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Abstract

Objectives—Short-term elevation of ambient particulate air pollution has been associated with 

autonomic dysfunction and increased systemic inflammation, but the interconnections between 

these pathways are not well understood. We examined the association between inflammation and 

autonomic dysfunction and effect modification of inflammation on the association between air 

pollution and heart rate variability (HRV) in elderly subjects.

Methods—25 elderly subjects in Steubenville, Ohio, were followed up to 24 times with repeated 

30-min ECG Holter monitoring (545 observations). C-reactive protein (CRP), fibrinogen, 

interleukin-6 (IL-6), soluble inter-cellular adhesion molecule 1 (sICAM-1), and white blood cell 

and platelet counts were measured in peripheral blood samples collected in the first month of the 

study. Increased systemic inflammation was defined for subjects within the upper 20% of the 

distribution for each marker. A central ambient monitoring station provided daily fine particle 

(PM2.5) and sulphate (SO4
2−) data. Linear mixed models were used to identify associations 

between inflammatory markers and HRV and to assess effect modification of the association 

between air pollution and HRV due to inflammatory status.

Results—A 5.8 mg/l elevation in CRP was associated with decreases of between −8% and −33% 

for time and frequency domain HRV outcomes. A 5.1 μg/m3 increase in SO4
2− on the day before 
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the health assessment was associated with a decrease of −6.7% in the SD of normal RR intervals 

(SDNN) (95% CI −11.8% to −1.3%) in subjects with elevated CRP, but not in subjects with lower 

CRP (p value interaction=0.04), with similar findings for PM2.5.

Conclusions—Increased systemic inflammation is associated with autonomic dysfunction in the 

elderly. Air pollution effects on reduced SDNN are stronger in subjects with elevated systemic 

inflammation.

Introduction

Acute exposure to ambient air pollution has been associated with autonomic dysfunction as 

reflected by decreased heart rate variability (HRV)1–9 and increases in heart rate.231011 

Pollution-related increases in blood pressure are thought to be mediated through both 

autonomic and inflammation/oxidative stress-induced endothelial dysfunction.12–17 While 

pollution effects on autonomic dysfunction have usually been considered separately from 

their effects on inflammation, it is possible that pollution can lead to autonomic dysfunction 

through inflammation and oxidative stress. Alternatively people with chronic inflammatory 

diseases may be more vulnerable to the autonomic effects of pollution. Chronic 

inflammation, a hallmark of both type 2 diabetes and coronary artery disease, is predictive 

of increased risk of coronary events.18 It is hypothesised that patients with diabetes are more 

vulnerable to the clinical and subclinical cardiovascular effects of pollution because of their 

chronic ongoing systemic inflammation and consequent oxidative stress.19–21 In adult 

Sprague—Dawley rats, Rhoden and colleagues showed that particulate matter-induced 

oxidative stress was mediated by autonomic stimulation.22

In a repeated measures study in Steubenville, Ohio, we found that elevated levels of PM2.5 

and sulphate were associated with decreased HRV.8 In this analysis we examined whether 

baseline elevations in systemic inflammatory markers predicted reduced HRV, and whether 

systemic inflammation or a diabetes diagnosis modified susceptibility to air pollution-

associated autonomic dysfunction.

Subjects and Methods

Study population and protocol

Thirty-two non-smoking senior adults from Steubenville, Ohio participated in a study on air 

pollution and cardiovascular health during the summer and autumn of 2000. Subjects with 

pacemakers, a recent acute coronary syndrome, atrial flutter or atrial fibrillation and smokers 

were excluded. The study has been described in detail elsewhere.8 The study design was 

reviewed and approved by the Human Subjects Committees of the Brigham and Women's 

Hospital and the Harvard School of Public Health.

Study participants were seen weekly during summer (June 4–August 18) and autumn 

(September 25–December 15) of 2000. A short questionnaire on recent symptoms, hospital 

or doctor's visits and medication use was administered, followed by Holter 

electrocardiogram monitoring (SEER MC; GE Medical Systems, Milwaukee, Wisconsin, 

USA) with electrodes in a modified V5 and AVF position. The Holter monitoring protocol 

included: (1) 5 min of rest in a supine position; (2) three supine blood pressure (BP) 
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measurements (NIBP Vital Signs Monitor; Welch Allyn, Skaneateles, New York, USA); (3) 

5 min of standing with three standing BP measurements taken after 2 min; (4) 5 min of 

exercise (walking) outdoors (weather and health permitting); (5) 5 min of rest in a supine 

position; and (6) 2 min and 20 s of paced breathing.

The Holter tapes were analysed using a Marquette MARS Workstation (GE Medical 

Systems), with a 125 samples/second sampling rate following HRV guidelines.23 Reviewed 

time domain HRV measures included the SD of normal RR intervals (SDNN), the mean 

square of differences between adjacent RR intervals (r-MSSD), and the per cent of RR 

intervals more than 50 ms different from the prior interval (PNN50). Frequency domain 

HRV measures included low frequency power and high frequency power. All HRV 

parameters and average heart rate were obtained for the whole protocol and for each 

separate interval.

Air pollution concentration and meteorological measurements

We collected 24 h integrated PM2.5, SO4
2−, elemental carbon and gaseous pollutant (O3, 

NO2, SO2) samples beginning at 09:00 h each day (except Saturday) using a Harvard multi-

pollutant monitor.24 PM2.5 was measured gravimetrically. The filters were analysed by 

CONSOL Energy Inc. Research and Development (South Park, Pennsylvania, USA), SO4
2−, 

O3, NO2 and SO2 through ion chromatography and elemental carbon filters through thermal 

optical transmission.

Temperature, relative humidity and dew point were obtained from a centrally located 

ambient monitoring site at the Franciscan University of Steubenville operated by CONSOL. 

Apparent temperature was calculated as: −2.653+(0.994×Ta)+(0.0153×Td2), where Ta is the 

air temperature and Td is the dew point.

Blood collection and analysis

A blood sample was drawn from 25 subjects during the fourth week of the summer session. 

Each sample was analysed promptly for white blood cell count (WBC) using a Coulter Gen 

S System (Beckman Coulter, Fullerton, California, USA). The remaining plasma was 

extracted, preserved at −80°C, and shipped to the Clinical and Epidemiologic Research 

Laboratory at Boston Children's Hospital. Samples stored with sodium citrate were analysed 

for hs-CRP using immunoturbidimetric assays on the Roche Diagnostics Hitachi 917 system 

(Indianapolis, Indiana, USA) with reagents and calibrations from Denka Seiken (Niigata, 

Japan). IL-6 and sICAM-1 were analysed using ELISA assays from R&D Systems 

(Minneapolis, Minnesota, USA). The concentration of fibrinogen was determined using an 

immunoturbidimetric assay on the Hitachi 917 analyser (Roche Diagnostics), using reagents 

and calibrators from Kamiya Biomedical (Seattle, Washington, USA).

Statistical methods

We examined the associations between levels of baseline inflammatory markers and log-

transformed HRV parameters and heart rate over the entire 30-min protocol with linear 

mixed models including random subject effects, inflammatory marker (one at a time), age, 

gender, race, body mass index (BMI, kg/m2), season, time of day, apparent temperature, and 
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a first-order auto-regressive process for the within-subject residuals.25 The inflammatory 

markers were considered as continuous and as dichotomous variables. We defined a blood 

marker as high if it was greater than the 80th percentile within the population.

Effect modification of the association between air pollution and HRV by inflammatory 

status was examined in regression models including interaction terms between air pollution 

effects and inflammation marker category, with increased inflammation defined as a subject-

specific condition. With a total of 25 subjects, subjects with the five highest CRP 

measurements were compared to those with the lowest 20 measurements. Based on the 

results from the main analysis, interaction models are restricted to CRP, fibrinogen and 

platelets as effect modifiers. In addition, as subjects with diabetes usually have increased 

chronic inflammation, diabetes was also evaluated as a possible effect modifier.

Results are reported as estimated per cent difference (and 95% CI) in HRV or heart rate 

associated with an IQR increase in inflammatory marker and, in case of binary markers, as 

per cent difference between the higher category and the lower category. For the effect 

modification analysis (interaction model), the estimated per cent differences associated with 

an IQR increase in air pollution are reported by level of inflammatory marker. All analyses 

were performed with SAS software version 9.1.

Sensitivity analyses

To check whether the association between a subject's level of inflammatory marker and 

HRV measurement is decreasing with time after blood draw, we included the time (in 

weeks) between blood draw and electrocardiogram and an interaction term between the time 

and blood marker levels in the model.

We also repeated both the main and the interaction analysis while excluding the subject with 

the highest CRP level of 23.4 mg/l and excluding the two male study participants.

Results

Study population

The distribution of the baseline blood marker levels for the 25 subjects is shown in table 1. 

We used 9.0 mg/l CRP (80th percentile) as a cut-point to divide the population according to 

inflammatory status. Although the correlation between CRP and fibrinogen is high in this 

population (Pearson's correlation coefficient=0.74), only two subjects are in the subgroups 

with levels above the 80th percentile for both CRP and fibrinogen.

The 25 subjects with measured blood markers completed a total of 552 health visits, with an 

average of 22 visits (range 11–24) per subject (table 2). The mean age at screening was 72 

years; 92% of the participants were female and 72% were white. Most participants (76%) 

had one or more cardiovascular conditions, 26% had diabetes and 72% were on one or more 

medications (table 2). Sixteen subjects (64%) with a BMI greater than 30 kg/m2 were 

classified as obese and six subjects (24%) with a BMI between 25 and 30 kg/m2 were 

classified as over-weight. All cardiovascular diagnoses and diseases were more frequent in 
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the group with high CRP levels. The distribution of diagnoses was more even between 

groups with stratification by fibrinogen and platelet count (results not shown).

Ambient air pollutant concentrations

A detailed assessment of the air pollution situation in Steubenville is reported elsewhere.8 

Ambient concentrations of the measured criteria gases were moderate in Steubenville 

(average concentration: 6.0 ppb NO2, 0.4 ppb SO2 and 12.1 ppb O3), while ambient fine 

particle and sulphate concentrations were relatively high with averages of 19.7 μg/m3 and 

6.9 μg/m3 and IQR of 13.4 μg/m3 and 5.1 μg/m3, respectively.

Heart rate variability measurements

All HRV measures were considerably lower and heart rate was slightly higher within the 

group with higher CRP, fibrinogen and platelet levels (see online table 1).

Adjusted for demographic and meteorological covariates, time and frequency domain HRV 

parameters including SDNN, r-MSSD, PNN50, high frequency power and low frequency 

power were negatively associated with levels of CRP, fibrinogen and platelets (table 3). For 

example, R-MSSD change was −29.4% (95% CI −50% to −0.4%, p=0.047) with each IQR 

increase in baseline fibrinogen (1.2 g/l). WBC, IL-6 and sICAM-1 levels were not 

associated with changes in HRV Heart rate was slightly elevated with increased levels of 

fibrinogen, WBC and platelets. For example, heart rate was elevated by 3.9% (95% CI 

−3.7% to 12.0%, p=0.32) with each IQR increase in baseline fibrinogen.

Considering blood marker levels as dichotomous variables, the pattern was very similar 

(figure 1). For example, SDNN was 24.7% lower (95% CI −41.1% to −3.7%, p=0.024) for 

subjects with high CRP compared to subjects with CPR levels up to 9.0mg/l, and r-MSSD 

was 41.5% lower (95% CI −68.2% to 7.9%, p=0.087) for subjects with high CRP.

In sensitivity analyses, to evaluate whether the effects of inflammatory markers on HRV 

decreased with the amount of time elapsed between blood test and electrocardiogram, we 

checked for interactions between the weeks since blood test and the inflammatory markers 

but found no consistent patterns. Exclusion of the subject with the highest CRP level and 

exclusion of the two male participants did not lead to any essential changes in results.

Effect modification

The estimates for the effects of pollution on per cent change in almost all HRV outcomes 

and heart rate were higher for those subjects with elevated CRP, but effect modification by 

CRP level only reached statistical significance (p<0.05) for the effect of SO4
2− with the 

outcome SDNN (figure 2(a); see online table 2). Subjects within the upper 20% of the CRP 

distribution showed a −6.1% change in SDNN (95% CI −11.6 to −0.2) associated with 

increased PM2.5 (p value of interaction=0.09) and a −6.7% change in SDNN (95% CI −11.8 

to −1.3) associated with increased SO4
2− (p value of interaction=0.04). Subjects with CRP 

levels ≤80th percentile showed very little response to increased levels of PM2.5 and 

sulphate. We did not find any effect modification on the other HRV parameters or heart rate, 

although most point estimates were stronger in the group with high CRP. Exclusion of the 

Luttmann-Gibson et al. Page 5

Occup Environ Med. Author manuscript; available in PMC 2015 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subjects with the highest CRP value (23.4 mg/l) did not change the results. Elevations in 

fibrinogen increased only the association between air pollution exposure and heart rate but 

did not modify the associations between air pollution and HRV We did not find any effect 

modification of high platelet count on the relationship of pollution with any of the 

cardiovascular outcomes (results not shown). Associations between air pollution and HRV 

and heart rate were consistently stronger among the subjects with diabetes, and reached 

statistical significance for high frequency power and borderline significance for r-MSSD 

(figure 2(b); see online table 2). We did not find any effect modification of blood markers 

with elemental carbon or any of the gases (results not shown).

Discussion

In elderly subjects living in Steubenville, Ohio, we found that elevated levels of baseline 

CRP and fibrinogen, biomarkers of chronic inflammation, and higher platelet counts were 

associated with subsequent reduced HRV and increased heart rate in a repeated measures 

study focused on the physiological effects of air pollution. We also found stronger 

associations between particulate air pollution and some autonomic HRV endpoints in 

subjects with elevated CRP and stronger associations between particles and elevated heart 

rate in subjects with increased fibrinogen levels, suggesting that subjects with increased 

systemic inflammation are more susceptible to the adverse effects of short-term air 

pollution.

While many studies have linked chronic inflammation to autonomic dysfunction, and air 

pollution to acute inflammatory changes, less is known about whether chronic inflammation 

primes the system for an increased autonomic dysfunction in response to air pollution 

(figure 3). Prior studies have demonstrated relationships between elevated markers of 

systemic inflammation and decreased HRV/increased heart rate (figure 3 (1)) both in 

patients with cardiovascular conditions2627 and healthy populations. 28–32 In a recent 

review, Haensel and co-authors concluded that inflammatory markers and HRV are 

inversely correlated based on the results of 13 studies on inflammation and HRV.33 Air 

pollution exposure has been associated with both increased levels of inflammatory blood 

markers34–38 (figure 3 (2)) and decreased cardiac autonomic function2378 (figure 3 (3)). In 

another repeated measures study, chronic illnesses associated with chronic inflammation 

(eg, diabetes and obesity) increased the risk of acute inflammatory responses to elevated air 

pollution.39 In this analysis, we also investigate the relationship between systemic 

inflammation and pollution-related HRV changes (figure 3 (4)).

Our greatest limitation is the size of the population, limiting power to detect significant 

interactions, despite the strong consistent point estimates for the pollution associations with 

reduced HRV for those with elevated CRP. Small numbers and a predominantly female 

study population may also limit generalisability of study findings. As three of the six 

subjects with diabetes also had increased CRP, it is not surprising that effect modification by 

diabetes led to similar results as effect modification by CRP level, but we did not have the 

power to distinguish effect modification by CRP level from effect modification by diabetes. 

Finally, our study was limited in that we did not repeat elevated CRP levels to confirm that 

they were reproducible and represented the chronic state rather than response to an acute 
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inflammatory condition. However, despite the potential for misclassification, a number of 

large epidemiological studies40–44 including the Framingham Study45 have effectively used 

baseline measures of CRP as predictors of long-term adverse cardiac outcomes. Overall, 

CRP was found to be very consistent and reproducible over up to 12 years in a prospective 

longitudinal study on cardiovascular disease.46

Our upper 20th percentile for CRP (9 mg/l) was comparable to the 10 mg/l cut-point for 

CRP levels found in the Framingham Study to predict increased cardiac risk.45 Fibrinogen 

levels are less standardised and more variable, absolute cut-off points are subsequently less 

comparable, and studies using fibrinogen to predict cardiac risk have more variable 

results.18 In a meta-analysis of 31 prospective studies from Europe, North America and 

Japan, increases of 1.0 g/l in fibrinogen were associated with more than twofold increased 

risks of coronary heart disease and stroke.47 Fibrinogen levels are linked to thrombosis as 

well as to inflammation, and haemostatic factors are well known to influence cardiac risk.48 

A recent Italian study found that short-term air pollution levels were associated with reduced 

prothrombin time49 and chronically elevated air pollution levels predicted reduced 

prothrombin time as well as increased risk of deep venous thrombosis.50 We found that 

higher platelet counts predicted autonomic dysfunction. Increased mean platelet volume, a 

known risk factor for adverse coronary outcomes, may reflect increased platelet activation or 

increased numbers of large, hyperaggregable platelets. Ozdemir and colleagues found that 

increased mean platelet volume was correlated with autonomic dysfunction and with acute 

myocardial infarct.

In summary, this study suggests that chronic systemic inflammation is linked to autonomic 

dysfunction and may also increase vulnerability to the autonomic effects of outdoor air 

pollution. In the Normative Ageing Study, statins were found to reduce the adverse effects 

of particle pollution on heart rate variability.52 It is possible that control of chronic 

inflammation in cardiac disease and in diabetes will protect these vulnerable patients from 

the adverse autonomic effects of air pollution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What this paper adds

▸ While links between chronic inflammation and autonomic dysfunction and 

between air pollution and acute inflammatory and autonomic changes are 

well established, less is known about whether chronic inflammation increases 

the extent of autonomic responses to air pollution.

▸ This paper confirms that increased systemic inflammation, defined by 

elevated levels of C-reactive protein, fibrinogen and platelets, is associated 

with autonomic dysfunction in the elderly.

▸ Stronger air pollution effects on reduced SD of normal RR intervals were 

observed in subjects with elevated systemic inflammation and in subjects 

with diabetes.
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Figure 1. 
Estimated per cent changes (95% CIs) in heart rate variability parameters and heart rate 

associated with baseline blood marker levels in the upper 25% of the distribution.
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Figure 2. 
Estimated per cent changes (95% CIs) in heart rate variability parameters and heart rate 

associated with an IQR increase in exposure (13.4 μg/m3 for PM2.5 and 5.1 μg/m3 for 

SO4
2−) by inflammatory status (a) and by diabetes (b) (interaction models). *p<0.10, 

†p<0.05 for interaction effect.
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Figure 3. 
Schematic associations between cardiovascular outcomes and air pollution. Inflammation 

has direct effects on heart rate variability (HRV) and heart rate (1). Air pollution has direct 

effects on inflammation (2) and HRV/heart rate (3). Finally, inflammation modifies the 

association of pollution with HRV (4).
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Table 2
Participant characteristics (n=25)

All subjects
(n = 25)

CRP≤9.0 mg/dl
(n = 20)

CRP>9.0 mg/dl
(n = 5)

Mean (range)

Number of visits 22 (11–24) 22 (11–24) 22 (21–23)

Age, years 72.4 (55–90) 71.5 (55–87) 75.8 (63–90)

BMI (kg/m2) 32.3 (23–47) 32.3 (23–47) 32.4 (25–39)

N (%) N (%) N (%)

Gender

 Male 2 (8) 2 (10) 0 (0)

 Female 23 (92) 18 (90) 5 (100)

Race/ethnicity

 Black 7 (28) 6 (30) 1 (20)

 White 18 (72) 14 (70) 4 (80)

Diagnoses

 Angina 4 (16) 3 (15) 1 (20)

 Myocardial infarct 4 (16) 1 (5) 3 (60)

 Coronary artery disease* 7 (28) 4 (20) 3 (60)

 Congestive heart failure 4 (16) 2 (10) 2 (40)

 Diabetes 6 (24) 3 (15) 3 (60)

 Hypertension 18 (72) 14 (70) 4 (80)

 Chronic obstructive pulmonary disease 7 (28) 4 (20) 3 (60)

Medication use†

 Beta blocker 10 (40) 7 (35) 3 (60)

 Calcium channel blocker 9 (36) 8 (40) 1 (20)

 Statin 6 (24) 3 (15) 3 (60)

 ACE inhibitors 10 (40) 6 (30) 4 (80)

 Digoxin 2 (8) 0 (0) 2 (40)

 Any of the above listed medications 18 (72) 13 (65) 5 (100)

*
Angina or myocardial infarct.

†
Medication use is defined as reported at least once during the study.

BMI, body mass index; CRP, C-reactive protein.
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