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Abstract

Associations between size-fractionated indoor particulate matter (PM) and black carbon (BC) and
heart rate variability (HRV) and heart rate (HR) in elderly women remain unclear. Twenty-nine
healthy elderly women were measured for 24-hour HRV/HR indices. Real-time size-fractionated
indoor PM and BC were monitored on the same day and on the preceding day. Mixed-effects models
were applied to investigate the associations between pollutants and HRV/HR indices. Increases in
size-fractionated indoor PM were significantly associated with declines in power in the high
frequency band (HF), power in the low frequency band (LF) and standard deviation of all NN
intervals (SDNN). The largest decline in HF was 19% at 5-min moving average for an interquartile
range (IQR) increase (24 pg/m®) in PMys. The results showed that smaller particles could lead to
greater reductions in HRV indices. The reported associations were modified by body mass index
(BMI): declines in HF at 5-min average for an IQR increase in PM, s were 34.5% and 1.0% for
overweight (BMI > 25 kg/m?) and normal-weight (BMI < 25 kg/m?) participants, respectively.

Moreover, negative associations between BC and HRV indices were found to be significant in
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overweight participants. Increases in size-fractionated indoor PM and BC were associated with

compromised cardiac autonomic function in healthy elderly women, especially overweight ones.

Keywords: indoor exposure, size-fractionated particulate matter, black carbon, heart rate variability,

cardiac autonomic function, elderly women

Practical Implications: This study found associations between exposure to indoor PM and black
carbon and decreased heart rate variability (HRV) in healthy elderly women. Overweight participants
showed greater reduction in HRV than normal-weight ones. In addition, particles of smaller size had
greater effect on HRV indices. The results contribute further evidence that effective measures should

be taken to protect people from indoor particulate pollution.

1. Introduction

Cardiovascular disease is a leading cause of mortality all over the world and accounted for more
than one third of total deaths in China in 2012." # Multiple epidemiologic studies have suggested that
exposure to particulate air pollution is associated with elevated risks in cardiovascular morbidity and
mortality.*® It has been shown that the elderly may be especially vulnerable to the impact of air
pollution.® " Exposure to ambient air pollution could result in increased morbidity and mortality from
cardiovascular and respiratory diseases in the elderly.® ® Furthermore, studies have suggested that
exposure to ambient particulate air pollution is related to compromised cardiac autonomic function
through alterations in HRV indices in the elderly.’® ™ It has been suggested that the malfunction of the
cardiac autonomic system, as reflected by a decrease in HRV, could lead to higher cardiovascular
risks.'? However, the potential effect of indoor air pollution on cardiac autonomic function in the
elderly has not been adequately investigated. The number of elderly women in China exceeded 100
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million in 2010, which constituted more than 10% of the whole population.® An aging population is
becoming an increasing relevant concern for public health in China, and indeed across most of the

world.

The adverse health effects of indoor PM may be equivalent to, or more serious than, that of
ambient PM.* %> In most societies, and especially among urban populations, people spend the
majority of their time indoors, and elderly people in particular are likely to spend more time on
average than others within their houses.*®*” Elderly women are also more likely to stay indoors for
high proportions owing to the prevalence of the role of housewife in many societies.*® Previous
studies have reported that indoor air pollution is associated with compromised health status, with
alterations in respiratory function and diastolic function among elderly women.* % In addition, many
household activities, such as cleaning, can elevate levels of indoor air pollution.?* Huang et al. showed
that exposure to household PM was associated with detrimental decreases in HRV indices, especially
during stir-frying and cleaning activities.'® Therefore, it is important to explore the association
between indoor air pollution and cardiac autonomic function in elderly women, who are potentially

susceptible individuals with higher than average probabilities of exposures to indoor air pollution.

Previous research has considered the health effects of PM of different sizes.?” % Fine particles
may have greater health effects since these particles can penetrate deeper into the respiratory tract,
and potentially into blood vessels.”* Finer particles have larger specific surface areas for contacting
lung surface and organ tissues.” Black carbon (BC) from combustion sources is also considered an

important indoor pollutant affecting people’s health,?® and a World Health Organization report
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suggests that BC might be a particularly toxic component of PM.?” Animal experiments and
epidemiological studies have demonstrated that BC levels are associated with changes in cardiac
autonomic function by altering HRV indices.?**! However, outdoor ambient PM is the focus of most
research, and frequently only a single-size range of PM is considered. This study aims to investigate
the association between exposure to size-fractionated indoor PM and BC and cardiac autonomic

function in a group of healthy elderly women.

2. Materials and methods

2.1 Study design and participants

From November 2015 to May 2016, a group of 29 healthy elderly women (age > 50 y) was
recruited to participate in a repeated-measure study. The participants were selected using the
following inclusion criteria: (1) suffering from no chronic diseases such as diabetes, hypertension and
other common diseases; (2) receiving no medication or drugs that could directly influence HRV; and
(3) not smokers or passive smokers, and having no occupational exposure to smoke, dust or other
fumes. The study protocol was approved by the Institutional Review Board of Peking University

Health Science Center. All the participants gave their informed consent before the study.

2.2 Pollution exposure measurements

Exposure measurement equipment was installed in a position in the residence that participants
occupied most commonly. Measurement of real-time indoor air pollutants, including size-fractionated
indoor PM and BC, and hygrothermal parameters, started 24 hours prior to health measurements and

lasted for a total of 48 hours. To synchronize with 5-min HRV/HR segments, all the pollution data
This article is protected by copyright. All rights reserved.



were aggregated to 5-min average values. Size-fractionated PM including PMgs, PMy, PMys, PMs,
and PMy, (PM mass concentrations for particles smaller than or equal to 0.5 pm, 1 um, 2.5 um, 5 pm,
10 um in aerodynamic diameter, respectively) was measured by a real-time particulate counter
(Model Handheld PC3016; GrayWolf Inc., USA). A portable microaethalometer (microAeth Model
AE51; Magee Scientific, Berkeley, CA, USA) was used to monitor the concentration of BC.
Real-time temperature (Temp) and relative humidity (RH) were measured by a Temp/RH meter
(Model WSZY-1B; Tianjianhuayi Inc., Beijing, CHINA). During monitoring, the participants were
instructed to keep indoor spaces connected between different rooms (except the kitchen) so that the
monitoring data were indicative of participant exposures even when they were not present in the same

rooms with installed devices.

2.3 Heart rate variability/Heart rate measurements

HRV/HR measurements were conducted using 12-channel Holter recorders (model MGY-H12;
DM Software Inc., USA), which were positioned on the participants by trained investigators based on

a standard protocol.*

The participants were instructed to avoid food or drink (e.g. coffee, wine, tea)
that may affect HR and avoid high intensity exercise on the day of and the day before the health
measurement. All participants were measured for ambulatory 24-hour ECG on the same weekday
during the study period. The participants were visited at their homes between 0800-1200 hours on

Wednesdays. Participants were instructed to wear the recorders for 24 hours, during which they were

told to follow their regular routines and record their activities in the formatted diaries.
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The PC-based software for the Holter recorder (Holter System, version 12.net; DM Software
Inc., USA) was used to process and calculate the 24-h HRV/HR data. The HRV analysis was
performed in both time and frequency domains. The time-domain parameters include: SDNN,
standard deviation of all NN intervals; SDANN, standard deviation of the averages of NN intervals in
all 5-min segments of the entire recording; rMSSD, root mean square of successive differences
between adjacent NN intervals; and pNN50, percentage of number of NN intervals with a difference >
50 ms. The frequency-domain parameters include: TP, total power, the area under the spectral curve
from 0.01 to 0.4 Hz; LF, power in the low frequency band, i.e., 0.04-0.15 Hz; HF, power in the high
frequency band, i.e., 0.15-0.4 Hz; and LF/HF ratio, low to high frequency power ratio averaged. All

indices were processed as 5-min segments in accordance with exposure data.

2.4 Statistical Analysis

We used Spearman correlations for size-fractionated PM, BC, and hygrothermal data to evaluate
the relationship among these variables. Linear mixed-effects regression models with a random-term
effect for participant were applied to explore the association between air pollution exposures and
HRV/HR indices. Before analysis, observations were deleted if they had missing or abnormal data as
the result of malfunction in study instruments, and HRV/HR indices were log,-transformed to
improve the normality and stabilize the variance due to skewed distributions. We controlled for
personal characteristics, including age and BMI, and long-term time trend, including
day-of-measurement and squared day-of-measurement,* as fixed-effect terms. Day-of-measurement

means the count of the day that the measurement was conducted over the whole study course. For
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instance, we coded 1" for the first day of the study course and “10” for the 10™ day of the study
course. Squared day-of-measurement means the squared value of day-of-measurement. In addition,
other potential confounding variables were included as fixed-effect terms such as hour of day, day of

week, temperature, and RH.

We fitted single-pollutant models to investigate the associations between exposures to different
pollutants and HRV/HR indices. Several different moving averages (5-min, 30-min, 1-, 4-, 8-, 12-,
24-hour) for size-fractionated PM and BC were calculated to examine the time-lagged effects of the
pollutant exposure. Also, the same model was applied to analyze the effect of those pollutants on
HRV/HR indices among participants stratified by BMI level (normal weight: BMI < 25 kg/m?;

overweight: BMI > 25 kg/m?).** We fitted the mix-effect model as follows:

Yi=bo+ui+bix;+...+byx, +pPollutant +ei @

where Y;, is the 5-min logarithm of HRV/HR indices in subject i at time t, by is the overall intercept, u;
is the specific random intercept for the subject i, x;-X, are covariates, b,-b, are regression coefficients

for x;-x,, B is the regression coefficient for the pollutant, and & is the error for subject i at time t.

Considering potential interactions, we also assessed models with multiplicative terms for the
pollutants with each confounder at the moving average that showed greatest declines in HRV/HR
indices. The results show only significant interactions between BMI and air pollutants in this study;
thus, we stratified the participants into normal-weight group (BMI < 25 kg/m?) and overweight group
(BMI > 25 kg/m?) and further analyzed the associations between pollution exposure and health

indices in the two groups.
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To adjust for autocorrelations among the measurements, we used a first-order autoregressive
covariance structure in the model analysis. We estimated the percentage changes with 95%
confidence intervals (CI) in HRV/HR indices per interquartile range (IQR) increase in exposure
moving average of each pollutant, calculated as [10®"®-1]x100%, with 95% Cl
{1QUQR*B+1-96SE)_11%100%, where B and SE were the estimated regression coefficients and its
standard error, respectively.®* SAS software for Windows (version 9.2; SAS Institute Inc., Cary. NC,
USA) was used to conduct all analyses and the level of significance was defined as P < 0.05

(two-sided).

3. Results

3.1 Descriptive statistics

A total of 29 elderly women participating in the study all completed 24-hour HRV/HR
measurements successfully. The baseline characteristics of those participants are presented in Table 1.
The age of the participants ranged from 51 to 79 years, with an average of 68.2 (£=7.3) years. The
BMI of the participants ranged from 18.8 to 33.5 kg/m?, with an average of 25.2 (*3.5) kg/m® As
reported in their daily diaries, all participants spent more than 90% of their time indoors each day; and
all the households were equipped with central heating system, used natural gas as the energy for

cooking, and did not use an air conditioner during the study period.

Table 2 shows the descriptive statistics for concentrations of BC, size-fractionated PM and
hygrothermal data. The mean concentrations of indoor BC, PMgs, PM;, PM, 5, PMs, PMy, were 2.7

(x2.8) pg/m?®, 17.6 (x15.0) ug/m®, 38.0 (+38.0) pg/m?®, 55.7 (¢55.4) ug/m®, 89.8 (£77.7) png/m*, 134
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(+130) pg/m?®, respectively. Size-fractionated PM and BC were highly correlated with each other, with
Spearman correlation coefficients ranging from 0.71 to 0.99 (see Supplemental Material).
Furthermore, air pollutants were also moderately correlated with hygrothermal parameters (See

Supplement Material).

Table 3 shows the distribution of raw 5-min HRV/HR indices for all participants. The mean
(standard deviation) levels of HF, LF and SDNN were 186 (+248) ms?, 267 (+295) ms” and 44.5

(x£23.9) ms, respectively.

3.2 Estimated PM and BC effect

HF, LF and SDNN showed different estimated percent changes with IQR increases in
size-fractionated indoor PM and BC over different moving average periods (Figure 1). Statistically
significant declines in HF and LF were found at 5-min, 30-min, 1-hour moving averages for
size-fractionated PM (Figure 1A-B). Declines found in SDNN were significant only at 1-hour moving
average for size-fractionated PM (Figure 1C). The largest decline in HF was 19.6% (95% ClI: -27.9%,
-10.2%) at 5-min moving average for an IQR increase (23.8 pg/m®) in PMys, and the largest declines
in LF and SDNN were 16.2% (95% CI: -22.2%, -9.8%) and 7.6% (95% CI: -11.1%, -4.0%),
respectively, at 1-hour moving average for an IQR increase (20.3 ug/m®) in PMgs (Figure 1). Similar
associations were found between PM of other sizes and HF, LF and SDNN (Figure 1), with smaller
particles having greater effects on HF, LF and SDNN. Similar associations were found between

size-fractionated PM and TP. Almost all associations between size-fractionated PM and BC with HR
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and other HRV indices including LF/HF ratio, SDANN, rMSSD and pNN50 were insignificant (See

Supplemental Material).

3.3 The effect modification by BMI

The participants were stratified into normal-weight group (BMI < 25 kg/m®) and overweight
group (BMI > 25 kg/m?). Before conducting the mixed-effect models in two groups, P values for
interaction effect were calculated in targeted associations and the results all met P < 0.05. Figure 2
presents the estimated changes in HF, LF and SDNN per IQR increase in size-fractionated PM in two
groups at the moving averages where greatest declines were found over all participants. The results
show that exposure to size-fractionated PM was associated with larger reductions in HF, LF and
SDNN among overweight participants. Declines in HF at 5-min average for an IQR increase in PMgs
were 34.5% (95% ClI: -44.5%, -22.7%) for overweight participants as compared to 1.0% (95% CI:
-14.3%, 14.0%) for normal-weight participants (Figure 2A). Decline in LF at 1-hour for an IQR
increase in PMgswas 17.1% (95% ClI: -25.0%, -8.4%) for overweight participants, while an
insignificant increase in LF was found in normal-weight participants (Figure 2B). Although declines
in SDNN at 1-hour average for an IQR increase in PMgs were similar between normal-weight
participants and overweight participants, the estimated association of PM of other sizes in overweight

participants were greater than those in normal-weight participants (Figure 2C).

As significant associations were not found between indoor BC and HRV/HR indices in overall
participants, we conducted mixed-effect models among normal-weight participants and overweight

participants separately. Figure 3 shows the estimated changes in HF, LF and SDNN per IQR increases
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in BC over different moving averages in the normal-weight group and in the overweight group. In
overweight participants, increases in BC were found to be significantly associated with declines in
HF, LF and SDNN over several moving averages. Significant declines were found for 5-min to
12-hour moving averages in HF and SDNN, and for 5-min to 4-hour moving averages in LF. The
largest declines in HF and SDNN were 30.2% (95% CI: -44.2%, -12.6%) and 23.5% (95% CI:
-31.1%, -15.1%), respectively, at 12-hour moving average for an IQR increase (3.2 ug/m®) in BC, and
the largest decline in LF was 20.6% (95% CI: -28.8%, -11.4%) at 1-hour moving average for an IQR
increase (2.7 pg/m®) in BC. In the normal-weight group, associations between BC and these indices

were non-significant.

4. Discussion

This study investigated the association between exposure to size-fractioned indoor PM and BC,
and the changes in HRV/HR indices in a group of healthy elderly women. The results show that
elevated levels of indoor PM were associated with decreased HF, LF and SDNN, the effects of which
were most evident within 1 hour. We also evaluated the effect modification by BMI by stratifying the
participants into normal-weight group (BMI < 25 kg/m?) and overweight group (BMI > 25 kg/m?).
Decreases in HF, LF and SDNN were found to be greater in overweight participants than in
normal-weight participants, suggesting that overweight participants may be more sensitive to indoor
PM. Moreover, elevated BC concentrations were reported to be associated with declines in HF, LF

and SDNN in overweight participants within 12 hours of exposure.
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In this study, real-time monitoring of indoor PM and BC was conducted one day before, and on
the day of, HRV/HR measurement inside the participants’ residencies, providing a more accurate
assessment for participants’ personal exposure compared to data from external fixed-site monitoring
stations. Levels of indoor PM and BC were relatively high and had wide variation during the study

period, allowing us to explore more significant exposure-response relationships.

Among the HRV indices, TP and SDNN are global indices of HRV; HF primarily reflects the
parasympathetic activity; and LF reflects both sympathetic and parasympathetic activity. It has been
shown that HRV indices decline rapidly in response to PM exposure as a result of decreased
parasympathetic input to the heart, which is considered to allow the sympathetic drive to predominate
and consequently increase cardiac arrhythmia incidence and cardiovascular risk.*® Decreases in
SDNN, HF, LF could be considered as an important indicator of malfunction of cardiac autonomic
control, potentially leading to increased cardiovascular risks.*” A review also reported that decreased
HRYV indices preceded the development of cardiovascular risk factors.*? Although the relevance
between reported HRV alterations and cardiovascular risks remains unclear, some studies have
suggested that PM exposure is related to changes in cardiac electrophysiology.® Similar results were
found in a cohort study of 534 elderly subjects, where increased PM, 5 was significantly associated
with declines in SDNN (P = 0.04) and HF (P = 0.03).* Other epidemiological studies have found
similar associations between exposure to ambient PM and reduction in HRV indices among the
elderly.'® *** However, heterogeneous results were found regarding the association between PM and
HRV. Several studies have reported positive associations between PM and HRV indices.*** Our

study adds further evidence of potential adverse cardiac effects of size-fractionated PM on elderly
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healthy women, contributing to insight about the association between particulate air pollution and

population health.

Since the elderly women spend most of their time indoors and are involved in most household
activities related to air pollutants (e.g. cleaning), it is important to study the effects of indoor air
pollutants in this group. Many epidemiological studies have been conducted to explore the health
effects of ambient PM, especially PM, s, on different populations, while indoor PM and BC have been
less studied. Nevertheless, indoor air pollutants have been suggested to have equal, or even more
serious effects, than outdoor PM.** **> Our study focused on the association between indoor air
pollutants, including size-fractionated PM and BC, and changes of HRV indices in healthy elderly
women to investigate the potential cardiovascular risk brought about by exposure to indoor air
pollution. Jia et al. found that a 10 pg/m® increase of indoor PM, 5 could lead to increases in HF and
LF by 1.3% in the elderly.” However, this study included both elderly men and women and was
carried out during the 2008 Beijing Olympics, with considerably lower than typical ambient
particulate air pollution. Another study conducted among 50 housewives indicated that an IQR
increase (16.2-19.8 pg/m®) of household PM, s was associated with decreases in SDNN and rMSSD
by 1.2-4.3% and 0.1-3.7%, respectively.’® Interestingly, the effect was found to increase with

household activities such as cleaning.

To our knowledge, our study is the first to investigate the effect of size-fractionated indoor PM
on HRV and HR in healthy elderly women. We found that smaller particles were likely to have

greater effect on HRV in the elderly women. It might be because smaller particles are more likely to
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pass through respiratory tract tissues and enter blood vessels; and smaller particles also have larger
specific surface area to carry toxic matter into the body.”  Previous studies support our findings by
showing that smaller PM was associated with greater excess risk in cardiovascular health than larger
PM.** Nevertheless, different results were found in other studies, among which one reported that
PM, .10 Was associated with larger declines in HF, LF, SDNN than PM, and PMy,:.* The
heterogeneous findings may result from the differences in concentrations, sources, and constituents of

PM.

Previous studies have shown that obesity is a strong modifier for the effect of exposure to PM
and BC.>**" In this study, we stratified the analysis by participants’ BML Overweight participants
showed greater declines in SDNN, HF and LF than normal-weight participants for PM and BC. This
finding suggests that the overweight group was more susceptible to the effects of indoor PM and BC
mediated by both parasympathetic activity and sympathetic activity. Our results are consistent with
previous studies in different subgroups. Sun et al. found the greatest decreases in SDNN associated
with exposure to BC and PM in the obese subgroup, the second largest in an overweight subgroup and
the least in a normal-weight subgroup in subjects with diabetes or impaired glucose tolerance.* Chen
et al. also provided supporting evidence that subjects with obesity had 2- to 3-fold greater
PM,s-mediated HRV reduction in SDNN, rMSSD and HF than non-obese subjects.*” Other studies
have also suggested overweight/obesity could enhance the adverse health effect of PM in different
populations with different physiological conditions.***° Our study adds further evidence to the

hypothesis that overweight/obese people are under higher cardiovascular risk through exaggerated
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HRYV alteration to particulate pollution. Therefore, special attention should be paid to the prevention

of adverse health effects related to PM and BC exposure among overweight/obese populations.

Although we did not observe significant associations between BC and HRV/HR among overall
participants, increases in BC were found to be significantly associated with declines in HF, LF and
SDNN in overweight participants. As a product of incomplete combustion, BC is considered as one of
the major toxic components in PM.?" Animal experiments have found that BC exposure could induce
significant changes in HRV indices.?® ** Epidemiological studies have also found similar results.?
For instance, Huang et al. found that for every 1 pg/m® increase in BC at 1-hour moving average,
pNN50 and HF decreased by 1.9% and 2.2%, respectively, and LF/HF ratio increased by 2.9%.%
Zanobetti et al. also found that exposure to BC was associated with declines in HF in patients with
coronary artery disease.” Interestingly, we found significant associations between BC and HRV
indices in overweight participants, but not in normal-weight participants. These results indicate that
indoor BC may be partly responsible for the effects of size-fractionated indoor PM in elderly healthy
women. It might suggest that multiple constituents of indoor PM lead to effects to different extent in

different subgroups. Considering the effects in different populations could provide further insight for

implementing certain measures to control specific sources of pollution.

We also investigated the time-lagged effects of indoor air pollutants over different moving
average periods (5-min, 30-min, 1-, 4-, 8-, 12-, 24-hour). We found that higher concentrations of PM
were significantly associated with decreased HF and LF at 5-min, 30-min and 1-hour moving

averages, but with decreased SDNN only at 1-hour moving average. As for BC, decreases in HRV
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indices were found over 5-min to 12-h moving averages in overweight participants. Previous studies
have examined time-lagged effects of air pollutants over different lag periods with a range from 0 min
to 120 hours.®® %33 There is considerable inconsistency among the findings of these different studies.
These studies focused on different populations, whose characteristics and physiological conditions
varied from one to another, as well as performing investigations under different pollution scenarios, of
which the concentrations, sources, and constituents varied to different extents. Our findings indicated
that exposure to size-fractionated indoor PM could lead to acute decreases in SDNN, HF and LF
within 1-hour of exposure. Sun et al. reported similar results among subjects with diabetes/impaired
glucose tolerance in Shanghai.®* Further studies are needed to explore the underlying physiological

compensatory mechanisms related to these associations.

We note the following limitations. First, we did not monitor indoor gaseous pollutants and indoor
noise. However, the levels of gaseous pollutants and noise in residential environments were not likely
to be high enough to influence the results substantially in this study. Second, air pollutant monitors
were not set at the personal level in this study so that we could not precisely measure the participants’
exposure when they were out of home or in their kitchens. A previous study suggested different
cooking activities had different effects on blood pressure.>* Nevertheless, as participants spent more
than 90% time indoors, it is unlikely that the reported associations would be altered if the outdoor and
kitchen exposures were included. Third, we did not obtain adequate information, such as ventilation
habits and cooking, to address indoor and outdoor origins of air pollutants and noise, which needs
further exploration. Despite of these limitations, this study could still contribute to the accumulation

of evidences on the health effects of indoor particulate pollution.
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5. Conclusions

In conclusion, indoor PM and BC may lead to acute health impairment in the cardiovascular
system through affecting cardiac autonomic function in healthy elderly women, especially in those
that are overweight. In addition, this study provides evidence that PM with smaller size might
contribute to greater health effects on populations. Effective measures should be taken to reduce
exposures to indoor air pollution, such as operating effective air cleaners to improve the health

condition of the population, and especially those at most risk.

Acknowledgement

This project was supported by grants from the National Natural Science Foundation of China
[No. 91543112, 81571130090], grants of the National Key Research and Development Program of
China (2017YFC0702701, 2016 YFC0206506), and the grant from China Medical Board (CMB

15-228), MRM is supported by a British Heart Foundation Special Project Grant (SP/15/8/31575).

Reference

1. World Health Organization. No communicable diseases(NCD) country profile. [WHO website]

2014. http://www.who.int/nmh/countries/chn_en.pdf?ua=1. Accessed September 26, 2017

2. World Health Organization. The top 10 causes of death. [WHO website] 2017.

http://www.who.int/mediacentre/factsheets/fs310/en/. Accessed September 26, 2017

This article is protected by copyright. All rights reserved.



3. Brook RD, Franklin B, Cascio W, et al. Air pollution and cardiovascular disease: a statement for
healthcare professionals from the Expert Panel on Population and Prevention Science of the

American Heart Association. Circulation. 2004;109:2655-2671.

4. Brook RD, Rajagopalan S, Pope CA, et al. Particulate matter air pollution and cardiovascular

disease. Circulation. 2010;121:2331-2378.

5. Pope CA, 3rd, Burnett RT, Thurston GD, et al. Cardiovascular mortality and long-term exposure
to particulate air pollution: epidemiological evidence of general pathophysiological pathways of

disease. Circulation. 2004;109:71-77.

6. Makri A, Stilianakis NI. Vulnerability to air pollution health effects. Int J Hyg Envir Heal.

2008;211:326-336.

7. Sandstrom T, Frew AJ, Svartengren M, Viegi G. The need for a focus on air pollution research in

the elderly. Eur Respir J Suppl. 2003;40:92s-95s.

8. AgakE, Samoli E, Touloumi G, et al. Short-term effects of ambient particles on mortality in the
elderly: results from 28 cities in the APHEAZ project. The need for a focus on air pollution

research in the elderly. Eur Respir J Suppl. 2003;40:28s-33s.

9. Anderson HR, Atkinson RW, Bremner SA, Marston L. Particulate air pollution and hospital
admissions for cardiorespiratory diseases: are the elderly at greater risk? Eur Respir J Suppl.

2003:;40:39s-46s.

This article is protected by copyright. All rights reserved.



10.

11.

12.

13.

14.

15.

16.

Adar SD, Gold DR, Coull BA, Schwartz J, Stone PH, Suh H. Focused exposures to airborne

traffic particles and heart rate variability in the elderly. Epidemiology. 2007;18:95-103.

Chahine T, Baccarelli A, Litonjua A, et al. Particulate air pollution, oxidative stress genes, and

heart rate variability in an elderly cohort. Environ Health Perspect. 2007;115:1617-1622.

Thayer JF, Yamamoto SS, Brosschot JF. The relationship of autonomic imbalance, heart rate

variability and cardiovascular disease risk factors. Int J Cardiol. 2010; 141:122-131.

National Bureau of Statistics of the People’s Republic of China. Tabulation on the 2010

population census of the People’s Republic of China. 2010.

http://www.stats.gov.cn/tjsj/pcsj/rkpc/6rp/indexch.htm. Accessed September 26, 2017

Karottki DG, Beko G, Clausen G, et al. Cardiovascular and lung function in relation to outdoor

and indoor exposure to fine and ultrafine particulate matter in middle-aged subjects. Environ Int.

2014,73:372-381.

Karottki DG, Spilak M, Frederiksen M, et al. Indoor and outdoor exposure to ultrafine, fine and

microbiologically derived particulate matter related to cardiovascular and respiratory effects in a

panel of elderly urban citizens. Int J Env Res Pub Heal. 2015;12:1667-1686.

Klepeis NE, Nelson WC, Ott WR, et al. The National Human Activity Pattern Survey (NHAPS):

a resource for assessing exposure to environmental pollutants. J Expo Anal Env Epidemiol.

2001;11:231-252.

This article is protected by copyright. All rights reserved.



17.

18.

19.

20.

21.

22.

23.

24,

Almeida-Silva M, Wolterbeek HT, Almeida SM. Elderly exposure to indoor air pollutants.

Atmos Environ. 2014;85:54-63.

Huang Y, Chen H, Han B, et al. Personal exposure to household particulate matter, household

activities and heart rate variability among housewives. PL0oS One. 2014;9:e899609.

Baumgartner J, Schauer JJ, Ezzati M, et al. Indoor air pollution and blood pressure in adult

women living in rural China. Environ Health Perspect. 2011;119:1390-1395.

Jedrychowski W, Tobiasz-Adamczyk B, Flak E, Mroz E, Gomola K. Effect of indoor air

pollution caused by domestic cooking on respiratory problems of elderly women. Environ Int.

1990;16:57-60.

Nicole W. Cooking up indoor air pollution: emissions from natural gas stoves. Environ Health

Perspect. 2014;122:A27.

Chuang K, Chan C, Chen N, Su T, Lin L. Effects of particle size fractions on reducing heart rate

variability in cardiac and hypertensive patients. Environ Health Perspect. 2005;113:1693-1697.

Lipsett MJ, Feng CT, Roger L, Woo M, Ostro BD. Coarse particles and heart rate variability

among older adults with coronary artery disease in the Coachella Valley, California. Environ

Health Perspect. 2006;114:1215-1220.

Miller MR, Raftis JB, Langrish JP, et al. Inhaled nanoparticles accumulate at sites of vascular

disease. Acs Nano. 2017;11:4542-4552.

This article is protected by copyright. All rights reserved.



25.

26.

27.

28.

29.

30.

31.

Brown JS, Zeman KL, Bennett WD. Ultrafine particle deposition and clearance in the healthy

and obstructed lung. Am J Respir Crit Care Med. 2002;166:1240-1247.

Belli AJ, Bose S, Aggarwal N, et al. Indoor particulate matter exposure is associated with

increased black carbon content in airway macrophages of former smokers with COPD. Environ

Res. 2016;150:398-402.

Janssen NA, Gerlofs-Nijland ME, Lanki T, et al. Health effects of black carbon. 2012.

http://www.euro.who.int/__data/assets/pdf file/0004/162535/e96541.pdf. Accessed September

26, 2017

Chang C, Hwang J, Chan C, Cheng T. Interaction effects of ultrafine carbon black with iron and

nickel on heart rate variability in spontaneously hypertensive rats. Environ Health Perspect.

2007;115:1012-1017.

Hemmingsen JG, Rissler J, Lykkesfeldt J, et al. Controlled exposure to particulate matter from

urban street air is associated with decreased vasodilation and heart rate variability in overweight

and older adults. Part Fibre Toxicol. 2015;12:6.

Huang J, Deng F, Wu S, Lu H, Hao Y, Guo X. The impacts of short-term exposure to noise and

traffic-related air pollution on heart rate variability in young healthy adults. J Expo Sci Env Epid.

2013;23:559-564.

Jia X, Yu H, Guo X. Ultrafine carbon black disturbs heart rate variability in mice. Toxicol Lett.

2012;211:274-280.

This article is protected by copyright. All rights reserved.



32.

33.

34.

35.

36.

37.

38.

Task Force of the European Society of Cardiology and the North American Society of Pacing

and Electrophysiology. Heart rate variability: standards of measurement, physiological

interpretation and clinical use. Circulation. 1996;93:1043-1065.

Penttinen P, Timonen KL, Tiittanen P, Mirme A, Ruuskanen J, Pekkanen J. Number

concentration and size of particles in urban air: effects on spirometric lung function in adult

asthmatic subjects. Environ Health Perspect. 2001;109:319-323.

SunY, Song X, Han Y, et al. Size-fractioned ultrafine particles and black carbon associated with

autonomic dysfunction in subjects with diabetes or impaired glucose tolerance in Shanghai,

China. Part Fibre Toxicol. 2015;12:8.

Wu S, Deng F, Jie N, Huang Q, Liu Y, Guo X. Association of heart rate variability in taxi drivers

with marked changes in particulate air pollution in Beijing in 2008. Environ Health Perspect.

2010;118:87-91.

Fiordelisi A, Piscitelli P, Trimarco B, Coscioni E, laccarino G, Sorriento D. The mechanisms of

air pollution and particulate matter in cardiovascular diseases. Heart Fail Rev. 2017;22:337-347.

Buteau S, Goldberg MS. A structured review of panel studies used to investigate associations

between ambient air pollution and heart rate variability. Environ Res. 2016;148:207-247.

Creason J, Neas L, Walsh D, et al. Particulate matter and heart rate variability among elderly

retirees: the Baltimore 1998 PM study. J Expo Anal Env Epid. 2001;11:116-122.

This article is protected by copyright. All rights reserved.



39.

40.

41.

42.

43.

44,

45.

Gold DR, Litonjua A, Schwartz J, et al. Ambient pollution and heart rate variability. Circulation.

2000;101:1267-1273.

Jia X, Song X, Shima M, Tamura K, Deng F, Guo X. Effects of fine particulate on heart rate

variability in Beijing: a panel study of healthy elderly subjects. Int Arch Occ Environ Health.

2012;85:97-107.

Magari SR, Schwartz J, Williams PL, Hauser R, Smith TJ, Christiani DC. The association of

particulate air metal concentrations with heart rate variability. Environ Health Perspect.

2002;110:875-880.

Riediker M, Cascio WE, Griggs TR, et al. Particulate matter exposure in cars is associated with

cardiovascular effects in healthy young men. Am J Respir Crit Care Med. 2004;169:934-940.

LinH, Tao J, Du Y, et al. Particle size and chemical constituents of ambient particulate pollution

associated with cardiovascular mortality in Guangzhou, China. Environ Pollut.

2016;208:758-766.

Meng X, Ma Y, Chen R, Zhou Z, Chen B, Kan H. Size-fractionated particle number

concentrations and daily mortality in a Chinese city. Environ Health Perspect.

2013;121:1174-1178.

Liu L, Breitner S, Schneider A, et al. Size-fractioned particulate air pollution and cardiovascular

emergency room visits in Beijing, China. Environ Res. 2013;121:52-63.

This article is protected by copyright. All rights reserved.



46.

47.

48.

49.

50.

51.

52.

53.

Chang L, Tang C, Pan Y, Chan C. Association of heart rate variability of the elderly with

personal exposure to PM;, PMy.,5, and PM; s 1. Bull Environ Contam Toxicol. 2007;79:552-556.

Chen J, Cavallari JM, Stone PH, Christiani DC. Obesity is a modifier of autonomic cardiac

responses to fine metal particulates. Environ Health Perspect. 2007;115:1002-1006.

Baja ES, Schwartz JD, Wellenius GA, et al. Traffic-related air pollution and QT interval:

modification by diabetes, obesity, and oxidative stress gene polymorphisms in the normative

aging study. Environ Health Perspect. 2010;118:840-846.

Bennett WD, Zeman KL. Effect of body size on breathing pattern and fine-particle deposition in

children. J Appl Physiol. 2004;97:821-826.

Dubowsky SD, Suh H, Schwartz J. Diabetes, obesity, and hypertension may enhance

associations between air pollution and markers of systemic inflammation. Environ Health

Perspect. 2006;114:992-998.

Zanobetti A, Gold DR, Stone PH, et al. Reduction in heart rate variability with traffic and air

pollution in patients with coronary artery disease. Environ Health Perspect. 2010;118:324-330.

Bartell SM, Longhurst J, Tjoa T, Sioutas C, Delfino RJ. Particulate air pollution, ambulatory

heart rate variability, and cardiac arrhythmia in retirement community residents with coronary

artery disease. Environ Health Perspect. 2013;121:1135-1141.

Shields KN, Cavallari JM, Hunt MJ, et al. Traffic-related air pollution exposures and changes in

heart rate variability in Mexico City: A panel study. Environ Health-Global. 2013;12:7.

This article is protected by copyright. All rights reserved.



54. Soppa VJ, Rpf S, Hennig F, et al. Arterial blood pressure responses to short-term exposure to
fine and ultrafine particles from indoor sources - A randomized sham-controlled exposure study

of healthy volunteers. Environ Res. 2017;158:225.

This article is protected by copyright. All rights reserved.



Characteristics

Number 29

Age, years
Mean £ SD 68.2 (£7.3)
Median 69
Range 51-79

Body Mass Index, kg/m?

Mean + SD 25.2+3.5

Median 25.4

Range 18.8-33.5
Smoking

No 29

Abbreviation: SD, standard deviation

Table 1 Baseline demographic characteristics for the study participants
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Pollutants N? Mean + SD Minimum 25™ Median 75" Maximum IQR
Black Carbon, pg/m® 7309 2.7+2.8 0.1 0.8 1.8 3.7 19.1 2.9
PMos’, pg/m’ 5902 17.6+15.0 1.2 4.6 115 28.4 52.0 23.8
PM o, pg/m’ 5902 38.0+38.0 1.9 7.3 21.0 59.5 179 52.2
PM,s, pg/m’ 5902 55.7455.4 3.6 125 311 85.6 401 73.1
PMs,, pug/m’ 5902 89.8+77.7 5.5 276 640 136 1136 109
PMyo, pg/m® 5902 134+130 5.9 46.7 109 178 3052 132
Relative Humidity, % 7141 37+12 11 30 37 44 79 14
Temperature,”C 7141 23.1+2.7 9.7 21.0 22.8 24.8 30.4 3.8

Abbreviation: 1QR, interquartile range; SD, standard deviation.

# Number of observations corresponding to the simultaneously measured 5-min health outcomes and after excluding all missing values and

abnormities. All pollutants and meteorological parameters were calculated in 5-min average.

b Although PC3016 can measure PM with an aerodynamic diameter equal to or less than 0.3 um (PMy3), we did not include this band due to few
PMj 3 mass concentration values above the detection limit of the instrument.

Table 2 Distribution of indoor exposure variables and meteorological parameters during the study in 2015-2016
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Variables N? Mean + SD Median Range
TP, ms? 6866 1661+1709 1083 71-10985
LF, ms® 6942 267+295 173 10.5-2451
HF, ms® 6954  186+248 95 5.1-1992
LF/HF 6865 16.6+21.7 8.7 0.5-159
SDNN, ms 7336 44.5+23.9 39.0 10.0-189
SDANN, ms 7141 28.319.8 29.0 6.0-51.0
rMSSD, ms 7383 30.8+21.6 24.0 6.0-177
pPNN50 4978 14.1+15.3 8.0 1.0-88.0
HR, bpm 6882 70.8+13.4 70.0 43.0-128

Abbreviation: SD, standard deviation.

% Observation after excluding all missing values and abnormities.

Table 3 Distributions of 5-min health outcomes during the study in 2015-2016
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Figure 1 Estimated percent changes with 95% confidence intervals in HF, LF and SDNN per IQR
increases in size-fractionated PM and BC over different moving averages. (A) HF; (B) LF; (C)
SDNN.
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Figure 2 Estimated percent changes with 95% confidence intervals in HF, LF and SDNN per
IQR increases in size-fractionated PM and BC at selected moving average in normal-weight
(BMI<25) and overweight (BMI>25) groups. Solid squares: effect estimates for
normal-weight participants; vacant triangles: effect estimates for overweight participants. (A)
HF; (B) LF; (C) SDNN.
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Figure 3 Estimated percent changes with 95% confidence intervals in HF, LF and SDNN per
IQR increases in size-fractionated PM and BC at different moving averages in normal-weight
(BMI<25) and overweight (BMI>25) groups. Solid squares: effect estimates for
normal-weight participants; vacant triangles: effect estimates for overweight participants. (A)
HF; (B) LF; (C) SDNN
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