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Abstract

:

As a non-invasive method, heart rate variability (HRV) has been widely used to study cardiovascular autonomous control. Environmental epidemiological studies indicated that the increase in an average concentration of particulate matter (PM) would result in a decrease in HRV, which was related to the increase of cardiovascular mortality in patients with myocardial infarction and the general population. With rapid economic and social development in Asia, how air pollutants, such as PM of different sizes and their components, affect the cardiovascular health of older people, still need to be further explored. The current study includes a 72 h personal exposure monitoring of seven healthy older people who lived in the Taipei metropolitan area. Mobile equipment, a portable electrocardiogram recorder, and the generalized additive mixed model (GAMM) were adopted to evaluate how HRV indices were affected by size-fractionated PM, particle-bound polycyclic aromatic hydrocarbons (p-PAHs), black carbon (BC), and carbon monoxide (CO). Other related confounding factors, such as age, sex, body mass index (BMI), temperature, relative humidity (RH), time, and monitoring week were controlled by fixed effects of the GAMM. Statistical analyses of multi-pollutant models showed that PM2.5–10, PM1, and nanoparticle (NP) could cause heart rate (HR), time-domain indices, and frequency-domain indices to rise; PM1–2.5 and BC would cause the frequency-domain index to rise; p-PAHs would cause HR to rise, and CO would cause time-domain index and frequency-domain index to decline. In addition, the moving average time all fell after one hour and might appear at 8 h in HRVs’ largest percentage change caused by each pollutant, results of which suggested that size-fractionated PM, p-PAHs, BC, and CO exposures have delayed effects on HRVs. In conclusion, the results of the study showed that the increase in personal pollutant exposure would affect cardiac autonomic control function of healthy older residents in metropolitan areas, and the susceptibility of cardiovascular effects was higher than that of healthy young people. Since the small sample size would limit the generalizability of this study, more studies with larger scale are warranted to better understand the HRV effects of simultaneous PM and other pollution exposures for subpopulation groups.
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1. Introduction


Over the past decades, cardiovascular disease (CVD), cerebrovascular disease, and cancer have become the top causes of death in Taiwan, in the meantime, the rising trend of cardiovascular disease morbidity and mortality have gradually been the focus of public health policy and epidemiological research in Asian countries [1,2]. Environmental cardiology has been an important field for public health practitioners and clinical researchers to explore the environmental risk factors of CVD and provide useful medical knowledge. However, the cause of CVD is very complex as it could be connected with genetic characteristics and environmental factors. After reviewing over 400 Asian epidemiological studies published in scientific journals in English to explore the health impact of outdoor air pollutants since 1980, Su et al. found that over half of these studies focused on the impact of air pollutants on respiratory diseases, and only about 50 studies assessed the short-term air pollutant exposure on the cardiovascular system [3]. Most Asian cardiologists did not have sufficient knowledge and information about the relationship between CVD and air pollutants compared with their counterparts in the United States and Europe [3,4].



As a non-invasive method, heart rate variability (HRV) has been widely used to study cardiovascular autonomous control. HRV indices can be analyzed in the time-domain and frequency-domain and were proven as important indicators for cardiovascular disease morbidity and mortality. Among them, power in the high-frequency range (HF) mainly reflects the parasympathetic nervous system (PNS), while power in the low-frequency range (LF) indicates the effects of the sympathetic nervous system (SNS) and PNS; and LF/HF is the indicator of global sympathetic and vagal regulation. If SNS and PNS are unbalanced, it will affect the heart contraction that could lead to cardiovascular symptoms [5,6].



Several epidemiological and animal experimental studies have found that exposure to PM2.5 (particulate matter with an aerodynamic diameter less than 2.5 μm) could increase the HRV frequency domain indices for the healthy subjects [4,7,8]. Some research also found that occupational polycyclic aromatic hydrocarbons (PAHs) exposure were positively correlated with HRV changes. When workers were exposed to PAHs, one standard deviation (SD) increase in the concentration of 1-hydroxypyrene would bring a 13.6% drop in the 5-min time-domain index SDNN (standard deviation of normal to normal (NN) intervals) [9]. In addition, carbon black (CB) has been found to have an impact on HRV in animal testing. When the mice were given ultrafine CB via trachea, both of SDNN and r-MSSD (the square root of the mean of the sum of the squares of differences between adjacent NN intervals) showed significant decreases with CB exposure of 0.6 mg/kg; mild pulmonary inflammation and myocardial injury were also observed in the group exposed to CB. It was concluded that CB might interfere with the function of the cardiac autonomic nervous system (ANS) in mice and weaken the regulation of the PNS through independent mechanisms [10].



On the other hand, as a recognized cardiovascular toxin, adverse effects of carbon monoxide (CO) range from angina pectoris at moderate exposure concentrations to myocardial infarction at high exposure concentrations [11,12]. When the concentration of carboxyhemoglobin (COHb) was 3% to 6%, adverse health effects were observed in individuals with coronary artery disease (CAD), and the ability of individuals with recurrent exercise-induced angina pectoris (chest pain) to exercise might be impaired. The rise of COHb concentration to 6% or higher also increased the number of CAD patients and the complexity of chronic arrhythmia [13]. Additionally, Tarkiainen et al. found an increase in r-MSSD in relation to acute CO exposure among subjects with stable coronary artery disease [14].



Although previous studies have pointed out that the effect of particle exposure on HRV changes could vary with particle sizes, research on how exposures to particles and its components affect cardiovascular function was limited in Asia at present [15,16,17]. Therefore, this panel study aimed to explore how the personal exposures to micro- and nano-particulate matter, particle-bound PAHs (p-PAHs), black carbon (BC), and CO would affect HRV in healthy older adults.




2. Materials and Methods


2.1. Study Design


The purpose of this study was to assess the changes in HRV caused by particulate and gaseous pollutant exposures among healthy older adults in their living microenvironments. Announcements were posted on campus to recruit volunteers. Seven healthy older people who lived in the Taipei metropolitan area voluntarily participated in the study. The participants were over 55 years old who had not been diagnosed with cardiopulmonary disease or diabetes by physicians, and they did not smoke/drink, as well as having no problems with mobility. Before the study, the research staff would explain the study contents and inform the subjects of matters needing attention. After obtaining the consent of the volunteers, they were asked to sign the consent form before sampling. This study was approved by the ethics committee of Fu Jen Catholic University (approval number C10030).



The monitoring seasons included summer, which was between August and September 2012 and winter, which was between December 2012 and January 2013. The monitoring time of each subject in each season was 3 consecutive days (144 h for 2 seasons). During the monitoring period, the subjects were assisted by the research staff in wearing, self-loading, and unloading an electrocardiogram (ECG) recorder. When the subjects took a bath or went to sleep, they could remove and self-load the ECG recorder by themselves or be assisted by the research staff. In addition, the research staff would put various portable air-pollution monitoring equipment on a 90 cm high table in the subjects’ houses, where they spent most of their time at home. When the subjects were out, they were accompanied by the research staff carrying the portable air-pollution monitoring equipment to measure personal air pollution, temperature, and relative humidity (RH) exposures. The research staff also assisted the subjects in filling in the activity log every day, which included the main location, nature of the activity, indoor ventilation status, and air quality perception. The diary interval of the activity log was 30 min, and the research staff would confirm it again to ensure the information was correct after the completion.




2.2. HRV Indices, Air Pollution, and Meteorological Monitoring


The study used a non-invasive portable ECG recorder and analyzer (model E3-8010, MSI, Taiwan) to monitor HRV at a sampling rate of 250 Hz. The time-domain parameters of HRV included r-MSSD, SDNN, and the percentage of adjacent NN intervals that differed from each other by more than 50 ms (pNN50). The frequency-domain parameters included LF, HF, total power (TP), and LF/HF. Together with heart rate (HR), all 8 parameters were calculated in 5 min segments. A trained engineer performed all analyses, and all normal and abnormal findings were checked on the basis of standard criteria to ensure quality control. Regions of noise and artifact were eliminated.



For personal air pollutant monitoring, this study employed a portable aerosol monitor (model 1.109, Grimm, Ainring, Germany) to measure PM exposures in micron-sized ranges. The equipment used light scattering effects to distinguish the particle size and quantity, and the count value was converted into mass concentration through the calculation of dust mass distribution. The study also used a miniature diffusion size classifier (DiSCmini, Matter Aerosol, Switzerland) to assess nanoparticle (NP) (20–700 nm) exposure with a detectable range of 2000 to 500,000 pt/cm3. A micro-aethalometer (model AE51, microAeth, San Francisco, CA, USA) was adopted to measure BC exposure (detection range: 0 to 1 mg/m3). A photoelectric aerosol sensor (PAS2000CE, EcoChem Analytics, League City, TX, USA) was used to measure p-PAHs exposure, where the detection range of the instrument was 0–4000 ng/m3. CO exposure was assessed by an electrochemical CO monitor with a detectable range of 0 to 500 ppm (Q-TRAK model 7575, TSI, Shoreview, MN, USA), and a heat stress monitor (QUESTemp 36, QUEST, Louisville, KY, USA) was used to take temperature and RH measurements. While carrying, the complete measurement system weighed approximately 6.6 kg. None of the participants reported time periods when the measurement devices were not with them. All of the pollutant monitoring data were selected to output data in 1 min. In addition to the routine calibration and maintenance of the instruments used in this study, the research staff also performed essential calibration for the instrument readings and flows before and after each monitoring.




2.3. Statistical Analysis


The personal air-pollution and HRV monitoring data were documented using Excel, and descriptive statistical analyses were performed with SPSS 18.0 (IBM, Armonk, NY, USA). Data were further processed based on the HRV monitoring time of each subject, and PM1 (particulate matter with an aerodynamic diameter less than 1 μm), PM2.5, PM10 (particulate matter with an aerodynamic diameter less than 10 μm), NP, BC, p-PAHs, CO, temperature, and RH values were then obtained simultaneously. In this study, the mass concentration of PM2.5–10 was the difference between the concentrations of PM10 and PM2.5. A similar approach was applied to derive the data for PM1–2.5 concentrations. In order to increase the normality and stability of HRV parameters, the natural logarithmic transformation (ln) was performed for HR, r-MSSD, SDNN, pNN50, LF, HF, TP, and LF/HF. In addition, since a part of pNN50 values were 0, the researchers needed to add 1 to all pNN50 values before the natural logarithmic transformation was performed. The addition of 1 could help the natural logarithmic transformation of pNN50 to perform smoothly [18]. In the study, statistical significance was inferred at a p-value of 0.05.



The literature review found that most environmental epidemiological studies used a linear model to assess the effects of air pollutants on human health. Since the participants of this research were all independent individuals with repeated measurements over time, and the confounding factors of the monitoring time, temperature, and humidity were nonlinear to the HRV, it was not appropriate to analyze the results with a linear model. On the other hand, a mixed model can deal with repeated measurements and treat the missing data as a random loss thus that it will not cause analysis difficulties. If a linear mixed model (LMM) is adopted, it cannot consider the high degree of nonlinearity even if it can deal with repeated measurements and missing value. As a result, this study used the generalized additive mixed model (GAMM) to solve this nonlinear, missing value processing, and individual susceptibility difference analysis of repetitive measurement data [19,20,21,22]. The overall model is given in the form:


yi = Xiβ + f1(x1i) + f2(x2i) + … + Zib + εi,



(1)




where yi is the HRV-related parameter, Xi is a fixed-effects design matrix, β is a fixed-effects vector, f is the smooth function of the covariate xk, Zi is a random-effects design matrix, b is a random-effects vector, and ε is the residual covariance matrix.



In order to assess the impact of the personal pollutant exposures on HRV indices, using the GAMM, this study put PM1, PM1–2.5, PM2.5–10, NP, BC, p-PAHs, and CO into multi-pollutant models to carry out the assessment and to control the confounding effect of other pollutants on the target pollutants. With regard to the random effect of the model, the study controlled the parameter of the subjects. In terms of fixed effects, after referring relevant literature, this study listed age, gender, body mass index (BMI), temperature, RH, time, and day of the week as confounders [17,18,23,24,25,26,27,28]. In the current study, no seasonal difference was found in the initial analysis. Thus, the factor of the season was not included in the final model to increase statistical power. The literature review also found that many studies used the hourly moving average concentration of pollutants to observe their “cumulative” health effects, and the shortest one was usually the 1 h moving average concentration [29,30]. Therefore, this study selected 9 time scales (5 min average concentration, 1, 2, 3, 4, 5, 6, 7, and 8 h moving average concentration), and the R statistical software (version 2.10.1, R Foundation for Statistical Computing, Vienna, Austria) was used to model the personal exposures of nine time scales and HRVs with the GAMM. The independent variables were personal pollutant exposures of various moving time scales, and the dependent variable was the natural logarithm of each 5 min interval HRV parameter, including ln HR, ln r-MSSD, ln SDNN, ln pNN50+1, ln LF, ln HF, ln TP, and ln LF/HF. To observe the influence of pollutants on a certain physiological index, the results were expressed with a pollutant coefficient (β) that had been obtained through model analysis using the formula: (eβ − 1) × 100% [18].





3. Results


3.1. Summary Statistics for Personal Monitoring


There were 7 subjects in this study, including 3 males and 4 females, with the age of 68.7 ± 9.0 years (mean ± SD) and a BMI of 23.6 ± 2.5 kg/m2. All subjects had no issues with mobility, and their BMI values were within the normal range. Personal exposures, including PM10, PM2.5–10, PM2.5, PM1–2.5, PM1, NP, p-PAHs, BC, CO, temperature, and RH were calculated in 5 min segments. The exposure distribution of the subjects (excluding their sleeping time) is shown in Table 1. The exposure concentrations of PM10, PM2.5, PM1, and NP were 37.72 ± 29.15 µg/m3, 29.95 ± 23.47 µg/m3, 24.44 ± 19.91 µg/m3, and 29,700 ± 46,810 pt/cm3, respectively. Personal exposures to particulate components of p-PAHs and BC were 13.22 ± 40.69 ng/m3 and 2324 ± 2152.54 ng/m3, respectively, while the CO exposure concentration was 0.67 ± 0.69 ppm. According to the Taiwan Environmental Protection Agency’s (Taiwan EPA) Indoor Air Quality Standards, the 24 h standard value of PM10 is 75 μg/m3, the 24 h standard value of PM2.5 is 35 μg/m3, and the 8 h standard value of CO is 9 ppm [31]. Given this, the mean personal exposures of PM10, PM2.5, and CO did not exceed the standard values in the current study for administrative purposes. In addition, based on the peak time of each pollutant exposure, this research determined pollution sources by referring to time-activity logs of all subjects. It has found that incense burning and cooking were the main culprits of indoor pollution, where each subject spent 30 min on average on relevant activities every day.




3.2. Effects of Personal Pollutant Exposures on HRV Indices


As shown in Table 1, the mean and SD of each HRV parameter were as follows: ln HR of 4.34 ± 0.14 beat/min, ln SDNN of 3.66 ± 0.52 ms, ln r-MSSD of 3.19 ± 0.59 ms, ln pNN50 + 1 of 1.36 ± 0.95%, ln LF of 5.24 ± 1.16 ms2, ln HF of 4.44 ± 1.21 ms2, ln TP of 6.76 ± 1.10 ms2, and ln LF/HF of 0.81 ± 0.86. In addition, the results of the multi-pollutant models could fall into four categories (Table A1, Table A2, Table A3, Table A4, Table A5, Table A6, Table A7 and Table A8). PM2.5–10, PM1, and NP led to increases in HR, time-domain indices (r-MSSD, SDNN, and pNN50 + 1), and frequency-domain indices (LF, HF, and TP), while causing a decrease in LF/HF. The main HRV effects of PM1–2.5 and BC were HR declined, time-domain indices (r-MSSD, SDNN, and pNN50 + 1) declined, frequency-domain indices (LF, HF, and TP) raised, and LF/HF raised. Exposure to p-PAHs could lead to HR rise. Finally, the main HRV impacts of CO were HR declined, time-domain indices (r-MSSD, SDNN, and pNN50 + 1) declined, and frequency-domain indices (LF, HF, and TP) declined.



In the multi-pollutant models, the significant increases in HR with the increase in the moving average concentrations were caused by 5 min and 1–4 h exposures to PM2.5–10, 1–3 h and 5-7 h PM1 exposure, 5 min, 2–5 h, and 8 h exposures to p-PAHs, and 5 min NP exposure. Meanwhile, there were 5 min and 1–8 h exposures to PM1–2.5, and 4–8 h exposures to CO that led to significant declines in HR as the moving average concentrations rose (Figure 1). As to SDNN, significant increases were caused by 5 min PM2.5–10 exposure, 7 h PM1–2.5 exposure, 1 h and 3 h PM1 exposures, 1 h p-PAHs exposure, and 4 h and 5 h exposures to NP. The significant declines in SDNN were caused by 5 min and 1 h exposures to PM1–2.5, 5 min, 1–2 h and 4–7 h CO exposures, and 1 h exposure to BC (Figure 2). For LF, the significant increases in LF were caused by 4–8 h exposures to PM1–2.5, 1 h and 4–8 h NP exposures, and 4–5 h exposures to BC; its significant declines resulted from 1 h PM1-2.5 exposure, 4–5 h exposures to PM1, 5 min exposure to p-PAHs, and 5 min and 1–7 h exposures to CO (Figure 3). Finally, the significant increases in HF with the increase in the moving average exposures were caused by 1–3 h exposures to PM2.5–10, 1–4 h, and 6–7 h exposures to PM1, and 4–5 h and 7–8 h exposures to NP. Its declines were related to 1–3 h exposures to PM1–2.5, 1–4 h and 7 h exposures to CO, 5-min NP exposure, and 1–3 h exposures to BC (Figure 4).





4. Discussion


Compared with previous research results, the pollutant exposure levels in this research were at the same order of magnitude. Chan et al. monitored 9 healthy adults and 10 seniors with pulmonary dysfunction, whose average concentrations of ultrafine particles (20–1000 nm) stood at 23,407 pt/cm3 and 25,529 pt/cm3, respectively, while the NP exposures in the current study were 29,700 pt/cm3 [23]. Jia et al. evaluated 30 older people and found that their median concentration of PM2.5 exposure was 44.09 µg/m3 compared to 23.07 µg/m3 in this research [24]. Schwartz et al. found out that the median concentrations of BC and CO exposures of 28 seniors were 1.2 µg/m3 and 0.45 ppm, respectively [25]. The median concentrations of BC and CO exposures in this research were 1.9 µg/m3 and 0.53 ppm, respectively; both are slightly higher than the research results of Schwartz et al.



In the current study, based on peak exposure and activity-log records, it was found that incense burning and cooking were the main contributing factors for indoor pollution. Huang et al. reported that indoor PM levels were associated with decreased HRV among housewives. After adjustment for confounders, an interquartile range (IQR) increase in PM2.5 was associated with statistically significant 1.25–4.31% decreases in SDNN and 0.12–3.71% decreases in r-MSSD, and these effects were stronger during stir-frying, cleaning with detergent, and burning incense [32]. Results from our study add to the growing evidence that air pollutants from incense burning and cooking can induce autonomic dysfunction in human subjects similar to those from vehicle and industrial emissions, suggesting certain caution in cooking activity and the use of incense for older people [25,27,33]. The public health implication is momentous as high levels of exposure to indoor air pollution from cooking, and incense burning are common in Asian countries [34].



Results of the multi-pollutant models of this study can be compared with the study on HRV effects of 20 healthy young adults’ commuting exposures in Taiwan [22]. The latter indicated that an increase of 1 µg/m3 in the moving average concentration of 5 min PM2.5–10 exposure would result in a significant increase of 0.055% in HR, while this study had a 0.088% increase, and a significant increase in SDNN at 0.082%, while 0.402% in this study. An increase of 1 µg/m3 in the moving average concentration of 1 h PM2.5–10 exposure would cause a significant increase of 0.169% in HR versus 0.566% in this study. A 1 µg/m3 increase in the moving average concentration of PM1–2.5 at 5 min exposure would result in a significant decrease of 0.137% in HR, while 0.175% in this study. The significant decrease in SDNN for 5 min PM1–2.5 exposure in the latter was 0.513% versus 0.726% in this study. An increase of 1 µg/m3 in the moving average concentration of 1 h PM1–2.5 exposure would cause a significant decrease of 0.994% in HR in the latter and 1.230% in this study. An increase of 1 µg/m3 in the moving average concentration of 1 h PM1 exposure would result in a significant increase of 0.125% in HR in the latter and 0.166% in this study. At last, an increase of 1 ppm in the moving average concentration of 1 h CO exposure would cause a significant decrease of 1.844% in SDNN in the latter, while 10.872% in this study. Accordingly, comparing HRV impacts caused by pollutant exposures of the two studies, it could be seen that whether in terms of PM or CO, the changes in HRV in this study were relatively large with several times the effect difference. It is suggested that the difference is due to the age of the subjects. The ability of cardiac function of the young population to adapt to the external environment is better while the older population is rather susceptible to air pollutants.



Although most studies in the past have focused on the health effects of PM10 and PM2.5, later studies have started to investigate the effects of finer size particles. Chan et al. measured the effects of finer particles in healthy adults and older patients with pulmonary dysfunction. After controlling the confounding factors such as age, gender, BMI, cigarette exposure, and temperature, it was found that for every increase of 10,000 pt/cm3 in the 2 h and 3 h moving average exposures to ultrafine particles (particle size of 0.02–1 µm), the SDNN of older patients with pulmonary dysfunction decreased significantly by 3.00% and 2.87%, and the LF decreased significantly by 5.04% and 4.35%, respectively. The SDNN (down 0.073% and 1.038%) and LF (up 1.403% and 2.027%) changes of healthy older people in this study did not reach statistical significance. The study of Chan et al. also found that every 10,000 pt/cm3 increase in the 1–3 h moving average exposures to ultrafine particles would cause a significant HF decrease of 3.61%, 5.61%, and 4.97%, respectively, for older patients with pulmonary dysfunction. Yet the HF changes in this study were not statistically significant (up 2.865%, 3.357%, and 5.910%, respectively) [23]. From the above results, it can be seen that compared with older people with pulmonary dysfunction, their healthy counterparts in this study had a small percentage in HRV change after exposure to NP, indicating that poor health conditions would increase the susceptibility of cardiovascular damage of particulate pollutants.



In addition, the review study by Weichenthal has shown that in observational studies among elderly men and healthy adults, in which exposure was assessed using personal monitoring, there was a suggestion of a negative association between parasympathetic regulation of the heart (i.e., HF, r-MSSD, pNN50) and ultrafine particles, but that the findings from studies of controlled humans exposure suggested no association. Reasons for these discrepancies may include differences in particle composition, time-point of clinical evaluation, and population susceptibilities [35]. In fact, accumulated evidence to date suggests that ultrafine particle and PM2.5 can induce acute pathophysiological responses [36]. Kan et al. proposed that pulmonary exposure to engineered nanoparticles may cause detrimental effects on the cardiovascular system by three general mechanisms: Translocation, inflammatory response, and neuronal regulation. Due to their complex nature, engineered nanoparticles may not utilize only one of the proposed mechanisms but act as some combination of the three to bring about changes in the cardiovascular system [37].



This study also found that the moving average concentrations of 1–3 h exposures to PM1 would cause a significant increase in the frequency-domain indicator HF, while the moving average concentration of 4–8 h PM1–2.5 exposure would result in the rise of the HRV indicators LF and SDNN. These results are also comparable to findings from previous research. A panel study by Wheeler et al. evaluated 18 older patients with chronic lung obstruction aged 49–76 years old. They found that after controlling BMI, temperature, RH, age, gender, drug use, week, and season, an increase of 11.65 µg/m3 in the moving average concentration of 4 h PM2.5 exposure would result in a significant increase of 35.88% in LF and a significant increase of 8.29% in SDNN [26]. Another panel study by Riediker et al. investigated nine young healthy men aged 23–30 years and found that after controlling CO, nitrogen dioxide (NO2), and RH, the 9 h PM2.5 exposure was 24.1 µg/m3, in which an increase of 10 µg/m3 would cause a significant increase in SDNN of 11.7% [33]. In addition, research by Jia et al. studied 30 older people aged between 51 and 73 years and found that with the control of gender, age, BMI, daily time, HR, temperature, RH, and activity types, every 10 µg/m3 increase in PM2.5 concentration would result in a significant increase of 1.30% in HF and a significant increase of 1.34% in LF [24]. In fact, the cardiovascular effects of PM investigated in animal studies also supported these relative findings. It was speculated that PM2.5 deposited in lungs would stimulate the C afferent fiber from bronchi to the lungs and regulate the cardiopulmonary parasympathetic reflex function. Then it would make the parasympathetic stimulation dominant, reflecting an increase in the HRV frequency-domain indices [38]. The increase in HRV indices caused by particulate exposure mainly reflects that the increase of parasympathetic activity has been confirmed to be associated with sinoatrial node dysfunction and vagal response (including potentially fatal arrhythmias and paroxysmal atrial fibrillation) [39].



In terms of HRV effects of CO exposure, the decline of SDNN, r-MSSD, and HF caused by CO in this study was consistent with findings from previous studies. Schwartz et al. studied 27 older people aged 61–89 with no symptoms of unstable angina pectoris, auricular flutter, or atrial fibrillation. It was found that after controlling the drug use status, time, days of the week, temperature, and smoking history, every increase of one IQR (0.45 ppm) in the 24 h average concentration of CO resulted in a significant decrease of 4.2% in SDNN [25]. Timonen et al. evaluated 131 older people with an average age of 68.1 years and found that after controlling temperature, RH, and days of the week, every 1 mg/m3 increase in CO exposure concentration resulted in a significant decrease of 5.69% in SDNN and 30.7% in HF [40]. Besides, results of animal studies indicated that CO could change the respiratory rhythm driven by the central nervous system, resulting in slight changes in respiratory regulation, which will then affect HRV [41,42].



After integrating the results, it was found that the average time points of maximum HRV percentage change caused by various pollutants all fell after 1 h and might appear at 8 h. It was speculated that HRV effects were delayed after exposure to size-fractionated PM, p-PAHs, BC, and CO. The delayed effects were similar to the study of Magari et al., which investigated the SDNN effect of PM2.5 exposure in 40 boiler workers aged 19–59 years and the study of Chang et al. which looked into the HRV effects of PM exposures in 15 older people [27,28]. Magari et al. found that after controlling time, smoking status, and age, the moving average time of PM2.5 appeared at 9 h when SDNN showed the maximum significant decline. Every 1000 µg/m3 increase in PM2.5 would cause a significant decrease in SDNN by 13.01%. When HR showed the maximum significant decline, the moving average time point of PM2.5 appears at 7 h. Every 1000 µg/m3 increase in PM2.5 would cause a significant decrease in HR by 9.3% [27]. Additionally, Chang et al. found that after controlling gender, age, BMI, temperature, RH, time, and disease status, PM2.5–10 had the strongest association with the time-domain index (SDNN) and frequency-domain indices (LF, HF) at different moving average time points. The most significant HRV changes in moving average point occurred during the 5–8 h periods. The strongest HRV effect occurred during the moving average time point of PM2.5–10 at 6 h. Every 1 µg/m3 increase in PM2.5–10 caused a significant decrease in SDNN by 1.43% [28].



Overall, this study found that different pollutants caused the rise or fall of HRV indices in different ways, echoing the inconsistent trend found in previous research. It was suggested that the inconsistency might be due to the two different ways of how air pollutants affect the ANS. The first is that the response of the SNS to stress leads to an increase in HR and a decrease in HRV indices, while the second is that the stimulation of the lungs and respiratory receptors leads to the enhancement of the vagal control of the cardiac autonomic rhythm, which will be reflected in the increase in HRV indices [43].



The advantage of this study lies in the short-term continuous repeated measurement data, which can be directly linked with the HRV indices as a representative analysis, and this cannot be achieved with data from fixed monitoring stations. Additionally, the individual continuous monitoring data also represent that each individual case can be used as its own control group to effectively explore the possible effects of multivariate exposure factors on people’s health through statistical analysis [44]. Although there are other studies of this type, the current study is one of the few in Asia, especially for PM of different sizes and their components, thus our work is an important contribution from this perspective [15,16,17,32].



On the other hand, the major limitation of this panel study includes the small number of study participants, which would limit the generalizability of the study to an older population. To maximize statistical power in the small number of subjects, repeated measurements were used, and GAMM methodology was adopted to detect the associations between size-fractioned PM (and its constituents) and HRV. Other possible limitations might also confound our findings, including unavailable data of some key physiologic and environmental information. First, we could not adjust for respiration-modulated autonomic activity in our study because we did not measure key respiration parameters, such as nasal and mouth airflow, chest wall movement, and abdominal movement [32]. Second, our findings could not rule out effects of unmeasured air pollutants, such as ozone (O3) and NO2, on cardiovascular health [24,45,46,47]. Third, recruitment by posters might result in selection bias. Compared to individuals who choose not to enroll in such studies, those willing to enroll tend to be in better health and good socioeconomic status. Further studies are warranted to assess whether other population groups may respond differently to the same level of exposure. Last, the confounding effects of noise on HRV require further consideration because researchers have pointed out that noise may be one of the factors that potentially interfere with the autonomic nervous system [48].




5. Conclusions


In this study, the exposure concentrations of PM10, PM2.5, and CO during the monitoring period did not exceed the respective standards of indoor air quality. According to the records of time-activity logs, incense burning and cooking were the main indoor pollution sources. Results of multi-pollutant model analyses showed that PM2.5–10, PM1, and NP all increased HR, the time-domain indices, and the frequency-domain indices; both of PM1–2.5 and BC would cause the rise of frequency-domain indices; p-PAHs led to an increase in HR; and CO caused the drop in the time-domain and the frequency-domain indices. As for the average time points of maximum HRV percentage change caused by various pollutants, it was found that they all fell after one hour and might appear at 8 h. Exposures to size-fractionated PM, p-PAHs, BC, and CO were suggested to have delayed effects on HRV. In addition, the results of this study showed that the increased exposure levels of personal pollutants would affect the cardiac volitional control function in healthy older adults, and their susceptibility to cardiovascular effects was higher than their younger counterparts. Finally, since the present research is limited in the small number of study participants, which would reduce the generalizability of the research findings, future studies are warranted to further investigate the HRV effects of simultaneous PM and other pollution exposures for subpopulation groups with larger scale.
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Table A1. Effects of personal pollutant exposures on HR (multi-pollutant model) +.






Table A1. Effects of personal pollutant exposures on HR (multi-pollutant model) +.





	
Interval

	
PM2.5–10

	
PM1–2.5

	
PM1

	
p-PAHs

	
CO

	
NP

	
BC






	
5 min

	
0.088 *

	
−0.175 *

	
0.004

	
0.025 *

	
−0.237

	
0.142 *

	
−0.0001




	
(0.029, 0.146)

	
(−0.295, −0.055)

	
(−0.042, 0.050)

	
(0.013, 0.037)

	
(−1.169, 0.704)

	
(0.009, 0.276)

	
(−0.0003, 0.0001)




	
1 h

	
0.566 *

	
−1.230 *

	
0.166 *

	
0.040

	
2.034

	
0.346

	
0.0001




	
(0.328, 0.803)

	
(−1.644, −0.815)

	
(0.087, 0.245)

	
(−0.002, 0.081)

	
(−0.369, 4.495)

	
(−0.225, 0.920)

	
(−0.0006, 0.0009)




	
2 h

	
0.808 *

	
−1.438 *

	
0.213 *

	
0.086 *

	
2.331

	
0.430

	
−0.0004




	
(0.458, 1.158)

	
(−2.014, −0.858)

	
(0.098, 0.328)

	
(0.021, 0.152)

	
(−0.949, 5.719)

	
(−0.401, 1.268)

	
(−0.0015, 0.0007)




	
3 h

	
0.721 *

	
−1.357 *

	
0.151 *

	
0.111 *

	
−1.627

	
0.328

	
−0.0006




	
(0.270, 1.174)

	
(−2.089, −0.619)

	
(0.015, 0.287)

	
(0.025, 0.197)

	
(−5.573, 2.485)

	
(−0.774, 1.442)

	
(−0.0020, 0.0008)




	
4 h

	
0.976 *

	
−1.556 *

	
0.113

	
0.173 *

	
−8.484 *

	
0.952

	
−0.0009




	
(0.491, 1.463)

	
(−2.379, −0.726)

	
(−0.038, 0.265)

	
(0.059, 0.288)

	
(−12.580, −4.197)

	
(−0.409, 2.332)

	
(−0.0025, 0.0007)




	
5 h

	
0.155

	
−1.808 *

	
0.363 *

	
0.193 *

	
−7.821 *

	
1.313

	
−0.0017




	
(−0.386, 0.698)

	
(−2.673, −0.936)

	
(0.209, 0.518)

	
(0.060, 0.326)

	
(−12.129, −3.302)

	
(−0.315, 2.967)

	
(−0.0034, 0.00002)




	
6 h

	
0.180

	
−1.569 *

	
0.230 *

	
0.125

	
−12.059 *

	
−0.264

	
0.0006




	
(−0.429, 0.792)

	
(−2.558, −0.569)

	
(0.063, 0.397)

	
(−0.032, 0.283)

	
(−17.155, −6.649)

	
(−2.099, 1.606)

	
(−0.0014, 0.0026)




	
7 h

	
0.193

	
−1.155 *

	
0.181 *

	
0.124

	
−12.023 *

	
−0.367

	
0.0011




	
(−0.464, 0.855)

	
(−2.249, −0.049)

	
(0.002, 0.360)

	
(−0.041, 0.290)

	
(−17.631, −6.035)

	
(−2.389, 1.696)

	
(−0.0013, 0.0035)




	
8 h

	
0.286

	
−1.317 *

	
0.134

	
0.182 *

	
−12.847 *

	
0.220

	
0.0005




	
(−0.441, 1.018)

	
(−2.485, −0.135)

	
(−0.050, 0.318)

	
(0.023, 0.342)

	
(−18.829, −6.424)

	
(−1.950, 2.438