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Abstract

Background

The adverse health effects of high concentrations of hydrogen sulfide (H2S) exposure are

well known, though the possible effects of low concentrations have not been thoroughly

studied. The aim was to study short-term associations between modelled ambient low-level

concentrations of intermittent hydrogen sulfide (H2S) and emergency hospital visits with

heart diseases (HD), respiratory diseases, and stroke as primary diagnosis.

Methods

The study is population-based, using data from patient-, and population-registers from the

only acute care institution in the Reykjavik capital area, between 1 January, 2007 and 30

June, 2014. The study population was individuals (�18yr) living in the Reykjavik capital

area. The H2S emission originates from a geothermal power plant in the vicinity. A model

was used to estimate H2S exposure in different sections of the area. A generalized linear

model assuming Poisson distribution was used to investigate the association between

emergency hospital visits and H2S exposure. Distributed lag models were adjusted for sea-

sonality, gender, age, traffic zones, and other relevant factors. Lag days from 0 to 4 were

considered.

Results

The total number of emergency hospital visits was 32961 with a mean age of 70 years. In

fully adjusted un-stratified models, H2S concentrations exceeding 7.00μg/m3 were associ-

ated with increases in emergency hospital visits with HD as primary diagnosis at lag 0 risk

ratio (RR): 1.067; 95% confidence interval (CI): 1.024–1.111, lag 2 RR: 1.049; 95%CI:
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1.005–1.095, and lag 4 RR: 1.046; 95%CI: 1.004–1.089. Among males an association was

found between H2S concentrations exceeding 7.00μg/m3, and HD at lag 0 RR: 1.087; 95%

CI: 1.032–1.146 and lag 4 RR: 1080; 95%CI: 1.025–1.138; and among those 73 years and

older at lag 0 RR: 1.075; 95%CI: 1.014–1.140 and lag 3 RR: 1.072; 95%CI: 1.009–1.139.

No associations were found with other diseases.

Conclusions

The study showed an association between emergency hospital visits with HD as primary

diagnosis and same day H2S concentrations exceeding 7.00μg/m3, more pronounced

among males and those 73 years and older than among females and younger individuals.

Introduction
The adverse health effects of high concentrations of hydrogen sulfide (H2S) exposure are many
and relatively well known, as has been reviewed in a report by the World Health Organization
[1], but the mechanisms of H2S toxicity remain debated. Some studies indicate that H2S inhibit
oxygen consumption by mitochondrial oxidase [2], and others suggest that H2S may affect cys-
teine residues of most proteins [3]. The first noticeable effect of H2S is the odour similar to rot-
ten eggs; the odour threshold varies, often considered 7–11 μg/m3 [1,4,5]. With increasing H2S
concentrations other effects appear, for example, eye irritation and neurological symptoms
such as headache, nausea, loss of olfactory sense (at 140 mg/m3) [1]. Pulmonary oedema, respi-
ratory arrest, and death may follow a few breaths at 700 mg/m3 [1].

Studies on low-level H2S exposures have been accumulating through observations of occu-
pational cohorts and populations residing near industries and geothermal fields emitting H2S
and other pollutants [6–13]. These studies have dealt with different outcomes; some have
reported association with noticing odour, odour nuisance and decreased daily activity [6,7],
increase in respiratory symptoms and anti-asthma drug dispensing [7–9], while others have
reported negative associations between long-term H2S exposure and self-reported asthma and
asthma symptoms [10]. Still other studies have reported on neurological symptoms and head-
aches [8,11,12] while the results on the effect of H2S exposure on cognitive function remains
inconclusive [12,13]. Respiratory mortality and total mortality, as well as lung cancer, have
been associated with low-level H2S exposures [14–16]. Reduced lung function has been
reported in two studies [11,17], but was not found in one study [18]. Finally, visits to health
care centres and hospitals have been used to study H2S-exposed catchment populations with
emphasis on respiratory diseases and cardiovascular diseases where five studies report positive
associations [19–22], while a recent study that attempted to evaluate long-term exposure found
no association [23].

The comprehensive hospital and population registries operated in Iceland offer a unique
opportunity for population-based studies on low-level H2S exposed inhabitants in the Reykja-
vik capital area. Since 2006, two geothermal power plants have been located some 30 km east of
the city and the characteristic odour of H2S is occasionally noticed in Reykjavik. The H2S con-
centrations have been measured in the capital area with a total population of approximately
196,000 individuals [24].

The aim was to investigate short-term associations between modelled ambient low-level
intermittent H2S concentrations and daily hospital admissions and emergency department
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(ED) visits to Landspitali University Hospital (LUH) with heart disease, respiratory disease
and stroke as primary diagnoses among individuals living in the Reykjavik capital area.

Materials and Methods

Study population
Reykjavik is the world’s northernmost capital of a sovereign state and is located in the south-
west of Iceland on the southern shore of the Faxafloi bay.

The study period was 1 January 2007 to 30 June 2014. The National Roster, part of the
National Registry, kept by Statistics Iceland, was the source of information on the population
base (number, age, and gender) which consisted of all individuals, 18 years and older in the
Reykjavik capital area. The population was geocoded into sections A to E (see Exposure assess-
ment subchapter) and the total number of individuals in each section (A-E) were calculated
within age groups (18-59, 60-72, 73-80, and 81 and older) and gender. The Reykjavik capital
area consists of seven municipalities (Alftanes, Gardabaer, Hafnarfjordur, Kopavogur, Mos-
fellsbaer, Reykjavik, and Seltjarnarnes), defined by community codes and 21 postal codes:
101, 103-105, 107-113, 170, 200, 201, 203, 210, 220, 221, 270, 271, and 276, according to the
National Roster 2010 [24].

Outcome measures
The primary source of data is the records on emergency hospital admissions and ED visits to
the only acute care hospital and ED in the Reykjavik capital area at LUH, obtained from the
Register of Hospital-treated Patients in Iceland for the study period. Patient data were anon-
ymized and de-identified by LUH specialist prior to data handling. The hospital is operated by
the government, and health-care services are financed by taxes. Residents of Iceland are cov-
ered by the national health insurance schemes, which pay the bulk of the patients’ costs; how-
ever, patients pay a certain fee for ambulatory visits. Admission to the hospital is free of charge.
The register of Hospital-treated Patients is practically complete, and contains routinely col-
lected data on every patient admission to the hospital and visit to the ED of those 18 years of
age or older. Information registered includes the unique registration number of every admis-
sion and visit, personal identification numbers according to the National Registry, address,
postal code, birth date, gender, admission date, discharge date and discharge diagnoses as diag-
nosed by the attending physician using the International Classification of Diseases 10th version
(ICD-10).

The outcome measure was acute hospital admission, or visit to the ED, reported with one of
the following classes of disease: heart disease (HD) (ICD-10 codes: I20-I27: ischaemic heart dis-
eases, I46: cardiac arrest, I48: cardiac arrhythmias, and I50: heart failure), respiratory disease
(ICD-10 codes: J20-J22: acute lower respiratory infections, J40-J46: chronic lower respiratory
diseases, and J96: respiratory failure) and stroke (ICD-10 codes: I61-I69: cerebrovascular dis-
eases other than I60: subarachnoid haemorrhage and G45: transient cerebral ischaemic attacks
and related syndromes and G46: vascular syndromes of brain in cerebrovascular diseases), all
as primary diagnosis. The daily number of acute hospital admissions and ED visits were com-
bined and are henceforth referred to as “emergency hospital visits”. Encrypted personal identi-
fication numbers were used to find individuals with readmissions or revisits within 10 days
and with same ICD-10 primary diagnosis; these revisits were excluded, and only the previous
admission or ED visit was counted as a visit.

The population was divided into the geographical sections A to E by geocoding the addresses,
and the National Roster was used to count the number of people at risk in the sections according
to gender and age groups. Patients with an emergency hospital visit were tracked through home
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address and geocoded to the exact section A to E, date, and thus assigned H2S exposure. The
parts of the population and patients located outside the borders of section A, and E, were
counted with the adjoining sections; see next subchapter and Fig 1.

Exposure assessment
For the study period 1 January, 2007 to 30 June, 2014, ambient air concentrations and meteoro-
logical data were obtained from the Environment Agency of Iceland (EAI), which operates a
measurement station located near one of Reykjavik’s busiest road intersections (Grensasvegur
station, GRE) [25]. The data contained hourly concentration values of nitrogen dioxide (NO2),
ozone (O3), particulate matter� 10 μm in aerodynamic diameter (PM10), sulfur dioxide (SO2)
and H2S measured as micrograms per cubic metre of air (μg/m3) as well as hourly values of
temperature (°C), relative humidity (RH, %), wind speed (m/s), and wind direction. The
devices used to measure pollutant concentrations and calibration frequency have previously
been reported [16].

Distance from main roads (>10.000 cars per day) in the Reykjavik capital area was found
for each individual’s residential street and divided into categories of traffic exposure zones (0-
50 m, 51-200 m, 201-500 m, 501-1000 m, and�1000 m) and used as a surrogate for traffic-
related exposure. Measured air pollution concentrations from the GRE station, were not
included in the final analysis as the exposure zones gave a better fit in the final analysis.

The main source of ambient H2S is from a geothermal power plant located 26 km east of the
city centre (Fig 1) [26,27]. Hellisheidi power plant started operation in September 2006. Aver-
age H2S emissions over the study period were 10,532.5 tons annually, fluctuating between
6,902 tons/year in 2007 and 13,340 tons/year in 2010 [28]. Residential distance from the Hell-
isheidi power plant was adjusted for in the final analysis, by classifying the distance into quar-
tiles (�22 430 m, 22 431-25 360 m, 25 361-27 330 m, and�27 331 m).

To estimate H2S exposure through 2007 to July 2014 in different sections of the Reykjavik
capital area, a simple model was applied whereas the modelled concentration only depends on
wind speed, the angle between wind direction and modelled location, and incoming solar radi-
ation. The width of the plume was determined from measurements and calculations using the
well known Gaussian plume, Pasquill-Gifford model [29,30], at 25 km from the source under
stable conditions [31]. The model predicted H2S concentrations that were compared to mea-
sured concentrations at measurement stations operated by EAI, in section A (Hvaleyrarholt
station, HEH) and in section C (GRE) (Fig 1). Emissions from the Nesjavellir power plant were
not included in the model, as the power plant is behind a mountain [31], which limits the dis-
tribution of H2S westward in the direction of the Reykjavik capital area [26,27,32], and this was
confirmed by H2S measurement at GRE before the start of the Hellisheidi geothermal power
plant in 2006 [16]. The model covers a 50° section from Hellisheidi power plant to the west,
which includes the Reykjavik capital area. The concentration was calculated in five 10° sections,
defined as A to E (Fig 1). For each section, the average 24-hour H2S concentration was calcu-
lated. The location of Hellisheidi power plant is some 260m above sea level and there is a mod-
erate, practically continuous downward slope [31] westward from the plant to the Reykjavik
capital area (GRE). Detailed description of the H2S modelling can be found in S1 Model Calcu-
lations. Model prediction and accuracy was considered sufficient with a Spearman’s correlation
coefficient of 0.55 for daily averages of H2S concentrations (Figures D and E in S1 Model
Calculations).

Different exposure levels of H2S were calculated by different percentiles 50% (2.46 μg/m3),
60% (3.16 μg/m3), 70% (4.14 μg/m3), 80% (5.74 μg/m3), 85% (7.00 μg/m3), 90% (8.80 μg/m3)
and 95% (11.68 μg/m3), and trend analyses were conducted through the percentile levels.
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Statistical analysis
Daily numbers of emergency hospital visits, with HD, respiratory diseases and stroke as pri-
mary diagnoses were counted according to gender and age groups, and time-series plots were
made (S1 Fig) as well as time-series plots for H2S concentrations (Fig 2). We used a generalized
linear model (GLM) assuming Poisson distribution of outcome measures to estimate the asso-
ciation between short-term daily exposures to H2S. This method was chosen since hospital
admissions and ED visits are a discrete counting event [33] and the method is often used to
investigate short-term associations of environmental exposures with various health outcomes
[34,35].

Daily numbers of emergency hospital visits were the dependent variable. Separate analyses
were performed for HD, respiratory diseases, and stroke as primary diagnosis. Modelled H2S
concentrations at patient’s residence were selected as independent variables, classified as

Fig 1. Five modelled sections (A to E) of the Reykjavik capital area (the shadowed area), and the point source of H2S emissions, the Hellisheidi
power plant. Small inserted map shows Iceland and the capital’s location.

doi:10.1371/journal.pone.0154946.g001
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different percentiles of H2S exposure (50%, 60%, 70%, 80%, 85%, 90% and 95%). Population
data was used as offset to account for population size and demographic composition (age and
gender) in each section. To control for seasonality and long-term trends in outcome measures,
models were adjusted for day-of-week and basic spline with 8 degrees of freedom as it gave the
best model fit. The number of degrees of freedom is essential to minimize the autocorrelation
in the residuals and to account for seasonal trends in outcome measures [35]. Here, a small
number of degrees of freedom was chosen since long-term seasonal trends in number of emer-
gency hospital visits did not seem apparent [34].

A number of models were tested. First, we ran a crude analysis testing the association
between H2S (classified as different percentiles of H2S exposure) exposure and outcome while
adjusting for seasonality (splines) only. Secondly, fully adjusted models were distributed lag

Fig 2. Daily 24-hour concentrations of H2S in μg/m3 within modelled sections A to E of the Reykjavik
capital area over the study period 1 January, 2007–30 June, 2014.Horizontal line indicates the 85
percentile limit of 7.00 μg/m3.

doi:10.1371/journal.pone.0154946.g002
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models [35] and were adjusted for seasonality (splines), gender, age group, traffic exposure
zone, distance from Hellisheidi power plant, and same-day average temperature using different
percentiles of H2S exposure. Measured concentrations of traffic-related pollution (NO2, O3,
PM10, and SO2) were tested in the model and did not modify the association, and were thus
omitted. Also, potential autocorrelation was avoided by adjusting the model with the number
of each outcome measure at lag 1 (previous day). Thirdly, H2S concentrations at different sec-
tions of the Reykjavik capital area were introduced to fully adjusted models as a continuous
variable giving results for an increase of 7μg/m3 in H2S concentrations. Fourthly, dose-
response trends were analysed through different percentiles of H2S exposure levels (50%, 60%,
70%, 80%, 85%, 90%, and 95%) using GLM analysis. Due to dependency of RR estimates within
each lag, all H2S exposure levels were introduced in the model at the same time. Lag days from
0 to 4 were considered in each model. Backwards selection of adjustment variables showed that
season, humidity and lags 5 to 7 did not significantly affect the results and were therefore not
included in fully adjusted models. Residual analysis and graphical assessment of autocorrela-
tion and spline functions indicated that modelling assumptions were rational.

The analysis yielded risk ratio (RR) and 95% confidence interval (CI) for each lag structure.
Here, the focus will be on results for H2S concentrations exceeding 7.00 μg/m

3 (85% exposure
level) and emergency hospital visits with HD, respiratory disease, or stroke as primary diagno-
sis (other results are shown in Supporting Information). Results with p-value less than 0.05
were considered statistically significant.

Data were prepared and statistical analyses were performed using R statistical software, ver-
sion 3.1.3 [36].

The study and use of the data were approved by Bioethics Committee (VSNb2010120017/
03.7), the Data Protection Agency (2010121176AT/), and the Hospital ethics board (Letter
dated 2010/12/22).

Results
The mid-year population of adults (18 years and older) in the Reykjavik capital area was
151095 in year 2010 [24]. During the seven and a half year period (2738 days), there were
13383 patients with a total of 32961 emergency hospital visits to LUH (Table 1), where the pro-
portion of male visits was 56.8%. The average number of daily emergency hospital visits over
the study period was 12.0 with a range of 0-32 visits per day (Table 1). Most emergency hospi-
tal visits were with HD as primary diagnosis, followed by respiratory diseases. The average
number of daily emergency hospital visits with stroke diagnosis was approximately 2.35.
Median age of all patients was 73 years. Mean age of patients was 69.9 years with the highest
mean age of female HD patients (74.8 years). Patients with respiratory diseases as a primary
diagnosis had the youngest mean age (66.5 years). Female patients with emergency hospital
visit were on average 3.8 years older than males.

The modelled 24-hour mean concentrations within each section (A-E) are shown in Table 2
and Fig 2. Overall, 75% of all modelled values of 24-hour H2S concentrations were lower than
5 μg/m3. The mean 24-hour H2S concentration was highest in section D with an average con-
centration of 4.04 μg/m3, and lowest in section A (3.02 μg/m3). The highest 24-hour H2S con-
centration was 69.5 μg/m3 in section C (Fig 2), and in section A, the highest concentration was
37.0 μg/m3. The number of 24-hour concentrations exceeding the different percentiles and the
percentiles’ lower limits in μg/m3 within each section are shown in Table 3. The correlation of
24-hour H2S concentration between sections in the Reykjavik capital area ranged from 0.05
between sections A and E up to 0.80 between sections D and E (Table 2).
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Table 1. Descriptive statistics of daily emergency hospital visits to Landspitali University Hospital, according to primary diagnosis, during 1 Janu-
ary, 2007 to 30 June, 2014.

No. of visits n (%) Visits/day Mean (±SD) Visits/day Range Visits/day Median Percentiles

Emergency hospital patients 25th 75th

All primary diagnosis 32961 (100) 12.04 (4.86) 1–32 12 8 15

Females 14224 (43.2) 5.28 (2.70) 0–16 5 3 7

Males 18737 (56.8) 6.98 (3.41) 0–21 7 4 9

Older (�73yr) 15885 (48.19) 5.88 (2.92) 0–20 6 4 8

Younger (<73yr) 17076 (51.81) 6.30 (3.17) 0–20 6 4 8

Heart diseases as primary diagnosis 20529 (62.3) 7.54 (6.65) 0–23 7 5 10

Females 7400 3.02 (1.77) 0–12 3 2 4

Males 13129 4.94 (2.72) 0–19 5 3 7

Older (�73yr) 9868 3.80 (2,13) 0–16 3 2 5

Younger (<73yr) 10661 4.11 (2.43) 0–16 4 2 6

Respiratory diseases as primary diagnosis 7438 (22.6) 3.00 (1.80) 0–13 3 2 4

Females 4515 2.18 (1.32) 0–10 2 1 3

Males 2923 1.74 (0.98) 0–7 1 1 2

Older (�73yr) 3198 1.83 (1.04) 0–7 2 1 2

Younger (<73yr) 4240 2.12 (1.26) 0–8 2 1 3

Stroke as primary diagnosis 4994 (15.2) 2.35 (1.46) 0–11 2 1 3

Females 2309 1.65 (0.90) 0–6 1 1 2

Males 2685 1.81 (1.07) 0–8 1 1 2

Older (�73yr) 2819 1.84 (1.06) 0–9 2 1 2

Younger (<73yr) 2175 1.66 (0.93) 0–7 1 1 2

doi:10.1371/journal.pone.0154946.t001

Table 2. Descriptive statistics of modelled daily 24-hour concentrations of H2S during study period in each section of the Reykjavik capital area,
daily count of higher concentration in each section and percentiles, as well as Spearman´s correlation of daily 24-hour concentrations of H2S
between sections.

During study period Section A Section B Section C Section D Section E

Modelled days in study period 2738 2738 2738 2738 2738

Mean concentration (μg/m3) (±SD) 3.02 (4.05) 3.53 (5.34) 3.79 (5.96) 4.04 (6.83) 3.89 (7.10)

Range (μg/m3) 0–37.0 0–48.1 0–69.5 0–68.2 0–66.9

Interquartile range (μg/m3) (0.25, 0.75) 0.0, 4.8 0.1, 4.5 0.2, 4.9 0.2, 4.9 0.2, 4.6

Number of high concentrations within section

Lower limits of percentiles

50% (�2.46 μg/m3) 498 986 1250 862 266

60% (�3.16 μg/m3) 436 833 1091 743 235

70% (�4.14 μg/m3) 345 632 903 567 188

80% (�5.74 μg/m3) 241 461 646 393 135

85% (�7.00 μg/m3) 177 362 533 321 106

90% (�8.80 μg/m3) 124 257 395 263 75

95% (�11.68 μg/m3) 58 158 259 171 49

Spearman´s correlation

Section A 1.00

Section B 0.67 1.00

Section C 0.39 0.73 1.00

Section D 0.17 0.37 0.75 1.00

Section E 0.05 0.18 0.46 0.80 1.00

doi:10.1371/journal.pone.0154946.t002
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The crude analysis for the association of H2S concentrations exceeding 7.00 μg/m
3 and HD,

respiratory diseases and stroke as primary diagnosis when adjusting only for seasonality
(splines) is shown in S1 Table. An overall increase in RRs was seen for every outcome measure
at every lag, though the confidence intervals (CI) were wide and included unity. In S2 Table
shows the RR for every 7.00 μg/m3 increase in H2S concentration (introduced as continuous
variable) for HD diseases, respiratory diseases, and stroke as primary diagnosis from fully
adjusted models. The only CI not including unity was for stroke as primary diagnosis at lag 2.

In the fully adjusted analysis in un-stratified models, statistically significant associations
were found between H2S concentrations exceeding 7.00 μg/m

3 and increases in emergency hos-
pital visits with HD as primary diagnosis at lags 0, 2, and 4. There were also increases at lags 1
and, 3, though CIs included unity (Fig 3). Trend analyses between different levels of exposure
(from 50 to 95 percentiles) gave p<0.05 at lags 0 and 2, indicating a positive dose-response
association (Table 4). P-values for trend analysis at lag 4 were also<0.05 for a negative dose-
response (Table 4). When analysis was stratified by gender, associations were found among
males and between H2S concentrations exceeding 7.00 μg/m

3 and HD at lags 0 and 4 (Fig 3);
however the trend analysis between different exposure levels was not significant at any lag.
Among females, an association was found at lag 3 (Fig 3). Also among females, p-values for
trend analysis between different exposure levels indicated a positive dose-response association
at lags 0 and 2 but a negative dose-response at lag 4 (Table 4). Analyses stratified by age showed
associations between H2S concentrations exceeding 7.00 μg/m

3 among those 73 years and
older at lags 0 and 3, whereas CIs did not include unity (Table 4). Additionally, p-values for
trend analysis were<0.05 at lags 0, 2, and 3, indicating a positive dose-response association
(Table 4).

The RRs for the association between H2S at different percentiles and emergency hospital vis-
its with respiratory diseases as primary diagnosis is shown in Table 5. In fully adjusted analysis,
both un-stratified and stratified by gender and age, models for H2S concentrations exceeding
7.00 μg/m3 were not statistically associated with an increase or decrease in emergency hospital
visits with respiratory diagnosis at any lag (Table 5). On the other hand, some trends through
different levels of exposure (from 50 to 95 percentiles) were significant at lag 0, and two other
lags in the un-stratified analysis, and in male and the older strata, indicating a negative dose-
response association (Table 5).

The RRs for the association between H2S at different percentiles and emergency hospital vis-
its with stroke as primary diagnosis are shown in Table 6. In the fully adjusted analysis in
un-stratified models, non-significant associations between H2S concentrations exceeding
7.00 μg/m3 and emergency hospital visits with stroke were found (Table 6). When analysis was

Table 3. Number of emergency hospital visits to Landspitali University Hospital, in eachmodelled section of the Reykjavik capital area, and in
higher percentiles of H2S concentrations during 1 January, 2007 to 30 June, 2014.

Lower limits of percentiles All sections Section A Section B Section C Section D Section E

50% (�2.46 μg/m3) 14157 835 2813 8130 1985 394

60% (�3.16 μg/m3) 12137 730 2381 6961 1714 351

70% (�4.14 μg/m3) 9614 585 1802 5669 1284 274

80% (�5.74 μg/m3) 6853 397 1340 4031 878 207

85% (�7.00 μg/m3) 5596 288 1067 3347 726 168

90% (�8.80 μg/m3) 4089 199 746 2453 578 113

95% (�11.68 μg/m3) 2616 93 463 1604 381 75

Total visits (%) 32961 (100) 1895 (5.7) 6678 (20.3) 18934 (57.4) 4502 (13.7) 952 (2.9)

Total inhabitants (%) 151095 (100) 11868 (7.9) 29168 (19.3) 83703 (55.4) 20220 (13.4) 6136 (4.1)

doi:10.1371/journal.pone.0154946.t003
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Fig 3. Associations between daily emergency hospital visits with heart diseases, respiratory diseases, and stroke as primary diagnosis and
H2S concentrations exceeding 7.00 μg/m3 in fully adjusted models for lags 0–4, un-stratified, and gender and age stratification.

doi:10.1371/journal.pone.0154946.g003
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stratified by age, a statistically significant association was found at lag 2 among those 73 years
and older (Fig 3, and in Table 6). In the trend analyses through different levels of exposure
(from 50 to 95 percentiles), statistically significant positive association was found at lag 0 in
un-stratified, males, and the older stratum, and statistically significant negative association at
lag 1 in the same stratum, indicating dose-response manner of association (Table 6).

Discussion
The present study showed an association between hospital admission and emergency depart-
ment visits with heart disease (HD) as primary diagnosis and H2S concentrations exceeding
7.00 μg/m3 occurring the same day, more pronounced among males and those 73 years and
older than among females and younger individuals. The associations were also seen with delay
of two and four days. Same-day associations were gradually increasing through higher percen-
tiles of exposure in a dose-response manner of relationship. These results are in concordance
with previous studies on possible short-term effects, which were based on hospital records [19–
22]. The present results are also supported by a study on association of increased general mor-
tality and H2S exposure, conducted in the Reykjavik capital area [16], and by another study in
the same setting on increased dispensing of anti-asthma drugs and H2S levels [9]. On the other
hand, in the medical literature, it has been discussed that low-level H2S intracellularly may
reduce vasoconstriction and promote cardiovascular health [37,38]. Contrary, H2S exposure
in healthy human volunteers as low as 5 ppm were associated with a shift from aerobic to
anaerobic metabolism [39], however, whether this has relevance in the present study is merely
speculative.

The chosen time unit in the present study for H2S concentrations and for emergency hospi-
tal visits was 24 hours. The argument for the definition of the 24-hour H2S μg/m

3 was that the
distribution was skewed, as shown in Table 2 and Fig 2 and in S2 and S3 Figs, where only one
or two times per month did the H2S concentration exceed the odour limit of 7.00 H2S μg/m

3

over two consecutive days. The rationale for the definition of sum of admissions and visits per
24 hours (and not for example hourly admissions and visits) is the diurnal distribution, where
hospital visits accumulate during office hours (shown in S4 Fig).

In the present study, the pattern seen in increased risk of emergency hospital visits associ-
ated with increased percentiles of H2S concentrations is compatible with a harvesting effect
[40]; namely, there is a positive dose-response association at lag 0 and lag 2, and negative
dose-response association at lag 4 through the un-stratified analysis, and among females. The
hypothesized harvesting effect [40] is not very obvious from the lag analyses. However, in the
calculation on H2S concentrations exceeding 7.00 μg/m

3, the risk estimation was highest for lag
0 and lowest for lag 1 in un-stratified, male stratum, and both age strata, giving further support
for harvesting effect and the possibility of short-term effects of H2S exposure. Considering the
intermittent H2S exposure, however, it is not possible to evaluate long-term health effects of
H2S exposure in the present study setting, and for that a reference group from an unexposed
region may be needed. The outcome in the present study, emergency hospital visits with HD as
primary diagnosis, brings to mind the many known risks and causal factors for these diseases.
However, respecting other causal effects, these should not preclude the possible short-term
effect of an environmental pollution such as H2S. The present results are not in contradiction
with the studies from Rotorua using a cross-sectional approach, which have not found associa-
tions between long-term H2S exposure and asthma and chronic obstructive pulmonary dis-
eases [10,23]. Here, emergency hospital visits with respiratory diseases were not associated
with H2S exposure; however, the study had limited power to detect such possible association.
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Backwards selection showed that the traffic exposure zone (distance from main roads) was a
better fit in the fully adjusted analysis rather than the measured traffic-related pollution (NO2,
O3, PM10, and SO2) from one measurement station in Reykjavik (GRE).

Strengths
To our best knowledge, the Reykjavik capital area population is the largest population so far
that has been investigated concerning possible adverse health effect of H2S exposure where
hospital data is used as an outcome. The comprehensive hospital and population registries and
the general use of personal identification numbers also strengthen the study, as they allowed us
to eliminate readmission and revisits to an acceptable level. The National Roster was used to
obtain the population data in each section as well as for the information on location of the
patients within the sections attending the hospital, LUH, thus derived from the same source.
As the LUH is the only health care institution in the Reykjavik capital area offering acute hospi-
tal and emergency department service to the population in the area, there is no competition
from other similar health care institutions. However, services are also provided by general prac-
titioners and medical specialists in out-of-hospital offices.

The estimation of the H2S exposure in the different sections of the Reykjavik capital area was
done by simple model, as the main variables of wind direction and speed, and solar radiation
are routinely measured by a governmental institution EAI independently from the continuous
accumulation of the outcome information at the LUH. The model estimated H2S concentrations
in five different sections of the city, which is an improvement from exposure estimates from a
single monitoring station in the Reykjavik area, as it gives a more individual-based estimation of
exposure. The width of the plume and importance of the distance from the source (the inhabited
zones in Reykjavik capital area range 20 to 30 km from source) were taken into account, and
have been discussed previously [31].

The methods used in the present study follow the well known, widely accepted, and docu-
mented approaches [35].

Limitations
The exposure data is derived from a simple model for the H2S exposure applied in five sections
of the Reykjavik capital area, instead of containing data on individual exposure. Also, it is
known, that individuals are exposed to air pollution in various other places than their home.
This was nonetheless not taken into account whereas information on the patient’s residence
was only available data, so some misclassification of H2S exposure is possible. Additionally,
misclassification of calculated H2S exposure is plausible but should be minimal as the differ-
ence between the measurements at GRE and the model calculations is small, helped by the
fact that nearly zero values occur when the wind direction is not from the east. However, this
approach using modelled H2S estimations is an advance from the use of concentration mea-
surements obtained from only one measurement station in the Reykjavik capital, as has been
used in previous studies [9,16]. Also, we are adjusting for residential distance from main traffic
roads as a surrogate for other daily levels of individually measured airborne pollutants, which
improved the model fit and gave a better adjustment than measured concentrations from one
measurement station (GRE).

In the present study, we were not able to adjust for social variables, or premorbid condition
of those with emergency hospital visits. The relative risk sizes found are very small and, even if
statistically significant because of the large sample size, they could possibly be accounted for by
a small amount of unknown confounding. Detailed investigation of the role of these important
factors awaits future studies.
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Our study is conducted on material originating from a single academic health care institu-
tion in a capital area, which may limit the generalizability of the results; however, the hospital
and the ED are together the only institution of their kind serving the catchment population as
a community hospital, rendering the study population-based. The characteristics of the popu-
lation are known and the population is relatively homogenous, being 95-99% white Caucasian
[24], and there is a uniform financing of the health-care and insurance.

We tested several approaches in the analyses of the association of the H2S exposure and the
many components of the outcome measures in an attempt to yield as much knowledge as pos-
sible from our data set. The high number of calculations performed may give rise to concern
due to multiple comparison problems; however, it has been argued that no adjustments are
needed for these [41].

The increased risk for emergency hospital visits with HD as primary diagnosis seemed to be
marked for those 73 years of age and older and the population data was restricted to those 18
years and older. This limits the generalizability of the results with regard to age. Another limi-
tation is the relatively small number of cases with diagnoses of respiratory diseases and stroke,
rendering analyses of these outcomes statistically underpowered. This is an inherent weakness
for studies in small populations. The counting of admissions and visits to LUH were restricted
to attendances where HD, respiratory diseases, and stroke were a primary diagnosis of the indi-
viduals; thus we were not able to analyse all attendances to LUH. The quality of the routine
medical diagnoses at LUH has not been evaluated in a separate study, a weakness that this
study shares with most other studies relying on hospital records. Finally, according to the diur-
nal distribution of the admissions and visits in the study, it was not realistic to achieve a nar-
rower time frame than 24 hours in the association analysis.

Conclusions
The results from this study indicate an increase in hospital admission and emergency depart-
ment visits with heart disease as primary diagnosis associated with H2S concentrations exceed-
ing 7.00 μg/m3 the same day, more pronounced among males and among those 73 years and
older. The associations were also seen with delay of two or four days. The same-day associa-
tions were gradually increasing through higher percentiles of exposure in a dose-response man-
ner. These results were adjusted for gender, age, season, traffic-related pollution, and number
of lags with generally accepted and acknowledged methods. These results are further supported
by a previous study in the same setting showing increased general mortality when 24-hour H2S
concentrations exceed 7.00 μg/m3.
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S1 Fig. Daily number of emergency hospital visits with heart diseases, respiratory diseases,
and stroke as primary diagnosis in the Reykjavik capital area over the study period 1 Janu-
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S2 Fig. Daily 24-hour concentrations of H2S in μg/m3 within modelled sections A to E of
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