reach a minimum on Sunday (ie, the 
minimum mortality week day). After adjustment for 
either daily mean air pollution (PM 2.5 , PM 10 , NO 2 , O 3 ) 
at lag 0 (Figure 3) and lags 1 to 2 (Supplemental 
Figure 4), or inter-day variation in air pollutants 
(Figure 4), the weekly pattern in AMI mortality hardly 
changed. Moreover, the weekly cycle in AMI mortality

was not modified by season (Supplemental Figures 5 
and 6) nor the degree of urbanization/rurality of the 
province (Supplemental Figure 7 and 8).

The results of the analysis focusing exclusively on 
the association between air pollution and the 
Monday excess in AMI mortality are reported in 
Table 1. We found no statistically significant associ-
ation between daily level of air pollutants and the 
Monday peak in AMI mortality: a 1 μg/m3 increase in 
PM 2.5 , PM 10 , NO 2 , and O 3 increased the mortality risk 
on Monday by 0.03% (− 1.05-1.11), 0.11% (− 0.18-0.39), 
0.10% (− 0.70-0.91), and 0.25% (− 0.09-0.60), 
respectively. Note that this lack of association was 
independent of the season (Table 1) and the degree of 
urbanization/rurality of the province (Supplemental 
Table 1). Moreover, when testing whether the 
change in pollution (between Sunday and Monday), 
rather than its absolute level, is associated with 
excess mortality on Monday, we yielded identical 
results (Table 1).

Finally, the results of heterogeneity from the 
meta-analyses are reported in Supplemental Tables 1 
and 2. On the one hand, the weekly variation in AMI 
mortality (Supplemental Table 2), the multivariate 
Cochran Q test for heterogeneity was not significant 
(P > 0.05) neither for the unadjusted models nor 
pollution-adjusted models describing the weekly 
cycle in AMI mortality. In addition, the I 2 statistic

FIGURE 1 Weekly Variation of Mortality From AMI
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indicated that only 7.8% (unadjusted model) and 
7.9% to 11.1% (pollution-adjusted models) of the 
variation in the province-specific estimates was 
attributable to heterogeneity between provinces. On 
the other hand, regarding the association between air 
pollution and Monday peak in AMI mortality, there 
was evidence of heterogeneity (P < 0.05) for all pol-
lutants, although it was moderate (I 2 statistic = 38%- 
44%) (Supplemental Table 3).

DISCUSSION

This population-based study spanning 15 years 
examined daily AMI mortality and air pollution 
across Spain. We observed a weekly variation in AMI 
deaths, characterized by a minimum on Sunday and a 
peak on Monday. Particulate air pollution displayed a 
comparable weekly pattern. However, after adjusting 
for air pollution exposure, the Monday peak in AMI 
mortality was not associated with main air pollutants 
(PM 2.5 , PM 10 , NO 2 , and O 3 ) (Central Illustration). To 
the best of our knowledge, this is the first study 
to investigate the relationship between an

environmental risk factor and the Monday excess in 
AMI mortality.

Since its first description by Rogot et al 17 in 1976, 
the Monday peak in AMI mortality and other cardio-
vascular diseases (eg, ischemic heart disease, ven-
tricular arrhythmias, sudden cardiac death) has been 
well-documented. 3,4 The present study, however, 
provides insight into several previously debated as-
pects. First of all, we find a significant excess of AMI 
mortality of 3.7% on Mondays, which is in the lower 
range of previously reported estimates. 3-5 Although 
this mortality excess may appear modest, it is suffi-
cient to result in a negative risk on the days following 
the peak, probably because of a harvesting effect. 
Similar findings have been demonstrated in a recent 
prospective Irish study examining the association 
between the occurrence of ST-segment elevation 
myocardial infarction cases and the day of the 
week. 18 Furthermore, our subgroup analysis yielded 
results consistent with those previously observed 
regarding sex, but not with age. Although the 
Monday peak is known to affect men more than 
women, 3,19 it is surprising to find that it also occurs in

FIGURE 2 Weekly Variation of Air Pollution Levels
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retired people (>65 years). This finding challenges 
the long-established hypothesis that the first day of 
the week triggers myocardial infarction primarily in 
the working population under 65 years of age. 2 In this 
group, the Monday peak was preceded by an elevated 
risk of AMI mortality during the weekend. This 
pattern, also reported by Evans et al, 20 could be 
explained by a number of well-known behavioral 
cardiovascular risk factors affecting the <65 years age 
group on weekends, such as physical exertion, 
excessive alcohol consumption, and recreational 
drug use. 20-22 Lastly, no Monday increase in mortality 
from other cardiovascular diseases was noted, con-
trary to findings reported in several previous popu-
lation studies. 5,23

Despite substantial evidence in the literature sug-
gesting a potential link between air pollution and 
AMI events, we found no association between air 
pollution and the Monday peak in AMI mortality. 
Particulate air pollution (especially PM 2.5 ), largely 
emitted by road traffic, is a major risk factor for AMI 
in the general population due to its continuous and 
widespread nature, with an estimated population 
attributable fraction of 5%. 10 Increasing evidence 
indicates that short-term exposure to PM 2.5 can 
trigger an AMI within hours, 13 even at concentrations 
below the World Health Organization limit values, 24 

probably via sympathetic activation and thrombotic 
mechanisms. 25 Considering the rapid fatality of AMI, 
a mortality peak on Monday, coinciding with a

FIGURE 3 Weekly Variation of the Risk of AMI Mortality Before and After Adjustment for Daily Air Pollution
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pronounced increase in particulate pollution, would 
be expected.

STUDY LIMITATIONS

The negative results of our study should be inter-
preted in the light of several limitations. First, we did 
not measure hourly air pollution levels, but rather 
daily averages, due to a lack of data. Indeed, several 
studies have demonstrated that hourly peaks in air 
pollution concentration are more strongly associated 
with major cardiac events than daily averages, which 
tend to underestimate variations in air pollution 
throughout the day. 26 Second, we were not able to 
control for certain individual characteristics,

including cardiovascular risk factors (eg, alcohol, 
smoking, etc) and specific pre-existing comorbidities 
(eg, prior heart disease, diabetes, hypertension, 
etc). 27 These factors may increase susceptibility to air 
pollution and potentially influence the relationship 
between air pollution and AMI mortality. 28-30 

Thirdly, spatial resolution could not be adjusted to 
the scale of neighborhoods subject to high levels of 
pollution. The literature shows that areas located 
near major roads or industrial zones expose the 
populations who work or live there to a higher risk of 
AMI. 31 Fourth, hypotheses other than air pollution 
have been put forward to explain the Monday peak. 
In the absence of a circaseptan biological rhythm, 
external triggers have generally been considered as

FIGURE 4 Weekly Variation of the Risk of AMI Mortality Before and After Adjustment for Inter-Day Change in Air Pollution
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possible explanatory theories for the periodic pattern 
of AMI mortality. 4 Indeed, the psychological stress 
associated with returning to work may contributed to 
the peak in blood pressure and AMI observed on 
Mondays. 32-34 Last, population studies tend to have 
lower ORs for AMI events than clinical studies, where 
each death could be evaluated according to diag-
nostic criteria. 4 It is also possible that the number of 
AMI deaths in this study may have been over-
estimated because AMI is often considered a “catch-
all” cause of death in the absence of a clear medical 
history or when a confirmatory autopsy is not

TABLE 1 Monday Change in AMI Mortality Risk per 1-μg-per-Cubic-Meter Increase in 
Air Pollutants

Pollutant Annual Winter Season Summer Season

PM 2.5 0.03 (− 1.05 to 1.11) 0.25 (− 1.27 to 1.79) 0.58 (− 1.67 to 2.88)
PM 10 0.11 (− 0.18 to 0.39) 0.11 (− 0.19 to 0.41) − 0.14 (− 0.92 to 0.64)
NO 2 0.10 (− 0.70 to 0.91) 0.12 (− 0.51 to 0.75) 0.21 (− 1.42 to 1.86)
O 3 0.25 (− 0.09 to 0.60) 0.10 (− 0.41 to 0.61) 0.23 (− 0.60 to 1.06)

AMI = acute myocardial infarction; NO 2 = nitrogen dioxide; O 3 = ozone; PM 2.5 = fine particulate matter 
(aerodynamic diameter <2.5 μm); PM 10 = coarse particulate matter (aerodynamic diameter <10 μm). The es-
timates represent the percentage increase in mortality risk along with 95% CI. Winter = December-March; 
Summer = June-August.

CENTRAL ILLUSTRATION Short-Term Exposure to Air Pollution on the Monday Mortality Peak in Acute 
Myocardial Infarction

Excess AMI mortality observed on Mondays is not explained by concurrent variation in major air pollutants
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Lévy R, et al. JACC Adv. 2026;5(1):102378.

This time-series analysis of 260,320 AMI deaths in Spain (2004-2018) examined whether air pollution explains Monday mortality peaks. (A) Weekly 
variation in AMI mortality shows a Monday peak (+3.7% above the weekly average). (B) Weekly variation in particulate matter pollution (PM 2.5 ) levels 
displays a significant increase from Sunday to Monday (+12.6%). (C) The strong variation in PM from Sunday to Monday does not predict the higher risk 
of AMI mortality on Monday, neither in summer (June-September) nor in winter (December-March). Abbreviations as in Figures 1 and 2.
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performed on the deceased. 35 Nevertheless, previous 
prospective clinical studies have reported similar 
Monday peaks, for example, in the incidence of 
AMI. 2,36

CONCLUSIONS

Our study shows a weekly variation in AMI mortality, 
with a peak on Monday and a minimum on Sunday. 
Particulate air pollution levels, especially PM 2.5 and 
PM 10 , exhibit a similar rhythm, being lower on 
weekends than on weekdays. Although the highest 
weekly increase in PM 2.5 and PM 10 levels occurs be-
tween Sunday and Monday, this does not affect the 
cyclical pattern of AMI mortality. Adjusting for daily 
mean pollution levels does not change this pattern, 
nor does it show any association with it. These re-
sults suggest that the significant difference in air 
pollution between Sunday and Monday is not asso-
ciated with the cyclical increase in AMI deaths on 
Mondays observed in the Spanish population.
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