Downloaded from http://oem.bmj.com/ on November 26, 2014 - Published by group.bmj.com

Environment

ORIGINAL ARTICLE

Immediate ozone effects on heart rate and
repolarisation parameters in potentially
susceptible individuals
Regina Hampel,1 Susanne Breitner,1,2 Wojciech Zareba,3 Ute Kraus,1,2 Mike Pitz,1,4
Uta Geruschkat,1 Petra Belcredi,1,5 Annette Peters,1 Alexandra Schneider,1 for the
Cooperative Health Research in the Region of Augsburg (KORA) Study Group
< Additional materials are

published online only. To view
these files please visit the
journal online (http://oem.bmj.
com/content/69/6.toc).
1

Helmholtz Zentrum München,
German Research Center for
Environmental Health, Institute
of Epidemiology II, Neuherberg,
Germany
2
Institute of Biometrics and
Epidemiology, Ludwig
Maximilians University of
Munich, Munich, Germany
3
Cardiology Division, University
of Rochester Medical Center,
Rochester, New York, USA
4
ESC-Environmental Science
Center, University of Augsburg,
Augsburg, Germany
5
Hospital of Augsburg,
MONICA/KORA Myocardial
Infarction Registry, Augsburg,
Germany
Correspondence to
Regina Hampel, Helmholtz
Zentrum MünchendGerman
Research Center for
Environmental Health, Institute
of Epidemiology II, Ingolstädter
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ABSTRACT
Objectives Elevated ozone levels have been associated
with cardiovascular morbidity and mortality. We
investigated the effects of ozone on heart rate (HR) and
repolarisation parameters in potentially susceptible
populations.
Methods Between March 2007 and December 2008,
363 ECG recordings including >2000 1 h intervals were
measured in 64 individuals with type 2 diabetes or
impaired glucose tolerance and in 46 healthy individuals
with a potential genetic predisposition on the
detoxification pathways from Augsburg, Germany.
Associations between 1 h averages of ozone and HR,
Bazett-corrected QT-interval (QTc), T-wave amplitude
and T-wave complexity were analysed using additive
mixed models. A variable indicating season and
participants’ location during the 1 h ECG recordings
(summer and outdoors vs winter or indoors) was used as
a potential ozone effect modifier.
Results We observed concurrent and 1e4 h lagged
increases in HR of 0.5e0.7% for each 20 mg/m3 increase
in ozone. These effects were stronger (1.0e1.2%) when
participants were outdoors during the summer. We
detected in all participants a concurrent (1.31%; 95%
CI 2.19% to 0.42%) and 1 h lagged (1.32%;
2.19% to 0.45%) T-wave flattening. Elevated ozone
levels were associated with 1 h (2.12%; 0.81 to 3.52)
and 2 h lagged (1.89%; 0.55% to 3.26%) increases in
T-wave complexity. However, no effects were seen for
QTc. Ozone effects were generally more pronounced in
individuals with metabolic disorders than a potential
genetic predisposition.
Conclusions Changes in repolarisation might contribute
to underlying pathophysiological changes associated
with the link between elevated ozone levels and reported
adverse cardiovascular outcomes.

INTRODUCTION
Many epidemiological studies have reported ozonerelated increases in both respiratory and cardiovascular morbidity1e3 and mortality.4e6 Precursors of
these events might be local and systemic inﬂammatory responses and alterations in cardiac
rhythm. Accordingly, Chuang et al7 have shown
both increases in inﬂammatory blood markers and
decreases in heart rate variability (HRV) in association with elevated levels of 1e3-day averages of
ozone in young and healthy adults. A study
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conducted in elderly participants with coronary
artery disease detected a decrease in the root mean
square of successive differences (RMSSD) due to
increases in 30 min up to 5-day averages of ozone.8
However, knowledge about the effects of ozone on
markers of HRV is still very limited. A potential
inﬂuence of ozone on cardiac repolarisation has
received even less attention. A few studies have
investigated the inﬂuence of particulate matter
(PM) or gaseous air pollutants on repolarisation.
The authors reported changes in the QT-interval,
T-wave alternans, T-wave amplitude and T-wave
complexity in association with elevated air pollution levels.9e14 It is hypothesised that a prolonged
QT-interval and T-wave abnormalities might
trigger the onset of arrhythmias15 and increase the
risk for coronary death.16 Whether changes in
repolarisation are an intermediate step between the
reported ozone effects and adverse cardiac events
needs to be investigated.
It has been shown that the elderly, women and
individuals with diabetes are particularly susceptible to ozone exposure.2 6 17 As the prevalence of
diabetes is increasing worldwide, it is important to
explore potential ozone effects especially in this
subpopulation. Ozone may act on the autonomic
function via oxidative stress pathways.18 Hence,
individuals with a deletion in the glutathione
S-transferase M1 (GSTM1) gene indicating reduced
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protection against oxidative stress19 might also be susceptible to
the effects of ozone.
Ozone is not directly emitted but is formed through complex
reactions in the atmosphere. Therefore, ozone effects on health
outcomes might be confounded by other secondary (eg, sulphate)
or combustion-related pollutants (eg, ultraﬁne particles and
particulate matter) produced concurrently with ozone.20
The main objective of our study was to investigate the acute
effects on an hourly basis of ozone on heart rate (HR) and
repolarisation parameters in healthy subjects with a potential
genetic predisposition and in individuals with type 2 diabetes
(T2D) or with impaired glucose tolerance (IGT) indicating an
enhanced risk for diabetes. Furthermore, we implemented
two-pollutant models to check whether ozone effects are
confounded by other air pollutants. To our knowledge only one
chamber study21 has explored the combined and separate effects
of concentrated ambient particles and ozone on ventricular
repolarisation.

METHODS
Study design and study population
As part of the University of Rochester Particulate Matter Center
investigations, a prospective panel study was conducted
between 19 March 2007 and 17 December 2008 in Augsburg,
Germany. Individuals with T2D or IGT and healthy individuals
with a potential genetic predisposition on the detoxiﬁcation
pathway were recruited from the KORA (Cooperative Health
Research in the Region of Augsburg) follow up which was
conducted in 2006e2008. TD2 was either physician-diagnosed
or indicated by medication use. All other participants had an oral
glucose tolerance test (OGTT). Participants with a fasting
glucose level >125 mg/dl or a 2 h OGTT glucose level $200 mg/
dl were also deﬁned as having TD2. IGT was deﬁned as 2 h
OGTT glucose levels $140 mg/dl but <200 mg/dl. The potential genetic predisposition was deﬁned as having the null polymorphism for GSTM1 and either two minor alleles of the single
nucleotide polymorphism rs1205 located in the C-reactive
protein gene or at least one minor allele of the single nucleotide
polymorphism rs1800790 located in the ﬁbrinogen gene FGB. In
our study, all individuals participated in up to four repeated ECG
recordings scheduled every 4e6 weeks on the same weekday and
at the same time of the day. Data on health status, medication
use, disease and smoking history were gathered at a baseline
visit. Current smokers and individuals with an intake of platelet
aggregation inhibitors except for acetylsalicylic acid, a myocardial infarction (MI) and/or interventional procedure (PTCA,
bypass surgery) <6 months before the start of the study, chronic
inﬂammatory diseases such as Crohn’s disease, ulcerative colitis
or rheumatoid arthritis, an implanted pacemaker, atrial ﬁbrillation, allergy to latex and thrombosis or shunt in an arm were
excluded. All participants gave written informed consent
and the study protocol was approved by the Ethics
Commission of the Bavarian Chamber of Physicians (‘Bayerische
Landesaerztekammer ’).

Clinical measurements
Participants were equipped with a 12-lead Mortara H12 digital
Holter recorder (Mortara Instrument, Milwaukee, Wisconsin,
USA). They then left the study centre to pursue their daily
routines and returned after 4e6 h. ECG parameters such as HR
and repolarisation parameters were determined on an hourly
basis. Therefore, repeated ECG recordings for each participant
and repeated 1 h averages of ECG parameters within one
recording were available. Only individuals with at least one ECG
Occup Environ Med 2012;69:428e436. doi:10.1136/oemed-2011-100179

recording with at least a 2 h duration were used for analysis.
ECG parameters of interest were HR, Bazett-corrected QTinterval (QTc), T-wave amplitude (Tamp) and T-wave
complexity (Tcomp).11 Tcomp represents the shape of the
vectocardiographic T-wave loop which reﬂects the spread of
repolarisation throughout the myocardium. Tcomp is the ratio
of the short to long axis of the loop and is expressed as
a percentage. A normal T-wave loop is long and narrow which
projects to the ECG as a tall and distinct T-wave. An abnormal
T-wave loop is wider, usually represented by lower and ﬂatter
T-waves, and has greater complexity.

Ozone, air pollution and meteorological data
Hourly means of ozone levels were available from a monitoring
site belonging to the Bavarian Environment Agency. Hourly
means of air temperature, relative humidity, barometric pressure,
particulate matter with an aerodynamic diameter below 2.5 mm
(PM2.5) and below 10 mm (PM10), and ultraﬁne particles (UFP,
0.01e0.1 mm in diameter) were measured at a central measurement site in Augsburg throughout the entire study period as
described previously.24 25 Sulphate measurements only started on
25 April 2007. Missing ozone, UFP and meteorological values
were not replaced as <1% of the 1 h averages were missing
(ozone and meteorological variables) or no parallel measurements
with other devices were available (UFP and sulphate).

Statistical analysis
Analyses were performed with SAS (V9.2; SAS Institute). In
order to compare the ECG parameters between healthy participants and individuals with T2D or IGT, we used mixed models
with a random participant effect including a dummy variable for
the subgroup effect. A ﬁrst order autoregressive covariance
structure has been proven to be sufﬁcient to account for the
dependencies between the repeated ECG recordings.
The p value of the subgroup effect indicates whether the ECG
parameters differ signiﬁcantly between the groups. The patient
characteristics of both groups were compared using a t test for
metric variables and a c2 test for categorical variables. In case of
less than ﬁve observations in one category, Fisher’s exact test
was used.
Ozone effects were estimated using additive mixed models
with a random participant effect and a ﬁrst order autoregressive
covariance structure. Tcomp was log-transformed in order to
produce normally distributed residuals. A confounder selection
was conducted for each ECG parameter separately. Model
selection was carried out by minimising Akaike’s information
criterion. Continuous confounders were included linearly or
smoothly as P-splines depending on the Akaike’s information
criterion value. Air temperature and relative humidity with the
same lag as the ozone term and long-term time trend were
forced into the model. Barometric pressure with the same lag as
the analysed ozone lag and day of the week were only included
in case of model ﬁt improvement. Two 1 h intervals of HR were
excluded because of large Studentised residuals.
After assessing the confounder model, 1 h averages of ozone
concurrent with the 1 h averages of ECG measurements and up
to 4 h before the ECG recordings were separately added to the
confounder model and the effects were estimated linearly.
Furthermore, we checked whether the association between
ozone and the ECG parameters differed between healthy
participants with a potential genetic predisposition and subjects
with IGT or T2D by conducting a stratiﬁed analysis.
Gender (male vs female) and age (<65 years vs $65 years)
were included as potential modiﬁers of the ozone effects.
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As ozone levels are known to be lower in winter and indoors,
we created for each 1 h ECG interval a variable indicating
whether the participant stayed indoors or the ECG recording
was performed in winter (OctobereMarch) versus the
participant was outdoors at least once during the 1 h
recording and the ECG was carried out in summer
(AprileSeptember). Interaction effects with ozone were
calculated using this variable.
In order to check the robustness of the ozone effects, we
additionally adjusted our models for sulphate, UFP, PM10 and
PM2.5, respectively. We either included the air pollutants with
the same lag as the analysed ozone lag or with the most inﬂuential lag. As ECG parameters might have a diurnal rhythm, we
included time of the day (morning vs afternoon) in the models.
We also excluded individuals with coronary artery disease,
angina pectoris or an MI, as well as occasional smokers. Additionally, we only included participants without intake of
b-adrenergic receptor blockers (b-blockers). As a further sensitivity analysis, ozone effects were estimated smoothly as Psplines in order to check the linearity of the relationship
between ozone and ECG parameters.

RESULTS
Study population and clinical measurements
Overall, 110 participants (32 individuals with T2D, 32 with IGT,
and 46 with a potential genetic susceptibility) with 363 valid
ECG recordings (average duration: 5.8 h) comprising more than
2000 1 h intervals were available for analysis. For nine participants, only one ECG recording consisting of at least ﬁve
(repeated) 1 h intervals was available. Table 1 describes the
baseline characteristics and the ECG parameters of the nonsmoking participants.
Participants with T2D or IGT were older, more often overweight, less hypertensive and included more individuals with
a previous MI in comparison to healthy participants with
a potential genetic predisposition. As expected, elevated levels of
glycosylated haemoglobin A1c and use of antidiabetic medication was only observed in participants with T2D or IGT. With
regard to the ECG parameters, we only detected a signiﬁcant
difference between the two groups for Tamp, with higher values
in healthy participants. Spearman correlation coefﬁcients
between ECG parameters were calculated for each ECG
recording separately. According to the median of these

Table 1 Description of the study population and ECG parameters

Age (years)
BMI (kg/m2)
Age (years)
#65
>65
BMI (kg/m2)
#30
>30
Gender
Male
Female
Smoking
Never smoker
Ex-smoker
Occasional smoker
HbA1c
<6.5%
$6.5%
History of
Coronary heart disease
Angina pectoris
Myocardial infarction
Hypertension
Medication use
Antidiabetic medication
b-Adrenergic receptor blockers
Statins

ECG parameters
Heart rate (beats/min)
T-wave amplitude (mV)
T-wave complexity (%)
QTc-interval (ms)

All (N[110)
Mean (SD)

T2D or IGT (N[64)
Mean (SD)

Healthy (N[46)
Mean (SD)

61.6 (11.7)
28.6 (5.3)
N (%)

66.1 (8.1)
30.1 (4.7)
N (%)

55.4 (13.1)
26.5 (5.6)
N (%)

61 (56)
49 (44)

27 (42)
34 (58)

34 (74)
12 (26)

0.004y

72 (65)
38 (35)

34 (53)
30 (47)

38 (82)
8 (18)

0.001y

69 (63)
41 (37)

42 (66)
22 (34)

27 (59)
19 (41)

0.46y

50 (45)
55 (50)
5 (5)

26 (41)
37 (58)
1 (2)

24 (52)
18 (39)
4 (9)

0.06z

95 (86)
15 (14)

49 (77)
15 (23)

46 (100)
0 (0)

<0.001z

7
5
6
49

4
5
6
23

(6)
(2)
(9)
(36)

3 (7)
1 (5)
0 (0)
26 (57)

1.00z
0.40z
0.04z
0.03y

18 (16)
19 (30)
13 (20)

0 (0)
9 (20)
6 (13)

<0.001z
0.23y
0.32y

(6)
(8)
(5)
(45)

18 (28)
28 (25)
19 (17)

N

Mean (SD)

N

Mean (SD)

N

Mean (SD)

2081
2060
2083
2083

78.4
330
18.0
440.5

1202
1185
1203
1203

79.0
305
17.5
443.5

879
875
880
880

77.6
364
18.7
436.3

(13.0)
(134)
(8.5)
(24.3)

(14.3)
(127)
(7.5)
(24.3)

p Value
<0.001*
<0.001*

(10.9)
(135)
(9.7)
(23.8)

0.56x
0.02x
0.43x
0.08x

*Student’s t test.
yc2 test.
zFisher’s exact test.
xp Value of fixed group effect in mixed effects model.
BMI, body mass index; ECG, electrocardiogram; HbA1c, glycosylated haemoglobin A1c; IGT, impaired glucose tolerance; T2D, type 2
diabetes; QTc-interval, Bazett-corrected QT-interval.
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correlation coefﬁcients, HR showed a moderate correlation with
Tcomp and QTc (r¼0.6). Tcomp was negatively correlated
with Tamp (r¼0.6). All other ECG parameters were uncorrelated (r<|0.5|). For all further statistical analyses, Tcomp was
log-transformed in order to produce normally distributed
residuals.

Ozone, air pollution and meteorological data
During the study period, the 1 h average concentrations6SD
were 45.9633.3 mg/m3 for ozone, 10.867.98C for temperature,
1.461.6 mg/m3 for sulphate and 951866902 n/cm3 for UFP.
During the entire study period, 1 h averages of ozone never
exceeded the German information (180 mg/m3) and alert
threshold (240 mg/m3). Online supplementary table 1 provides
a more detailed description of the air pollutants and meteorological variables. Figure 1 shows the medians over time together

with 5th and 95th percentiles for ozone, air temperature, sulphate
and UFP. Ozone values were higher in summer and showed
a strong diurnal pattern with highest values between 2 and 4 pm
(14:00 to 16:00 h). Sulphate and UFP levels were higher in winter,
with a peak in the morning hours for UFP. Ozone was uncorrelated (|r|<0.3) with sulphate, PM10, PM2.5 or UFP during the
summer but showed a moderate correlation (r<0.6) with these
air pollutants in winter. The correlation coefﬁcients between
ozone and temperature were 0.59 and 0.38 in summer and winter,
respectively. PM10, PM2.5 and sulphates showed a moderate and
strong correlation in summer and winter, respectively, whereas
UFP was uncorrelated with other air pollutants.

Effects of ozone on ECG parameters
Figure 2 shows the per cent changes in the mean ECG parameters for each 20 mg/m3 (a10 ppb) increase in ozone together

Figure 1 Medians and 5th and 95th percentiles of ozone, air temperature, sulphate and ultrafine particles (UFP) (1 h intervals) at the same time of the
day for the whole study period and for summer (AprileSeptember) and winter (OctobereMarch) separately.
Occup Environ Med 2012;69:428e436. doi:10.1136/oemed-2011-100179
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with 95% CIs. Elevated ozone levels led to a marginal concurrent
0.54% (95% CI 0.07% to 1.16%) increase in HR and to 1e4 h
delayed increases of about 0.6e0.7% in all participants, showing
the strongest association with a 2 h lag (0.78%; 0.18% to 1.37%).
Ozone effects were more pronounced in individuals with T2D or
IGT for all lags, showing per cent changes in HR of about 1%.
HR did not change due to ozone exposure in healthy individuals
with a potential genetic predisposition. We observed concurrent
and 1 h lagged T-wave ﬂattening of 1.31% (2.19% to
0.42%) and 1.32% (2.19% to 0.45%) associated with
elevated ozone levels, respectively. This association was

Figure 2 Concurrent (Conc) and 1e4 h delayed effects of 1 h averages
of ozone on 1 h averages of heart rate (HR), T-wave amplitude (Tamp)
and T-wave complexity (Tcomp) in all participants, in individuals with
type 2 diabetes (T2D) or impaired glucose tolerance (IGT) and in healthy
individuals with a potential genetic predisposition.
432

predominantly detected in participants with T2D or IGT
(concurrent and 1 h lagged ozone effects: 1.99% (3.20% to
0.78%) and 2.14% (3.32% to 0.96%)), whereas healthy
subjects showed a weaker reduction in Tamp. Furthermore,
Tcomp increased in association with elevated ozone levels
among all participants by 2.12% (0.81% to 3.52%) and 1.89%
(0.55% to 3.26%) with a lag of 1 h and 2 h, respectively. Again,
only participants with metabolic disorders reacted to ozone
exposure. Analysing the association between ozone exposure
and ECG parameters in participants with T2D and IGT separately led to similar ozone effects compared to the combined
analysis of all participants with metabolic disorders. However,
CIs slightly widened, probably because of the lower sample size
in the subgroups. No ozone effects were seen for QTc in either
subgroup. Initially, we were also interested in ozone effects on
time and frequency domain parameters as well as in temperature
effects on repolarisation parameters. However, we did not
observe ozone effects on time and frequency domain parameters.
We also did not detect any temperature effects on repolarisation
parameters either with or without adjustment for ozone (data
not shown).
Some 69% of all 1 h ECG intervals were recorded in winter or
when the participants were indoors. Hence, 31% of all 1 h ECG
intervals were recorded in summer or while the participants
were outdoors (hourly average duration outdoors: 21618 min).
The ozone effect modiﬁcations by this variable are shown in
ﬁgure 3. We detected the strongest effect modiﬁcation on HR.
We observed concurrent and lagged 0.9e1.1% increases in HR
associated with elevated ozone levels when 1 h ECG intervals
were recorded in summer and outdoors. The strongest effect was
observed with a lag of 2 h (1.15%; 0.47% to 1.84%). HR was not
altered by increases in ozone during winter or when indoors.
Ozone effects on Tamp and Tcomp were slightly more
pronounced when participants were outdoors during summer
compared to ECG recordings in winter or indoors. However, the
ozone effect modiﬁcations were not signiﬁcant. Furthermore, we
detected no interaction effects by age and gender (data not
shown).
Since ozone effects on HR were similar for all lags and
strongest with a lag of 1 h for Tamp and Tcomp, the results of
the sensitivity analyses based on ECG recordings of all participants are shown only for a lag of 1 h (table 2). We only show
ozone effects additionally adjusted for air pollutants with the
same lag as the analysed ozone lag, as the inclusion of the most
inﬂuential lag led to similar ozone effects.
Ozone effects on HR slightly strengthened when the model
was adjusted for other air pollutants. The association between
ozone and Tamp or Tcomp became stronger when the model
was adjusted for sulphate or PM but weakened when UFP was
included as a confounder. In general, the additionally included air
pollutants showed a weaker association with ECG parameters
than ozone (see online supplementary table 2). The inclusion of
time of day led to strongly decreased ozone effects for all ECG
parameters, probably reﬂecting the fact that both ECG parameters and ozone itself have diurnal rhythms, leading to
competing effects with time of day in the confounder model. We
observed similar variability in the ozone effects when the effect
modiﬁcation by the variable indicating the individuals’ location
and season, was also included (see table 2).
When the ECG recordings of the 28 and 15 participants with
an intake of b-blockers and an underlying coronary disease,
respectively, as well as the ﬁve occasional smokers were
excluded, the association between ozone and ECG parameters
did not change. There was no evidence for any deviation from
Occup Environ Med 2012;69:428e436. doi:10.1136/oemed-2011-100179
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metabolic disorders. Healthy individuals with a potential genetic
predisposition on the detoxiﬁcation pathway did not show
signiﬁcant changes in HR and repolarisation due to ozone
exposure.

Ozone effects

Figure 3 Ozone effects on heart rate (HR), T-wave amplitude (Tamp)
and T-wave complexity (Tcomp) modified by a variable indicating
‘indoors or winter (OctobereMarch)’ versus ‘outdoors and summer
(AprileSeptember)’. p Values of interaction are indicated. Conc,
concurrent.
linearity of the relationship between ozone and ECG parameters
(see online supplementary ﬁgure 1).

DISCUSSION
Summary
We observed concurrent and 1e4 h lagged increases in HR in
association with elevated ozone levels. These effects were
stronger when the participants were outdoors in summer.
Furthermore, increases in ozone led to T-wave ﬂattening and an
increase in T-wave complexity during the entire study period. In
general, ozone effects were only observed in individuals with
Occup Environ Med 2012;69:428e436. doi:10.1136/oemed-2011-100179

Several studies observed an association between elevated ozone
concentrations and adverse cardiac events such as MI,1 2 arterial
ﬁbrillation18 26 and cardiac mortality.6 Inhaled ozone exerts
oxidative stress by reacting with biomolecules and forming free
radicals which trigger local inﬂammation in the lung.18 This
possibly leads to systemic inﬂammation as well as autonomic
dysfunction.27 28 In accordance with the latter, Zanobetti et al8
and Gold et al29 reported an association between increased
ambient ozone levels and a reduction in RMSSD in elderly
subjects. A study conducted in young and healthy individuals
observed negative ozone effects on RMSSD, the SD of normalto-normal intervals, and high and low frequency. Overall,
a limited number of studies have investigated the effects of
ozone on HRV parameters and there is no epidemiological study
on ozone effects on repolarisation. A chamber study21 explored
the combined and separate effects of concentrated ambient
particles (CAP) and ozone on repolarisation parameters (interval
from T-wave peak to T-wave end (Tp-e) and QT dispersion).
The authors detected an increased Tp-e and QT dispersion in
participants who were exposed to both CAP and ozone
compared to participants exposed to ﬁltered air. Increases in
Tp-e were also observed for ozone exposure only. In our study,
we observed increased HR in association with elevated ozone
levels indicating activation of the sympathetic nervous system.
Correspondingly, many authors reported an elevated HR in
association with increases in PM2.5.30e34
In addition, we observed rapid T-wave ﬂattening and an
increase in Tcomp in association with ozone exposure. Accordingly, Henneberger11 et al detected a 6.5% (10.8% to 2.0%)
decrease and a 0.8% (0.2% to 1.5%) increase in Tamp and Tcomp
measured, respectively, in association with an IQR increase in
the 6 h averages of PM2.5 in ischaemic heart disease patients. In
comparison to our study, IQR increases in ozone (a54 mg/m3)
led to a weaker decrease in Tamp (3.0%; 5.0% to 1.0%) and
a larger increase in Tcomp (5.0%; 1.9% to 8.3%) with a lag of 1 h.
Furthermore, Schneider et al10 observed PM2.5 effects on Tamp
and Tcomp with a delay of 1e2 days. It is important to note
that Henneberger et al11 and Schneider et al10 analysed 5 min
intervals of repolarisation parameters recorded while the
participants rested, whereas our participants pursued their daily
routines. Our ﬁndings indicate rapidly developing repolarisation
abnormalities in response to increased ozone levels. Such
changes might be precursors of cardiac events since it has been
shown that T-wave alternans and T-wave abnormalities are
reliable predictors for sudden cardiac death35 and coronary
syndromes.36
Various authors reported QT changes in association with
increases in trafﬁc-related air pollutants.9e13 However, in our
study QTc did not show any association with ozone exposure.
We only observed an increased HR in association with
elevated ozone levels when participants were outdoors during
the summer. We detected no change in HR in winter or while
participants were indoors. Since ozone concentrations are
generally negligible indoors and mostly very low in winter, these
ﬁndings are reasonable. However, ozone effects on Tamp and
Tcomp were only very slightly modiﬁed by the variable indicating the season and location of the participants. We therefore
hypothesise that repolarisation parameters are more responsive
433
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Table 2 Ozone effects with a lag of 1 h on ECG parameters based on different confounder models for the whole study period and modified by
a variable indicating the individuals’ location and the season during the 1 h ECG recording

Confounder
HR

Main model
+Sulphatey
+UFPy
+PM2.5y
+PM10y
+Time of day
Tamp Main model
+Sulphatey
+UFPy
+PM2.5y
+PM10y
+Time of day
Tcomp Main model
+Sulphatey
+UFPy
+PM2.5y
+PM10y
+Time of day

Whole study period

Inside or winter

Outside and summer

% Of ozone
measurements* % Change (95% CI)

% Of ozone
measurements* % Change (95% CI)

% Of ozone
measurements* % Change (95% CI)

100
96
97
100
100
100
100
96
97
100
100
100
100
96
97
100
100
100

100
96
96
100
100
100
100
96
95
100
100
100
100
96
96
100
100
100

100
95
99
100
100
100
100
95
99
100
100
100
100
95
99
100
100
100

0.62% (0.02% to 1.22%)
0.74% (0.13% to 1.35%)
0.81% (0.15% to 1.46%)
0.82% (0.21% to 1.46%)
0.85% (0.22% to 1.48%)
0.30% (0.30% to 0.90%)
1.32% (2.19% to 0.45%)
1.40% (2.29% to 0.51%)
1.18% (2.13% to 0.24%)
1.50% (2.40% to 0.59%)
1.54% (2.47% to 0.63%)
0.85% (1.71% to 0.02%)
2.16% (0.81% to 3.52%)
2.27% (0.89% to 3.67%)
2.14% (0.69% to 3.60%)
2.30% (0.90% to 3.72%)
2.53% (1.12% to 3.95%)
1.54% (0.21% to 2.90%)

0.32% (0.33% to 0.97%)
0.45% (0.21% to 1.11%)
0.44% (0.27% to 1.16%)
0.56% (0.12% to 1.24%)
0.56% (0.13% to 1.24%)
0.06% (0.58% to 0.70%)
1.27% (2.22% to 0.33%)
1.37% (2.35% to 0.40%)
1.06% (2.10% to 0.02%)
1.50% (2.50% to 0.50%)
1.54% (2.54% to 0.54%)
0.89% (1.79% to 0.08%)
2.13% (0.68% to 3.60%)
2.24% (0.84% to 3.86%)
2.08% (0.50% to 3.67%)
2.33% (0.81% to 3.88%)
2.59% (1.06% to 4.15%)
1.60% (0.16% to 3.06%)

1.13% (0.47% to 1.80%)
1.17% (0.49% to 1.85%)
1.25% (0.55% to 1.95%)
1.29% (0.61% to 1.97%)
1.28% (0.60% to 1.96%)
0.80% (0.13% to 1.47%)
1.48% (2.44% to 0.52%)
1.52% (2.50% to 0.53%)
1.40% (2.42% to 0.39%)
1.63% (2.61% to 0.65%)
1.65% (2.64% to 0.67%)
0.95% (1.91% to 0.01%)
2.42% (0.94% to 3.92%)
2.37% (0.85% to 3.91%)
2.40% (0.85% to 3.97%)
2.54% (1.04% to 4.09%)
2.72% (1.21% to 4.26%)
1.77% (0.30% to 3.36%)

Main model: time trend, air temperature and relative humidity; winter: OctobereMarch; summer: AprileSeptember.
*Observations with missing values in outcome or confounder variables were removed.
yAir pollutants were included with the same lag as the analysed ozone lag.
HR, heart rate; PM2.5, particulate matter with an aerodynamic diameter below 2.5 mm; PM10, particulate matter with an aerodynamic diameter below 10 mm; Tamp, T-wave amplitude; Tcomp,
T-wave complexity; UFP, ultrafine particles.

to any concentration of ozone exposure even when exposure
levels are low during winter. Accordingly, we observed in general
ozone effects that were two to three times stronger on Tamp
and Tcomp than on HR. However, it is of course also possible
that the effect modiﬁcation occurred by chance only.

Susceptible individuals
The risk of developing coronary artery disease or having an MI is
increased in persons with T2D.37 It has also been shown that
insulin resistance might cause a reduction in the autonomic
nervous system leading to reduced HRV in individuals with T2D
and in those with IGT.38 Furthermore, the authors reported
a stronger risk for ischaemic cerebrovascular events2 and outof-hospital deaths6 in individuals with diabetes compared to
individuals without diabetes in association with elevated ozone
levels. Therefore, we assumed that participants with T2D or
IGT might be especially susceptible to ozone. In agreement with
our hypothesis, we observed T-wave ﬂattening and an increased
Tcomp and HR in association with ozone exposure in particular
for this subgroup.
GSTM1 encodes a phase II enzyme that can scavenge oxygen
free radicals and metabolise reactive oxygen species. Since
inhaled ozone induces systemic oxidative stress, we initially
hypothesised that people with a GSTM1 deletion are unable to
handle oxidative stress as well as others and may be more
responsive to ozone. However, we observed no ozone effects on
ECG parameters in our subgroup of individuals with a potential
genetic predisposition. In accordance with our ﬁndings, other
epidemiological studies also did not detect an air pollution effect
modiﬁcation by GSTM1 on cardiovascular health outcomes.39 40
However, Schwartz et al41 and Romieu et al42 reported a stronger
decrease in HRV and an increased occurrence of respiratory
symptoms in individuals with a GSTM1 deletion compared to
individuals without the deletion in association with increases in
PM2.5 and ozone, respectively.
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The different responses to ozone exposure of participants
with diabetes or IGT and participants with a potential genetic
predisposition might be explained not only by the underlying
metabolic disorders but also by differences in other patient
characteristics. Individuals with diabetes or IGT were older and
more often overweight and comprised more ex-smokers and MI
survivors but fewer subjects with hypertension compared to the
subgroup of healthy participants with a potential genetic
predisposition. A combination of all these factors possibly
affected susceptibility to ozone. Furthermore, our study
included 64 participants (w1200 1 h ECG recordings) with
metabolic disorders but only 46 subjects (w880 1 h ECG
recordings) with a potential genetic predisposition. It may have
been due to the smaller sample size that we did not detect
ozone effects in healthy participants with potential genetic
predisposition.
Some authors reported stronger ozone effects in the elderly
($65 years).1 17 It has also been shown that women react more
strongly to ozone exposure6 17 since they are presumed to have
a greater pulmonary responsiveness than men.43 However, in
our study ozone effects were not modiﬁed by gender or age. This
is in agreement with a study by Ren et al44 who also did not
observe ozone effect modiﬁcations on mortality by patient
characteristics.

Strengths and limitations
A strength of our study is its ability to analyse intra-individual
variation in 1 h averages of ECG parameters measured repeatedly
in up to four ECG recordings with an average duration of 5.8 h
while participants pursued their daily tasks. Models were
adjusted for long-term time trends and meteorological variables
to account for the possibility that the detected associations
resulted from meteorological inﬂuences or seasonal differences
alone. We controlled for circadian variation by design as the
repeated ECG recordings started at the same time (62 h) for
Occup Environ Med 2012;69:428e436. doi:10.1136/oemed-2011-100179
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each participant. Furthermore, as a sensitivity analyses, we also
included time of day (morning vs afternoon) as a possible
confounder. This led to substantially decreased ozone effects.
However, as ozone levels increase during the day, time of day
might act as a surrogate of ozone. This possibly led to the
problem of multicollinearity and weakened the ozone effects.
A further strength of our study are the conducted two-pollutant
models. Ozone effects might be confounded by other secondary
or combustion-related air pollutants produced concurrently with
ozone. Franklin and Schwartz20 observed substantially decreased
ozone effects on mortality when adjusting for sulphate.
However, in a study by Gryparis et al,4 ozone effects on
mortality remained statistically signiﬁcant and of comparable
magnitude in two-pollutant models additionally including
sulphur dioxide or PM10. It is important to point out that in
Europe sulphate and ozone have different seasonal patterns than
in North America where both sulphate and ozone peak in
summer. Since our analyses showed only small changes in ozone
effects when adjusting for UFP or sulphate, we assume that our
observed ozone effects were not confounded by UFP or sulphate.
A limitation of our study is that outdoor ozone exposure was
only obtained from central site measurements and no personal
measurements were available. Exposure misclassiﬁcation might
have occurred since the participants spent most of their time
indoors.
It has been shown that ozone concentrations are lower in airconditioned households.45 Since there are only a few indoor
sources of ozone and, to our knowledge, our participants did not
use air conditioning in their houses, we assume that exposure
misclassiﬁcation due to the use of central site ozone measurements would probably be non-differential and bias the results
toward the null.
A further strength of this study is the investigation of ozone
effects in particularly susceptible subgroups. On the other hand,
the results cannot then be generalised to the whole population.
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CONCLUSION
We observed very short-term increases in HR, T-wave ﬂattening
and T-wave complexity in association with increments in ozone.
These associations were stronger in individuals with diabetes or
prediabetes. Changes in repolarisation might contribute to the
underlying pathophysiological changes associated with the link
between elevated ozone levels and reported adverse cardiovascular
outcomes.
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results in progressive impairment of lung
function, granuloma formation and progression to lung ﬁbrosis.3 An association has
been suggested between exposure to other
agents known to cause pulmonary ﬁbrosis
such as silica4 and asbestos5 and an increased
incidence of IHD. Furthermore, one previous
US cohort study of beryllium workers
observed an increased risk of IHD.6
With quantitative exposure estimates
being available in the latest cohort of US
beryllium workers, Schubauer-Berigan and
coworkers have an excellent opportunity to
study potential doseeresponse relations
between beryllium exposure and IHD.
Bengt Sjögren

Risk estimate of ischaemic heart
disease in workers exposed to
beryllium
1

Mary Schubauer-Berigan and coworkers
presented quantitative beryllium exposure
measurements and an increased risk of cor
pulmonale (standardised mortality ratio
(SMR) 1.17; 95% CI 1.08 to 1.26) in a wellconducted cohort study. However, no risk
estimate of ischaemic heart disease (IHD)
was reported.
In the mid-1990s, a general hypothesis
was launched linking inhalation of particles
to the occurrence of IHD in urban as well as
working environments by an inﬂammatory
pathway associated with increased blood
coagulation. In 2010, the American Heart
Association concluded strong epidemiological evidence of a relation between shortterm (days) or long-term exposure (months
to years) to PM2.5 (ﬁne particulate matter)
urban air pollutants and the occurrence
of IHD. Today, studies indicate strong
overall mechanistic evidence for a systemic
inﬂammatory response as an intermediary
pathway between inhalation of particles
and IHD.2
Chronic beryllium exposure may stimulate the acquired immune response to release
mediators of chronic inﬂammation in the
lung involving cellular and molecular
components of innate immunity, and it is
this vicious cycle driven by beryllium that
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Remes et al. Physical workload and risk of
low back pain in adolescence. Occup
Environ Med 2012;69:4 284e290. The
authors noticed errors concerning the
rates of incidence and persistence of LBP
on page 3. Some of the numbers in this
section are incorrect. The following
sentences are incorrect: In adolescents
without LBP at baseline, the incidence of
“Reporting LBP” was 29% in girls and 19%
in boys and that of “Consultation for
LBP” was 2% in both genders. The
persistence of “Reporting LBP” was 53%
in girls and 46% in boys and that of
“Consultation for LBP” 19% in girls and
17% in boys. The correct version of these
sentences is as follows: In adolescents
without LBP at baseline, the incidence of
“Reporting LBP” was 46% in girls and 31%
in boys and that of “Consultation for
LBP” was 5% in girls and 4% in boys. The
persistence of “Reporting LBP” was 69%
in girls and 62% in boys and that of
“Consultation for LBP” 23% in girls and
21% in boys.
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R Hampel, S Breitner, W Zareba et al.
Immediate ozone effects on heart rate and
repolarisation parameters in potentially
susceptible individuals. Occup Environ
Med 2012;69:6 428e436. The authors of
this paper noticed some errors in the
numbers of the Tamp section of table 2.
In the [95%eCI] column for Outside and
summer, the ﬁrst 5 numbers were missing
a minus sign. Please see the correct version
of the table below.
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Main model
+ Sulfatey
+ UFPy
+ PM2.5y
+ PM10y
+ Time of day
Main model
+ Sulfatey
+ UFPy
+ PM2.5y
+ PM10y
+ Time of day
Main model
+ Sulfatey
+ UFPy
+ PM2.5y
+ PM10y
+ Time of day

Confounder

% Change (95% CI)
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100
100
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100
100
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1.40% (2.29% to 0.51%)
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Inside or winter

Whole study period

0.32% (0.33% to 0.97%)
0.45% (0.21% to 1.11%)
0.44% (0.27% to 1.16%)
0.56% (0.12% to 1.24%)
0.56% (0.13% to 1.24%)
0.06% (0.58% to 0.70%)
1.27% (2.22% to 0.33%)
1.37% (2.35% to 0.40%)
1.06% (2.10% to 0.02%)
1.50% (2.50% to 0.50%)
1.54% (2.54% to 0.54%)
0.89% (1.79% to 0.08%)
2.13% (0.68% to 3.60%)
2.24% (0.84% to 3.86%)
2.08% (0.50% to 3.67%)
2.33% (0.81% to 3.88%)
2.59% (1.06% to 4.15%)
1.60% (0.16% to 3.06%)

% Change (95% CI)
100
95
99
100
100
100
100
95
99
100
100
100
100
95
99
100
100
100

Measurements*

% of Ozone

Outside and summer

1.13% (0.47% to 1.80%)
1.17% (0.49% to 1.85%)
1.25% (0.55% to 1.95%)
1.29% (0.61% to 1.97%)
1.28% (0.60% to 1.96%)
0.80% (0.13% to 1.47%)
1.48% (2.44% to 0.52%)
1.52% (2.50% to 0.53%)
1.40% (2.42% to 0.39%)
1.63% (2.61% to 0.65%)
1.65% (2.64% to 0.67%)
0.95% (1.91% to 0.01%)
2.42% (0.94% to 3.92%)
2.37% (0.85% to 3.91%)
2.40% (0.85% to 3.97%)
2.54% (1.04% to 4.09%)
2.72% (1.21% to 4.26%)
1.77% (0.30% to 3.36%)

% Change (95% CI)

Main model: time-trend, air temperature, and relative humidity.
Winter: OctobereMarch, summer: AprileSeptember.
*Observations with missing values in outcome or confounder variables were removed.
yAir pollutants were included with the same lag as the analysed ozone lag.
CI, confidence interval; HR, heart rate; Tamp, T-wave amplitude; Tcomp, T-wave complexity; UFP, ultrafine particles; PM10: particulate matter with an aerodynamic diameter below 10 mm; PM2.5: particulate matter with an aerodynamic diameter below 2.5 mm.

Tcomp

Tamp

HR

Table 2
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