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Bulgaria has a very high incidence of  cardiometabolic diseases and air pollution-related mortality rate. This study investigated the relationship 
between daily air pollution levels and hospital admissions for ischaemic heart diseases (IHD), cerebral infarction (CI), and type 2 diabetes 
mellitus (T2DM) in Sofia, Bulgaria. We obtained daily data on hospitals admissions and daily average air pollution levels from 2009 to 
2018. Pollutants of  interest were particulate matter (PM2.5 and PM10), nitrogen dioxide (NO2), sulphur dioxide (SO2), ozone (O3), and 
carbon monoxide (CO). Negative binomial regressions were fitted to study the effects of  air pollution on hospital admission over the 
course of  seven days prior to that event, accounting for autocorrelations and time trend in the data, day of  the week, temperature, and 
relative humidity. Our findings confirm that higher air pollution levels generally increase the risk of  hospital admissions for IHD and CI. 
For T2DM the association is less clear. Admissions often lagged several days behind and were more common in specific demographic 
subgroups or when pollution crossed a particular threshold. However, we did not expect to find the risk of  hospital admissions increased 
in warmer rather than colder months of  the year. Our findings are to be taken with reservation but do provide an idea about how air 
pollution could trigger acute episodes of  related cardiovascular diseases, and our model may serve to investigate similar associations across 
the country.
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Air pollution remains a major issue in Bulgaria, even after several 
law suits brought against the government before the European 
Court of  Justice for repeated non-compliance with the regulatory 
thresholds for PM10 and SO2 (1). Local organisations, including 
those of  diabetic patients, have even brought a class action lawsuit 
against the Sofia Municipality for wrongful inaction regarding its 
obligation to manage and control air quality in the city (2). With the 
already deep-rooted resistance to shutting down coal-based power 
plants and removing outdated cars from Bulgarian cities, it is crucial 
to accumulate local evidence of  the impacts of  air pollution on 
population health. Such evidence could trigger public debate and 
inform actions by politicians and local authorities. High background 
morbidity from cardiometabolic disorders in Bulgaria further 
complicates the problem, which cannot be resolved with individual 
changes in lifestyle alone (3).

Bulgaria has the highest standardised death rate in Europe 
(1,051.8 per 100,000) and hospital discharge rate (4,697 per 100,000) 
for cardiovascular diseases, where the ischaemic heart disease and 
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cerebrovascular accidents (strokes) account for the majority of  
deaths (4). The prevalence of  diabetes mellitus in the country is also 
relatively high (9.9 % in adults aged 20–79 years) (5) and is likely to 
contribute to cardiovascular disease mortality through mechanisms 
involving metabolic dysregulation and endothelial dysfunction (6). 
Besides individual risk factors like demographics, lifestyle, and 
comorbidities, there is ample evidence pointing to air pollution as 
one (3). Acting primarily through oxidative stress and systemic 
inflammation to ultimately cause atherosclerotic plaque formation 
and blood vessel damage and hypertension (7, 8), air pollution can 
promote disease progression, exacerbation, and accidents in patients 
already afflicted with cardiovascular diseases and diabetes (9). Several 
meta-analyses have revealed a clear association between air pollutant 
levels and daily hospital or emergency department visits for these 
diseases (10–15).

In Bulgaria, the relationship between air pollution and health 
should be of  keen public health interest, given that Bulgarian cities 
rank among the top cities in the world in terms of  fine particulate 
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matter (PM2.5)-related mortality rate (16). According to the US 
Health Effects Institute, 14 % of  deaths caused by the ischaemic 
heart disease, 15 % by the ischaemic stroke, and 18 % by diabetes 
mellitus in 2019 could be attributed to air pollution, mainly PM2.5 
(17). Beyond air pollution, the reasons for these striking statistics 
are manifold, including socioeconomic adversities, inadequate access 
to healthcare, and behavioural risks like unhealthy diet and smoking, 
which contribute to high background mortality from cardiovascular 
diseases and diabetes mellitus and yield the shortest life-expectancy 
in the EU (18). Even so, the Health Effects Institute data clearly 
illustrate to which extent improvements in air quality could reduce 
this burden of  disease beyond individual risk factors. Analysis of  
local evidence data can provide an even better insight into the risks 
for local communities and inform the public health sector how to 
use its resources. Against this backdrop, the lack of  robust studies 
in Bulgaria is surprising. To our knowledge, earlier time-series 
research used suboptimal analytical approaches and covered 
relatively short periods of  time (19–21).

The aim of  our study investigating the relationship between 
daily air pollution levels and hospital admissions for ischaemic heart 
disease, cerebrovascular accidents, and diabetes mellitus in Sofia, 
Bulgaria, was to expand its scope by including 10 years worth of  
data on hospital admissions and air quality, using multivariate analysis 
techniques suitable for modelling autocorrelated count data. Sofia 
is the capital city of  Bulgaria characterised by high population 
density, heavy traffic, and heavy use of  fossil fuel for household 
heating, coupled with poor ventilation and temperature inversions 
due to its location in a mountain basin (17, 22).

MATERIALS AND METHODS

Hospital admission cases

Data on hospital admissions in Sofia from 1 January 2009 to 31 
December 2018 were provided by the National Health Insurance 
Fund of  Bulgaria and we classified those of  interest for our study 
by the WHO International Classification of  Diseases (ICD-10) 
codes, as follows: ischaemic heart diseases (IHD; I20–25), cerebral 
infarction (CI; I63), and type 2 diabetes mellitus (T2DM; E11). As 
the main outcomes we used the total daily number of  hospital 
admissions per diagnosis. Then, to identify potential gender and 
age-related differences, we stratified the number of  cases as follows: 
men <65 years, men ≥65 years, women <65 years, and women ≥65 
years, in line with earlier studies (23). We used only the publicly 
available patient data, and the study was therefore not subject to an 
approval by a bioethics committee.

Air pollution and meteorological variables

Hourly concentrations of  particulate matter with a diameter of  
less than 2.5 (PM2.5) and 10 µm (PM10), nitrogen dioxide (NO2), 
sulphur dioxide (SO2), ozone (O3), and carbon monoxide (CO) were 

obtained from the Executive Environment Agency of  Bulgaria. 
From these, we calculated daily average concentrations for the period 
of  interest to match the health data (after purging the data from 
outliers). To control for potentially confounding weather conditions, 
we also calculated mean daily temperature and relative humidity 
measured at the same monitoring site. Pollutant concentrations and 
meteorological variables had been measured by an official 
background urban monitoring station (located at 23.296338, 
42.680806; “Hippodrome” Park), which was the only valid source 
of  data on these pollutants (including on PM2.5) in Sofia for the 
entire 10-year study period. Automatic air quality monitoring stations 
such as this are accredited under the BDS EN ISO/IEC 17025 
norm “General requirements for the competence of  laboratories 
for testing and calibration” and maintain a management system 
ensuring the validity and reliability of  results. These stations are 
inspected and calibrated every three months with standard gases 
according to the procedures set up by the Executive Environment 
Agency.

Statistical analysis

The data were pre-processed to create several variants of  
exposure variables. Pollutant concentrations, except for CO, were 
re-scaled so that one-unit increase corresponded to 10 µg/m3, while 
CO was left in its original scale of  1 mg/m3. To account for potential 
non-linear effects of  meteorological variables, we modelled 
temperature and relative humidity as deciles. Delayed effects of  air 
pollution were explored by constructing variants of  each pollutant 
with one- to seven-day lagged values, as well as by moving average 
concentrations over three and seven consecutive days. To control 
for time trend in the outcome data, we constructed flexible splines 
with 69 knots and indicator variables for month of  the year and 
year. Since hospital admissions are more likely to be registered on 
certain days of  the week owing to administrative reasons, we also 
considered what day of  the week each date in the time series 
corresponded to.

For general patterns the data were inspected visually, with 
descriptive statistics, and Spearman’s correlations. Negative binomial 
models were used because of  overdispersion in all outcomes. 
Presence of  zero-inflation and the order of  autocorrelations were 
checked to determine the optimal model for each outcome. For 
IHD and CI, we fitted negative binomial regressions with Newey-
West standard errors to correct for autocorrelations of  up to four 
days. For T2DM, we preferred a zero-inflated negative binomial 
model. All models were controlled for the time trend, day of  the 
week, temperature, and relative humidity. If  inspection of  deviance 
residuals from the model indicated residual autocorrelation, the 
model was rerun with an additional adjustment for lagged deviance 
residuals.

For each outcome we used several models. First, we modelled 
the effect (incidence rate ratio; IRR) of  each pollutant on hospital 
admissions on the same day (lag0) with pollutant concentrations set 
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as continuous and then as categorical variables. From statistically 
significant effects observed at pollution levels above the exposure 
thresholds recommended by the World Health Organization (WHO) 
(9) we calculated population-attributable fractions. Second, we fitted 
the distributed-lag models, moving average models and cumulative 
effect models with lagged pollutant concentrations of  up to seven 
days. The distributed-lag models were tested for multicollinearity. 
Third, the results from the distributed-lag models were disaggregated 
by gender and age. Finally, the initial lag0 models were stratified by 
the time of  the year (April to September vs. October to March). 
Instead of  using splines to model the time trend for these final 
stratified models we adjusted for categorical variables indicating the 
year and month.

Results were considered statistically significant at p<0.05 (two-
tailed) and when the 95 % confidence interval of  IRRs did not 
contain 1.00. All analyses were conducted with Stata/MP, version 
17, 2021 (StataCorp LLC, College Station, TX, USA).

RESULTS

Description of  the data

Over the 10-year period of  interest, there were 98,567 
hospitalisations for IHD, 41,327 for CI, and 46,643 for T2DM. 
Plotting daily case numbers against time did not reveal any obvious 
trend (Figure 1). On the other hand, air pollution levels gradually 
decreased over time (Figure 2). Expected seasonal patterns in 
individual pollutants were present, where all pollutants spiked in 
cold months, except for O3, which followed the reverse pattern. 
Descriptive statistics for air pollutants and meteorological variables 
are shown in Table 1. Overall, there were few missing data on these 
variables.

Correlations of  expected size and direction were found between 
the variables in the study (Table 2). Most air pollutants, except O3, 
positively correlated with each other and inversely with ambient 

temperature. There were also positive correlations between 
admission counts for IHD, CI, and T2DM. We also saw some 
indication that those correlated with some air pollutants.

Effects of  same-day air pollution levels

When air pollution concentrations were modelled as continuous 
variables, no significant risks for hospital admissions were found at 
lag0 (Table 3). Dichotomising the exposures at the short-term 
exposure cut-offs suggested by the WHO (9) yielded 3.90 % (95 % 
CI: 1.3 %, 6.6 %) higher risk of  IHD when NO2 exceeded 25 µg/m3 

(Table 4). That translated into a population-attributable fraction of  
2.60 % (95 % CI: 0.90 %, 4.28 %). A counterintuitive decreased risk 
of  T2DM was observed with O3 ≥60 µg/m3 and CO ≥4 mg/m3. 
There was some evidence of  non-linearity in the risk associated 
with NO2 – it became significantly increased when NO2 exceeded 
30 mg/m3 (compared to <15 mg/m3) and was in the ballpark of  
5–9 % for IHD, CI, and T2DM (Table 5).

Effects of  air pollution levels over multiple days

Modelling pollutant concentrations over multiple days revealed 
an increased risk of  IHD associated with the 10 µg/m3 increase in 
NO2 at lag0 (0.9 %; 95 % CI: 0.1 %, 1.8 %) and lag 2 (1.1 %; 95 % 
CI: 0.1 %, 2.1 %), and with 10 µg/m3 increase in O3 at lag7 (1.5 %; 
95 % CI: 0.5 %, 2.5 %) (Figure 3). The risk of  CI increased with a 
10 µg/m3 increase in PM10 at lag5 (0.6 %; 95 % CI: 0.1 %, 1.0 %), 
SO2 at lag4 (4.3%; 95 % CI: 0.8%, 8.0 %), and CO at lag5 (53 %; 
95 % CI: 12 %, 110 %) (Figure 4). The risk of  T2DM did not 
increase significantly with any of  the exposure variables, although 
coefficients were borderline significant at some lags (Figure 5). CO 
exhibited unexpected patterns with decreased cumulative risk over 
lags 0–7.

Stratified effects by demographics and time of  year

Stratification by gender and age group showed that the risk of  
hospitalisation for IHD increased 1–2 % with increases in PM10, 

Table 1 Descriptive statistics for the exposure variables in the study

Variable Missing data 
(N, %) Percentiles Min Max

25th 50th 75th

PM10 45 (1.23) 22.32 31.29 45.38 3.60 601.04

PM2.5 204 (5.59) 12.22 17.76 27.10 0.49 485.77

NO2 23 (0.63) 21.40 30.03 41.70 0.01 184.89

SO2 25 (0.68) 4.62 6.72 10.68 0.01 123.31

O3 26 (0.71) 22.82 38.47 52.28 0.39 97.27

CO 45 (1.23) 0.42 0.61 0.90 0.00 7.83

Temperature 20 (0.55) 4.70 12.44 19.19 -14.39 31.375

Relative humidity 20 (0.55) 56.29 65.80 76.21 30.50 98.26
CO – carbon monoxide; NO2 – nitrogen dioxide; O3 – ozone; PM10 – particulate matter ≤10 µm; PM2.5 – particulate matter ≤2.5 µm; SO2 – sulphur 
dioxide
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Figure 1 Daily hospital admission 
counts for ischaemic heart disease 
(IHD), cerebral infarction (CI), and type 
2 diabetes mellitus (T2DM) in Sofia, 
Bulgaria from 2009 to 2018

Figure 2 Daily concentrations of  air 
pollutants in Sofia, Bulgaria from 2009 
to 2018. CO – carbon monoxide; NO2 
– nitrogen dioxide; O3 – ozone; PM10 
– particulate matter ≤10 µm; PM2.5 – 
particulate matter ≤2.5 µm; SO2 – 
sulphur dioxide
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Table 2 Spearman's correlations between the key variables in the study

Variables 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11.
1. IHD 1.00

2. CI 0.52* 1.00

3. T2DM 0.83* 0.50* 1.00

4. PM10 0.05* 0.02 0.02 1.00

5. PM25 0.03 -0.01 0.01 0.88* 1.00

6. SO2 0.07* -0.01 0.04* 0.50* 0.55* 1.00

7. NO2 0.15* 0.08* 0.13* 0.77* 0.69* 0.42* 1.00

8. O3 -0.15* -0.07* -0.07* -0.48* -0.43* -0.27* -0.62* 1.00

9. CO 0.09* -0.01 0.07* 0.66* 0.69* 0.55* 0.66* -0.52* 1.00

10. Temperature -0.12* -0.02 -0.03 -0.20* -0.34* -0.53* -0.21* 0.49* -0.42* 1.000

11. Relative humidity 0.09* -0.02 0.03 0.08* 0.15* 0.12* 0.07* -0.50* 0.30* -0.53* 1.00
*Correlation is statistically significant at p<0.05. CO – carbon monoxide; CI – cerebral infarction; T2DM – diabetes mellitus; IHD – ischaemic heart 
disease; NO2 – nitrogen dioxide; O3 – ozone; PM10 – particulate matter ≤10 µm; PM2.5 – particulate matter ≤2.5 µm; SO2 – sulphur dioxide

Table 3 Risk of  hospital admissions associated with air pollution levels on the same day (lag0)

Pollutant IHD 
(IRR)

CI 
(IRR)

T2DM 
(IRR)

PM10 0.996 (0.992, 1.000) 0.998 (0.995, 1.001) 0.995 (0.991, 0.999)*
PM2.5 0.995 (0.989, 1.001) 0.998 (0.994, 1.003) 0.993 (0.987, 1.000)

SO2 0.990 (0.967, 1.013) 0.985 (0.960, 1.011) 0.991 (0.957, 1.003)

NO2 1.003 (0.996, 1.010) 0.999 (0.993, 1.005) 1.002 (0.993, 1.011)

O3 0.991 (0.982, 1.001) 0.995 (0.985, 1.004) 0.992 (0.978, 1.006)

CO 0.974 (0.948, 1.001) 0.982 (0.962, 1.002) 0.974 (0.947, 1.003)
*Coefficient is statistically significant at p<0.05. All models are adjusted for time trend, day of  the week, deciles of  temperature, and relative humidity. 
Coefficients are incidence rate ratios (IRR) with their 95 % confidence intervals scaled per 10 µg/m3 for all other pollutants and per 1 mg/m3 for CO. 
CO – carbon monoxide; CI – cerebral infarction; IHD – ischemic heart disease; NO2 – nitrogen dioxide; O3 – ozone; PM10 – particulate matter ≤10 µm; 
PM2.5 – particulate matter ≤2.5 µm; SO2 – sulphur dioxide; T2DM – type 2 diabetes mellitus

Table 4 Risk of  hospital admissions associated with above-threshold air pollution levels on the same day (lag0)

Pollutant IHD 
(IRR)

CI 
(IRR)

T2DM 
(IRR)

PM10 ≥45 µg/m3 1.007 (0.980, 1.034) 1.000 (0.973, 1.028) 0.991 (0.950, 1.034)

PM2.5 ≥15 µg/m3 1.005 (0.982, 1.029) 1.004 (0.979, 1.030) 0.997 (0.959, 1.036)

SO2 ≥40 µg/m3 0.952 (0.858, 1.056) 0.915 (0.796, 1.053) 1.003 (0.827, 1.216)

NO2 ≥25 µg/m3 1.039 (1.013, 1.066)* 1.019 (0.993, 1.045) 1.029 (0.991, 1.069)

O3 ≥60 µg/m3 0.971 (0.935, 1.008) 0.976 (0.941, 1.012) 0.944 (0.893, 0.997)*

CO ≥4 mg/m3 0.929 (0.810, 1.064) 0.995 (0.912, 1.085) 0.875 (0.771, 0.994)*
*Coefficient is statistically significant at p<0.05. All models are adjusted for time trend, day of  the week, deciles of  temperature, and relative humidity. 
Coefficients are incidence rate ratios (IRR) with their 95 % confidence intervals. CO – carbon monoxide; CI – cerebral infarction; IHD – ischemic heart 
disease; NO2 – nitrogen dioxide; O3 – ozone; PM10 – particulate matter ≤10 µm; PM2.5 – particulate matter ≤2.5 µm; SO2 – sulphur dioxide; T2DM – type 
2 diabetes mellitus
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Figure 3  R i sk  of  hosp i ta l 
admissions for ischaemic heart 
disease associated with air pollution 
levels over seven days. Lag models 
for the effects of  pollutant 
concentrations include mutually 
adjusted 0–7 day lags, averaged over 
3 and 7 days (lags 0–3 and 0–7), and 
the cumulative effect of  lags 0–7 
(net sum of  lagged effects). All 
models are adjusted for time trend, 
day of  the week, deciles of  
temperature, and relative humidity. 
Pollutants are tested one-at-a-time 
( s i n g l e - p o l l u t a n t  m o d e l s ) . 
Coefficients shown are incidence 
rate ratios (IRR) with 95 % 
confidence inter vals,  where 
intervals not crossing the horizontal 
reference line indicate statistically 
significant estimates. CO – carbon 
monoxide; NO2 – nitrogen dioxide; 
O3 – ozone; PM10 – particulate 
matter ≤10 µm; PM2.5 – particulate 
matter ≤2.5 µm; SO2 – sulphur 
dioxide

Figure 4  R i sk  of  hosp i ta l 
admissions for cerebral infarction 
associated with air pollution levels 
over seven days. Lag models for the 
effects of  pollutant concentrations 
include mutually adjusted 0–7 day 
lags, averaged over 3 and 7 days 
( lags 0–3 and 0–7), and the 
cumulative effect of  lags 0–7 (net 
sum of  lagged effects). All models 
are adjusted for time trend, day of  
the week, deciles of  temperature, 
and relative humidity. Pollutants are 
tested one-at-a-time (single-
pollutant models). Coefficients 
shown are incidence rate ratios 
(IRR) with 95 % confidence 
intervals, where intervals not 
crossing the horizontal reference 
line indicate statistically significant 
estimates. CO – carbon monoxide; 
NO2 – nitrogen dioxide; O3 – 
ozone; PM10 – particulate matter 
≤10 µm; PM2.5 – particulate matter 
≤2.5 µm; SO2 – sulphur dioxide
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Figure 5  R i sk  of  hosp i ta l 
admissions for type 2 diabetes 
mellitus associated with air pollution 
levels over seven days. Lag models 
for the effects of  pollutant 
concentrations include mutually 
adjusted 0–7 day lags, averaged over 
3 and 7 days (lags 0–3 and 0–7), and 
the cumulative effect of  lags 0–7 
(net sum of  lagged effects). All 
models are adjusted for time trend, 
day of  the week, deciles of  
temperature, and relative humidity. 
Pollutants are tested one-at-a-time 
( s i n g l e - p o l l u t a n t  m o d e l s ) . 
Coefficients shown are incidence 
rate ratios (IRR) with 95 % 
confidence inter vals,  where 
intervals not crossing the horizontal 
reference line indicate statistically 
significant estimates. CO – carbon 
monoxide; NO2 – nitrogen dioxide; 
O3 – ozone; PM10 – particulate 
matter ≤10 µm; PM2.5 – particulate 
matter ≤2.5 µm; SO2 – sulphur 
dioxide

Figure 6  R i sk  of  hosp i ta l 
admissions for ischemic heart 
disease associated with air pollution 
levels over seven days stratified by 
gender and age. Legend: circles – 
male <65 yrs.; squares – female <65 
yrs.; triangles – male ≥65 yrs.; 
diamonds – female ≥65 yrs. Lag 
models for the effects of  pollutant 
concentrations include mutually 
adjusted 0–7 day lags, averaged over 
3 and 7 days (lags 0–3 and 0–7), and 
the cumulative effect of  lags 0–7 
(net sum of  lagged effects). All 
models are adjusted for time trend, 
day of  the week, deciles of  
temperature, and relative humidity. 
Pollutants are tested one-at-a-time 
( s i n g l e - p o l l u t a n t  m o d e l s ) . 
Coefficients shown are incidence 
rate ratios (IRR) with 95 % 
confidence inter vals,  where 
intervals not crossing the horizontal 
reference line indicate statistically 
significant estimates. CO – carbon 
monoxide; NO2 – nitrogen dioxide; 
O3 – ozone; PM10 – particulate 
matter ≤10 µm; PM2.5 – particulate 
matter ≤2.5 µm; SO2 – sulphur 
dioxide
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PM2.5, and NO2 in people <65 yrs of  age. O3, on the other hand, 
was associated with an increased risk in those ≥65 yrs. at lags 4 and 
7. The 7-day average concentrations and the cumulative effect of  
SO2 over 7 days were associated with about 5 % higher risk. At lag3, 
the risk with CO was very high for women <65 yrs., while at other 
lags it was lower than 1.00 (Figure 6).

Hospital admissions for CI increased with higher PM10 and PM2.5 
for women ≥65 yrs. at lag1, and women <65 yrs. at lag 2. SO2 
increased the risk for women <65 yrs. at lag4, and NO2 at lag2. An 
increased risk in women <65 yrs. was present with O3 at lag1, as 
well as with average O3 concentrations over three and seven days. 
The cumulative risk with O3 in men <65 yrs. was also significantly 
higher. At lag5, the risk with CO was increased for women <65 yrs., 
yet was below 1.00 at other lags (Figure 7).

The risk of  hospital admissions for T2DM in men ≥65 yrs. 
increased 1–2 % with SO2 at lag5, NO2 at lag4, and O3 at lag2. O3 
at lags 4 and 7 increased the risk in men <65 yrs. and women ≥65 
yrs., respectively. At lag5, CO was associated with an increased risk 
in men ≥65 yrs., and a cumulative effect below 1.00 (Figure 8)

Table 6 shows seasonal differences in the observed effects. In 
warm months, NO2 significantly increased the risk of  hospital 
admissions for all three outcomes by 2–4 %, and PM10 increased 
the risk of  IHD admissions. Conversely, in cold months, coefficients 
consistently suggested lower risk of  all admissions with higher air 
pollution levels.

DISCUSSION

General discussion

Our analysis of  10 years worth of  data on daily hospital 
admissions and air pollution in the city of  Sofia has shown that, in 
certain scenarios, the risk of  hospital admissions for IHD, CI, and 
T2DM increased between 1 and 5 % on average. With non-linear 
models this risk climbed to 5–9 % with higher NO2. These effects 
took place within a week of  high pollution days and were, in general, 
more common with gaseous pollutants (SO2, NO2, and O3) than 
particulate matter. When we stratified the results by gender, we 
found that each pollutant had an effect on hospital admissions in 
some combination of  gender and age subgroup. However, in some 
of  these subgroups, the direction of  the effect did not support the 
clinically based assumption that air pollution should increase the 
risk of  hospital admissions. Unexpectedly, the risk of  hospital 
admissions was higher in the warmer rather than colder months of  
the year, when air pollution is higher and when its effect on disease 
exacerbation may be expected to be stronger (24). On the individual 
level, the reason may be different seasonal behaviour: less time spent 
outdoors in the winter and more in the summer, which may add 
co-exposure to intense solar radiation and high temperatures. In 
addition, seasonal patterns in time spent outdoors, time spent in 
the city, and medication intake may differ across age groups (25), 
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Figure 7  R i sk  of  hosp i ta l 
admissions for cerebral infarction 
associated with air pollution levels 
over seven days stratified by gender 
and age. Legend: circles – male <65 
yrs.; squares – female <65 yrs.; 
triangles – male ≥65 yrs.; diamonds 
– female ≥65 yrs.
Lag models for the effects of  
pollutant concentrations include 
mutually adjusted 0–7 day lags, 
averaged over 3 and 7 days (lags 0–3 
and 0–7), and the cumulative effect 
of  lags 0–7 (net sum of  lagged 
effects). All models are adjusted for 
time trend, day of  the week, deciles 
of  temperature, and relative 
humidity. Pollutants are tested one-
at-a-time (single-pollutant models). 
Coefficients shown are incidence 
rate ratios (IRR) with 95 % 
confidence inter vals,  where 
intervals not crossing the horizontal 
reference line indicate statistically 
significant estimates. CO – carbon 
monoxide; NO2 – nitrogen dioxide; 
O3 – ozone; PM10 – particulate 
matter ≤10 µm; PM2.5 – particulate 
matter ≤2.5 µm; SO2 – sulphur 
dioxide

Figure 8  R i sk  of  hosp i ta l 
admissions for type 2 diabetes 
mellitus associated with air pollution 
levels over seven days stratified by 
gender and age. Legend: circles – 
male <65 yrs.; squares – female <65 
yrs.; triangles – male ≥65 yrs.; 
diamonds – female ≥65 yrs. Lag 
models for the effects of  pollutant 
concentrations include mutually 
adjusted 0–7 day lags, averaged over 
3 and 7 days (lags 0–3 and 0–7), and 
the cumulative effect of  lags 0–7 
(net sum of  lagged effects). All 
models are adjusted for time trend, 
day of  the week, deciles of  
temperature, and relative humidity. 
Pollutants are tested one-at-a-time 
( s i n g l e - p o l l u t a n t  m o d e l s ) . 
Coefficients shown are incidence 
rate ratios (IRR) with 95 % 
confidence inter vals,  where 
intervals not crossing the horizontal 
reference line indicate statistically 
significant estimates. CO – carbon 
monoxide; NO2 – nitrogen dioxide; 
O3 – ozone; PM10 – particulate 
matter ≤10 µm; PM2.5 – particulate 
matter ≤2.5 µm; SO2 – sulphur 
dioxide
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which we did not explore here. However, in an ecological study such 
as this it is not possible to rule out higher-level processes affecting 
data time patterns, such as exacerbation of  multiple concomitant 
diseases in winter months affecting the primary diagnosis registered 
as a reason for hospitalisation.

Our findings generally agree with the wealth of  evidence on air 
pollution and hospital or emergency department visits for 
cardiovascular diseases (10–13). However, we have not found a 
consistent pattern that would support our hypothesis, which too is 
not uncommon in literature. Although most studies confirm a 
correlation between hospitalisation for cardiovascular diseases and 
short-term peaks in air pollution, this finding is not universally true 
and studies vary in that respect (26). Some report that the risk 
increases on the same day (lag0 (23) and many other report a delay 
of  several days (10–13).

As for T2DM, we observed a less clear association than for IHD 
and CI, present only in some age and gender subgroups. In contrast, 
a recent systematic review reported an elevated risk of  T2DM with 
higher air pollution (27).

We also observed some counterintuitive behaviour for CO at 
several lags, in line with studies reporting strange patterns with CO 
at specific lags (28). However, our multicollinearity test suggests 
that there is no reason for concern. Considering that a large meta-
analysis reported that the risk of  myocardial infarction associated 
with a 1 mg/m3 increase in CO is 1.052 (95 % CI: 1.017, 1.089) (29), 
we believe that the large shifts in our findings for CO, regardless of  
their direction, are influenced by unaccounted confounding factors 
or correlations and are therefore not trustworthy.

Demographic stratification also did not reveal a clear-cut pattern, 
as the hospitalisation increased in both older and younger individuals 
for different combinations of  a pollutant, outcome, and lag. Other 
authors suggest that the elderly are more susceptible to the effects 
of  air pollution (23). However, recent WHO reviews on short-term 
effects of  different air pollutants on hospital admissions, emergency 
room visits, and mortality reported much higher diversity for this 
population group (29–31).

To our knowledge, this is the first study in Bulgaria to model 
short-term associations between air pollution and IHD, CI, and 
T2DM hospitalisations that covers such a long period of  ten years. 
In their reports of  short-term associations between air pollution 
and cardiovascular diseases, earlier studies in the country relied on 
bivariate analyses, which are not ideally suited for modelling count 
data and which ignore time trends and autocorrelations in time series 
(19–21).

Limitations

This study too is not without its limitations. First, as an ecological 
study it is not particularly informative about the risk of  disease 
exacerbation on the patient level. Aggregated time-series data do 
offer some insight into the processes and drivers of  the use of  

healthcare services on a population level, but this approach does 
not address the issue of  individual prevention.

Second, because we covered a long period of  time, we had to 
rely on air quality data from only one air quality monitoring station 
in Sofia, which may not fully reflect local differences in pollutant 
levels. Other government-owned stations did not measure PM2.5 or 
focused only on concentrations near traffic sites. On the other hand, 
municipal stations in Sofia were installed only recently and are less 
precise and do not make part of  the official national air quality 
network managed by the Executive Environment Agency under the 
administration of  the Minister of  Environment and Water. 
Moreover, their sensors become less accurate when air humidity 
level is high, which is a limitation of  that sensor technology.

Our study also does not include outdoor measurements in the 
residential areas of  patients, which would allow future research to 
extrapolate their exposure more accurately. This would require 
ethical approval and installation of  monitoring stations whose air 
pollution measurements would then be adjusted for the distance to 
each residence address or modelled in another more sophisticated 
fashion. However, this was beyond the scope of  the present study.

Third, we only had access to data on the total number of  hospital 
admissions per ICD code and lacked information whether the 
hospitalisation was a repeated or first registered clinical event. The 
use of  a given ICD code does not always reflect the primary cause 
that has led to hospitalisation. Moreover, we could not distinguish 
between fatal and non-fatal cases, which is important, since short-
term exposure to air pollution increases the risk of  mortality (31).

To overcome some of  these shortcomings, we intend to extend 
the analyses, provided the data can be obtained, to other major cities 
in Bulgaria, and pool the results across the cities. Future research 
should attempt to extract information on patient co-morbidities, 
medical history, as well as the outcome of  their hospitalisation. It 
would also be informative to include data of  emergency department 
visits and calls, not hospital admissions alone.

CONCLUSIONS

Our findings confirm that higher air pollution levels generally 
increase the risk of  hospital admissions for cardiovascular diseases, 
while for diabetes mellitus the association is less clear. Admissions 
often lagged several days behind and were more common in specific 
demographic subgroups or when pollution crossed a particular 
threshold. Even though our study did face some analytical challenges 
and produced unexplained patterns that merit further investigation, 
we believe that it takes us a step closer to producing reliable health 
impact assessments for Bulgaria, such that would inform public 
healthcare services how to anticipate workload. Assessments made 
so far and often referred to in public debates over air quality in 
Bulgaria still use data generated in studies conducted in very different 
socioeconomic and environmental circumstances and may be off  
the mark in terms of  under- or overestimated burden from air 
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pollution. This is why we regard our findings as a good starting 
point for better understanding of  the public health impact of  air 
pollution in Bulgaria.
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Kratkoročni učinci onečišćenja zraka na broj bolničkih prijama zbog bolesti srca i krvožilja i šećerne bolesti u Sofiji u Bugarskoj 
(2009. – 2018.)

Bugarska ima izrazito visoku incidenciju kardiometaboličkih bolesti i mortaliteta koja je povezana s onečišćenjem zraka. Ovdje smo ispitivali 
povezanost dnevnih razina onečišćenja zraka s brojem bolničkih prijama zbog ishemijskih bolesti srca (I20 – I25), cerebralnog infarkta 
(I63) i šećerne bolesti neovisne o inzulinu (E11) u Sofiji u Bugarskoj. Na raspolaganju smo imali dnevne podatke o broju bolničkih prijama 
te o prosječnim razinama onečišćenja zraka za desetogodišnje razdoblje, tj. od početka 2009. do kraja 2018. Onečišćivala koja smo promatrali 
obuhvatila su lebdeće čestice (PM2.5 i PM10), dušikov dioksid (NO2), sumporov dioksid (SO2), ozon (O3) i ugljikov monoksid (CO). Kako 
bismo utvrdili učinke onečišćenja zraka na broj bolničkih prijama, oslonili smo se na modele binomijalne regresije, prilagođene za razdoblje 
do sedam dana uoči bolničkoga prijama, uzimajući pritom u obzir autokorelacije i vremenske trendove podataka, dan u tjednu te temperaturu 
i vlažnost zraka. Naši rezultati potvrđuju da veće onečišćenje načelno povećava rizik od bolničkoga prijama zbog ishemijskih bolesti srca 
i cerebralnog infarkta, a ta je povezanost sa šećernom bolesti nejasnija. Prijam u bolnicu obično je kasnio nekoliko dana za porastom 
onečišćenja te je bio učestaliji u pojedinim demografskim podskupinama odnosno nakon što bi onečišćenje prešlo određeni prag. Ono 
što, međutim, nismo očekivali jest da se broj bolničkih prijama (i povezani rizik) povećao za topla vremena, a ne za hladnih mjeseci. Dakako, 
naše rezultate treba uzeti s određenim oprezom, no i takvi daju dobru ideju kako onečišćenje zraka može potaknuti akutne epizode s njim 
povezanih bolesti srca i krvožilja, a naš model može poslužiti za istraživanje sličnih veza diljem Bugarske.
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Dzhambov AM, et al. Short-term effects of  air pollution on hospital admissions for cardiovascular diseases and diabetes mellitus in Sofia, Bulgaria (2009–2018) 
Arh Hig Rada Toksikol 2023;74:48-60


