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Background - Epidemiological studies consistently demonstrate an association between 
daily levels of particulate and gaseous air pollutants and cardiovascular mortality and 
morbidity. Mechanisms that might underlie these effects include adverse influences on 
cardiac autonomic control and a systemic inflammatory response. 
Methods and results - A placebo controlled, double blind, random order human challenge 
study examining the effects of carbon particles (50µg/m3) and sulphur dioxide (SO2)(200ppb) 
on heart rate variability (HRV) and circulating markers of inflammation and coagulation in 
healthy volunteers and patients with stable angina. In healthy volunteers, markers of cardiac 
vagal control did not fall in response to particle exposure; in fact compared to air there was a 
transient increase immediately after exposure (RMSSD +15 [5ms] with carbon particles and 
+4ms [3ms] with air, p<0.05). SO2 exposure resulted in no immediate change but a 
significant reduction in HRV markers of cardiac vagal control at 4 hours (RMSSD –2ms 
[3.6ms] with air, -7ms [2.7ms] with SO2, p<0.05). No such changes were seen in patients 
with stable angina. Neither pollutant caused any change in markers of inflammation or 
coagulation at 0, 4 or 24 hours. 
Conclusion - In healthy volunteers, short-term exposure to pure carbon particles does not 
cause adverse effects on HRV or a systemic inflammatory response. The adverse effects of 
vehicle-derived particulates are likely to be caused by more reactive species found on the 
particle surface. SO2 exposure does however reduce cardiac vagal control, a response that 
would be expected to increase susceptibility to ventricular arrhythmia. 
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Condensed Abstract 
In order to examine the mechanism underlying the association between fluctuations in levels 
of air pollution and daily cardiovascular mortality and morbidity, healthy volunteers and 
patients with stable angina were exposed to controlled concentrations of two common 
pollutants sulphur dioxide and carbon particles for one hour. At 4 hours after exposure, 
sulphur dioxide caused a significant fall in HRV in healthy volunteers; no pro-inflammatory 
or coagulant effect was detected in either group. Sulphur dioxide may increase 
cardiovascular risk as a result of adverse effects on cardiac autonomic control. 
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Introduction 
 
Despite improved urban air quality, exposure to ambient pollution continues to exhibit 
consistent associations with daily cardiovascular morbidity and mortality. Rates of death and 
hospital admission for myocardial infarction, congestive cardiac failure and cardiac 
arrhythmia show close correlation with the concentrations of both particulate and gaseous 
pollutants. [1-4] This association is supported by findings from panel studies, demonstrating 
that the risk of myocardial infarction [5] and cardiac arrhythmia [6] increases within hours to 
days of pollutant exposure. In addition, interventions resulting in reductions in ambient 
pollutants have been associated with prompt declines in rates of cardiovascular death.[7, 8] 
While it is easy to understand the effects of air pollutants on patients with lung disease, the 
pathophysiology underlying the relationship between air pollution and adverse cardiovascular 
events is not immediately apparent and in order to show causation, plausible biological 
mechanisms are required. Two hypotheses have been put forward. Inhalation of fine 
particles and pollutant gases may provoke an inflammatory response in the lungs with the 
consequent release into the circulation of pro-thrombotic and inflammatory cytokines causing 
endothelial injury and increasing the risk of atherosclerotic plaque rupture and thrombosis.[9] 
Secondly, exposure to pollutants may stimulate airway receptors resulting in an adverse 
effect on cardiac autonomic control and an increased risk of arrhythmia.[10] These 
hypotheses have been supported by observational community studies [11, 12], animal work 
and a small number of human experimental studies examining responses to concentrated 
ambient particles (CAPS) and diesel exhaust.[13, 14] The precise nature of the component 
pollutants that might be responsible for these effects remains unknown. 
In this human challenge study we have measured the inflammatory and autonomic responses 
of healthy humans and patients with coronary artery disease to controlled concentrations of 
two specific components of vehicle derived air pollution, carbon particles and sulphur 
dioxide. 
 
Methods 
 
DESIGN 
Using a random order, double blind, placebo controlled crossover study design, patients with 
stable angina and healthy volunteers were exposed to controlled concentrations of carbon 
particles and sulphur dioxide (SO2), alone and in combination and to medical air as a control. 
 
EXPOSURE SYSTEM 
Pure carbon particles were produced by a spark discharge aerosol generator (GFG-1000, 
Palas. GmbH, Karlsruhe, Germany). The aerosol and air or SO2 were diluted and delivered 
to a head dome exposure system by a carrier air stream at 120 l min -1. Gas flows were 
controlled by digital mass flow controllers.[15] The head dome has been described in detail 
elsewhere but in brief consists of a transparent acrylic cylinder with a lid, which is lowered 
over the head of the seated subject.[16] The system is sealed by means of a rubber neck seal 
and gases are vented to the outside. 
 
POLLUTANT EXPOSURES 
The doses of pollutants used in this study were selected as being broadly equivalent to the 
concentrations measured in urban air on days of high pollution.  The carbon particle 
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generator has been extensively characterised [17] and was adjusted to produce a mass 
concentration of 50 µg m -3. The particles produced are predominantly between <10 and 
300nm diameter, with a mode at 20 – 30nm diameter, comparable with the mode in the 
particle size distribution in roadside air. [18] The highest roadside concentration of elemental 
carbon measured in a study in London and Birmingham in 2000 – 2002 was 31.4 µg m-3, 
averaged over 24 hours [19] and hence hourly-average concentrations of the order of 50 µg 
m-3 are likely.  
Bottled sulphur dioxide was mixed with medical air and regulated at a dose of 200ppb, a 
level found during air pollution episodes in urban areas. The same doses were employed for 
the combined exposure to SO2 and carbon. The control exposure was bottled medical air at a 
flow rate of 120 l min-1. 
 
SUBJECTS 
20 patients with stable angina, multi-vessel coronary artery disease and good left ventricular 
function (EF > 40%) were recruited from the waiting list for coronary artery bypass grafting. 
Medication was unchanged through the study period. 20 healthy volunteers of a similar age 
were recruited from a local family practice. All subjects were screened to exclude diabetes, 
asthma and chronic lung disease. (Table 1). 
 
PROTOCOL 
The study was approved by South and East Birmingham Regional Ethics Committees and 
subjects provided written informed consent. Subjects attended a preliminary visit to the air 
pollution laboratory in order to acclimatise them to the exposure system and to train them to 
breathe in time to an audio signal set close to each individual’s resting respiratory frequency. 
Studies were commenced between 08.00 and 09.00 hours after a light breakfast. Subjects 
were asked to avoid alcohol and caffeine for 12 hours before each study. Subjects rested 
semi-supine in a temperature controlled laboratory (23± 1°C) and a venous cannula was 
inserted into a forearm vein for blood sampling. A standard 3-lead ECG signal was amplified, 
processed (high-frequency [HF] signal noise filter >500 Hz), and digitized at 500 Hz with the 
use of a National Instruments NB/MI0/16XH/18 analog-to-digital converter board (National 
Instruments Corporation). A continuous arterial pressure signal was obtained with the 
Portapres device (TNO Biomedical Instrumentation) and was similarly digitized. Respiratory 
excursion was recorded from the output of a strain gauge attached to an elastic strap around 
the subject’s chest. All signals were displayed on a personal computer running LabView 5.0 
software (National Instruments Corporation). 
After 30 minutes rest, the baseline blood sample was drawn and after a further 15 minutes, 
two 5-minute segments of ECG, respiration and arterial pressure (BP) data were recorded 
during controlled respiration. Subjects were then exposed to the pollutant for one hour. 
Further blood samples and two further 5-minute recordings of the HRV data were obtained 
immediately following exposure and again at 4 hours. A further blood sample was taken at 24 
hours. Studies of the remaining pollutants were repeated in random order 7 to 14 days apart 
using identical protocols. 
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HRV DATA ANALYSIS 
All ECG series were edited to exclude ectopic and artifactual signals. The RR intervals 
before and after any ectopic beats were replaced by interpolation from the previous and 
following sinus intervals. No signal containing >1% of ectopic beats was used for analysis. R 
waves were detected by an individually adjusted threshold. From each 5-minute recording, 
256 RR intervals were used for HRV analysis. Where both 5-minute recordings were suitable 
for analysis the result given is the mean value. 
Time Domain 
The conventional measures of standard deviation of normal-to-normal RR intervals (SDNN), 
root-mean-square of successive RR interval differences (RMSSD), and percentage of 
successive RR interval differences exceeding 50ms (pNN50) were calculated. The latter two 
indices are measures of variability of successive differences in RR intervals and assess high 
frequency (“beat-to-beat”) variation mediated by the vagus nerve.[20] 
Frequency Domain 
As described in our previous publications, power spectral analysis was performed using 
autoregressive modeling, with a model order between 8 and 20 selected to minimize the 
Akaike information criterion.[21] Powers at low frequency (LF) (centered at 0.1 Hz) and at 
high frequency (HF) (respiratory frequency, circa 0.25 Hz) were determined. 
Baroreflex Sensitivity (BRS) 
Baroreflex sensitivity was determined by measurement of the α-index - the transfer function 
of variability in the systolic pressure signal to the variability in the RR interval. Data 
segments were accepted if a coherence of > 0.5 was achieved between RR interval and 
systolic pressure traces. α-HF represents gain in the vagal limb of the baroreflex.[20] 
 
High resolution C-reactive protein (hrCRP) 
Serum samples were analyzed by a latex particle immunoturbidimetric assay on a Roche 
Modular P800 analyser. 
 
Coagulation markers 
Complete blood count, differential white cell count and platelet aggregation were measured 
using an automated analyser (Bayer Advia 120). Samples for fibrinogen and d-dimers were 
processed using an MDA coagulation analyser. Fibrinogen was measured by a modified 
Clauss method (MDA Fibriquik reagent) and D-dimers using a homogenous latex particle 
based immunoassay (BioMerieux MDA D-dimer kit). 
 
Statistical Analysis 
Numerical values in the tables for HRV indices are expressed as median and inter-quartile 
range. Baseline values, measured on each exposure day for each subject were compared by 
ANOVA. Statistical significance was defined by a P value <0.05. 
Changes from the baseline values in HRV indices following each exposure were examined 
using general linear model repeated measures analysis (SPSS version 11). Within subject 
factors were the time-points: baseline, post exposure and 4 hours post-exposure. Between 
subjects factors were the exposure and the subject. In this way the effects of pure air and 
carbon, pure air and carbon plus SO2 and pure air and SO2 were compared. 
Values for SDNN, RMSSD, pNN50, HF and LF power were not normally distributed and 
were therefore logged (base10) before analysis. In all cases the graphs display change from 
baseline as mean and 95% confidence intervals. 
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A further general linear model repeated measures analysis was employed in order to 
investigate the interactions between air, carbon and SO2. This second analysis used exposure 
to carbon, exposure to SO2, subject and group as between subject factors. Testing the 
interaction terms in this analysis also allowed us to look for differences in the responses 
between the normal subjects and the patients. 
 
Statistical Power 
Based on previous results, the study was designed to give 80% power to detect a difference of 
one standard deviation in RMSSD at a significance level of 5%.  
 
Results 
 
LABORATORY HRV 
Baseline HR, blood pressure and HRV measures within each group were not significantly 
different on each exposure day (Tables 2 and 3). Baseline RR interval and all measures of 
HRV were higher in the patients with coronary artery disease, probably as a result of beta-
blockade (Tables 2 and 3). 
In healthy subjects, exposure to carbon particles resulted in an immediate small increase in 
RR interval, SDNN and RMSSD that was significantly different to changes observed 
following exposure to air alone (Table 2, Figure 1A). LF power was increased compared to 
air and although there was a similar rise in HF power this did not reach statistical significance 
(Fig.1B). Blood pressure was unchanged. At four hours after exposure to carbon particles, 
changes in HRV measures were no longer significantly different from those following air 
exposures (Table 2, Fig. 2A & 2B). 
Immediately after sulphur dioxide exposure there were no significant changes in HRV. By 4 
hours however, there were reductions in RR interval and in SDNN, RMSSD and pNN50, 
which were significantly different from the changes following exposure to air alone (Fig. 
2A). There was a similar change in high frequency power although this did not reach 
statistical significance (Fig. 2B). Changes in α-HF and α-LF following pollutant exposure 
showed that compared to air, baroreflex sensitivity was also reduced 4 hours following 
exposure to sulphur dioxide (Table 2, Fig. 2B). 
In the initial analysis, the changes in HRV with carbon and sulphur dioxide in combination 
followed a similar pattern to those with SO2 alone but did not reach statistical significance. 
The second repeated measures analysis (in which exposure to carbon and exposure to SO2 
were entered as between subjects factors), revealed a significant interaction between carbon 
and SO2, such that the effect of SO2 on HRV appeared to be modulated by the presence of 
carbon (p<0.001 for RMSSD and <0.005 for SDNN). 
In patients with coronary artery disease, the changes in HR, blood pressure and all HRV 
measures following pollutant exposure did not differ significantly from those following 
exposure to air (Table 3). When the two patient populations were compared by multiple 
comparison analysis, the group responses to exposure were significantly different with little 
or no response in the patients with coronary disease (p<0.001 for RMSSD and <0.001 for 
SDNN). 
 
COMPLETE BLOOD COUNT 
There were no significant changes in haemoglobin, platelet count or aggregation or 
differential white cell count at 4 or 24 hours following pollutant exposure. 
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HIGH RESOLUTION CRP AND COAGULATION MARKERS 
Baseline values of CRP were higher in patients with coronary artery disease than in the 
healthy subjects: 3.95 ± 0.22 vs. 2.21 ± 0.35. (P < 0.01) Baseline hrCRP values did not differ 
significantly between study days. There were no significant changes in hrCRP in response to 
any pollutant exposure in either the healthy volunteer group or the patient group. Similarly, 
there was no evidence of a significant effect of any pollutant on levels of fibrinogen or d-
dimer. 
Discussion 
 
HEART RATE VARIABILITY 
 
These results suggest that short-term exposure to sulphur dioxide causes a decrease in 
measures of cardiac vagal control and baroreflex sensitivity in healthy humans. The effect 
was observed 4 hours following exposure to SO2 at 200ppb, a concentration 
frequently encountered during pollution episodes. This result is consistent with the 
findings of a number of observational studies such as APHEA II in which daily hospital 
admissions for ischaemic heart disease were independently associated with changes in daily 
levels of SO2.[4] A fall in ambient sulphur dioxide in Hong Kong following changes in fuel 
composition was also associated with a substantial (2%) decrease in annual 
cardiovascular mortality.[8] Indirect support that these effects are mediated by changes in 
cardiac autonomic control comes from a German panel study, which showed an independent 
association of heart rate with ambient SO2 concentration.[12] The results of our challenge 
study now provide direct evidence that sulphur dioxide exerts autonomic effects that are well 
known to increase susceptibility to ventricular arrhythmias.[10, 22] 
The observed changes in cardiac vagal activity are likely to have resulted from upper airway 
receptor stimulation. Sulphur dioxide is a highly soluble gas and at the concentrations used in 
this study, would not be expected to penetrate the respiratory system beyond the trachea.[23] 
SO2 is however, known to be able to activate rapidly adapting receptors and C-fibres in the 
upper airway and induce local airway narrowing by stimulation of sensory mucosal nerve 
endings.[24] The lack of change in CRP and pro-coagulant activity support a direct neural 
effect rather than effects secondary to a systemic inflammatory response. Further research is 
required to elucidate the site and time course of sulphur dioxide’s influence on autonomic 
control. 
We have also demonstrated that exposure to pure carbon particles results in immediate but 
transient alterations in cardiac autonomic control. The nature of this change in cardiac 
autonomic control, a bradycardia and increases in HRV measures of cardiac vagal activity is 
not in accord with the results of observational studies. Most of these suggest that high levels 
of particulate matter are associated with an increase in heart rate and a reduction in heart rate 
variability.[25-27] Furthermore, a recent human challenge study showed that concentrated 
ambient particle exposure results in an immediate reduction in HRV.[13] The apparent 
discrepancy between these data and our results must lie in the nature of the particles. Whether 
it is particle size or composition that determines toxicity remains contentious.[28] Ambient 
particles are complex mixtures of elemental carbon, organic molecules and highly 
reactive species such as transition metals, which have been implicated as a cause of adverse 
health effects. This issue was addressed in our study by the use of particles of a similar size 
to the products of vehicle combustion but composed of elemental carbon alone. Our findings 
would suggest that in humans, pure elemental carbon particles of equivalent size to those 
derived from combustion, exert a small vagal stimulatory, rather than inhibitory action. Such 
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an effect is unlikely to predispose to ventricular tachyarrhythmia and sudden death. These 
results provide indirect evidence that it is the non carbon content of particles that exert 
adverse cardiovascular effects. 
The lack of any change in HRV in response to pollutant exposure in patients with coronary 
artery disease requires explanation. This finding contrasts with the effects observed in normal 
volunteers and with the widely held view that air pollution predominantly affects high risk 
individuals such as those with existing coronary artery disease. We were surprised by this 
finding but we believe that the different HRV response to exposure between the two groups 
was a result of drug therapy rather than an inherent difference in susceptibility to the effects 
of air pollutants. A high proportion of our patients were taking beta-blockers, which are 
known to exert powerful effects on HRV, increasing indices of cardiac vagal control. [29] In 
addition we cannot exclude possible effects of statins and aspirin on both HRV indices and 
inflammatory responses. The potential masking of responses to pollutants by drugs illustrates 
the difficulty of human research in this area but drug withdrawal poses ethical dilemmas and 
arguably makes the experimental protocol less relevant to real-life exposure.  
 
INFLAMMATION AND COAGULATION 
The adverse influence of sulphur dioxide exposure on cardiac autonomic control cannot be 
attributed to a systemic inflammatory response. None of our pollutant exposures was 
accompanied by a systemic acute-phase or coagulant response. Epidemiological studies have 
shown a significant association between both sulphur dioxide and ambient particle 
concentrations and values of plasma CRP and viscosity.[11, 30] As concentrations of these 
pollutants often rise and fall in parallel, it is difficult to determine the culprit pollutants from 
such studies. This requires controlled human exposure studies. Exposure of healthy 
volunteers to diesel exhaust, results in pulmonary inflammation and an increase in circulating 
platelets, neutrophils and adhesion molecules.[14] Similar changes, including an increase in 
fibrinogen, occur after experimental exposure to concentrated ambient particles.[31] The 
results we present are therefore an important negative finding and suggest that the 
inflammatory response to fine particles is likely to depend on their composition. The presence 
of reactive species such as transition metals may be necessary to cause adverse 
cardiovascular effects. Consistent with our results, exposure to pure carbon particles in 
animal studies does not evoke an inflammatory response.[32] Such a response was dependent 
upon the bioavailability of transition metals.[33] 
 
LIMITATIONS 
The lack of significant reductions in HRV in response to carbon particles is an important 
negative finding. The size of an effect on HRV that could be excluded (with >80% certainty) 
according to the statistical power of this study was one of 1.9 times and 1.3 times the change in 
response to air for HF power and RMSSD respectively. Clearly smaller changes than this in 
cardiac autonomic tone cannot be excluded.   As there is no definable ‘threshold’ effect for a 
change in cardiac autonomic control, even very small reductions in HRV measures of vagal 
activity might reflect changes that are enough to increase the chances of an arrhythmic event 
occurring in a susceptible subject.   
 
We exposed subjects to pollutants at concentrations similar to those experienced in urban 
areas and to those that have been associated with mortality and admissions for cardiovascular 
disease. It was not our intention to investigate the effects of pollutants at high concentrations 
experienced infrequently during severe pollution episodes but rather to explain the influence 
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that low dose pollutants have on cardiovascular mortality in urban areas on a day to day 
basis.[34] It is possible that higher concentrations and more prolonged exposures might exert 
different autonomic and inflammatory effects.[13] Our exposure duration was brief and as 
our subjects were resting during exposure, the inhaled dose might have been lower than that 
in an ambulatory setting. Previous exposure protocols have overcome this limitation by 
incorporating exercise to increase respiratory rate and depth. [31] This would however, have 
made the recordings of stationary ECG series difficult. Data was collected at isolated time 
points following exposure and the possibility that the peak autonomic or inflammatory effect 
of either pollutant occurred between or after these time points cannot be excluded.  
Although this study raises the possibility of an adverse effect of SO2 on cardiac autonomic 
control we cannot claim to have found strong evidence for an inflammatory or autonomic 
mechanism by which particulate air pollution increases adverse cardiovascular events. 
Alternative hypotheses, such as a direct effect on coronary arteries mediated by particles 
which may enter the circulation, cannot be excluded although as yet there is little supportive 
evidence. [35] In contrast there is a growing body of work in support of both autonomic and 
inflammatory influences of fine particles. Before rejecting these hypotheses, further research 
is required. Our results suggest that future efforts should be concentrated on possible 
autonomic effects of SO2 and on the responses to non-carbon components of ambient 
particulate matter such as transition metals.  
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 Healthy  (n=20) Coronary disease (n=20) 

Male (%) 10 (50) 17 (85) 

Mean age (range) 68 (56 -75) 63 (52-74) 

Resting Heart Rate (SD) 65 (6) 52 (7) 

Smoker (%)  4 (20)  3 (15) 

Ex-Smoker (%)  6 (30) 10 (50) 

Hypertension (%)  2 (10) 13 (65) 

Beta Blockers (%) 0 14 (70) 

Ca Antagonists (%) 1 (5) 13 (65) 

Aspirin (%) 1 (5) 17 (85) 

Statin (%) 1 (5) 18 (90) 

ACE inhibitor/Ang IIRB (%) 0 2 (10) 

 
 
 

 

 

 

 
 
 
 
 
 
 
 

Table 1 
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Air Carbon SO2 Carbon & SO2 

RR (ms) Baseline 955 (21) 984 (20) 980 (25) 973 (29) 

 1 hour 998 (22) *1059 (23) 1017 (26) 1034 (26) 

 4 hours 907 (24) 918 (23) *902 (28) 924 (28) 

MAP (mmHg) Baseline 85 (3) 83 (3) 82 (4) 82 (4) 

 1 hour 84 (4) 85 (3) 84 (3) 84 (3) 

 4 hours 80 (3) 84 (4) 83 (4) 80 (4) 

SDNN (ms) Baseline 26 (23-39) 33 (24-41) 33 (21-42) 31 (24-39) 

 1 hour 34 (27-47) *51 (34-69) 41 (27-68) 41 (26-54) 

 4 hours 26 (23-38) 31 (23-37) *26 (20-36) 30 (22-37) 

RMSSD (ms) Baseline 20 (15-28) 25 (20-28) 25 (17-38) 19 (15-24) 

 1 hour 27 (19-33) *40 (25-44) 26 (20-43) 29 (21-38) 

 4 hours 19 (15-26) 19 (14-22) *18 (9-25) 19 (15-22) 

PNN50 (%) Baseline 2 (0-6) 5 (0-8) 5 (1-14) 2 (1-4) 

 1 hour 5 (1-10) *19 (4-27) 7 (1-20) 7 (2-14) 

 4 hours 1 (0-4) 1 (0-3) *1 (0-4) 2 (1-3) 

HF power (ms2) Baseline 170 (125-355) 267 (188-422) 341 (160-622) 181 (105-375) 

 1 hour 330 (183-528) 749 (428-1209) 213 (116-805) 295 (195-753) 

 4 hours 134 (88-364) 195 (101-312) 150 (50-419) 137 (68-338) 

LF power (ms2) Baseline 68 (46-135) 85 (42-141) 65 (39-149) 99 (57-118) 

 1 hour 165 (83-209) *333 (194-516) 214 (72-676) 141 (126-239) 

 4 hours 106 (59-151) 89 (56-135) 70 (50-101) 87 (53-194) 

α-HF Baseline 9.6 (6.3-9.9) 8 (6.3-9.6) 7.9 (6.0-10.1) 6.3 (4.7-11.5) 

 1 hour 7.5 (7.0-10.2) 9.2 (5.7-15.8) 6.1 (5.0-10.2) 8 (5.5-10.5) 

 4 hours 6.7 (5.0-9.9) 5.7 (5.1-7.1) *4.4 (2.8-6.3) 4.7 (3.1-6.4) 

α-LF Baseline 4.7 (4.4-5.5) 5.4 (4.5-9.1) 7.9 (5.6-10.6) 5.9 (5.1-6.4) 

 1 hour 6.1 (3.8-7.9) 10.1 (6.1-14.7) 6.9 (5.1-8.9) 8.9 (5.3-10.2) 

 4 hours 5.5 (3.4-8.5) 5 (3.4-7.4) *3.6 (2.5-4.1) 5.2 (3.8-9.3) 

Table 2 
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Air Carbon SO2 Carbon & SO2 

RR (ms) Baseline 1145 (44) 1094 (45) 1098 (45) 1093 (41) 

 1 hour 1167 (48) 1140 (51) 1142 (49) 1141 (44) 

 4 hours 1081 (41) 1004 (47) 991 (46) 1034 (38) 

MAP (mmHg) Baseline 82 (5) 75 (2) 77 (5) 77 (5) 

 1 hour 83 (4) 78 (3) 79 (3) 79 (3) 

 4 hours 79 (3) 75 (3) 76 (3) 76 (3) 

SDNN (ms) Baseline 33 (30-56) 39 (30-46) 35 (30-49) 38 (30-53) 

 1 hour 48 (39-58) 48 (33-53) 42 (34-58) 49 (37-64) 

 4 hours 30 (28-53) 35 (25-53) 37 (22-45) 34 (27-49) 

RMSSD (ms) Baseline 35 (28-57) 29 (26-45) 32 (26-47) 35 (23-43) 

 1 hour 40 (28-53) 35 (26-50) 32 (20-53) 48 (26-55) 

 4 hours 26 (18-45) 27 (19-34) 27 (16-34) 31 (17-49 

PNN50 (%) Baseline 15 (5-19) 6 (3-17) 8 (5-23) 14 (3-22) 

 1 hour 20 (5-36) 14 (5-29) 11 (2-32) 28 (5-37) 

 4 hours 16 (1-21) 8 (1-15) 6 (1-14) 8 (1-16) 

HF power (ms2) Baseline 386 (251-769) 286 (130-578) 346 (236-579) 468 (222-912) 

 1 hour 670 (310-1109) 417 (285-1105) 420 (210-1249) 509 (239-1081) 

 4 hours 188 (130-931) 192 (84-580) 219 (102-686) 228 (79-348) 

LF power (ms2) Baseline 128 (78-242) 174 (76-212) 117 (73-275) 125 (90) 

 1 hour 141 (84-303) 266 (153-340) 122 (68-361) 155 (93-360) 

 4 hours 157 (88-259) 111 (53-340) 121 (85-301) 129 (49-361) 

 

 

 

 

Table 3 
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Legend Table 1: Baseline characteristics of the two study groups 
 
 
Legend for Table 2: HRV and BRS values for 20 healthy volunteers before and after 

exposures to air and pollutants. For normally distributed variables RR interval and MAP 

values are mean (SEM). For non-parametric data the values given are median (inter-quartile 

range).  * P < 0.05: change from baseline with pollutant, compared to change with air, 

repeated measures analysis 

Legend Table 3: HRV and BRS values for 20 patients with coronary artery disease before 

and after exposures to air and pollutants. For normally distributed variables RR interval and 

MAP values are mean (SEM). For non-parametric data the values given are median (inter-

quartile range).  Changes from baseline values following pollution exposure were not 

significantly different to those following air exposure. † P < 0.05: difference between values 

for patients vs healthy volunteers (non-paired t-test).  

Legend Figure 1: Changes from baseline in A: time domain values of HRV and B: 

frequency domain variables of HRVand baroreflex sensitivity; for 20 healthy volunteers 

immediately following exposure to pollutant or air. Bars represent the change in mean, error 

bars show 95% confidence intervals. * P < 0.05: change from baseline with pollutant, 

compared to change with air, repeated measures analysis 

Legend Figure 2: Changes from baseline in A: time domain values of HRV and B: 

frequency domain variables of HRVand baroreflex sensitivity; for 20 healthy volunteers 4 

hours after exposure to pollutant or air. Bars represent the change in mean, error bars show 

95% confidence intervals. * P < 0.05: change from baseline with pollutant, compared to 

change with air, repeated measures analysis. 
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Figure 1 A 
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Figure 1 B 
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Figure 2 A 
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Figure  2B 
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