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Abstract
Background: Wind power has been applied around the world as a source of clean energy. However, wind turbines generate low-frequency noise (LFN, 20-200
Hz), which poses health risks to nearby residents. This study aimed to assess heart rate variability (HRV) response to LFN exposure and to evaluate the LFN
exposure (dB, LAeq) inside households located near wind turbines.

Methods: Thirty subjects living within a 500 m radius of wind turbines were recruited. The �eld campaigns for LFN (LAeq) and HRV monitoring were carried out
in July and December 2018. A generalized additive mixed model was employed to evaluate the relationship between HRV changes and LFN.

Results: The results suggested that the standard deviations of all normal to normal R-R intervals reduced signi�cantly by 3.39% with a 95% CI = (0.15%, 6.52%)
per 7.86 dB (LAeq) of LFN in the exposure range of 38.2-57.1 dB (LAeq)—i.e., a 0.43% reduction per 1 dB (LAeq). The results of household monitoring showed
that the indoor LFN exposure (LAeq) ranged between 30.7 and 43.4 dB (LAeq) at a distance of 124-330 m from wind turbines. The worst case had 99.6%, 89.1%,
and 96.8% at daytime, evening, and nighttime, respectively, exceeding the LFN standards of the Taiwan Environmental Protection Administration. Moreover,
households built with concrete and equipped with airtight windows showed the highest LFN difference of 13.7 dB between indoors and outdoors.

Conclusion: This work is the �rst study assessing the HRV impacts from turbine LFN in Asia, where wind turbines installed within short distances from
residential areas. In view of the adverse health impacts of LFN exposure, there should be regulations on the requisite distances of wind turbines from
residential communities for health protection.

Introduction
Wind energy is used around the world as a source of clean energy. However, low-frequency noise (LFN) in the range of 20-200 Hz is generated by wind turbine
operation [1–4]. The LFN produced by wind turbine operation includes aerodynamic noise and mechanical noise [5–7]. As many community complaints have
centered around the LFN from wind turbines [8], it is important to evaluate the health impacts of LFN on residents near wind farms.

LFN exposure has been found to cause a variety of health conditions. Exposure to LFN from wind turbines results in headaches, di�culty concentrating,
irritability, fatigue, dizziness, tinnitus, aural pain sleep disturbances, and annoyance [9–22]. Clinically, exposure to LFN from wind turbines may cause
increased risk of epilepsy, cardiovascular effects, and coronary artery disease [23, 24]. It was also found that exposure to noise (including LFN) may have an
impact on heart rate variability (HRV) [25, 26]. Patients with reduced HRV have an increased risk of mortality within a few years of acute myocardial infarction
or be diagnosed with congestive heart failure or left ventricular dysfunction [27]. A recent study analyzing 658 measurements of HRV obtained from 10
healthy males (18-40 years old) indicated reductions in HRV due to environmental LFN exposure [28]. However, few studies have speci�cally examined the
effect of LFN from wind turbines on HRV in healthy individuals, as this work aims to.

In view of the adverse health impacts of noise exposure, many countries and international organizations have established regulations for noise control. These
regulations are set for noise in the full spectrum of human hearing (20-20k Hz). The Ministry of Environment of Finland set limits for wind farm noise of 45 dB
(LAeq) during the day and 40 dB (LAeq) during the night [29]. In the United Kingdom, the �xed limit for turbine noise is 40 dB (LAeq) for the daytime and 43 dB
(LAeq) for the nighttime [30]. In the United States, noise levels of £ 55 dB (LAeq) are set for outdoors in residential areas, farms, and other outdoor areas as
requisites for public health protection and levels of 45 dB are set for indoor residential areas, hospitals, and schools [31, 32]. In addition to the full noise
spectrum, the Taiwan Environmental Protection Administration (EPA) also established regulations for LFN to avoid impacts on residents, since wind farms
have been set up very close to residential communities. The LFN standards for wind turbines in the daytime (7 am-7 pm) and evening (7 pm-10 pm) are 39 dB
(LAeq) for environments requiring tranquility such as residential areas, 44 dB (LAeq) for mixed residential and commercial/industrial areas, and 47 dB (LAeq) for
industrial areas; those at nighttime (10 pm-7 am) are 36, 36, 41, and 44 dB (LAeq), respectively [33]. This study assessed the LFN in the indoor environments of
households near wind turbines to evaluate whether the LFN levels meet the Taiwan EPA standards.

One of the most important factors in�uencing residential noise exposure from wind turbines is the distance of the wind turbine from the observer [34]. For
example, at a distance of 120-500 m, the measured turbine noise levels decreased by 3-5 dB (LAeq), while at a distance of 1000 m the noise was reduced by 6-
7 dB (LAeq) [35]. Hansen et al. reported variations in indoor LFN levels (15-45 dB (LAeq)) for two households (houses made of sandstone/concrete/iron or
bricks with windows remaining closed or half open) at different distances from wind turbines [36]. This study assessed the indoor/outdoor differences in LFN
exposure in several households located at varying distances from wind turbines. Our main focus was on the indoor LFN levels in several recruited households;
we did not intend to conduct a comprehensive evaluation of the in�uential factors. These households serve the purpose of demonstrating the potential
impacts of in�uential factors.

Besides distance from turbines, building materials also affect indoor LFN exposure. The work assessed the indoor LFN levels for several recruited households
with different building materials and open/closed windows to illustrate their potential impacts. It is known that materials have different sound absorption
coe�cients [37]. The overall sound pressure level and spectrum of external noise change when transmitted to the interior of a building [38]. Mid- and high-
frequency noises are selectively attenuated by roofs and walls, causing the building structure to function like an LFN pass �lter [39]. Outdoor to indoor noise
reduction generally decreases with frequency, which is related to housing construction and room dimensions [36]. Factors contributing to indoor/outdoor noise
reduction also include structural resonances, room modes, and coupling between the air volume inside the residence and the stiffness of the walls, roofs, and
ceilings [36]. It is known that the appropriate choice of construction materials and designs can contribute to LFN exposure reduction for residents. Hence,
these factors are not evaluated comprehensively in this study.

Taiwan is a small and highly populated island. Wind farms have been set up near residential communities, affecting the day-to-day lives of the residents. This
study has two objectives; it evaluates the LFN and HRV relationship with an intervention design and assesses the actual LFN exposure of the community
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residents. This investigation is the �rst in Asia examining the impact of LFN from wind turbines on the HRV of healthy residents. In addition, the variations in
LFN exposure inside several residences constructed of different building materials are examined. The �ndings of this study would serve as a useful reference
for Asian countries planning to launch or promote wind power generation.

Materials And Methods
Monitoring equipment

The equipment assessing the LFN, meteorological conditions, and HRV index is described as follows.

Environmental monitoring devices

The sound level meter NL-62 (Rion, Japan), which complies with the IEC 61672-1, 2002 Class 1 and ISO 7196: 1995 applicable standards, was used for
measuring the LFN. Measurements were analyzed using the frequency analysis program NX-62RT, with the choice of 1/3 octave and at intervals of 100 ms. Its
band central frequencies were 20, 25, 31.5, 40, 50, 63, 80, 100, 125, 160, and 200 Hz. In addition, windscreens WS-10 and WS-15 were used in indoor and
outdoor measurements, respectively, and equipped with rainproof features [40] to reduce the wind noise. The average acoustical intensity (dB, LAeq) was
measured over a 5-minute period. Moreover, the wind speed in the outdoor environment was measured by a wind speed smart sensor (S-WSB-M003), while the
temperature and relative humidity (RH) in both indoor and outdoor environments were obtained using HOBO U12 data loggers (Onset Computer Corporation,
Bourne, MA). Meteorological data were collected at a 5 min resolution.

HRV monitoring device

RootiRx (RootiCare®, Rooti Labs Ltd., Taipei, Taiwan), a wearable electrocardiogram (ECG) recorder, was employed to provide data on heart rate, HRV
indicators, and motion in three dimensions (www.rooticare.com). RootiRx has received medical-device certi�cations from the EU, the US, and Taiwan. This
compact device (62 ´ 22.5 ´ 8.45 mm, 14 ± 1 g) is attached to an electrode sticker (32.7 ´ 115 ´ 5.2 mm, 3.2 g) and can operate under a temperature of 0-40°C
and an RH of 20-93%. RootiRx has been evaluated against a standard 12-lead Holter monitor in 33 healthy subjects for 24 hours [41]. The overall average beat
per minute correlation between BeyondCare® (another name for RootiRx) and the standard 12-lead Holter was found to be 0.98. The mean percentage of
invalid measurements was 1.6% for RootiRx and 1.7% for Holter. These �ndings indicate that the overall performance of RootiRx and Holter is similar.
Moreover, the same study used RootiRx to assess cardiac arrhythmias in 67 subjects. The mean analyzable wear time was found to be 93.6%, and its water-
resistant design enabled 73.5% of the participants to take a shower [41]. It was used in our earlier work to assess impacts on HRV from air pollution [42]. This
work applied RootiRx for subjects recruited in a community close to wind turbines.

Study design

There were two types of �eld monitors used in this work. The �rst one was used to assess the HRV change of the recruited subjects while taking LFN
measurements at the same time at two designated sites with an intervention design; it is called“LFN and HRV monitoring”and is introduced in Section 2.2.1.
The second one was used to assess the LFN levels in the indoor and outdoor environments of several households and is introduced in Section 2.2.2; we
intended to use it to assess whether the daily LFN exposures of residents were at the same range as those obtained in the �rst intervention monitoring.

LFN and HRV monitoring

The targeted community was located within a 500 m radius of wind turbines in western Taiwan. Public recruitment meetings were held to introduce our study
objectives and plan. The inclusion criteria are residents aged between 20 and 80 years and non-smokers. The exclusion criteria are hearing impairments, high
blood pressure, known heart disease, history of heart attack and heart surgery, irregular heart rhythm, and medications taken that would affect HRV. Thirty
subjects were recruited with written informed consent. Then, face-to-face interviews were conducted to obtain detailed demographic data as well as
information on the building materials of the residences, the types of windows installed, and the residents’ habits of keeping windows open or closed. The
study design was reviewed and approved by the Institutional Review Board of Academia Sinica (IRB No. AS-IRB01-18025).

The �eld campaigns for LFN and HRV monitoring were carried out in July (summer) and December (winter) 2018. In each month, the �eld campaign lasted for
two days on the �rst weekend of the month and was repeated again on the third weekend. Two sites were selected: an outdoor site (Site OD) and an indoor
site (Site ID). Figure 1a illustrates the locations of two sites relative to the wind turbines. Site OD was located in close proximity to the wind turbines 20 m
away, where people would be exposed to relatively high levels of LFN. In contrast, Site ID was distant from the wind turbines at 500 m away, thus people would
be exposed to relatively low levels of LFN. The two sites were about a 5 min-drive apart. The recruited subjects would be gathered on the two sites to acquire
different levels of LFN exposure, as described below. This intervention design aims to make sure these subjects are exposed to LFN from wind turbines during
our monitoring periods in a similar manner to residents who live near wind turbines in their daily lives are.

On Day 1, RootiRx was patched onto the chest of each subject at Site ID. Then, all the subjects were instructed to �ll out a time-activity diary (TAD) at 30 min
intervals regarding their microenvironments, activities, and major exposure sources encountered, if any, during that 30 min period. The exposure sources listed
included vehicles, electronics, wind turbines, machines, trains, aircrafts, music, conversations, and others (please specify).

On Day 2, all subjects gathered �rst at Site ID, the activity center of the study community. They were equally assigned into two groups, Group A and Group B,
with similar age and gender distributions. Then, Group A was taken to Site OD. Transport was provided when shuttling between the two sites to avoid their
HRV being affected by other factors. At both sites, the subjects were asked to sit in the chairs provided and the one-hour LFN monitoring commenced. The LFN
levels were matched to the HRV of the subjects to assess the associations of HRV and LFN in a later data analysis. To prevent exposure to sunlight from
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affecting the subjects’ HRV, a tent was pitched for monitoring at Site OD. Subjects were engaged only in low-intensity activities during the monitoring. At Site
OD, subjects had their heights, weights, and blood pressures measured in the tent, while at Site ID they listened to a talk on different types of energy and their
applications. These activities were not vigorous and would not cause mood swings, thus having a minimum impact on HRV. After an hour, the two groups
swapped sites, with Group A taken to Site ID and Group B to Site OD, and another one-hour LFN monitoring was repeated. At the end of monitoring on Day 2,
RootiRx was removed from each subject. For �eld campaigns conducted in December, warm drinks were provided at both sites to minimize the effect of cold
weather on subjects’ HRV.

The environmental LFN levels were simultaneously measured at each site when the subjects wearing RootiRx gathered, as described above. In addition,
environmental variables, including wind speed, temperature, and RH, were measured during �eld campaigns at both sites. At Site OD, instruments, including
Rion NL-62, HOBO U12, and HOBO S-WSB-M003, were set up 3 m from the subjects about 1.7 m above the ground (roughly the height of human ears);
meanwhile, at Site ID instruments, including Rion NL-62 and HOBO U12, were set up on a table 1 m above the ground, approximately 2 m from the wall, and 3
m from the subjects.

Household LFN exposure monitoring

The purpose of the household indoor and outdoor monitoring was to assess whether the everyday LFN exposures of residents were in the similar ranges as
the LFN exposures measured in the aforementioned �eld monitoring, which purposely staged the subjects staying at site OD. To assess the actual LFN
exposure of subjects in their everyday life, the continuous 48-hour monitoring of indoor and outdoor LFN was conducted in households in August-September
(summer) and December (winter). Among 30 subjects, only seven households agreed on household monitoring. The distances of these seven households
from the nearest wind turbine are shown in Figure 1b, from 124 (House 1) to 330 m (House 6). Three households were monitored in summer and six in winter,
with two residences (Houses 3 and 5) monitored in both seasons. For outdoor monitoring, the Rion NL-62 was set up approximately 2 m from the outside
walls of the studied households at 1.7 m above ground. For indoor monitoring, Rion NL-62 was set up on a table in the living room of the studied households
about 2 m from the wall at 1 m above ground.

           

Data analysis

Data cleaning procedures were carried out for the LFN and HRV data. The 5 min environmental variables (LFN (LAeq), temperature, RH, and wind speed) were
calculated by averaging the data collected each minute during �eld campaigns. Though driven by wind of varying speed, wind turbines rotate steadily and the
LFN thus generated should be regular and uniform. A sudden increase in the LFN level exceeding 10 dB (LAeq) should be attributed to other sources (such as
road vehicles and airplanes). Therefore, to ensure that the LFN data collected during �eld campaigns were from wind turbines, acute rises in the LFN of more
than 10 dB (LAeq) at Site OD were excluded from data analysis. This exclusion criterion was not applied to Site ID, where diverse sources of LFN, as described
later, were present, resulting in wider variations and more irregularity in the LFN trends observed.

The HRV responses to LFN exposures were assessed using a time-domain parameter—namely, the standard deviation of all normal to normal R-R intervals
(SDNNs)—and a frequency-domain parameter—namely, the ratio of low-frequency (LF; 0.04-0.15 Hz) to high-frequency power (HF; 0.15-0.4 Hz) (LF/HF). All the
ECG signals collected at 500 samples per second of RootiRx were downloaded and analyzed using previously validated proprietary algorithms provided by
Rooti Labs Limited [41]. Abnormal data with SDNNs greater than 250 and an LF/HF smaller than 0.1 were excluded from the analysis. HRV data in 5 min
epochs with a missing rate greater than 20% were not included in further analysis [41]. After data cleaning, the average analyzable wear time of RootiRx in this
work was 86.2%. Signal loss was attributed to the poor contact of the RootiRx patch worn by subjects in action. Data for LFN and HRV indicators were
matched in 5 min intervals for exposure-health evaluation.

The associations between LFN and log10-transformed HRV indicators (SDNN and LF/HF) in 5 min epochs were analyzed using the general additive mixed

model (GAMM, R Version 3.5.0). The model was adjusted for wind speed, temperature, age, gender, body mass index (BMI, body weight / (height2), < 24 / ³ 24),
activity intensity, and the interaction term of age and activity intensity. Activity intensity and temperature were adjusted using thin-plate spline in the GAMM
models for log10(SDNN) and log10(LF/HF), respectively, as these variables were statistically signi�cant in that model. Subjects were treated as random effect
intercepts to adjust for individual differences. The cutting line for BMI was 24, following the guidelines of the Ministry of Health and Welfare, Taiwan, which
takes BMI ³ 24 as overweight [43]. Moreover, in view of the strong correlation between temperature and RH, RH was excluded from the model. The effect
estimate (β) of LFN was transformed into the percentage change of HRV indicator per interquartile range (IQR) of the corresponding covariate, which can be
presented as . The corresponding 95% con�dence interval (CI) was presented as , where SE is the standard error of the β estimate.

For household monitoring, indoor and outdoor LFN (dB, LAeq) measurements obtained from the 48 hr monitoring were divided in three different time periods—
namely, daytime (7 am to 7 pm), evening (7 pm to 10 pm), and nighttime (10 pm to 7 am)—for comparison against the LFN standards designated by the
Taiwan EPA. Moreover, the impacts of building materials, types of windows, and habits of keeping windows open or closed on the LFN indoor/outdoor
differences were explored. In view of the insigni�cant effect of slightly open windows on LFN transmission [44], slightly open and fully closed windows are
grouped into the same category in contrast to fully open windows.

Results And Discussion
Distribution of demographics, LFN and HRV data



Page 5/12

Among the 30 subjects recruited, 12 males and 13 females participated in the summer �eld campaign, while 9 males and 10 females participated in the winter
�eld campaign, with 14 subjects (8 males, 6 females) participating in both seasons. Table 1 lists the demographic characteristics of the subjects. The age of
the subjects ranged from 22 to 75 years. The average BMI of subjects was 23.9 ± 2.8 kg/m2 in summer and 24.3 ± 2.9 kg/m2 in winter.

As shown in Table 1, for the summer and winter measurements the mean SDNNs were 61.7 and 66.5 milliseconds, while the mean LF/HFs were 1.9 and 1.1,
respectively. The mean levels of LFN exposure were 43.5 ± 2.9 at Site OD and 50.4 ± 0.8 dB (LAeq) at Site ID in summer and 49.1 ± 6.9 and 42.3 ± 1.8 dB (LAeq),
respectively, in winter. While the winter data (Site OD > Site ID) support our hypothesis that close proximity to wind turbines results in higher LFN exposure, the
summer �ndings (Site ID > Site OD) of a higher LFN recorded with the wind turbines distant away imply a greater contribution to LFN from other sources
indoors. Reviewing the difference between the sites in the two seasons showed that the use of fans indoor in hot weather is a potential source of LFN at Site
ID. Summer in Taiwan is hot and Site ID is equipped with fans for ventilation. Another possible source is human conversation. The voiced speech of a typical
adult male will have a fundamental frequency from 85 to 180 Hz and that of a typical adult female will have a fundamental frequency from 165 to 255 Hz
[45].

To evaluate the contribution of these two potential sources, a follow-up assessment of the LFN at Site ID was performed. First, 15-minute LFN measurements
were taken for indoor background noise �rst without any fan or conversation, then they were taken with one turned-on household fan (medium-sized) roughly
3 m away from the NL-62, and �nally they were taken with the ongoing conversation of �ve persons (three males and two females) at 2-5 m away from the
NL-62. The LFN at a 1-minute resolution was assessed. The results show that the average indoor background LFN was 32.5 ± 1.4 dB (LAeq) without fan use
and conversation, 32.5 ± 1.4 dB (LAeq) with the fan turned on, and 44.1 ± 2.2 dB (LAeq) with ongoing conversation. As can be seen, with the fan turned on the
indoor LFN recorded was the same as the background LFN. In contrast, with ongoing conversation the indoor LFN recorded was 11.6 dB (LAeq) higher than the
background LFN. In other words, the summer �ndings (Site ID > Site OD) of the LFN recorded indoors surpassing that of the LFN recorded outdoors with wind
turbines nearby can be attributed to the ongoing conversation indoors at the activity center.

Impacts of LFN exposure on HRV

One of the main objectives of this study was to evaluate the potential impacts of LFN on HRV in terms of SDNN and LF/HF. Table 2 shows the 5 min
percentage changes of HRV indicators per interquartile range (IQR) increase in LFN. GAMM analysis yielded 7.86 dB (LAeq) as the IQR of LFN. After adjusting
for confounding factors, the SDNN was reduced by 3.39% (95% CI: 0.15-6.5%) per 7.86 dB (LAeq) of LFN with a statistical signi�cance p < 0.05. In other words,
with an increase of 1 dB (LAeq) in LFN, the SDNN decreases by 0.43%. In contrast, the reduction in LH/HF per IQR increase in LFN was much smaller and not
statistically signi�cant. These results revealed a signi�cant association between LFN exposure and changes in HRV, especially in SDNN, indicating the
potential health impacts of exposure to LFN. The present �ndings were consistent with previous observations of reduced HRV due to LFN exposure in the US
[28]. In that study on 10 healthy males, SDNN was reduced by 16% (95% CI: 6.1-26%) during 40 min LFN exposure as compared with no noise exposure. As
stated above, few studies have assessed the impacts of LFN on HRV. With the increasing emphasis on renewable energy, a growing trend of more turbines
being built for wind power can be expected. Hence, it is both timely and necessary to conduct more assessments on the potential health impacts of LFN
generated by wind turbines.

Besides LFN, studies have also indicated the possible effect of environmental noise on HRV. For 110 German adults exposed to daytime noise, the SDNN
reduced by 0.67% for a 5 dBA increase when Leq  65 dBA [46]. Another study also showed that a decrease from 17.42 to 17.7 ms for a 10 dBA increase above
the background noise (45 dBA) in forty college-going male volunteers exposed to tra�c noise [47]; the SDNN reduction was roughly 0.2% per 1 dBA.
Additionally, an SDNN reduction was observed for another important environment factor, PM2.5. A signi�cant decrease in SDNN (0.51%; 95% CI: 0.01-1.01%)

was associated with a 10 µg/m3 increase in PM2.5 for Japanese patients aged 20-90 years [48]. A meta-analysis of 33 panel studies in North America, Asia,

and Europe showed that a 0.92% reduction in SDNN was observed for a 10 μg/m3 increase in short-term PM2.5 exposure [49]. Wang et al. showed that 0.39%

(95% CI: -0.72%, -0.06%) and 0.92% (95% CI: -2.14%, 0.31%) reductions were observed for short-term and long-term exposures to a 10 μg/m3 increase in PM2.5,
respectively, for adults aged above 55 years old [50]. Besides this, SDNN was decreased from 54.7% to 39.6% with an increase in ambient temperatures from
17 to 38 oC (reduced by 0.72 % per 1 oC) in twenty-eight healthy young subjects [51]. In comparison, our �ndings of SDNN reduction (0.43% per 1 dB) due to
LFN from wind turbines were slightly higher than the reductions in tra�c noise exposure > 65 dBA (0.13% per 1 dB), in a similar range or slightly lower than
those with a 10 μg/m3 increase in PM2.5 exposure (0.39 to 0.92%) and slightly lower than those with ambient temperatures (0.72 % per 1 oC). In short, the
impact of LFN from wind turbines on HRV was higher than that from tra�c noise and lower than that from PM2.5 and ambient temperature.

The above results also imply the absence or minimal lag effect of LFN on SDNN. During �eld monitoring, the subjects were shuttled between Site OD (high
LFN exposure) and Site ID (low LFN exposure). Should there be lag effect, their differences in LFN would be small and the impact of LFN on SDNN would be
insigni�cant, resulting in similar SDNNs at both sites. Nevertheless, the �eld monitoring results indicated a signi�cant reduction in SDNN at Site ID (55.8
milliseconds in summer and 64.2 milliseconds in winter) compared to those at Site OD (65.3 milliseconds in summer and 68.8 milliseconds in winter). Hence,
there was either no or a negligible lag effect. This observation was consistent with the results of a study conducted in Germany that showed that during
routine activities, a 5 dB increase in LAeq ≥ 65 dB (20-20k Hz) was not associated with lagged SDNN change [46].

Besides LFN, wind speed is the only environmental variable with a signi�cant impact on SDNN and LF/HF though with opposing trends of changes (Table 2).
In this study, wind speed and temperature are environmental variables adjusted in the GAMM of LFN on SDNN and LH/HF. The exact mechanism by which
these variables impact the two HRV indicators remains to be explored.

The SDNN decreased with increasing age but did not reach statistical signi�cance in our work. In the literature, studies have found a signi�cant association of
age with SDNN. For example, Kim and Woo found that SDNN signi�cantly decreased with increasing age in 2748 males and 735 females in Korea [52]. Voss
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et al. also indicated an inverse association of age with SDNN for 1906 Germans aged 25-74 years [53]. Furthermore, population studies in the Netherlands
found that SDNN decreases continuously from birth to old age for 28,827 participants with ages ranging from 11 days to 91 years [54]. In addition, as seen in
Table 2 female subjects had a higher SDNN than male subjects, again not reaching statistical signi�cance. Previous studies have also indicated that female
subjects had a signi�cantly higher SDNN than male subjects [52, 54]. Our study results showed a trend of increased association of SDNN and age and higher
SDNN in females, consistent with the results of previous studies. Nevertheless, the sample size in this work may be the reason for the statistical insigni�cance
of these results.

LFN exposure in residential households

In order to assess whether the subjects’ daily LFN exposure was in a similar range to our“LFN and HRV monitoring”, we conducted household LFN exposure
monitoring for seven recruited households. The households’ average LFN levels were 34.8 6.9 dB and 43.4 5.7 dB for indoors and outdoors, respectively. As
shown in Table 3a, the indoor LFN exposure during the 24-hour period among different households ranged from 30.7 to 43.4 dB (LAeq). Moreover, the
maximum indoor LFN exposure of residents in their households in the daytime ranged between 39.7 and 56.7 dB (LAeq), which was similar to the range
recorded at Site ID (38.2 and 52.5 dB). Previous studies have reported wind turbine LFN of 15-45 dB indoors in residences in Australia situated 870-3100 m
from wind turbines [36], and indoor LFN levels of 0-10 dB during wind turbine operational periods for residences situated 1500 m from wind turbines in
Australia [55]. In comparison, the maximum indoor LFN exposure during a 24-hour period (43.4 dB) in our monitoring was similar to that reported (45 dB) by
Hansen et al. [36] and higher than that (10 dB) reported by Evans et al. [55].

As shown in Table 3b, the outdoor LFN measured during a 24-hour period among different households ranged from 38.2 to 50.0 dB (LAeq) in summer and 38.9
to 44.6 dB (LAeq) in winter. These household data were slightly lower than the �eld results at Site OD (38.3-53.5 dB, LAeq, in summer and 40.5-57.1 dB, LAeq, in
winter), which was located much closer (20 m) to the turbines than the households. Our results con�rmed that these residents indeed were exposed to similar
LFN levels as in the �eld campaign at site OD. Therefore, HRV impacts from the LFN exposure evaluated in the �eld campaigns could be found in the daily
lives of these residents. Hansen et al. and Evans et al. also reported that the LFN exposure levels from wind turbines for outdoor measurements were 25-40 dB
and 21-25 dB, respectively [36, 55]. Our monitoring of outdoor LFN exposure (38.2-50.0 dB) was higher than their results. The seven households in this study
were located closer (124-330 m) to the turbines than the households in Hansen et al. (870-3100 m) [36] and Evans et al. (1500 m) were [55].

Table 3a also shows that the indoor LFN exposure levels (dB, LAeq) at most households were higher in the daytime than in the evening and nighttime. The
higher LFN exposure level in the daytime could be attributed to other sources of background noise in addition to turbine-generated noise, while the LFN at
nighttime presumably came mainly from wind turbines. House 1 recorded the highest mean and maximum nighttime LFN exposure (40.8 and 48.5 dB (LAeq),
respectively), attributed to its close proximity to wind turbines. According to the Guidelines for Community Noise [56], for a good night’s sleep the equivalent
sound level should not exceed 30 dB (LAeq) for continuous background noise. However, the average indoor LFN levels at nighttime in Houses 1, 3, 4, and 7
were above 30 dB (LAeq) and 100% of the 5 min nighttime observations recorded in Houses 1 and 4 exceeded 30 dB (LAeq), implying that turbine-generated
LFN may affect residents' quality of sleep at nighttime in these households.

The Taiwan EPA designates different noise standards in residential areas for different times of day: daytime (39 dB, LAeq, 7 am to 7 pm), evening (39 dB, LAeq,
7 pm to 10 pm), and nighttime (36 dB, LAeq, 10 pm to 7 am) (Taiwan EPA, 2017). According to these guidelines, House 1 (daytime, evening, and nighttime),
House 2 (daytime), House 4 (nighttime), and House 7 (daytime and evening) had LFN exposure levels exceeding the respective standards designated by the
Taiwan EPA (Table 3a). Among these residences monitored, residents at House 1 had higher LFN exposures from wind turbines round the clock, indicating that
they were exceeding the LFN standards of the Taiwan EPA 99.6%, 89.1%, and 96.8% of the time for the daytime, evening, and nighttime, respectively. The
impacts of distance, building materials, and having windows open/closed on the LFN could be illustrated by our cases, as brie�y discussed in the following.
The signi�cant in�uence of distance from turbine on the indoor LFN exposure level is best illustrated by House 1. With the shortest distance from wind
turbines, House 1 had the highest mean LFN exposure, both indoors and outdoors, during the 24-hour period, with its indoor LFN exposure ranging from 40.8
to 45.0 dB (LAeq) and the maximum level reaching 50 dB (LAeq) in the evening. However, House 6, the farthest (330 m) among the seven households
monitored, did not record the lowest mean LFN exposure. Instead, the lowest LFN exposure of 30.7 dB (LAeq) in both seasons was recorded inside House 5, the
only residence with airtight windows installed. Windows serve as sound attenuation [57]. Although the resident of House 5 indicated a habit of keeping
windows fully open in the summer (Table 3), the windows were actually closed during the monitoring period according to our observation. Moreover, House 5
had only one resident and the windows were kept closed when the house was empty. A single-member household with less ongoing conversation would imply
the absence or negligible contribution of this indoor LFN source (unlike the situation at Site ID). Moreover, keeping airtight windows closed most of the time
contributes to low sound transmission. The soundproo�ng effectiveness of airtight windows is evidenced by the largest indoor–outdoor difference in LFN of
13.7 dB (LAeq) recorded for House 5 in both seasons (Table 3c).

Houses 3 and 4 were located at equal distances (308 m) from the nearest turbine, but their average indoor LFN exposure differed by 4 dB (33.7 dB (LAeq) and
37.9 dB (LAeq), respectively) (Table 3a). The results indicated that though it had been built with CN, House 4 had a higher indoor LFN recorded, which can be
attributed to the fully open windows, resulting in poorer sound insulation compared with House 3 with its fully closed windows. Therefore, the impacts of
opening the windows on the indoor LFN were more signi�cant than those of building materials in this case.

The impacts of building materials on LFN were not a focus of our study. However, the indoor–outdoor LFN difference in seven households presented certain
indications of their impacts. As shown in Table 3c, the CN residences (Houses 1, 2, 6, and 7) had larger indoor–outdoor differences (range, 6.6-11.2 dB (LAeq))
than the CB residence (House 3; (range, 5.8-8.5 dB (LAeq)). The results indicated that CN had a higher LFN insulation compared with CB. In summary, distance
from turbines, building materials used, types of windows installed, and whether they are open or closed all had impacts on the indoor LFN levels in our study.
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Recommendations and study limitations

The present results show the adverse impact of LFN exposure on HRV. For public health protection, there should be regulations on the requisite distances of
wind turbines from residential communities. In Taiwan, wind farms are owned by large corporations, and distance regulations would prevent these operators
from reaping bene�ts at the expense of nearby residents suffering from long-term LFN disturbance and adverse health impacts. Residences in close proximity
to wind turbines should be equipped with airtight windows for better sound insulation. To reduce LFN, windows should be kept closed as much as possible
and especially at night to ensure a good quality of sleep.

This study has some limitations. Firstly, at Site ID for the households monitored, indoor LFN is caused by wind turbines but there may also exist other indoor
LFN sources, such as indoor ventilation devices, ongoing conversations, or television, which have not been thoroughly explored. Secondly, our sample size is
small due to di�culties in recruitment. Nevertheless, the �ndings obtained from the 30 subjects still demonstrated the impacts of LFN on HRV changes.
Finally, the average analyzable wear time (86.2%) was lower than that (93.6%) found in previous research [41]. Nevertheless, data loss occurred randomly and
did not undermine the validity of the present �ndings.

Conclusion
LFN from wind turbines is potentially annoying to residents living nearby and affects human health. This study assessed the response of HRV indicators
(SDNN and LF/HF) to LFN exposure and evaluated the LFN exposure inside households located near wind turbines. The results showed the association of
changes in HRV with LFN exposure and an SDNN reduction of 0.43% with an increase of 1 dB (LAeq) in LFN. The households’ average LFN levels were 34.8 6.9
and 43.4 5.7 dB for indoors and outdoors, respectively. In addition, the average indoor LFN levels at nighttime in four of the seven households monitored were
above 30 dB (LAeq), a threshold for a good sleep quality. Taiwan has a high population density and wind farms have been set up near residential communities.
In view of the adverse health impacts of exposure to turbine-generated LFN, it is recommended that the government set regulations on the requisite distances
of wind turbines from residences, for houses near wind turbines to be equipped with airtight windows for sound insulation, and for residents living in close
proximity to wind turbines to have their windows closed most of the time to reduce LFN transmission.
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Tables
Table 1. Demographic characteristics of study subjects and environmental and LFN measurements with a 5 min resolution (n = 1259).

https://www.hpa.gov.tw/Pages/Detail.aspx?nodeid=542&pid=705.2011
http://www.epa.sa.gov.au/xstd_files/Noise/Report/low_frequency.pdf


Page 10/12

Variable Summer (n = 574)   Winter (n = 685)
Mean ± SD Min Max   Mean ± SD Min Max

Age (years) 54 ± 14 22 75   59 ± 14 33 75
BMIa (kg/m2) 23.9 ± 2.8 19.0 30.3   24.3 ± 2.9 21.1 34.0
Temperature (°C) 35.8 ± 3.9 31.5 41.0   22.6 ± 1.5 19.6 24.7
Relative humidity (%) 55.6 ± 10.6 40.8 67.2   73.5 ± 3.4 66.9 80.8
Wind speed (m/sec) 0.95 ± 0.78 0 2.01   0.72 ± 0.79 0 2.42
Activity Intensity (mGb) 1891 ± 398 1201 3546   1781 ± 337 1173 3323
SDNNc (millisecond) 61.7 ± 29.4 8.9 167.3   66.5 ± 29.2 11.7 180.9
SDNN at Site OD (millisecond) 65.3 ± 30.8 8.9 167.3   68.8 ± 31.4 11.7 180.9
SDNN at Site ID (millisecond) 55.8 ± 26.1 11.4 144.5   64.2 ± 26.5 12.8 146.7
LF/HFd 1.9 ± 2.2 0.08 19.1   1.1 ± 1.2 0.09 13.3
LF/HF at Site OD 1.7 ± 2.1 0.1 19.1  

1. 1.3
0.1 13.3

LF/HF at Site ID 2.1 ± 2.4 0.1 14.2  
1. 1.1

0.1 8.5

LFNe (LAeq, dB) 46.1 ± 4.1 38.3 53.5   45.8 ± 6.1 38.2 57.1
LFN at Site OD (LAeq, dB) 43.5 ± 2.9 38.3 53.5   49.1 ± 6.9 40.5 57.1
LFN at Site ID (LAeq, dB) 50.4 ± 0.8 48.6 52.5   42.3 ± 1.8 38.2 45.5

a: BMI: Body Mass Index.
b: mG: milli-Gravitational Constant, 6.674×10−14 m3/kg*s2.
c: SDNN: Standard Deviation of Normal to Normal R-R interval in 5min resolution.
d: LF/HF: Low Frequency to High Frequency ratio in 5 min resolution.
e: LFN levels of the entire monitoring period.
Note: Site OD: 20 m from wind turbines; Site ID: 500 m from wind turbines.

 

Table 2. Estimated percentage changes (95% CI) in (a) the 5 min SDNN and (b) the 5 min LF/HF per interquartile range (IQR) (7.86
LAeq, dB) increase in LFN (n=1259).

  Coefficient estimates
5-min SDNN 5-min LF/HF

LFNa -3.39** (-6.52 to -0.15) -0.37 (-6.44 to 6.10)
Wind speed 12.7*** (7.80 to 17.9) -9.07* (-17.6 to 0.37)
Temperature -0.025 (-4.20 to 4.34) -d
Age -6.43 (-23.1 to 13.8) -31.5** (-48.4 to -9.11)
Genderb -5.02 (-25.5 to 21.07) 58.7** (11.8 to 125.4)
BMIc 2.17 (-8.80 to 14.4) -2.73 (-17.5 to 14.6)
Activity Intensity -d -8.29*** (-12.6 to -3.81)

Note: ***: p <0.001; **: 0.001< p <0.05; *: 0.05< p <0.1.
a: LFN was treated as a continuous variable.
b: Gender: female was coded as 0 and male as 1.
c: BMI < 24 was coded as 0 and BMI   24 as 1.
d: Temperature and activity intensity were adjusted using thin-plate spline for SDNN and LF/HF GAMM models, respectively.

 

Table 3. LAeq, 5-min LFN (dB, LAeq) measured at different households (a) indoors, (b) outdoors, and (c) outdoors minus indoors.
(a) Indoor
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Seasons Households LAeq, 5-min indoor (dB) Building 
material

aDistance
(m)

bHabits
of

opening
window

24-
hour

period

n Daytime
(7 am-7

pm)

Max n Evening
(7 pm-10

pm)

Max n Nighttime
(10 pm-7

am)

Max n

Summer House 1 43.4
± 3.1

472 44.2 ±
2.5c

49.6c 284 45.0 ±
4.1c

50.0c 64 40.8 ±
2.3c

48.5c 124 CN 124 x

House 3 32.4
± 5.1

364 33.8 ±
4.4 54.1c 270 32.6 ±

4.4 45.8c 25 26.5 ±
3.6

33.4 69 CB 308 x

House 5 30.7
± 3.0

404 32.1 ±
2.4 39.7c 253 28.6 ±

1.8 33.7c 36 28.2 ±
2.5 36.2c 115 CA 293 √

Winter House 2 33.8
± 8.1

513 39.4 ±
4.7c

51.8c 225 38.2 ±
4.9 48.3c 72 26.4 ±

5.4 47.9c 216 CN 277 x

House 3 33.7
± 8.3

813 34.4 ±
8.1 55.6c 385 34.7 ±

7.3 56.5c 104 32.5 ±
8.7 48.1c 324 CB 308 x

House 4 37.9
± 2.1

580 38.2 ±
2.8 52.2c 291 37.6 ±

0.6 40.0c 72 37.7 ±
0.8c

46.3c 216 CN 308 √

House 5 30.7
± 4.5

587 32.5 ±
3.8 49.0c 299 30.8 ±

2.9 39.7c 72 28.1 ±
4.5 42.2c 216 CA 293 x

House 6 32.9
± 6.3

600 36.4 ±
5.0 56.7c 312 33.7 ±

6.4 52.2c 72 27.6 ±
3.9 42.7c 216 CN 330 x

House 7 37.7
± 5.9

589 40.4 ±
5.3c

53.5c 302 41.1 ±
5.1c

53.8c 71 32.8 ±
3.1 44.3c 216 CN 328 x

(b) Outdoor
Seasons Households LAeq, 5-min outdoor (dB) Building 

material
aDistance

(m)
bHabits

of
opening
window

24-
hour

period

n Daytime
(7 am-7

pm)

Max n Evening
(7 pm-10

pm)

Max n Nighttime
(10 pm-7

am)

Max n

Summer House 1 50.0 ±
5.2

472 49.5 ±
5.0

55.3 284 50.2 ±
1.8

53.8 64 51.1 ±
6.5

56.0 124 CN 124 x

House 3 38.2 ±
3.9

364 39.3 ±
2.8

47.8 270 38.0 ±
3.5

45.2 25 33.8 ±
4.6

45.6 69 CB 308 x

House 5 44.4 ±
3.7

404 46.0 ±
2.9

54.5 253 41.8 ±
3.3

51.3 36 41.7 ±
3.5

51.5 115 CA 293 √

Winter House 2 42.2 ±
6.1

513 46.4 ±
4.4

63.9 225 43.1 ±
3.4

54.7 72 37.5 ±
4.9

51.5 216 CN 277 x

House 3 38.9 ±
4.8

273 41.2 ±
5.5

60.8 129 39.0 ±
3.7

47.8 36 36.2 ±
2.3

42.0 108 CB 308 x

House 4 40.9 ±
5.6

595 44.2 ±
4.5

63.0 299 41.7 ±
3.8

61.7 80 36.0 ±
3.8

50.9 216 CN 308 √

House 5 44.3 ±
4.5

587 46.8 ±
3.2

59.1 299 43.2 ±
3.4

52.6 72 41.2 ±
4.1

53.5 216 CA 293 x

House 6 43.8 ±
4.1

585 45.8 ±
3.8

63.9 297 43.8 ±
4.3

64.1 72 41.1 ±
2.7

50.7 216 CN 330 x

House 7 44.6 ±
4.0

589 46.8 ±
3.3

61.0 302 44.5 ±
3.5

58.9 71 41.7 ±
3.1

52.1 216 CN 328 x

 
 
(c) Indoor-outdoor

Seasons Households LAeq, 5-min Indoor-Outdoor (dB) Building
material

bHabits of
opening
window

24-hour
period

n Daytime
(7 am-7 pm)

n Evening
(7 pm-10 pm)

n Nighttime
(10 pm-7 am)

n

Summer House 1 6.6 ± 5.4 472 5.4 ± 4.6 284 5.2 ± 3.3 64 10.3 ± 6.2 124 CN x
House 3 5.8 ± 4.7 364 5.5 ± 4.7 270 5.4 ± 5.6 25 7.2 ± 3.8 69 CB x
House 5 13.7 ± 2.0 404 13.9 ± 1.9 253 13.2 ± 2.7 36 13.5 ± 2.1 115 CA √

Winter House 2 8.4 ± 6.7 513 6.9 ± 6.6 225 4.9 ± 6.3 72 11.1 ± 6.0 216 CN x
House 3 8.5 ± 4.1 273 7.8 ± 4.6 129 9.1 ± 3.6 36 9.0 ± 3.3 108 CB x
House 4 2.8 ± 5.0 579 5.8 ± 4.7 292 3.6 ± 2.7 72 1.7 ± 3.8 216 CN √
House 5 13.7 ± 3.9 586 14.4 ± 2.7 298 12.3 ± 3.3 72 13.1 ± 5.2 216 CA x
House 6 11.2 ± 3.9 585 9.8 ± 3.5 297 10.1 ± 5.5 72 13.5 ± 2.5 216 CN x
House 7 6.9 ± 4.1 589 6.4 ± 4.7 302 3.4 ± 4.2 71 8.8 ± 1.3 216 CN x

Note: (1) CN: Concrete; CB: Concrete + Brick; CA: Concrete + Airtight windows.
(2) aDistance from the nearest wind turbine (m).
(3) bHabits of opening window: √: fully open; x: slightly open or fully closed.
(4) cLFN exposure levels exceeding the respective standards designated by the Taiwan EPA.
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Figure 1

Schematics showing the locations of (a) �eld monitoring sites and (b) household monitoring residences relative to wind turbines. Note: all distances are
measured from the nearest wind turbine [58].


