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Ágrip 

Inngangur: Bæði lang- og skammtímaáhrif loftmengunar hafa verið tengd við 

versnun sjúkdóma og aukningu í dauðsföllum. Markmið þessara rannsókna var að 

skoða hugsanleg heilsufarsáhrif skammtíma útsetningar loftmengunar af völdum 

umferðar og jarðvarmavirkjana á íbúa Reykjavíkursvæðisins. 

Efni og aðferðir: Ritgerðin er samantekt á þremur lýðgrunduðum rannsóknum 

sem birtar hafa verið í þremur vísindagreinum. Niðurstöður allra rannsóknanna 

byggja á íslenskum gagnagrunnum einstaklinga 18 ára og eldri sem bjuggu á 

höfuðborgarsvæðinu á rannsóknartímanum.  

Rannsóknaraðferðir í greinum I og II eru svipaðar. Í grein I, var tvíátta 

tilfella-víxlrannsóknarsnið (e. symmetrical bidirectional case-crossover analysis) 

notað til að skoða sambandið milli skammtíma útsetningar loftmengunar og 

úttektar hjartalyfja (glyceryl trinitrate) við hjartaöng á árunum 2005 til 2009. Í grein 

II var tíma-lagskipt tilfella-víxlrannsóknarsnið (e. time-stratified case-crossover 

analysis) notað til að skoða sambandið milli skammtíma útsetningar loftmengunar 

og dauðsfalla af náttúrulegum sökum (öll dauðsföll nema slys og eitranir) þar sem 

sérstaklega voru skoðuð dauðsföll af völdum hjartasjúkdóma. Þeir mengunarþættir 

sem voru skoðaðir voru: svifryk sem er minna en 10 µm í þvermál (PM10), nitur 

díoxíð (NO2), óson (O3), brennisteinsvetni (H2S) frá jarðvarmavirkjunum í grend við 

höfuðborgarsvæðið og brennisteins díoxíð (SO2) (aðeins grein II). Í grein III var 

línuleg aðhvarfsgreining (e. generalized linear model) notuð. Þar var gert ráð fyrir 

Poisson dreifingu útkomunnar til að skoða sambandið milli skammtíma útsetningar 

H2S mengunar og innlagna á Landspítala Háskólasjúkrahús (LSH) og koma á 

bráðamóttöku sama sjúkrahúss vegna hjartasjúkdóma, lungnasjúkdóma eða 

heilablóðfalla. Rannsóknartímabilið var frá árinu 2007 til og með júní 2014. Líkan 

var notað til að áætla styrk H2S á fimm mismunandi svæðum á 

höfuðborgasvæðinu. 

Niðurstöður: Í grein I fannst marktækt samband milli 3-daga meðaltalsstyrks 

loftmengunarefnanna NO2 og O3 og glyceryl trinitrate hjartalyfjaúttektar. Fyrir NO2 

var gagnlíkindahlutfallið (OR) 1.136 (95% öryggisbil (95% CI) 1.069-1.207) sama 

dag og mengunin jókst (lag 0) og 1.096 (95% CI 1.029-1.168) þegar mengunin 

jókst daginn áður (lag 1). Fyrir O3 fékkst OR 1.094 (95% CI 1.029-1.163) á lag 0 

og 1.094 (95% CI 1.028-1.166) á lag 1. Ekkert marktækt samband fannst milli 

annara loftmengunarefnanna og hjartalyfjaúttekta. 

Í grein II fannst marktækt samband milli fjórðungsmarkabreytingar (e. interquartile 

range changes) á 24ra stunda meðaltals styrks H2S  yfir sumarmánuðina (maí til 
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október) og dauðsfalla af náttúrulegum orsökum með 5.05% aukinni áhættu (IR%) 

(95% CI 0.61-9.68) daginn eftir að aukningin í H2S átti sér stað (lag 1) og þegar 

aukning á styrk H2S var tveimur dögum áður (IR%=5.09, 95% CI 0.44-9.97, lag 2). 

Sambærilegt samband fannst meðal eldri einstaklinga (lag 0: IR%=1.94, 95% CI 

0.12-1.04; lag 1: IR%=1.99, 95% CI 0.21-1.04) og meðal karlmanna (lag 0: 

IR%=2.26, 95% CI 0.23-4.44). Óháð greining leiddi einnig í ljós marktækt samband 

milli 24ra stunda H2S mengunarstyrks yfir lyktarmörkum (7 µg/m3) og dauðsfalla af 

völdum náttúrulegra orsaka. Ekkert marktækt samband fannst milli annara 

loftmengunarefna og dauðsfalla. 

Í grein III fannst marktækt samband milli 24ra stunda H2S meðaltals styrks yfir 

lyktarmörkum (7 µg/m3) og innlagna á LSH og koma á bráðamóttökuna með 

hjartasjúkdóma sem aðal sjúkdómsgreiningu (lag 0 hlutfallslegri áhættu 

(RR)=1.067; 95% CI 1.024-1.111, lag 2 RR=1.049; 95% CI 1.005-1.095 og lag 4 

RR=1.046; 95% CI 1.004-1.089). Sambærilegt samband fannst einnig meðal eldri 

einstaklinga (lag 0 RR= 1.075; 95% CI 1.014-1.140 og lag 3 RR=1.072; 95% CI 

1.009-1.139) og karlmanna (lag 0 RR=1.087; 95% CI 1.032-1.146 og lag 4 

RR=1080; 95% CI 1.025-1.138). Ekki fannst samband milli H2S mengunar og 

innlagna á LSH og koma á bráðamóttökuna með lungnasjúkdóma eða heilablóðfall 

sem megin sjúkdómsgreiningu. 

Ályktun: Í grein I, voru tveir umferðartengdir loftmengunarþættir tengdir við 

versnandi sjúkdómseinkenni þeirra sem þjást af hjartaöng, í formi úttektar glyceryl 

trinitrate. Þegar styrkur NO2 eða O3 hækkaði, var aukning í úttektum lyfja við 

hjartaöng. Einnig benda niðurstöðurnar til að hægt sé að nota hjartalyfjaúttektir 

sem útkomubreytu þegar könnuð eru möguleg heilsufarsleg áhrif loftmengunar. 

Niðurstöður úr greinum II og III, gefa til kynna möguleg neikvæð heilsufarsleg 

skammtíma áhrif brennisteinsvetnis á heilsu manna, einkum ef 24ra stunda 

meðaltal efnisins fer yfir lyktarmörkin, 7 µg/m3. Sambandið milli H2S og 

heilsufarsbrest var sterkast yfir sumarmánuðina og meðal karlmanna og eldri 

einstaklinga. 

 

Lykilorð:  

Brennisteinsvetni, loftmengun, Reykjavík, lýðgrunduð rannsókn, faraldsfræði. 
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Abstract 

Background and aims: Both short- and long-term air pollution exposure has been 

associated with increased morbidity and mortality. Here, the aim was to examine 

the possible adverse health effects associated with short-term changes in ambient 

air pollutant concentrations in the Reykjavik capital area. Traffic-related and 

geothermal source-specific hydrogen sulfide (H2S) air pollutants were considered. 

Materials and methods: Papers I, II, and III are population-based studies. The 

outcome data for each paper are derived from nation-wide registries and covered 

individuals (18 years of age and older) living in the Reykjavik capital area during 

each study period.  

The methods used in papers I and II were similar. In paper I, a symmetrical 

bidirectional case-crossover analysis was used to estimate the association 

between short-term air pollution exposure and use of the sublingual medication 

glyceryl trinitrates, used against attacks of angina pectoris, over the study period 

of 2005-2009. In paper II, a time-stratified case-crossover analysis was used to 

estimate the association between short-term daily exposure to air pollution and 

mortality due to natural (other than deaths due to external causes) and 

cardiovascular causes over the study period of 2003-2009. The pollutants of 

interest in papers I and II were: particle matter with an aerodynamic diameter less 

than 10 μm (PM10), nitrogen dioxide (NO2), ozone (O3), geothermal source-specific 

hydrogen sulfide (H2S), and sulfur dioxide (SO2) (only in paper II). In paper III, a 

generalized linear model was used to estimate the association between short-term 

H2S exposure and emergency department visits and admissions (jointly known as 

emergency hospital visits) to the Landspitali University Hospital. A Poisson 

distribution of the outcome variables was assumed. The main diagnoses of interest 

were heart disease, respiratory disease, and stroke as primary diagnosis. The 

study period was January 1, 2007 to June 30, 2014. A model was used to estimate 

H2S concentrations in five different sections of the Reykjavik capital area. 

Results: In paper I, a significant association was found between the 3-day average 

concentrations of NO2 and O3 and daily dispensing of glyceryl trinitrates. For NO2 

the odds ratios (OR) were 1.136 (95% confidence intervals (95% CI) 1.069-1.207) 

at lag 0 and 1.096 (95% CI 1.029-1.168) at lag 1. For O3 the OR were 1.094 (95% 

CI 1.029-1.163) at lag 0 and 1.094 (95% CI 1.028-1.166) at lag 1. No associations 

were found between other pollutants and dispensing of glyceryl trinitrate.  

In paper II, a significant association was found between the interquartile range 

increases of H2S 24-hour concentrations (2.6 µg/m3) and daily natural cause 
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mortality during the summer season of May to October yielding a percent 

increased risk (IR%) of 5.05, 95% CI 0.61-9.68 at lag 1 and IR%=5.09, 95% CI 

0.44-9.97 at lag 2, and more pronounced among the elderly population (lag 0: 

IR%=1.94, 95% CI 0.12-1.04; lag 1: IR%=1.99, 95% CI 0.21-1.04) and males (lag 

0: IR%=2.26, 95% CI 0.23-4.44). These results were supported by an independent 

analysis showing an association between H2S concentrations exceeding the odor 

limit of 7 µg/m3 and natural cause mortality. No associations were found between 

the other pollutants studied and mortality.  

In paper III, a significant association was found between H2S concentrations 

exceeding 7 µg/m3 and emergency hospital visits with heart disease as a primary 

diagnosis (lag 0 risk ratio (RR)=1.067; 95% CI 1.024-1.111, lag 2 RR=1.049; 95% 

CI 1.005-1.095, and lag 4 RR=1.046; 95% CI 1.004-1.089), and more pronounced 

among the elderly population (lag 0 RR= 1.075; 95% CI 1.014-1.140 and lag 3 

RR=1.072; 95% CI 1.009-1.139) and males (lag 0 RR=1.087; 95% CI 1.032-1.146 

and lag 4 RR=1080; 95% CI 1.025-1.138). No associations were found between 

H2S exposure and emergency hospital visits with respiratory disease or stroke as 

a primary diagnosis. 

Conclusion: Results from paper I indicate that, two traffic-related air pollutants 

may adversely affect cardiovascular health, as measured by the dispensing of 

anti-angina pectoris medication. When NO2 and O3 increased, there was an 

increase in daily dispensing of glyceryl trinitrates. Also, the results indicate that 

dispensing of anti-angina pectoris medication could be used as an outcome 

measure in relation to ambient air pollution. The results from papers II and III give 

rise to the assumption of possible adverse cardiovascular health effects of ambient 

low-level concentrations of intermittent H2S, especially if the 24-hour 

concentrations exceed the odor limit of 7 µg/m3. Additionally, the associations were 

stronger over the summer months and among males and the elderly. 

 

 

Keywords:  

Hydrogen sulfide, air pollution, Reykjavik, population-based, epidemiology. 
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1  Introduction 

Air pollution, according to the World Health Organization (WHO), is: “a 

contamination of the indoor or outdoor environment by any chemical, physical, or 

biological agent that modifies the natural characteristics of the atmosphere.“ (1). 

Air pollution can be particles, molecules such as vapors, gasses, ions, or other 

detrimental substances (and mixtures) in the Earth’s atmosphere which potentially 

cause human morbidity, harm living animals, damage food crops, vegetation and 

other natural environment, or even lead to the death of humans (2). In 2012, WHO 

estimated that around one eighth of total global deaths - more than seven million 

deaths – were due to air pollution exposure. The main cause of death was 

cardiovascular or respiratory disease, which were exacerbated by air pollution (3). 

Premature deaths attributable to ambient air pollution vary between regions, with 

the highest rate occurring in the low- and middle-income countries of the Western 

Pacific (4). In Iceland in the year 2012, premature deaths and years of life lost (per 

100,000 inhabitants) attributable to PM2.5, NO2, or O3 were the lowest compared 

to 39 other European countries (5). In the same year, it is estimated that a total of 

4,804,000, 828,000, and 215,000 years of life were lost in 40 European countries, 

due to PM2.5, NO2, and O3 exposure, respectively. Furthermore, it is estimated that 

432,000, 75,000, and 17,000 deaths were attributable to exposure to these same 

pollutants, respectively (5). These effects suggest that air pollution may be one of 

the leading environmental causes of death. 

Various sources of air pollution are known and are either natural or 

anthropogenic. Natural sources include geothermal areas, dust storms, and 

volcanic eruptions. Anthropogenic sources include fuel combustion from traffic, 

industrial processes, livestock operations, landfills, and more (2, 6, 7). 

Furthermore, air pollutants are classified as either primary or secondary pollutants. 

Primary pollutants are directly emitted from the source, whereas secondary 

pollutants are formed by reactions between a primary pollutant and an ambient 

component such as sunlight (2). An example of a secondary pollutant is ozone 

which is formed by a chemical reaction between nitrogen oxides and volatile 

organic compounds in the presence of ultra violet radiation (sunlight) (2). 

Within public health science, environmental epidemiology has been a growing 

branch and is used to determine environmental factors that might affect human 

health. Studies on the health effects of air pollution mainly focus on pollution 

derived from traffic or other human activity. On the other hand, studies on hydrogen 

sulfide (H2S) exposure originating from geothermal areas or power plants are 

scares but have been accumulating over recent years (8-15). 
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1.1 Air pollution in cities 

The air quality in cities depends on existing sources, geographical factors, and 

atmospheric factors such as wind, temperature, air pressure, and humidity. One of 

the main sources of air pollution in cities is fuel combustion from vehicles and 

transport, with fossil fuels serving as the primary energy source. Another significant 

source of air pollution is coal burning for house heating as well as various industrial 

processes (2, 7).  

Weather conditions can greatly affect the air quality (2). Ambient air pollution 

can accumulate during specific weather conditions which could consequently lead 

to severe air pollutant events (2). One of the earliest events of this type is often 

referred to as “The London smog” or “Great smog of ‘52”. It affected London in 

December 1952 as a result of a period of windless, cold weather, and an 

atmospheric inversion (2, 16). Atmospheric inversion is when a warm layer of air 

sits on a cooler layer of air below, and therefore decreases the admixture of air, 

and leads to decreasing dilution of air pollution (2). Due to heavy use of coal for 

house heating as well as specific weather conditions at the time, a thick layer of 

smog was formed over the city with pollution levels 5-19 times above current 

regulatory guidelines (16). The London smog lasted five days, from 5 December 

to 9 December, causing decreased visibility, thousands of premature deaths, as 

well as increased respiratory morbidity among Londoners (16, 17). Similar events 

had happened prior to “The London smog” (18, 19), but this event had a great 

impact on the public’s awareness on the association between air pollution and 

health, environmental science, and governmental policy making (17, 20). 

1.2 Indicators of air quality 

Air quality should be monitored, measured, and reported (21). The pollutants that 

should be measured are listed in directive 2008/50/EC of the European Parliament 

and a few examples are: nitrogen dioxide (NO2), ozone (O3), particulate matter 

(PM), and sulfur dioxide (SO2). These pollutants (among others) are considered to 

be indicators of air quality. Environmental indicators are designed to describe 

complex environmental factors, be informative, and facilitate general interpretation 

of environmental situations. They provide important and quantifiable information to 

estimate specific factors regarding the environment when implementing policies, 

laws, rules and regulations, and directives. Therefore, environmental indicators 

can be used for various research purposes as well as to support environmental 

policy making by defining major sources of air pollutants, to set target emissions, 

or to develop strategies to reduce emissions. This would assist in evaluating air 

quality and facilitate air quality reporting to communities and to the public. In 

addition, environmental indicators can also be used for various research purposes. 
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1.2.1 Nitrogen dioxide 

Nitrogen dioxide (NO2) is a reddish-brown gas with a sharp sweet odor. It is 

frequently used as an indicator for a complex combination of traffic-related 

pollutants as it correlates well with traffic when measured on roadways (22). 

Ambient NO2 and nitric oxide (NO) is formed by combustion at high temperatures 

with the main source being fossil fuel combustion from motor vehicles of all types 

as well as energy production facilities (2). NO and NO2 are frequently grouped 

together as nitric oxides (NOx). Many studies mainly focus on one of these 

components (NO, NO2, or NOx). Some studies have shown that NO2 

concentrations are high near busy roads and gradually decrease with increasing 

distance from the road (23). At a distance between 200 and 1500m away from the 

roads, depending on wind and geographical factors, background concentrations of 

NO2 should be reached (24). The Health Effects Institute Panel has identified an 

area 300-500m away from highways as the area most affected by traffic pollution 

(23). 

1.2.2 Ozone 

Ozone (O3) is a pale blue gas and can have a similar smell to chlorine. Low 

concentrations of O3 at ground-level are expected as the source of O3 are 

hydrocarbons which are released by plants and soils (2). In addition, O3 is also a 

secondary traffic-related pollutant, whereas it is not emitted directly but is formed 

by oxidation of NOx from fuel combustion and volatile organic compounds or 

hydrocarbons with the help of ultra-violet (UV) radiation (sun light) (2). In cities, O3 

concentrations usually peak during afternoons of sunny summer days, when the 

sun has had sufficient time to react with the precursors of O3, emitted during high 

traffic hours (2, 25). 

1.2.3 Sulfur dioxide 

Sulfur dioxide (SO2) is a malodorous gas, which is irritating to the airway (2). It is 

a precursor for sulfate (SO4
-2) and acid rain (2). The main sources of SO2 in cities 

are oil and coal combustion from road and marine traffic, and industrial processes, 

but it is also released by volcanic activity (2). Worldwide restrictions on sulfur levels 

in fuel have been imposed from the 1980s and high-sulfur fuels have been 

replaced with fuels containing less ash and sulfur, leading to a decline in SO2 

concentrations in the Western world (26).  

1.2.4 Particulate matter 

Particulate matter (PM) consists of tiny solid or liquid matter (particles) suspended 

in the Earth’s atmosphere. The particles vary in shape and are often classified into 

different subtypes depending on size. These subtypes are: total suspended 

particles (TSP); particulate matter less than 10 µm in aerodynamic diameter (PM10) 
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and often defined as “respirable suspended particles” as it can be inhaled in into 

the upper throat and into the bronchi of the respiratory system; particulate matter 

less than 2.5 µm in aerodynamic diameter (PM2.5) or “fine particles”; particulate 

matter less than 0.1µm in aerodynamic diameter (PM0.1); and soot, or 

nanoparticles, with a diameter between 5 and 30 nm in aerodynamic diameter. 

Particles between PM10 and PM2.5 in size are often referred to as “coarse particles” 

or PMcoarse (2, 27).  

Sources of PM can be anthropogenic, such as fossil fuel combustion in 

vehicles, industrial processes, waste incineration, and building sites; or natural, 

such as suspended ash from volcanic eruptions, dust storms, sea spray, and more. 

The chemical composition of PM in cities greatly depends on the particle sources, 

season, location, and other factors. Additionally, the proportion of fine particles 

(PM2.5) varies within PM10 between situations and locations (2).  

1.3 Air pollution in the Reykjavik capital area 

Air pollution in Reykjavik is generally low (Figure 1). According to a recent air 

quality report from the European Environment Agency, Iceland has the lowest 

annual mean concentrations of PM2.5 and NO2 (5). Additionally, the report states 

that Iceland has the second lowest O3 concentrations (5). Measured 24-hour 

average concentrations of NO2, O3, PM10, and SO2 in Reykjavik are mostly below 

given Icelandic health limits, despite occasional peaks in the pollutants (Figure 1) 

(28, 29).  
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Figure 1. Time-series plot of measured 24-hour average concentrations of hydrogen sulfide 

(H2S), nitrogen dioxide (NO2), ozone (O3), particulate matter (PM10), and sulfur dioxide 
(SO2) in µg/m3 as measured at the Miklabraut-Grensasvegur intersection in the Reykjavik 
capital area from 2007 to June 2014. Gaps in figure are due to missing values. Note different 
x-axis scales between pollutants.  

Up until the 1950s, coal and oil fuels were mainly used for house heating in 

Iceland which now have mostly been replaced with geothermal energy, leading to 

improved air quality (30, 31). On the other hand, more strain is set upon the city 

with increased traffic and high vehicle ownership in Iceland (32), as well as 

increases in industrialized processes around the city (30, 31). In recent years, 

more restrictions have been imposed to reduce air pollution in the city as well as 

country-wide (29, 33), leading to improved monitoring of air quality by the 

Environment Agency of Iceland (EAI) and the municipalities of Iceland.  
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1.3.1 Particulate matter 

PM has been regularly monitored in Reykjavik since 1986. The main PM 

measurement station lies by a busy road intersection in the center of the Reykjavik 

capital area (Miklabraut-Grensasvegur measurement station, GRE) and is used to 

estimate traffic-related PM. Despite increased road traffic since the 1990s, PM 

pollution has decreased due to changes in the climate, increased precipitation, 

improved vehicle techniques, and increased street cleaning as well as other 

mitigation measures (31).  

Generally, PM concentrations in the Reykjavik capital area are higher during 

winter months (Figure 1) whereas the 24-hour concentration levels may 

occasionally exceed the 24-hour health limit of 50 µg/m3 set by Icelandic 

regulations (29). The main sources of PM in the city are natural (re-suspended 

dust, ash, and sea spray) as well as anthropogenic (fossil fuel combustion from 

road traffic, tearing of asphalt, building sites, etc.) (30, 31). According to a study 

conducted over the winter months in Reykjavik from 1999 to 2002 on the 

composition of PM in Reykjavík, around 25% were earth particles (from natural 

sources) and 64% particles derived from transportation (asphalt depletion, brake 

linings, and soot) (34).  

1.3.2 Nitrogen dioxide 

The main source of NO2 in the Reykjavik capital area is fossil fuel combustion from 

road traffic, but industrial processes in the vicinity of the city may increase NO2 

concentrations temporarily (31). NO2 emissions from road traffic have decreased 

by 23% since 2005, despite an increase in overall fuel use (31). The reason for 

this improvement is that catalytic converters were implemented in new vehicles 

around that time (31). Over recent years, the 24-hour concentrations of NO2 in the 

capital are mostly below the Icelandic health limit of 75 µg/m3 (Figure 1) (29), 

although occasional peaks have occurred, leading to a visible brownish smog over 

the city. 

1.3.3 Ozone 

In the Reykjavik capital area, the main source of O3 is long-range transport from 

Europe, as well as naturally occurring O3 formation (31). O3 secondary formation 

is minimal in Iceland, whereas UV radiation from the sunlight is low and not 

sufficient to react with the precursors of O3. In Reykjavik, the O3 concentrations 

are usually lower during high traffic periods as traffic-emitted NO may react with 

O3 to produce NO2, and therefore decrease the O3 concentrations (31). This 

reaction is shown by the following equation: 

NO + O3 → NO2 + O2 
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This can lead to lower O3 concentrations in the city compared to the countryside 

where less NO is emitted. Seasonal peaks of O3 in Reykjavik usually occur in 

March to May (Figure 1), but peak concentrations are mostly below the limit of 120 

µg/m3 of the 8-hour running average concentrations over past years (28, 31). 

1.3.4 Sulfur dioxide 

The main sources of SO2 in the Reykjavik capital area are industrial processes and 

fossil fuel combustion (30, 31). However, high levels of SO2 occurred in Reykjavik 

during the Holuhraun volcanic eruption in the middle of the country. The eruption 

started on August 29, 2014, and lasted for several weeks (35). Generally, SO2 

concentrations are low in the Reykjavik capital area (Figure 1), while higher 

concentrations may occur in the vicinity of ferrosilicon production plants and 

aluminum smelters located near the city (31). In 2009, two-thirds of the total SO2 

emissions in Iceland were from aluminum smelters (31). 

1.3.5  Hydrogen sulfide 

Hydrogen sulfide (H2S) is a colorless gas with a characteristic odor of rotten eggs 

(36). It is heavier than air and therefore may travel along the ground and 

accumulate in lower areas (36). It is corrosive, poisonous in high concentrations, 

flammable, and can be explosive (36). The main sources of H2S are natural 

(geothermal areas and anaerobic digestion), which account for the greater part of 

the total H2S in the atmosphere (36). Other sources are due to anthropogenic 

activity, for example geothermal processes (power plants), industrial processes 

such as paper mills (8), swine feeding operations (9, 11, 12), and natural gas 

refineries (10, 37). 

Reykjavik is in proximity to two geothermal power plants, Hellisheidi and 

Nesjavellir, located some 26 km and 33 km east of the city, respectively. Therefore, 

the characteristic odor of H2S is occasionally apparent in the city. The power plants 

are the main sources of ambient low-level concentrations of intermittent H2S in the 

capital area and the population of Reykjavik is possibly the largest population in 

the world with this kind of exposure to H2S (Figure 1). Increased concentrations of 

H2S in the Reykjavik capital area are measured when wind speed is slower than 5 

m/s at temperatures below 0°C. The GRE measurement station is located at 

around 115° in direction from the Hellisheidi power plant (Figure 2). 
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Figure 2. Average 24-hour concentrations of hydrogen sulfide (H2S) as measured at the 

Miklabraut-Grensasvegur intersection in the Reykjavik capital area as a function of wind 
speed (m/s), wind direction (°), and temperature (°C) from January, 2007 to June 2014. 

1.4 Adverse health effects of air pollution 

The cardiopulmonary system is the main entry way for air pollutants into the body. 

PM10 can be inhaled into the upper throat and into the bronchi of the respiratory 

system. Smaller particles such as PM2.5 can reach the alveoli and the finest 

particles (PM0.1) can go even further and penetrate the bronchi and alveoli of the 

lungs and enter the blood (38, 39). The sufficiency of deposition also depends on 

the physical and chemical properties of the PM and gasses. PM can affect the 

lungs, the cardiovascular system (once it has entered it), and some suggest that 

the smallest particles can even reach organs through the blood system (40). 

Gaseous pollutants such as NO2, O3, and SO2 can easily enter the lungs and blood 
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since they are not filtered out in the respiratory system. The toxicological effects of 

different gasses vary. If carbon monoxide (CO) is inhaled, it can lead to asphyxia 

(2). It binds to hemoglobin more easily than oxygen, and therefore decrease the 

possibility of oxygen binding the hemoglobin, leading to a decreased oxygen 

supply to different organs of the body (2).  

Susceptibility to the effects of air pollution varies between individuals, with 

some subgroups of individuals being more susceptible than others. These 

subgroups include infants and children, the elderly, and those with underlying 

medical conditions or pre-existing diseases that make the individual more sensitive 

to the effects of air pollution in general. Underlying conditions include respiratory 

diseases, heart disease, or other diseases involving the immune system (41).  

Several epidemiological studies have found an association between short- and 

long-term exposure to air pollution and adverse health outcomes. Health indicators 

are typically indicated by the incidence of hospital admissions (38, 41-43), mortality 

(44-48), or cancer (49-51). Like environmental indicators, public health indicators 

provide important and quantifiable information to estimate specific factors 

regarding public health when implementing policies, regulations or directives. 

Short-term associations of air pollution and health indicators are generally 

analyzed with time-series analyses, and cover days and/or weeks before the index 

health outcome. Short-term exposure to air pollutants is defined as a few hours up 

to a few weeks of exposure. Long-term effects of air pollution on morbidity or 

mortality are generally analyzed with cohort studies. Long-term exposure to air 

pollutants is defined as exposure ranging from a few years up to decades and 

include a large number of participants. PM is possibly the most frequently studied 

pollutant, and most results indicate increased morbidity and mortality due to 

respiratory or cardiovascular diseases following PM exposure – both long-term and 

short-term (38, 41).  

1.4.1 Hospitalization  

Respiratory disease is one of the main outcome measures in epidemiological 

studies on the association between ambient air pollution and increased morbidity 

or mortality. Some chemicals present in air pollution can be categorized as an 

irritant, affecting a susceptible individual in particular, e.g. asthma patients. A 

suggested mechanism of respiratory morbidity is that irritating pollutants damage 

the epithelial wall of the respiratory tract which could thus initiate an inflammatory 

response (52). This would lead to increased permeability of the epithelial wall and 

pollutants could enter the blood serum more easily (52). Studies have found that 

air pollution exposure may possibly affect respiratory health. Short-term PM 

exposure has been linked to increased hospital admissions of patients with a 

respiratory disease as a primary diagnosis (53, 54), and even stronger 
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associations when PM10 exceeded 50 µg/m3 (54). Other studies have found an 

association between short-term O3 and NO2 exposure and admissions due to 

respiratory diseases among the elderly and children (55, 56). Additionally, 

short-term exposure to PM2.5, PM10, and O3 has been associated with airway 

inflammation in children, independent of asthma and allergy status (57). On the 

other hand, not all study results are in agreement with the effect of long-term 

exposure of air pollution on respiratory health, as one multi-community 

meta-analysis found no association between air pollution and asthma prevalence 

(58). 

Long-term exposure to air pollutants has also been associated with increased 

respiratory morbidity. A 35-year follow-up study found a positive association 

between traffic-related air pollution and increased risk of hospitalization for chronic 

obstructive pulmonary disease (COPD), especially among those with pre-existing 

diabetes or asthma (59). On the other hand, not all study results are in agreement 

on the effect of long-term exposure of air pollution on respiratory health, as two 

recent studies on the effects of relatively high ambient H2S exposure from Rotorua, 

New Zealand, found suggestions of improved lung function following long-term 

H2S exposure (14, 60).  

Additionally, studies have shown that both short- and long-term gaseous 

pollutants are associated with inflammatory markers, arrhythmia, heart rate 

variability, increased blood pressure, and related syndromes (61, 62). Short-term 

traffic-related pollution exposure has been associated with increased hospital 

admissions of patients with a cardiovascular and stroke diagnosis (41, 63-67). 

Stronger associations have been found among individuals with a history of heart 

failure (68, 69) and when PM10 exceeded 50 µg/m3 (54). Other studies have shown 

a significant decrease in life expectancy following short-term exposure to PM2.5 

(70). In Iceland, short-term O3 exposure was found to be associated with increased 

emergency hospital visits due to cardiopulmonary disease and stroke, with a 

stronger association among females (71).  

1.4.2 Mortality 

Mortality is commonly used in epidemiological studies as a health indicator. 

Studies have shown that short-term PM and NO2 exposure have been associated 

with daily mortality (44, 45, 72), specifically due to cardiovascular disease or stroke 

(46, 47, 61, 73-76), respiratory disease (47, 48), cancer (51, 76), and mortality of 

individuals older than 50 (46).  

Studies on the effects of long-term exposure to air pollutants have found 

comparable results. Associations have been found between traffic-related air 

pollution and natural-cause mortality, cardiovascular mortality, and cancer in the 

United States and Europe (51, 77, 78). Similar results have been found in other 
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studies from Europe (78-80), Canada (81), and the United States (61, 82, 83). In 

a 36 city study, a higher risk of cardiovascular mortality (and cardiovascular and 

stroke events) among women was found (84).  

1.4.3 Cancer incidence 

Studies on the association between air pollution and cancer have been 

accumulating over recent years. Such studies generally require long-term follow-

up due to the nature of cancer development. Some studies have found a positive 

association between long-term PM2.5, PM10, and NO2 exposure and risk of lung 

cancer and lung adenocarcinomas (49, 50, 85).  

1.5 Adverse health effects of hydrogen sulfide exposure  

Adverse health effects of high concentrations of hydrogen sulfide (H2S) exposure 

are many and well known (86). High levels of H2S can cause eye irritation and eye 

damage, headaches, nausea, loss of olfactory sense, pulmonary edema, 

respiratory arrest and death (87).  

H2S is a signaling molecule in many organ systems but the signaling pathway 

is not fully known and the mechanisms of H2S toxicity remain debated. Some 

studies indicate that H2S inhibits oxygen consumption by mitochondrial oxidase 

(88), and others suggest that H2S may affect the cysteine residues of most proteins 

(89).  

Only a few epidemiological studies have been conducted to evaluate whether 

intermittent exposure to ambient H2S adversely affects humans. This leads to 

limited and inconclusive results on the possible health effects of low-level H2S 

pollution exposure (13, 60). Most studies are cohort analyses using respiratory 

events (13, 60), nervous system dysfunction (90), or mortality (91) as an outcome 

measure and H2S measurements from one or more measurement stations. These 

studies have mostly been conducted on populations living near paper mills (8), 

natural gas refineries (10, 37), animal feeding operations (9, 11, 12), sewage 

disposal (92), or urbanized geothermal (93) or volcanic areas (94, 95). Many 

studies have found an association between H2S exposure and respiratory (91, 95-

97) and nervous system (96) morbidity while other studies have found no such 

associations (14, 60, 90). These studies have mainly focused on long-term 

ambient H2S exposure. Meanwhile more investigation on short-term intermittent 

ambient H2S exposure and possible adverse health effects are warranted. 
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2 Aims 

The overall aim of this project was to examine whether increased air pollution in the 

Reykjavik area is associated with cardiovascular morbidity or mortality among the 

population. Three main outcomes were of interest and used as indicators of 

cardiovascular health; the dispensing of the anti-angina pectoris medication, glyceryl 

trinitrate, mortality due to non-accidental and cardiovascular causes, and daily 

hospital admissions and emergency department visits to Landspitali University 

Hospital with heart disease, respiratory disease, or stroke as the primary diagnosis. 

Here, a novel outcome measure is introduced as the dispensing of the anti-angina 

pectoris medication while mortality and hospitalization are frequently used as health 

indicators in environmental epidemiological studies. The population of the studies 

was mainly exposed to traffic-related air pollution such as nitrogen dioxide (NO2), 

ozone (O3), particulate matter less than 10 µm in aerodynamic diameter (PM10), and 

sulfur dioxide (SO2), as well as geothermal source-specific hydrogen sulfide (H2S) 

that originates from a nearby geothermal power plant. 

2.1 Specific aims of each paper  

I. To evaluate the association of short-term increases in ambient air 

concentrations of traffic-related and geothermal source-specific pollutants 

(NO2, O3, PM10, and H2S) with dispensing of the sublingual medication 

glyceryl trinitrate used against attacks of angina pectoris in the Reykjavik 

capital area. 

II. To evaluate the association between short-term changes in ambient air 

pollutant concentrations, both traffic-related and geothermal source-specific 

H2S, and mortality in the Reykjavik capital area, using a nation-wide death 

registry and continuous measurements of air pollutants. 

III. To evaluate short-term associations between modelled ambient low-level 

concentrations of intermittent H2S and daily hospital admissions and 

emergency department (ED) visits to Landspitali University Hospital with 

diagnosis of heart disease, respiratory disease, or stroke among individuals 

living in the Reykjavik capital area. 
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3 Materials and methods 

Time-series methods and register-based data were used in papers I, II, and III to 

study the short-term associations between air pollutants and health outcomes. All 

the studies were population-based, consisting of all inhabitants in the Reykjavik 

capital area (at the different times of the studies) who were 18 years of age and 

older living in one of six communities that make up the Reykjavik capital area 

(Reykjavik, Gardabaer, Hafnarfjordur, Kopavogur, Mosfellsbaer, and 

Seltjarnarnes) and defined by 21 postal codes. The annual mean study populations 

numbered approximately 143,000 (paper I) and up to 151,000 (paper III) (98). 

3.1 Exposure data 

3.1.1 Air pollution measurement data – papers I and II 

Exposure data used in papers I and II were air pollution measurement data, which 

is continuously monitored by the Environment Agency of Iceland (EAI). The data 

were derived from a single monitoring station located at the center of the Reykjavik 

capital area by one of the busiest road intersections of the city, Grensasvegur-

Miklabraut (GRE) (Figure 3) (99). Measurements from other stations were not 

included in the studies due to insufficient data quality and availability.  

The GRE measurement station continuously measures various air pollutants 

and weather variables. The exposure variables used in papers I and II as 

measured at GRE were: hydrogen sulfide (H2S), sulfur dioxide (SO2) (excluding 

paper I), particulate matter less than 10 µm in aerodynamic diameter (PM10), ozone 

(O3), and nitrogen dioxide (NO2).  
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Figure 3. The Reykjavik capital area, the location of the Grensasvegur-Miklabraut air 

pollution measurement station (GRE), and the location of two geothermal power plants 
(circles). Dotted lines indicate the boundaries of the capital area. 

Air pollution monitoring was overseen by the Environmental Division of the City 

of Reykjavik from 2003 until the end of 2008. In the beginning of 2009, the EAI 

continued the measurements of the pollutants. The EAI compiled the data, 

confirmed the validation, and provided the data as 30- or 60-minute averages of 

each pollutant and weather variable. The device used to measure PM10 is an 

Andersen EMS IR Thermo (model FH62 I – R). For H2S, NO2 and O3 Horiba 

models APSA 360ACE, APNA 360E, and APOA 360E are used, respectively. 

Every six to twelve months the devices are calibrated by the Iceland Innovation 

Center, an independent agency. The data are routinely collected independent of 

the studies. 

3.1.2 H2S modeling – paper III 

For paper III, a co-author (T. Thorsteinsson) designed a model to estimate H2S 

exposure, through 2007 to July 2014, in five different sections of the Reykjavik 

capital area. From the Hellisheidi power plant and towards the Reykjavik capital 

area there is a moderate descending slope (100). Emissions from the Nesjavellir 

power plant were not included in the model as the power plant is located in a valley 

(100), and therefore the distribution of H2S towards the Reykjavik capital area is 

limited (101-103). This was confirmed with H2S measurements at the GRE station 

in the year 2006 (H2S measurements started in late February), preceding the 

operation of the Hellisheidi geothermal power plant, as the Hellisheidi power plant 

began operation in September-October 2006 (Figure 4).  
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Figure 4. Time-series plot of 24-hour average concentrations of hydrogen sulfide (H2S) as 

measured at the Grensasvegur-Miklabraut (GRE) station in the Reykjavik capital area in 
2006. H2S measurements in Reykjavik started in February 2006. Gaps in figure are due to 
missing data. 

Most of the population is located some 20-30 km from the Hellisheidi power 

plant (Figure 3 and Figure 5) and the direction (θ) from the Hellisheidi power plant 

to the Reykjavik capital area covers approximately the range between 90° to 140° 

giving a 50° section (Figure 5). This section was divided into five 10° sections 

(defined as sections A to E) and the 24-hour H2S concentrations were estimated 

in each section over the study period (Figure 5). 
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Figure 5. Five modelled sections A to E of the Reykjavik capital area (the shadowed area) 

and the point source of H2S emission from the Hellisheidi power plant. The small inserted 
map shows Iceland. Residences in parts of the population located outside the borders of 
sections A and E were categorized with the adjoining sections. 

Wind direction and speed are dominant variables when it comes to H2S 

concentration in the Reykjavik capital area as measured at GRE (Figure 2) (100, 

102, 103). To estimate the concentration at a distance between 20-30 km away 

from the source and direction θ the following equation was used: 

 

𝐶 =
100

𝑢
 𝑒𝑥𝑝 (−

|𝜃 − 𝜙|

𝛷
) 𝑒𝑥𝑝 (−

𝑅

𝑅0

) + 𝐶𝑡 

 

where u is wind speed, θ is direction of calculation point (the Hellisheidi power 

plant), φ is the wind direction,  is the angular width, R is incoming radiation and 

R0 is the scaling factor for the effect of solar radiation. Here R0= 35 W/m2, and 

=7°. 

For the time resolution (30 minutes) the residual pollution at each time step was 

calculated with equation:  
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𝐶𝑡 = 𝐶𝑡−1𝑒𝑥𝑝(−𝑢) 

 

where u is wind speed (here considered normalized with 1 m/s). 

The width of the plume was determined from calculations using a Gaussian 

plume, Pasquill-Gifford model (104, 105), at a distance of 25 km from the 

Hellisheidi power plant under stable conditions. Over 60% of instances of H2S 

concentrations were above 50 µg/m3 in 2007-2009 and occurred during stable 

weather conditions, followed by inversion with over 30% of instances. In addition, 

solar radiation function was applied since when H2S exceeds 50 µg/m3 it was after 

sunset in more than 75% of the cases (100). Model predictions were validated by 

comparing predictions to measured concentrations in sections A and D (GRE and 

HEH seen in Figure 5) and were considered sufficient. 

3.2 Outcome data 

The outcome data used in papers I, II, and III were routinely collected in 

population-based registers. The compilation of the data was independent of the 

measurements of the pollution and the weather factors. Different outcome data 

were used in papers I, II, and III. In paper I, a possible indicator of health which 

has not been used previously is introduced, while outcome data in papers II and 

III are commonly used in other epidemiological studies. 

3.2.1 Pharmaceutical dispensing – Paper I 

In paper I, a novel indicator of health was introduced. Pharmaceutical dispensing 

of cardiovascular medicine has not previously been used as an outcome measure 

in epidemiological studies. In paper I, dispensing of cardiovascular medicine and 

the sublingual medication, glyceryl trinitrates (also known as nitroglycerin, or 

trinitroglycerin) was used as an outcome measures and was derived from the 

Icelandic Medicines Registry. The registry was established in 2003 to record 

pharmaceutical use (106). The coverage of the database is practically complete 

and holds information on all dispensed prescriptions in outpatient settings in 

Iceland (107).  

For paper I, information was retrieved from all dispensations of cardiovascular 

medicine coded as C01 in the Anatomical Therapeutic Chemical Classification 

system (ATC) to individuals who were 18 and older and living in the Reykjavik 

capital area at the time of dispensation, during the study period of January 1, 2005 

to December 31, 2009. The sublingual medication, glyceryl trinitrate (ATC code: 

C01DA02) is used against a sudden onset of angina pectoris. Other long lasting 

medication for attacks of angina pectoris, such as beta blockers and calcium 
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channel blockers were not taken into consideration in this study. Such long lasting 

medication is taken continually and constantly on a daily basis and therefore does 

not suit a study on the possible effects of short-term fluctuations of air pollution 

(see section 3.4.1) (108, 109). An effective dose of the medication glyceryl trinitrate 

sublingually acts within minutes to relieve chest pain due to angina pectoris. 

Glyceryl trinitrates are classified as an organic nitrate and the defined daily dose 

is mainly based on the treatment of angina pectoris attacks, or 3-4 times daily 

(110). Mitochondrial aldehyde dehydrogenase in the body converts glyceryl 

trinitrate to nitric oxide, which is an effective natural vasodilator and therefore 

adjusts the imbalance of blood and oxygen to the heart muscle. The symptoms of 

angina pectoris are the feeling of pain, squeezing, or pressure of the chest due to 

ischemia of the heart muscle as a result of an obstruction or spasm of the coronary 

arteries. The symptoms of angina pectoris can come from abnormal heart rhythms, 

anemia, and heart failure. The acute onset of angina pectoris and the use of 

glyceryl trinitrates against the attacks and the short expiration date (eight weeks) 

of the medicine make it ideal for the purpose of examining the possible effect of 

short-term fluctuations of air pollution (108, 109).  

The data obtained from the medicine registry included encoded personal 

identification numbers, ATC codes and medication names, the number of defined 

daily doses, birth year of the patients, day of dispensing, residential postal codes 

of the patients, and gender. The encoded identification numbers allowed exclusion 

of individuals with reoccurring dispensing within 7 days to avoid overlap bias. No 

information on underlying preconditions of the patients was available from the 

registry. 

3.2.2 Mortality data – Paper II 

Mortality is commonly used as an outcome measure while examining the possible 

effect of short-term fluctuations of air pollution on human health (42, 44-48). In 

paper II, mortality data were used and the data were obtained from the nation-wide 

National Cause-of-Death Registry which is under the auspice of the Directorate of 

Health. The registry records cause of death according to death certificates and is 

classified by the International Classification of Diseases 10th edition (ICD-10) 

which is overseen by the World Health Organization (111). The National Cause-

of-Death Registry is virtually complete where only one electronic system is used 

and death certificates are linked to the personal identification numbers of the 

inhabitants of Iceland. 

Data were obtained for all mortality from natural causes other than deaths due 

to external causes (ICD codes: A00-R99) for individuals who were 18 and older 

and living in the Reykjavik capital area at the time of death, over the study period 

of January 1, 2003, to December 31, 2009. Additionally, cardiovascular mortality 
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(ICD codes: I00-I99) was subtracted from the registry. These data were used as 

the outcome data of the study. All data included encoded personal identification 

numbers, age at time of death, postal codes, day of death, and gender of each 

deceased individual.  

3.2.3 Emergency hospital visits – Paper III 

Hospitalization is commonly used as an outcome measure while examining the 

possible effect of short-term fluctuations of air pollution on human health (38, 41-

43). Data on hospital admissions and emergency department (ED) visits were 

obtained from the Register of Hospital-treated Patients in Iceland (SAGA) at 

Landspitali University Hospital for the time period of January 1, 2007, to June 30, 

2014. This institution is the only acute care hospital and general ED for adults in 

the Reykjavik capital area and is operated by the national government. Healthcare 

services are financed by state taxes and all residents are covered by the national 

health insurance schemes. The SAGA database has been based on ICD-10 since 

2001 and is virtually complete where only one electronic system was used by the 

entire registry and all medical records are linked to personal identification numbers 

of the inhabitants of Iceland. The database contains information on every 

admission and ED visit, day of birth, gender, main diagnosis according to ICD-10 

codes, and discharge day.  

The outcome measure was selected as acute hospital visits of patients (≥18 

years of age and older) living in the Reykjavik capital area who had been admitted 

to relevant, pre-specified wards and clinics within the hospital, or visited the ED for 

one of the following classes of disease: respiratory disease (ICD-10 codes: J20-

J22, J40-J46, and J96), heart disease (ICD-10 codes: I20-I27, I46, I48, and I50), 

or stroke (cerebrovascular disease, ICD-10 codes: I61-I69 and G45-G46). The 

daily number of acute hospital visits and ED visits was combined and jointly 

identified as emergency hospital visits. All personal identification numbers were 

assigned a unique code in the data extracted, allowing exclusion of individuals with 

readmissions within 10 days and for the same ICD-10 primary diagnosis. In such 

cases the first admission or ED visit was counted as an emergency hospital visit. 

3.3 Covariates 

There is a moderate correlation between temperature and relative humidity and air 

pollutants such as PM10, NO2 and H2S (13, 23, 71). To adjust for this in the studies, 

temperature was used as a covariate in each analysis. Relative humidity was also 

used a covariate in papers I and II. These weather variables are measured by the 

EAI at the same location as the air pollutants (GRE station). 
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Information on influenza season were provided by the Directorate of Health 

defined as more than 300 reported cases per month. In papers I and II, influenza 

seasons were adjusted for as covariates. 

In paper III, population data according to the National Roster for the year 2010 

were obtained from Statistics Iceland for individuals 18 years of age and older 

living in the Reykjavik capital area. To count the number of people at risk of visiting 

the Landspitali University Hospital, the home address of every resident of the 

Reykjavik capital area (18 and older) was geocoded and assigned to an exact 

location within sections A to E (see section 3.1.2 and Figure 5), using geographical 

coordinates. The total number of individuals was counted in each zone (A-E), as 

well as within the age groups 18-59, 60-72, 73-80 and ≥81) and by gender. No 

adjustments were done for population numbers in papers I and II, as the population 

size was not likely to change significantly over the designated study period and 

could therefore be excluded from the analysis (112). 

In paper III, the distance from main roads (>10.000 cars per day) in the 

Reykjavik capital area was found for each individual’s residential street and 

classified into traffic exposure zone (0-50m, 51-200m, 201-500m, 500-1000m and 

≥1000m) to adjust for traffic-related air pollution exposure. Backwards selection 

showed that the traffic exposure zone was a better fit in the fully adjusted analysis 

rather than the measured traffic-related pollution (NO2, O3, PM10, and SO2) from 

GRE. 

The residential distance from the Hellisheidi power plant was adjusted for in 

paper III, by classifying the distance into quartiles (≤22430m, 22431-25360m, 

25361-27330m, and ≥27331m).  

Adjustments were made for long-term trends and seasonality in outcome 

measures using a day-of-week indicator and basic splines with 8 degrees of 

freedom. Potential autocorrelation was avoided by adjusting for the number of 

each outcome variable at lag 1 (previous day). Backwards selection of other 

possible covariates showed that humidity and lags 5 to 7 did not affect the results 

and were therefore not included in the final models of paper III. 

3.4 Statistical analyses 

In all papers, general descriptive calculations were performed. A correlation test 

was used to determine the inter-correlation between pollutant exposure factors and 

meteorological covariates in papers I and II and for H2S concentrations between 

different exposures in the different sections in paper III.  

The study design varied between papers. In papers I and II, two different 

variations of a case-crossover study design were used. The method is fit for 

studying the association between a short-term exposure measure and a rare acute 
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outcome measure (113, 114). A fundamental strength of a case-crossover study 

design is that it compares each individual’s exposure experience in a time period 

prior to the case-defining event with that same individual’s exposure experience 

on a defined control-period; therefore, each case serves as its own matched 

control. The control period depends on the control selection method. The 

comparison (or matched control sets) adjusts for potential personal confounding 

individualities that do not change over a relative short time, such as genetic factors, 

age, and gender (108, 109, 115). To apply a case-crossover analysis, some 

conditions must be met: a) an acute outcome measure is needed; b) changes in 

exposure status (individuals must experience changes from high to low exposure 

as well as changes from low to high exposure); c) the exposure must be short-term 

and preferably intermittent; and d) control selection must be unrelated to trends in 

the exposure (114). All of the preconditions were met in papers I and II. 

In paper III, a generalized linear model (GLM) was used to comply with 

additional available data and the characteristics of the independent variable. GLM 

models assume independent or uncorrelated observations (116), are a flexible 

generalization of regular linear regression methods, and accept dependent 

variables that have error distribution models other than a normal distribution, such 

as a Poisson distribution (112). 

In all papers, a possible lag period was considered, i.e. whether there was a 

delay in an outcome after the exposure. The defined time unit for a lag varies 

between studies although hours or days are the most common in other studies. 

For all papers, the time unit for a single lag was considered to be 24-hours and 

different lag structures were introduced into the models. Here, the definition of a 

lag was as follows: lag 0 - air pollution exposure on the same day as the outcome 

occurred, lag 1-4 - air pollution exposure one day before (lag 1) and up to four days 

before (lag 4) the outcome occurred.  

3.4.1 Pharmaceutical dispensing - Paper I 

The study period of paper I, was January 1, 2005, to December 31, 2009. A 

Pearson’s correlation test was used to determine the intercorrelation between 

pollutant exposure factors and meteorological covariates. To estimate the 

association between air pollution and use of the sublingual medication, glyceryl 

trinitrates, against angina pectoris, a symmetrical bidirectional case-crossover 

study design was used. Two controls were selected for each case in the analyses: 

the same weekday seven days before and after the case day (day of glyceryl 

trinitrate dispensing). Daily numbers of glyceryl trinitrate dispensing were the 

dependent variable, while eliminating repeated dispensing occurrences to the 

same individual within seven days. The 24-hour air pollution measurements (H2S, 

NO2, O3, and PM10) from GRE were selected as independent variables. 
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Three requirements were needed to be defined a case: a) the individual had to 

be living in the Reykjavik capital at the time of dispensing; b) the individual must 

have been 18 or older; and c) glyceryl trinitrates must have been dispensed to the 

individual at a minimum of once over the study period. 

A lag time from 0 to 3 days was considered and introduced separately into each 

model. Also, a number of model variations were tested: 1) crude analysis including 

only a single pollutant (24-hour measurements), temperature, and relative 

humidity; 2) multivariate analysis including 24-hour measurements of NO2, O3, 

PM10, temperature, and humidity; 3) multi variate analysis including 24-hour 

measurements of H2S, NO2, O3, PM10, temperature, and humidity; 4) models 1-3 

were run with 3-day moving averages of pollutant measurements instead of 24-

hour measurements; and 5) all models were run with and without adjusting for the 

influenza season. Odds ratio estimates were attained for the association of each 

pollutant using conditional logistic regression. A complete case control set 

contained three exposure values and if two or more exposure values were missing, 

the set was excluded from the analysis. In addition to these model variations, 

different conditional logistic regression calculations with altered control selections 

were conducted to further avoid misinterpretation of possible random associations 

in the results. These variations were: I) both days of the bidirectional control 

selection method were used; II) only one day, the same weekday one week before 

the case day, was used as a control; III) only one day, the same weekday one 

week after the case day was used as a control; and IV) semi-symmetrical 

bidirectional control selection where one day was randomly selected as either the 

same weekday one week before or after the case day, was chosen as control to 

control for possible overlap bias. Calculations I to IV yielded results nearly 

matching models 1 to 5 and therefore results from I to IV were not presented in 

paper I. These analyses returned odds ratios (ORs) and a 95% confidence interval 

(95% CI) for each lag structure, and effects estimates of odds ratios (ORs) in paper 

I are reported as the change in dispensing of glyceryl trinitrates associated with 10 

µg/m3 changes in 24-hour averages or 3-day moving averages of pollutant 

concentrations. 

3.4.2 Mortality - Paper II 

The study period of paper II, was January 1, 2003, to December 31, 2009. 

Spearman’s rank correlation test was used to determine the intercorrelation 

between the pollutant exposure factors and meteorological covariates. To estimate 

the possible association between short-term daily exposure to air pollution and 

mortality due to natural and cardiovascular causes, a time-stratified 

case-crossover analysis was used. The study period was stratified by month and 

control days were matched with the same weekday within each stratum. This gave 

a maximum of four control days for every case day (index day) within each strata 
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(113, 117). The daily numbers of natural and cardiovascular cause mortality were 

the dependent variable. The 24-hour air pollution measurements (H2S, NO2, O3, 

PM10, and SO2) from GRE were selected as independent variables. 

Three requirements were needed to be defined as a case: a) the deceased 

individual must have had lived in the Reykjavik capital area at the time of death; b) 

the individual must have been 18 or older at the time of death; and c) the deceased 

individual must have had been diagnosed with a cardiovascular or natural cause 

of death (other than deaths due to external causes).  

A lag time from 0 to 4 days was considered and introduced separately into each 

model. In addition, a number of model variations were tested: 1) crude analyses 

performed with single pollutant models; 2) multivariate analysis including 24-hour 

measurements of H2S, NO2, O3, PM10, SO2, relative humidity, and temperature; 3) 

multivariate analysis including 24-hour measurements of H2S, NO2, O3, PM10, SO2, 

relative humidity, and temperature and stratified by season (summer: 1 May to 31 

October; winter: 1 November to 30 April), age (80 years and younger and older 80 

years), and gender, all performed separately; 4) selection of the best lag model 

with the lowest Akaike Information Criterion (AIC) (118) from the series of lags 0 

to 4, when H2S above 7 µg/m3, season, and influenza were included in the model. 

These components were defined by principal component analyses conducted prior 

to the selection of the best model according to AIC. The H2S above 7 µg/m3 was 

selected as the exposure cut-off due to the right skewed distribution of the H2S 

concentration as this is often considered the lower limit for odor detection for H2S 

(87, 119, 120); 5) supplemental analyses which are not shown in paper II, including 

stratified data into two month strata (instead of monthly strata) using a control 

selection matched on the same weekday with 14 day intervals (instead of 7 day 

intervals) within the same stratum as the case day. 

Additionally, models 1-5 were run using the 3-day moving average of exposure 

variables. Also, all models were adjusted for influenza season. Results from 

additional analyses were not presented in paper II as they were essentially the 

same as the presented results.  

In paper II, conditional logistic regression was used to attain effect estimates 

yielding adjusted ORs and the 95% CI for every interquartile range increase in the 

24-hour pollutant concentration. Results are shown as percent increase in risk of 

mortality (IR%) due to natural (other than deaths due to external causes) and 

cardiovascular causes. Other results are shown in the supplementary material. 

3.4.3 Emergency hospital visits - Paper III 

The study period of paper III, was January 1, 2007 to June 30, 2014. A generalized 

linear model (GLM) assuming a Poisson distribution of the outcome variables was 
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used to estimate the possible association between short-term daily modeled H2S 

concentrations and emergency hospital visits to Landspitali University Hospital. 

The dependent variable was daily numbers of emergency hospital visits. Modeled 

H2S exposure levels (classified as different percentiles of H2S exposure of 50%, 

60%, 70%, 80%, 85%, 90%, and 95%) at patients’ residence was selected as the 

independent variable.  

Population data obtained from the National Roster was used as offset in the 

analyses to account for demographic composition (age and gender) of the 

Reykjavik capital population in each section. Lags 0 to 4 were considered in each 

model. Separate analyses were performed for different outcome variables (heart 

disease, respiratory disease, and stroke as primary diagnosis) as well as different 

H2S exposure levels. Furthermore, multiple model variations were tested: 1) a 

crude analysis was performed while only adjusting for seasonality with splines; 2) 

distributed lag models (112) were conducted while adjusting for seasonality with 

splines and day-of-week indicator, age group, gender, distance from the Hellisheidi 

power plant, traffic exposure zone (distance from main roads), temperature, and 

number of each outcome variable at lag 1 (previous day); 3) a trend analysis was 

performed through different percentiles of H2S exposure levels (50%, 60%, 70%, 

80%, 85%, 90%, and 95%) using GLM while introducing all exposure levels into 

the model at the same time.  

Analyses from models 1-2 returned risk ratios (RRs) and a 95% CI for each lag 

structure and results are presented as such. Analysis from 3 yielded p-values 

whereas α < 0.05 was considered significant. The results presented in paper III 

mainly focus on the results for the 85% (7 µg/m3) H2S exposure level and 

emergency hospital visits, while other results are shown in the supplementary 

material. 

3.5 Ethics approval 

For papers I and II, data collection and studies were approved by the Data 

Protection Authority (ref. no. 2010030263ÞS/-) and National Bioethics Committee 

(ref. no: VSNb2010030008/03.7). For paper III, data collection and studies were 

approved by the Data Protection Authority (ref. no. 2010121176AT/-), National 

Bioethics Committee (ref. no: VSNb2010120017/03.7), and the Hospital Ethics 

Board (Letter dated 2010/12/22, ref. no: Tilv. 16 ÞH/eí). 

3.6 Statistical software 

For paper I data were prepared and statistical analyses were performed using 

SPSS 16.0 (121) and STATA 11 (122). For paper II R statistical software, version 

3.0.3 (123) was used for data preparation and some statistical analyses, while the 

“season” package (124) was used to perform the time-stratified case-crossover 
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analysis. For paper III data were prepared and statistical analyses were performed 

using R statistical software, version 3.1.3 (123).
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4 Results 

Throughout the period 2003 to 2009, the air pollutant measurement data used in 

papers I and II had a completeness from 49% (for H2S measurements started in 

February 2006) to 98% (PM10). A seasonal pattern was evident for both weather 

variables and every pollutant measurement, displayed by higher pollutant 

concentrations over the winter months of November to April compared with the 

summer months of May to October (Table 1, Figure 1, and Figure 2).  

Table 1. Characteristics of 24-hour concentration levels (µg/m3) of pollutants and 

meteorological data during 2003-2009 in the Reykjavik capital area. 

 
Mean  
±SD 

Wintera 
mean ±SD 

Summerb 
mean ±SD 

Range IQR Median 

H2S 3.4 ±6.7 4.5 ±8.1 1.6 ±2.3 0-92 2.6 1.4 

NO2 22.1 ±13.9 25.4 ±15.3 17.2 ±9.5 1.5-111.6 16.7 19.2 

O3 40.7 ±13.9 42.2 ±14.9 38.3 ±11.6 1.2-91.5 19.5 40.4 

PM10 22.2 ±20.1 25.6 ±23.5 17.5 ±12.7 3.3-261.6 13.4 16.2 

SO2 1.8 ±1.7 1.7 ±1.7 1.7 ±1.7 0-11 1.9 1.3 

RH (%) 77.8 ±10.8 79.1 ±11.3 76.1 ±9.9 39-100 16.0 79.0 
Temp. (°C) 5.9 ±5.2 2.7 ±3.9 10.4 ±2.9 -11-21 8.0 6.0 

aWinter: November 1 to April 30. bSummer: May 1 to October 31. Abbreviations: SD: standard deviation; 
IQR: interquartile range; H2S: hydrogen sulfide; NO2: nitrogen dioxide; O3: ozone; PM10: particulate 
matter ≤10 µm in aerodynamic diameter; SO2: sulfur dioxide; RH: relative humidity; Temp.: temperature 
(°C).  

Spearman’s rank correlation tests showed the strongest positive association 

between NO2 and SO2 (0.53). The strongest negative association was between 

NO2 and O3 (-0.53). The strongest correlation with H2S was with NO2 (0.37). 

4.1 Pharmaceutical dispensing - Paper I 

A total of 8,604 dispensations of glyceryl trinitrates (ATC code: C01DA02) were 

made over the study period to 5,246 individuals (58% males) with an average of 

4-5 occurrences per day (range 0-19). The mean age of individuals who dispensed 

glyceryl trinitrates was 74 years. Around 98% of individuals filled fewer than five 

prescriptions per year. Around 73% filled one prescription each year. The number 

of dispensations followed a weekly pattern, where most took place over weekdays 

compared with weekends and holidays.  

When estimating the association between pollutant concentrations and 

anti-angina drug dispensing the 3-day moving average concentrations of pollutants 

generated a stronger association than the 24-hour average concentration 

estimates (Table 2). The multivariate analysis including all pollutant variables (H2S, 



30 

NO2, O3, and PM10) and both weather variables (temperature and relative humidity) 

showed a statistical association between dispensing of glyceryl trinitrate 

medication and 10 μg/m3 increase of the 3-day moving average concentrations of 

NO2 at lag 0 (exposure occurred the same day as the dispensing) and at lag 1 

(exposure occurred one day prior to dispensing), yielding odds ratios (ORs) of 

1.136 (95% confidence intervals (95% CI) 1.069-1.207) and 1.096 (95% CI 

1.029-1.168), respectively (Table 2). The analysis also showed a statistically 

significant association between dispensing of glyceryl trinitrate medication and 

10 μg/m3 increase of the 3-day moving average concentrations of O3 at the same 

lags with OR of 1.094 (95% CI 1.029-1.163) at lag 0 and 1.094 (95% CI 

1.028-1.166) at lag 1. For NO2 and O3, the 95% CI of the ORs at lags 2 and 3 

included unity and were therefore not statistically significant (Table 2).  

 

Table 2. Associations between air pollutants and glyceryl trinitrate dispensing in a 

multivariate model. The matched odds ratios (OR) and 95% confidence intervals (CI) for the 
dispensation of glyceryl trinitrate in the Reykjavik capital area associated with every 10 

μg/m3 increase in NO2, O3, PM10, and H2S 3-day moving average concentrations.  

 NO2   O3  

Lag OR 95% CI  OR 95% CI 

24-hour average     

0 1.059 1.012, 1.108  1.015 0.968, 1.065 

1 1.074 1.025, 1.126  1.087 1.035, 1.141 

2 1.054 1.003, 1.108  1.047 0.996, 1.101 

3 1.032 0.980, 1.087  1.028 0.976, 1.083 

3-day average    

0 1.136 1.069, 1.207  1.094 1.029, 1.163 

1 1.096 1.029, 1.168  1.094 1.028, 1.166 

2 1.045 0.978, 1.117  1.038 0.972, 1.108 

3 0.993 0.929, 1.061  0.997 0.933, 1.065 

      
 PM10   H2S  
 OR 95% CI  OR 95% CI 

24-hour average     
0 1.002 0.985, 1.020  0.987 0.933, 1.045 
1 0.995 0.976, 1.013  0.958 0.907, 1.013 
2 1.001 0.982, 1.020  0.972 0.922, 1.025 
3 0.983 0.962, 1.004  1.030 0.979, 1.083 

3-day average    
0 0.998 0.972, 1.024  0.934 0.866, 1.008 
1 0.988 0.961, 1.015  0.975 0.906, 1.048 
2 0.983 0.956, 1.012  1.003 0.933, 1.079 
3 0.985 0.958, 1.013  1.027 0.951, 1.109 

Data were calculated in a unique multivariate analysis separately for each lag, taking into account 
simultaneously each pollutant variable. No. of observations for 24-hour mean: lag 0: 13,816; lag 1: 
13,686; lag 2: 13,598; and lag 3: 13,650. No. of observations for 3-day mean: lag 0: 13,816; lag 1: 
13,686; lag 2: 13,598; and lag 3: 13,650. 
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The associations for PM10 followed a separate pattern compared with O3 and 

NO2 where the OR was near 1 and the 95% CI included unity at every time lag. 

ORs for H2S also followed a unique pattern compared with O3, NO2, and PM10, 

while the ORs at lag 0 and 1 were decreased and increased at lags 2 and 3 (Table 

2). 

4.2 Mortality - Paper II 

A total of 7,679 deaths (48% males) due to natural causes (ICD-10 codes: A00-R99) 

other than deaths due to external causes, occurred over the study period with 

approximately 3 deaths on average per day. Deaths due to cardiovascular causes 

(ICD-10 codes: I00-I99) came to 3,033 (51% males) with around 2 deaths on average 

per day. The mean age of death for natural and cardiovascular causes was 78 and 81 

years, respectively. The daily number of deaths due to natural and cardiovascular 

causes followed a seasonal pattern with fewer cases during the spring and summer 

seasons compared to the autumn and winter seasons (Figure 6).  
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Figure 6. Time-series graph of number of deaths due to cardiovascular causes (ICD-10 

codes: I00-I99) or natural causes (ICD-10 codes: A00-R99) per day from 2003 to 2009. 

The total number of deaths per weekday was relatively constant. The range for 

all naturally caused mortality ranged from 1054 (Wednesdays) to 1125 

(Saturdays). The range was from 689 (Sundays) to 726 (Thursdays) due to 

cardiovascular causes (Figure 7). 
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Figure 7. Total accumulated number of deaths due to cardiovascular causes (ICD-10 

codes: I00-I99) or natural causes (ICD-10 codes: A00-R99) per weekday from 2003 to 2009. 
1: Mondays; 2: Tuesdays; 3: Wednesdays; 4: Thursdays; 5: Fridays; 6: Saturdays; 
7: Sundays. 

An overall pattern of the association between the 24-hour concentrations of H2S 

and all naturally caused mortality was evident, whereas no such pattern was 

apparent for other pollutants. In stratified models, there was an increased risk of 

all naturally caused mortality following IQR increases in 24-hour H2S 

concentrations at earlier lags. A decreased risk followed at later lags. The 

multivariate analysis, including H2S, NO2, O3, PM10, and SO2 as well as both 

weather variables, showed a statistically significant association between naturally 

caused mortality in the Reykjavik capital area and interquartile range (IQR) 

increases in the 24-hour average concentrations of H2S (2.6 µg/m3). This 
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association was evident over the summer months of May to October at lag 1 

(increased risk (IR%) = 5.05, 95% CI 0.61-9.68) and lag 2 (IR% = 5.09, 95% CI 

0.44-9.97) (Figure 7), among males at lag 0 (IR% = 2.26, 95% CI 0.23-4.44), and 

among those 80 years of age and older at lag 0 (IR% = 1.94, 95% CI 0.12-1.04) 

and lag 1 (IR% = 1.99, 95% CI 0.21-1.04) (Table 4). For NO2, O3, PM10, and SO2 

the 95% CI of the IR% at most lags included zero and were therefore not 

associated with mortality in the Reykjavik capital area at a statistically significant 

level (Table 3 and Table 4). An independent analysis using Akaike Information 

Criterion (AIC) (118) yielded a statistically significant association between all 

naturally caused mortality and 24-hour H2S concentrations above 7 µg/m3 at lag 2 

(IR% = 16.59) and lag 3 (IR% = 16.54). 
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 Table 3. Percentage increases in risk (IR%) and 95% confidence intervals (CI) associated with the interquartile range (IQR) increase in 24-hour 

average concentrations of air pollutants and mortality by natural causes other than deaths due to external causes (ICD-10 codes: A-R) from unique 
multivariate analyses separately for lags 0-4 in the Reykjavik capital area, unstratified and stratified by season.  

All models were adjusted for each pollutant, temperature, and relative humidity. aSummer: May 1, to October 31. bWinter: November 1 to April 30. 
Abbreviations: NO2: nitrogen dioxide; O3: ozone; PM10: particulate matter less than 10 µm in aerodynamic diameter; H2S: hydrogen sulfide; SO2: 
sulfur dioxide.   

 NO2 (16.7 µg/m3) O3 (19.5 µg/m3) PM10 (13.4 µg/m3) H2S (2.6 µg/m3) SO2 (1.9 µg/m3) 

Lag/Strata IR% 95% CI IR% 95% CI IR% 95% CI IR% 95% CI IR% 95% CI 

Unstratified          

0 -2.01 -8.12 to 4.50 0.18 -6.98 to 7.89 0.48 -1.45 to 2.45 1.01 -0.38 to 2.41 -1.68 -6.95 to 3.89 

1 -2.09 -8.23 to 4.46 -1.83 -8.87 to 5.77 -1.14 -3.07 to 0.84 0.97 -0.43 to 2.40 -3.26 -8.45 to 2.21 

2 -0.35 -6.54 to 6.24 0.29 -6.90 to 8.03 0.53 -1.41 to 2.50 -0.80 -2.26 to 0.67 -2.55 -7.76 to 2.95 

3 -5.33 -11.25 to 0.99 -9.51 -16.09 to -2.41 0.67 -1.32 to 2.70 -1.54 -3.00 to -0.05 -0.40 -5.75 to 5.24 

4 -4.37 -10.42 to 2.09 -4.28 -11.21 to 3.18 1.27 -0.68 to 3.26 -0.54 -2.10 to 1.05 3.17 -2.45 to 9.10 

Summera           

0 -6.68 -16.43 to 4.2 -2.84 -12.78 to 8.23 1.51 -2.56 to 5.75 3.79 -0.06 to 7.79 1.32 -6.70 to 10.01 

1 -4.05 -13.99 to 7.02 3.70 -6.94 to 15.55 -0.22 -4.28 to 4.02 5.05 0.61 to 9.68 -1.83 -9.41 to 6.38 

2 -1.82 -11.90 to 9.43 -1.39 -11.39 to 9.73 -0.12 -4.29 to 4.23 5.09 0.44 to 9.97 -2.97 -10.63 to 5.34 

3 -9.28 -18.59 to 1.10 -12.77 -21.65 to -2.88 1.08 -2.94 to 5.27 2.40 -2.68 to 7.76 -1.44 -9.11 to 6.88 

4 -6.38 -16.14 to 4.52 -4.58 -14.26 to 6.20 -0.66 -4.65 to 3.50 -0.44 -5.48 to 4.87 -2.58 -10.16 to 5.63 

Winterb           

0 1.15 -7.02 to 10.03 3.02 -7.40 to 14.61 0.10 -2.14 to 2.40 0.65 -0.86 to 2.18 -3.63 -10.66 to 3.95 

1 -3.00 -10.93 to 5.63 -6.30 -15.85 to 4.33 -1.70 -3.95 to 0.59 0.48 -1.03 to 2.01 -4.28 -11.40 to 3.41 

2 2.04 -6.26 to 11.08 4.22 -6.53 to 16.21 0.53 -1.70 to 2.81 -1.44 -3.01 to 0.16 -1.56 -8.73 to 6.17 

3 -1.58 -9.69 to 7.25 -3.77 -13.89 to 7.54 0.70 -1.63 to 3.08 -1.99 -3.55 to -0.41 0.45 -7.02 to 8.51 

4 -2.91 -10.96 to 5.88 0.48 -10.00 to 12.18 1.75 -0.52 to 4.07 -0.80 -2.45 to 0.88 9.94 1.53 to 19.05 
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Table 4. Percentage increases in risk (IR%) and 95% confidence intervals (CI) associated the with interquartile range (IQR) increase in 24-hour 

average concentrations of air pollutants and mortality by natural causes other than deaths due to external causes (ICD-10 codes: A-R) from unique 
multivariate analyses separately for lags 0-4 in the Reykjavik capital area, stratified by gender and median age (80 years). 

 NO2 (16.7 µg/m3) O3 (19.5 µg/m3) PM10 (13.4 µg/m3) H2S (2.6 µg/m3) SO2 (1.9 µg/m3) 
Lag/Strata IR% 95% CI IR% 95% CI IR% 95% CI IR% 95% CI IR% 95% CI 

Males           
0 -8.24 -16.44 to 0.76 -0.84 -10.91 to 10.36 -1.10 -3.86 to 1.73 2.26 0.23 to 4.33 4.06 -3.92 to 12.70 
1 -9.19 -17.30 to -0.29 -4.65 -14.28 to 6.06 -2.28 -5.12 to 0.65 1.01 -1.05 to 3.12 -0.21 -7.88 to 8.10 
2 -4.76 -13.06 to 4.34 -1.81 -11.76 to 9.26 -0.73 -3.53 to 2.16 -1.38 -3.50 to 0.79 1.46 -6.19 to 9.74 
3 -5.26 -13.66 to 3.97 -6.24 -15.89 to 4.51 0.96 -1.91 to 3.92 -1.72 -3.85 to 0.45 1.74 -6.02 to 10.13 
4 0.84 -8.23 to 10.80 0.18 -10.12 to 11.67 0.56 -2.21 to 3.42 -0.08 -2.34 to 2.24 -1.13 -8.86 to 7.26 

Females           
0 3.97 -4.84 to 13.60 0.97 -8.90 to 11.92 2.05 -0.64 to 4.81 -0.07 -2.00 to 1.89 -6.65 -13.52 to 0.76 
1 5.07 -3.98 to 14.98 1.24 -8.80 to 12.37 -0.16 -2.79 to 2.53 0.98 -0.93 to 2.93 -5.83 -12.73 to 1.61 
2 4.12 -4.86 to 13.95 2.44 -7.65 to 13.63 1.69 -0.98 to 4.43 -0.25 -2.24 to 1.78 -6.19 -13.13 to 1.32 
3 -5.48 -13.62 to 3.42 -12.53 -21.26 to -2.84 0.35 -2.38 to 3.16 -1.36 -3.37 to 0.68 -2.40 -9.61 to 5.39 
4 -9.03 -16.93 to -0.37 -8.26 -17.34 to 1.81 1.92 -0.80 to 4.73 -0.95 -3.09 to 1.24 7.30 -0.67 to 15.91 

80 years of age and older         
0 -0.36 -8.77 to 1.09 2.15 -7.70 to 1.13 -1.61 -4.25 to 1.01 1.94 0.12 to 1.04 -2.23 -9.39 to 1.05 
1 1.57 -7.06 to 1.11 1.36 -8.45 to 1.12 -2.96 -5.61 to 1.00 1.99 0.21 to 1.04 -4.37 -11.33 to 1.03 
2 3.14 -5.47 to 1.13 1.82 -7.92 to 1.13 0.64 -1.93 to 1.03 0.28 -1.50 to 1.02 -5.8 -12.66 to 1.02 
3 -5.71 -13.66 to 1.03 -9.91 -18.71 to 1.00 0.08 -2.66 to 1.03 -1.17 -3.00 to 1.01 -0.19 -7.49 to 1.08 
4 -9.52 -17.25 to 0.99 -5.09 -14.27 to 1.05 0.83 -1.85 to 1.04 0.73 -1.34 to 1.03 3.85 -3.89 to 1.12 

Younger than 80 years old         
0 -3.94 -12.57 to 5.54 -2.18 -12.28 to 9.07 2.81 0.00 to 5.70 -0.26 -2.40 to 1.92 -1.01 -8.62 to 7.24 
1 -6.34 -14.82 to 2.99 -5.87 -15.63 to 5.01 0.92 -1.88 to 3.8 -0.73 -3.02 to 1.61 -2.15 -9.73 to 6.07 
2 -4.10 -12.76 to 5.41 -1.46 -11.78 to 10.06 0.35 -2.56 to 3.35 -2.87 -5.38 to -0.30 1.41 -6.38 to 9.84 
3 -4.76 -13.40 to 4.76 -9.03 -18.62 to 1.69 1.39 -1.47 to 4.34 -2.19 -4.61 to 0.29 -0.45 -8.12 to 7.85 
4 1.85 -7.47 to 12.10 -3.57 -13.74 to 7.80 1.73 -1.1 to 4.65 -2.06 -4.44 to 0.39 2.45 -5.52 to 11.10 

All models were adjusted for each pollutant, temperature, and relative humidity. Abbreviations: NO2: nitrogen dioxide; O3: ozone; PM10: particulate 
matter less than 10 µm in aerodynamic diameter; H2S: hydrogen sulfide; SO2: sulfur dioxide.  
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4.3 Emergency hospital visits - Paper III 

The modelled 24-hour average H2S concentration within each section was from 3 

µg/m3 to 4 µg/m3. Overall, only 25% of modelled concentrations were above 5 

µg/m3 while the highest 24-hour average was 70 µg/m3 in section C (Table 5 and 

Figure 5).  

 

Table 5. Descriptive statistics of modelled daily 24-hour concentrations of H2S (µg/m3) during 

the study period of January 1, 2007, to June 30, 2014 in each section of the Reykjavik capital 
area.  

Section Mean concentration (±SD) Range IQR (0.25, 0.75) 

A 3.02 (4.05) 0-37.0 0.0, 4.8 

B 3.53 (5.34) 0-48.1 0.1, 4.5 

C 3.79 (5.96) 0-69.5 0.2, 4.9 

D 4.04 (6.83) 0-68.2 0.2, 4.9 

E 3.89 (7.10) 0-66.9 0.2, 4.6 

 

The highest 1-hour concentration was 197 µg/m3 in section E while the highest 

1-hour concentration in section A was only 37 µg/m3 (Figure 5). H2S levels followed 

a seasonal pattern, where higher concentrations were observed over winter 

months compared with summer months with a high correlation (above 0.66) 

between adjoining sections of the modelled area (Figure 8). 
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Figure 8. Daily 1-hour concentrations of H2S in µg/m3 within modelled sections A to E of 

the Reykjavik capital area from January 2007 to June 2014.  

A total of 32,961 emergency hospital visits to Landspitali University Hospital 

(57% males) occurred over the study period by 13,383 patients with heart disease, 

respiratory disease, or stroke as primary diagnosis. The average number of visits 

were 12 per day (range 1-32). The total number of visits with heart disease, 

respiratory disease, or stroke as primary diagnosis was 20,529 (64% males), 7,438 

(65% males), and 4,994 (54% males), respectively. The average number of visits 

per day was 7-8 for heart disease, 3 for respiratory disease, and 2-3 for stroke 

(Table 6). The mean age of patients was 70 years while the median age was 73 

years. Patients diagnosed with respiratory disease as a primary diagnosis had the 

lowest mean age of 67 years. 
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Table 6. Descriptive statistics of daily emergency hospital visits to Landspitali University 

Hospital (emergency department visits and admissions to the hospital combined) from 
January 1, 2007, to June 30, 2014.  

Emergency hospital patients 
No. of visits 

n (%) 
Visits per day 
Mean (±SD) 

Daily 
range 

All primary diagnosis 32,961 (100) 12.04 (4.86) 1-32 

Female patient visits 14,224 5.28 (2.70) 0-16 

Male patient visits  18,737 6.98 (3.41) 0-21 

Older patient (≥73yr) visits 15,885 5.88 (2.92) 0-20 

Younger patient (<73yr) visits 17,076 6.30 (3.17) 0-20 

Heart disease as primary 
diagnosis 

20,529 (62.3) 7.54 (6.65) 0-23 

Female patient visits 7,400 3.02 (1.77) 0-12 

Male patient visits  13,129 4.94 (2.72) 0-19 

Older patient (≥73yr) visits 9,868 3.80 (2,13) 0-16 

Younger patient (<73yr) visits 10,661 4.11 (2.43) 0-16 

Respiratory disease as primary 
diagnosis 

7,438 (22.6) 3.00 (1.80) 0-13 

Female patient visits 4,515 2.18 (1.32) 0-10 

Male patient visits  2,923 1.74 (0.98) 0-7 

Older patient (≥73yr) visits 3,198 1.83 (1.04) 0-7 

Younger patient (<73yr) visits 4,240 2.12 (1.26) 0-8 

Stroke as primary diagnosis 4,994 (15.2) 2.35 (1.46) 0-11 

Female patient visits 2,309 1.65 (0.90) 0-6 

Male patient visits  2,685 1.81 (1.07) 0-8 

Older patient (≥73yr) visits 2,819 1.84 (1.06) 0-9 

Younger patient (<73yr) visits 2,175 1.66 (0.93) 0-7 

 

Accumulative daily number of emergency hospital visits for diagnosis with heart 

disease, respiratory disease, and stroke to the Landspitali University Hospital in 

Reykjavik over the study period can be seen in Figure 9. The highest frequency of 

visits was in the beginning of the week (Mondays to Wednesdays) with the lowest 

frequency over weekends for all primary diagnoses (Figure 9). 
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Figure 9. Total accumulated number of emergency hospital visits with heart diseases, 

respiratory diseases, and stroke as primary diagnosis at the Landspitali University Hospital 
in Reykjavik per weekday from January 1, 2007, to June 30, 2014. Note different x-axis 
scales between different primary diagnoses. 1: Mondays; 2: Tuesdays; 3: Wednesdays; 4: 
Thursdays; 5: Fridays; 6: Saturdays; 7: Sundays. 

The unstratified multivariate models, including seasonal splines, day-of-week 

indicator, gender, age group, traffic exposure zone, distance from Hellisheidi 

power plant, same-day average temperature adjustments, and number of each 

outcome variable at lag 1 (previous day) (fully adjusted models) showed 

statistically significant associations between H2S concentrations above 7 µg/m3 

and emergency hospital visits with heart disease as primary diagnosis at lag 0 (risk 
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ratio (RR) = 1.067; 95% CI 1.024-1.111), at lag 2 (RR = 1.049; 95% CI 1.005-

1.095), and at lag 4 (RR = 1.046; 95% CI 1.004-1.089). Gender stratification 

revealed a statistically significant association between H2S concentrations above 

7 µg/m3 and emergency hospital visits with heart disease as primary diagnosis at 

lag 0 (RR = 1.087; 95% CI 1.032-1.146) and at lag 4 (RR = 1080; 95% CI 1.025-

1.138) among males. Age stratification revealed a statistically significant 

association between H2S concentrations above 7 µg/m3 and emergency hospital 

visits with same diagnosis at lag 0 (RR = 1.075; 95% CI 1.014-1.140) and at lag 3 

(RR = 1.072; 95% CI 1.009-1.139) among those 73 years of age and older.  

No statistically significant association was found between emergency hospital 

visits for diagnosis with respiratory diseases and H2S concentrations above 7 

µg/m3 at any lag in fully adjusted analysis, neither unstratified nor stratified by 

gender or age. Additionally, no statistically significant association was found 

between emergency hospital visits for a diagnosis of stroke and H2S 

concentrations above 7 µg/m3 at any time lag in the fully adjusted, unstratified 

analysis. However, age stratification yielded a statistically significant association 

at lag 2 among those 73 years of age and older (RR = 1.138; 95% CI 1.002-1.294). 

An independent trend analysis between different levels of exposure (from 50 to 

95 percentiles) and emergency hospital visits with heart disease as a primary 

diagnosis showed a significant trend at lag 0 (p-value < 0.001) and at lag 2 (p-

value = 0.003) in unstratified models (Figure 10). This indicates a positive 

dose-response association between H2S exposure and emergency hospital visits 

with heart disease as the primary diagnosis on the same day as H2S increased as 

well as two days prior to the emergency hospital visit.  
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Figure 10. Associations between different percentiles of H2S exposure levels (50%, 60%, 

70%, 80%, 85%, 90%, and 95%) and emergency hospital visits with heart disease as the 
primary diagnosis at different lags of exposure (0-4), unstratified, and stratified by gender 
and age.  
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Gender stratification of heart disease patients yielded a positive dose-response 

trend among females at lags 0 (same-day, p-value < 0.001) and 2 (two days prior 

to visit, p-value < 0.001) (Figure 10). A negative dose-response was found at lag 

4 (four days prior to visit, p-value = 0.001) (Figure 10). Among heart patients who 

were 73 years of age and older, a positive dose-response association was found 

at lags 0, 2, and 3 with p-values < 0.001 (Figure 10).  

Trend analysis for the association between different levels of H2S exposure and 

emergency hospital visits with stroke as the primary diagnosis, showed a 

statistically significant positive association at lag 0 in unstratified models, as well 

as among males and those older than 73 years. A negative association was found 

at lag 1 in the same stratum, indicating a harvesting pattern of the association.  

Trend analysis for the association between different levels of H2S exposure and 

emergency hospital visits with respiratory disease as the primary diagnosis 

showed a statistically significant negative association in some lags and 

stratification, indicating a negative dose-response association. 
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5 Discussion 

Short-term increases in the 3-day moving average concentrations of NO2 and O3 

were associated with dispensing of the sublingual medication glyceryl trinitrate 

against attacks of angina pectoris (paper I). Additionally, short-term increases of 

the 24-hour average concentrations of H2S were associated with increased 

mortality and increased emergency hospital visits for heart disease as primary 

diagnosis at the Landspitali University Hospital (papers II and III), with stronger 

associations over the summer months, among the elderly, and among males. 

5.1  Key results 

NO2 and O3 were the only traffic-related pollutants which were associated with 

increased dispensing of anti-angina pectoris medication, glyceryl trinitrates, to 

individuals 18 years of age and older, living in the Reykjavik capital area from 2005 

to 2009. The associations were evident the same day as the pollutants increased 

(3-day moving average of concentrations) and when the pollutants increased one 

day before the dispensing. The associations were strong, ranging from 9-14% 

increases in glyceryl trinitrate dispensing. PM10 and geothermal source-specific 

H2S were not associated with dispensing of glyceryl trinitrate.  

In addition, ambient H2S exposure (24-hour concentrations) was associated 

with increased mortality due to natural causes in the Reykjavik capital area from 

2003 to 2009 as well as increased emergency hospital visits with heart disease as 

the primary diagnosis in the Reykjavik capital area from 2007 to June 30, 2014. 

For mortality, the associations were evident the same day as the increase in H2S 

occurred and when the increase in H2S occurred one to two days prior to the death. 

The increase in mortality due to natural causes other than external ranged from 

2% among males and individuals older than 80 years of age and increased up to 

5% among all individuals over the summer months of May to October. Additionally, 

a separate analysis indicated an association between natural cause mortality and 

H2S concentrations exceeding 7 µg/m3 two and three days prior to the death. No 

traffic-related pollutants were associated with mortality from natural or 

cardiovascular causes. 

For emergency hospital visits (ED visits and hospital admissions combined) of 

individuals with heart disease as the primary diagnosis, the associations were 

comparable to the mortality study. Associations were evident the same day as the 

H2S exceeded 7 µg/m3 and two to four days prior to the visit among all individuals 

(unstratified), males, and individuals older than 73 years of age. The increase in 
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emergency hospital visits was 5% among all individuals and 9% among males. 

Additionally, no associations were found between H2S concentrations exceeding 

7 µg/m3 and emergency hospital visits with respiratory disease or stroke as the 

primary diagnosis. 

5.2 Strengths and limitations 

5.2.1 Exposure data 

The exposure data in papers I and II were derived from one measurement station 

in the Reykjavik capital area, thus the exposure estimation was not on individual 

basis. The presumption was therefore made that the whole population was 

exposed to the same pollution concentrations. Thus, measurements from a single 

measurement station (GRE) were used as a proxy for exposure to air pollutants 

for every individual living in the Reykjavik capital area. This procedure is not 

unusual in other studies, despite the fact that air pollution is not distributed evenly 

over cities. For example, H2S in Reykjavik follows a plume distribution (100, 102, 

103) and traffic-related pollutants concentrations are higher near busy roads (23). 

Pollution concentrations depend on weather factors such as wind direction, wind 

speed, precipitation, and temperature as well as geographical conditions. Other 

naturally occurring pollutants such as ash resuspension and SO2 emissions from 

volcanic eruptions in Iceland (as occurred in 2010, 2011, and 2014) were not 

relevant in the papers as the eruptions happened after the time of each study. In 

paper III, ash resuspension and SO2 emissions from volcanic eruptions were not 

adjusted for specifically. However, PM was measured at GRE and tested in the 

model, and traffic exposure zones were found to give a better adjustment. The 

eruption in 2014, which was a great source of SO2 emissions did not occur during 

the study period of paper III as the eruption began in August and the study period 

ended on June 30, 2014. Therefore, no additional adjustments for SO2 were 

needed. 

Some commonly used air pollutants such as PM2.5 and O3 were limited in the 

available data (Figure 1). The lack of O3 in 2010 did not have an effect in papers I 

and II since the study period was only until the end of the year in 2009 in both 

cases. In paper III, it was also not relevant as the possible confounding by traffic-

related pollutants was adjusted for by the patient’s residential distance from the 

main roads in the city. Many studies have linked PM2.5 to increased morbidity and 

mortality. Measurements for this pollutant in the Reykjavik capital area were not 

used due to some concerns from specialists at the Environment Agency of Iceland 

regarding the data quality. These data would have been desirable in papers I and 

II, whereas it can be argued that such measurements were not needed in paper III 

since traffic-related pollution confounding was adjusted for in another manner.  
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In paper III, H2S exposure was based on the patient’s residential home address, 

despite the fact that individuals are exposed to air pollution in other places. This 

was nonetheless not taken into account as detailed information on the patient’s 

daily whereabouts was not available, so some misclassification of H2S exposure 

was possible. On the other hand, some improvements were made to pollution 

exposure estimates in paper III. First, a model was used to calculate H2S 

concentrations in five different sections of the Reykjavik capital area, giving 

different H2S estimates between sections. Second, traffic-related exposure was 

also categorized into five different traffic-related exposure zones, which served as 

a surrogate for the daily levels of individually measured traffic-related pollutants. 

Backwards selection of possible confounders showed that traffic exposure zone 

was a better fit in the analysis rather than the pollution measurements from the 

single monitoring station (GRE). These improvements provided a more 

individual-based estimate of air pollution exposure as each individual’s residential 

street was geocoded to one of the five different sections of H2S and one of the five 

traffic exposure zones.  

5.2.2 Outcome data 

A common weakness in Icelandic studies is the small population which could lead 

to lack of statistical power, wide CIs, and uncertain conclusions. On the other hand, 

the Icelandic registries are comprehensive and information is linked to the 

individual’s personal identification number. This gives a unique opportunity to link 

data between databases and extend study possibilities.  

The Icelandic Medicines Registry is virtually complete, as no dispensing for 

prescribed medications occur unless linked to the relevant Icelandic personal 

identification number. Such completeness is quite unique; however, several other 

countries are now registering pharmaceutical dispensing. Prior to paper I, the 

authors were not aware of any other study using cardiovascular drug dispensing 

as an outcome measure for the adverse effects of air pollution although studies 

using anti-asthma medication dispensing were known (13, 125-127). Respiratory 

drug use (sales or consumption) is considered a relatively good indicator for the 

respiratory health of a population and have been linked to changes in air pollution 

concentrations (13, 128). Consequently, anti-angina pectoris medication use could 

be considered a public health indicator as measured by dispensing of the 

anti-angina pectoris medication glyceryl trinitrates. Additionally, the use of anti-

angina pectoris medication could perhaps be a more suitable outcome measure 

than anti-asthmatic medication as the time it takes for glyceryl trinitrates to expire 

(a few weeks) is usually shorter (a few weeks) than for respiratory drug use (a few 

months). Furthermore, anti-angina pectoris medication are not prescribed unless 

the patient actually has angina pectoris; therefore, there is no indication or 

dispensing of such drugs to individuals who have not been diagnosed with the 
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disease. However, no information on whether the individual was recently 

diagnosed with angina pectoris at the time of dispensing was available.  

An outcome measure such as pharmaceutical dispensing could be considered 

a more sensitive outcome than emergency hospital visits or mortality, as it reflects 

increased symptoms or disease worsening and is less severe. On the other hand, 

the limitation of having pharmaceutical dispensing as the outcome includes 

substantial uncertainty about the time the medication was actually used relative to 

the time it was dispensed. Also, some patients could have already had the 

medication on hand at the time of the angina pectoris onset and therefore not 

needed a new dispensation at that time, and thus leading to a later dispensing.  

In paper II, the outcome measure of naturally caused and cardiovascular 

mortality was based on the nationwide Cause-of-Death Registry which is a high 

quality registry (129) and the data are registered independently from the 

measurements of air pollution. This eliminated the possibility of selection bias and 

the use of Icelandic identification numbers in the registries prevented double 

counting of individuals and events. There may have been some limits to the 

obtained data and in general. The obtained data only included diagnosis of the 

primary cause of death and some misclassification of the cause of death may have 

occurred, but the effect of possible misclassification likely avoided when the whole 

category of natural cause mortality is used. Additionally, the possibility that the 

death occurred prior to the exposure increase at lag 0 cannot be ruled out as the 

exact hour of death was not obtained from the Cause-of-Death Registry. 

In paper III, emergency hospital visits were defined as ED visits and hospital 

admissions with heart disease, respiratory disease, or stroke as the primary 

diagnosis. These two outcomes (admissions and visits to ED) could perhaps have 

a different association with air pollutants. Separate analyses of the outcomes were 

performed showing lack of statistical power in the analysis. A single analysis was 

therefore performed on the combined set of two outcome measures. The 

emergency hospital visits are based on data from the single academic health care 

institution in the Reykjavik capital area, covering the catchment population as a 

community hospital. Considering the data used, the population of the Reykjavik 

capital area is likely the largest population that has been studied regarding the 

possible adverse health effects of intermittent H2S exposure, with a population of 

151,095 individuals (18 years of age and older), in 2010. Again, the use of the 

Icelandic personal identification numbers in this registry (as in the other registries 

previously mentioned) indicates a comprehensive registry and the encrypted 

identification numbers allowed elimination of re-admissions and re-visits, which 

rules out double counting of individuals and events. 
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5.2.3 Statistical methods 

Papers I, II, and III are population-based studies. The studies consisted of 

inhabitants in the Reykjavik capital area who were 18 years of age and older at the 

time of the study. Therefore, the results can be generalizable to the whole 

population of the Reykjavik capital area which mainly consists of white Caucasians 

(98). On the other hand, the results from papers II and III give results that were 

strongest among the elderly, perhaps reducing the generalizability with regard to 

age.  

In papers I and II, a case-crossover study design was used to estimate acute 

associations between time-varying exposures with health outcomes from daily 

time-series data. Such methods adjust for temporal trends by design. Each 

individual’s exposure experience in a time period prior to the case-defining event 

was compared with that same individual’s exposure experience during a defined 

control period. The control period was within the same season and was the same 

weekday as the case exposure period (determined with control selection in the 

analysis). The study method also adjusts for possible confounding by individual 

characteristics and self-confounding that does not change over a relatively short 

time, such as genetic factors, age, and gender (108, 109, 115). However, this 

commonly used method has some limitations. The design assumes that 

observations (counts of outcome data) are independent within and across strata, 

but this assumption is broken if there is residual autocorrelation in counts of the 

outcome. The method cannot allow for auto-correlation or overdispersion, which 

can distort the estimates and underestimate uncertainty in estimated coefficients 

(130). To reduce this possibility, control selection must be considered thoroughly 

and selected controls that are adjacent to the case exposure period should be 

avoided (115). This was considered in papers I and II and control selection was 

made with at least one week intervals between cases and controls. Additionally, a 

number of different control selections were considered in these papers, and did 

not affect the results as the associations remained similar and statistically 

significant. Furthermore, in papers I and II, control selection was made according 

to the most dominant time-varying confounders (weekday and month), to minimize 

underestimation of the uncertainty in estimated coefficients, as suggested in 

previous publications (115).  

In paper III, a generalized linear model (GLM) was used while assuming a 

Poisson distribution of the outcome variables. GLM is frequently used to estimate 

short-term associations of environmental exposures with different health outcomes 

(112, 131). The method allows extensions to adjust for residual auto-correlation, 

as well as long-term patterns in the outcome variables and seasonal patterns 

(112). In paper III, an offset was chosen (population data from the National Roster) 

and overdispersion was adjusted for with the number of each outcome variable at 
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lag 1 (previous day). An adjustment for temporal trends was made by using splines 

and a day-of-week indicator. A careful assessment of the splines and 

autocorrelation plots for signs of overfitting was done to confirm that the splines 

were appropriate according to the number of degrees of freedom. Using splines 

with too many degrees of freedom may obscure the true correlation (112, 131, 

132). While these methods allow for various adjustments, one limitation to the 

method’s adjustments should be mentioned. No adjustments were made for social 

variables, or premorbid conditions of patients with emergency hospital visits, as 

this information was not obtainable for this study. 

The high number of calculations performed in each study may give rise to 

concern due to multiple comparison problems; however, it has been suggested 

that no adjustments are needed (133). 

5.3 Interpretation 

The results from paper I indicate that ambient air pollutant concentrations of NO2 

and O3 may adversely affect cardiovascular health, as measured by the dispensing 

of anti-angina pectoris medication (glyceryl trinitrates). Moreover, the results 

indicate that information on dispensing of pharmaceutical medication may be a 

valid indicator of health when estimating the effect of air pollution on cardiovascular 

disease. Drug dispensing may be more sensitive than other outcomes such as 

emergency hospital visits or mortality. These findings lend support to the earlier 

studies on the link between ambient air pollution and cardiovascular morbidity 

which found a similar association (38), though comparison may be difficult as this 

is the first study to use cardiovascular drug dispensing as an outcome measure. 

The results from paper II indicate that ambient H2S concentrations may 

adversely affect human health and increase risk of natural cause mortality, 

particularly if the 24-hour concentrations exceed 7 µg/m3 over summer months. 

These associations were strong among males and the elderly (individuals 80 years 

of age and older). Suggestions of a harvesting effect of the associations were 

evident, with an increased risk at lower lags and decreased risk at higher lags. H2S 

exposure has previously been linked to increased cardiovascular and respiratory 

morbidity. Here, death due to diseases of the circulatory system showed a similar 

pattern as for naturally caused mortality, but the associations were weaker. No 

associations were found between traffic-related pollution and mortality although a 

number of studies suggest such an association. It should therefore be noted that 

the traffic-related air pollution in Reykjavik is generally low compared to 

concentrations in other cities and the population is smaller. 

The results from paper III indicate a possible increased risk in emergency 

hospital visits with heart disease as the primary diagnosis following H2S 
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concentrations exceeding 7 µg/m3 on the same day. The results also indicate that 

the elderly (individuals 73 years of age and older) and males may be more affected 

compared to those younger than 73 years of age and females. These results are 

supported by the results of paper II from the same setting. No associations 

between H2S concentrations exceeding 7 µg/m3 and emergency hospital visits with 

respiratory disease as a primary diagnosis were found. Also, indications of a 

negative dose response relationship were found in the study concerning 

respiratory diseases. These negative or null results are in agreement with other 

results recently found for residents of Rotorua, New Zealand. There, the 

researchers suggest possible beneficial effects of long-term H2S exposure on lung 

function (14, 60), although bias due to the survival population may be argued. 

The results from papers II and III are parallel, associating low-level H2S 

exposure with increased natural cause mortality and increases in emergency 

hospital visits with heart disease as the primary diagnosis. This gives rise to the 

possible adverse health effects of low-level H2S exposure, especially if the 24-hour 

concentrations exceeds 7 µg/m3. In addition, according to these results, the elderly 

and the male population may be likely subgroups which are more susceptible to 

this kind of exposure. 

Although the results from studies I, II, and III suggest associations between air 

pollution and health outcomes, they have to be interpreted with caution and any 

causality implications should be carefully inferred. It may be premature to assume 

any causality in the present setting. However, the concept “population attributable 

proportion” assumes causality and the estimated attributable risk of visiting the 

hospital with heart disease as a primary diagnosis due to H2S concentrations 

above 7 µg/m3 is 11.9 per 100,000 inhabitants. This discussion is important, as a 

number people worldwide live in the proximity of geothermal areas and power 

plants. Any associations found in papers I, II, and III need to be examined further 

to reaffirm or confute the results. 

5.4 External validity 

In Iceland there is an exceptional opportunity to gain new knowledge of the several 

health impacts from both low-level traffic-related pollution as well as from 

geothermal source-specific H2S. Another advantage of the studies is improved 

knowledge of the adverse health effects of ambient air pollution in Reykjavík on 

the population that can help identify possible subgroups that are more susceptible 

to air pollution than others. The results will contribute to basic understanding for 

policy making and strategies in an attempt to reduce air pollution and assist in 

disease management and risk estimations due to air pollution in Reykjavík. In 

addition, the results of the studies are relevant for the population, patients, health 

care professionals, and the communities of the Reykjavík capital area as a whole. 
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The results can suggest further validation in communities and areas elsewhere 

with populations that are subjected to similar H2S pollution. 

All papers in the thesis were population-based register studies as the outcome 

data used in the studies were routinely collected in high quality registers and 

independently from the exposure measurements and estimations. The results 

could therefore be generalizable for the whole population of the Reykjavik capital 

area, which mainly consists of white Caucasians (98). In paper I the outcome 

measure of pharmaceutical dispensing of cardiovascular medicine is introduced 

as a possible indicator of health. This outcome measure should be comparable to 

pharmaceutical dispensing of respiratory medicine which has been used 

previously, while offering some additional benefit.  

The results and knowledge gained from these studies could be used in a global 

perspective to improve the health and welfare in similarly exposed populations.  

 



53 

6 Conclusions 

The results of the studies presented in this thesis highlight the role of traffic-related 

and geothermal source-specific air pollution for increased cardiovascular 

morbidity.  

The results from paper I indicate that short-term and low-level NO2 and O3 

exposure may adversely affect cardiovascular health, as measured by the 

dispensing of glyceryl trinitrates. Also, the results indicate that dispensing of anti-

angina pectoris medication, glyceryl trinitrates, could be used as an outcome 

measure in relation to ambient air pollution, as it may be a more sensitive outcome 

than emergency hospital visits or mortality.  

The results from papers II and III indicate associations between 24-hour 

average H2S concentrations that exceed the odor limit of 7 µg/m3 and adverse 

health outcomes. Paper II shows increased risk of mortality and paper III shows 

increased risk of hospital admissions and emergency department visits with heart 

disease as primary diagnosis. In both studies the association was stronger among 

males and among the elderly. Additionally, the associations were seen the same 

day as H2S exceeded the odor limit as well as with a delay of one to four days in 

both studies. Further analyses in paper III showed that same-day associations 

were steadily increasing through higher percentiles of exposure in a 

dose-response manner. 

Geothermal H2S exposure is quite uncommon worldwide, but ambient H2S 

exposure has previously been associated with increased cardiovascular and 

respiratory morbidity. However, in these studies the H2S concentrations were 

somewhat higher than those measured in the Reykjavik capital area. Similar 

results from papers II and III, give rise to the possible adverse cardiovascular 

health effects of ambient low-level concentrations of intermittent H2S, especially if 

the 24-hour concentration exceeds 7 µg/m3.  

Future studies 

The exceptional Icelandic population-based registers as well as distinctive 

environmental conditions offer a unique opportunity for further studies on the 

possible adverse health effects of low-level traffic-related and geothermal 

source-specific air pollution exposure in Iceland. There are many uncharted areas 

in this regard. Possible studies include the possible adverse effects of air pollution 

on children in Iceland as well as examining the risk of adverse health outcomes for 

different population groups while considering education level, lifestyle, working life, 
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and underlying health related conditions. Possible health outcomes could include 

cancers, diabetes, suicide, and mental disorders. Air pollution monitoring is 

constantly improving in Iceland, which offers more possibilities for the use of 

exposure data, as well as continuous advances in air pollution modelling. 

Modelling would also be feasible to study the possible association between PM2.5 

and morbidity and mortality, as well as the chemical composition of the particles 

and their effect on human health in the Reykjavik capital area. The existing 

Icelandic studies have mainly focused on the short-term effects of air pollution and, 

although further research is necessary in that regard, long-term effects should also 

be considered for adverse health outcomes. 
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