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Abstract: Meteorological conditions and air quality are important environmental factors in the
occurrence and development of cardiovascular diseases (CVDs) such as hypertension. The aim of this
study was to take Haikou City, located on the tropical edge, as the research area and to analyze the
exposure-response relationship and lag effect between its meteorological conditions, air quality, and
the number of hypertensive patients. Using the data from the hypertension outpatient department
of Hainan Provincial People’s Hospital from 2016 to 2018, together with meteorological data and
air quality data, a distributed lag nonlinear model based on the nested generalized addition model
of meteorological element base variables was established. The results showed that the impact of
temperature on the risk of hypertension was mainly due to the cold effect, which was associated
with high risk, with a lag of 1-10 days. When the temperature dropped to 10 °C, the cumulative
effect on the risk of hypertension of relative risk (RR) reached its highest value on the day the low
temperature occurred (RR was 2.30 and the 95% confidence interval was 1.723~3.061), passing the test
with a significance level of 0.05. This result indicated that efforts should be made to strengthen the
prevention of hypertension under low-temperature conditions and the prediction and early warning
of disease risks. The impact of the air-quality effect (the environmental Air Quality Index was selected
as an indicator) on the risk of hypertension was mainly characterized by a low air-quality effect,
with a lag effect of 0-8 days. When the risk reached approximately 124, the RR was highest (RR was
1.63 and the 95% confidence interval was 1.104~2.408), passing the test with a significance level of 0.05.
The research results can provide technical support for conducting medical meteorological forecasting,
early warning, and services for hypertension. A joint work and research mechanism among multiple
departments such as meteorology and medical health should be established to improve the level of
medical and health care, optimize the allocation of social resources, and develop targeted prevention
and control strategies to reduce the health and economic burden of hypertension.
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1. Introduction

There are currently 290 million patients with cardiovascular diseases (CVDs) in China,
and approximately 4 million people die from the disease every year, ranking it first in
terms of mortality [1]. Hypertension is one of the most common CVDs. Under external and
internal adverse stimulation, it caused dysfunction in the central nervous system, increased
cardiac blood output and blood volume, and increased blood pressure [2]. Scholars in
China and around the world have used techniques such as correlation analysis, time series
methods, and case crossover methods to study the relationships among meteorological
conditions, air quality, and the onset of hypertension. It has been shown that meteoro-
logical conditions and air quality are important factors that induce the occurrence and
development of CVDs such as hypertension, and the impact on the disease is long-term and
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extensive [3-13]. The 24, 48, and 72 h cold waves all had effects on the hospital admissions
for hypertension on single-lag 5 d, and the effects of the 24 and 48 h cold wave were
stronger (OR = 1.218, 95% CI: 1.072-1.385) in Jinchang, Gansu Province [14]. A 10 ng/ m3
increase in PM2.5 (lag 1 d) resulted in a 0.7% increase in the daily admission of patients
with hypertension (95% CI: 0.1-1.3%), and a 10 pg/ m? increase of O3 (lag 3 d) also caused
a 3.5% increase (95% CI: 0.1~4.1%) [15].The exposure response curve of the daily average
temperature in Nanchang City in relation to the total population of cardiovascular and
cerebrovascular mortality lagged by 21 days and was “V” shaped. And the risk of death
from cardiovascular and cerebrovascular diseases is greatest in the short (0-5 d) lag period
and with a high temperature (>30.0 °C) [16]. Each one-degree increase in temperature
above the threshold of the temperature-health-effect curve (29~36 °C) was associated with
an increase of 1.4-3.6% in lagged hospitalizations, due to cardiovascular diseases [17].
When the maximum temperature reached 36.7 °C and the lowest temperature reached
25.3 °C, the relative risk of CVD death increased significantly; during the course of the high
temperature there were important environmental factors that increased the risk of CVD
deaths, and the relative risks were 1.14 (95% CI: 1.11~1.17), 1.11 (95% CI: 1.08~1.15), and
1.06 (95% CI: 1.02~1.09), respectively [18]. Some studies have explored the mechanisms
by which meteorological conditions and air quality affect the incidence of cardiovascular
and cerebrovascular diseases and have found that when the temperature drops the level
of adrenaline in the human body rises, and the surface blood vessels contract to reduce
heat dissipation. At the same time, adrenaline accelerates the heart rthythm, increases
cardiac output and leads to an increase in blood pressure [19]. PM; 5 deposited in the blood
vessels can enter the bloodstream and cause damage to the cardiovascular and cerebrovas-
cular systems [20]; O3 has strong oxidizing ability and is highly irritating and corrosive
to biological mucosa [21], even leading to changes in hemodynamics, thereby inducing
and exacerbating cardiovascular and cerebrovascular diseases [22]. Previous studies have
shown that the main influencing factors and the degree of impact of these diseases vary in
different regions and at different times. Moreover, most related research has been carried
out in temperate regions at mid-to-high latitudes, and there is a lack of research on CVDs
in tropical regions. Hainan Province is located at the northern edge of the tropics and has a
tropical maritime monsoon climate. It is the only tropical island in China, but the effects of
this unique climate on CVD in residents have yet to be studied, and as the population of
Hainan Province grows and ages, the incidence of CVDs is also increasing. Moreover, in
addition to local CVD cases, as the development of international tourist islands like Hainan
Province and global free-trade ports accelerates, the large influx of holiday tourists and
short-term residents has also intensified the pressure on local medical and health work.
Therefore, it is necessary to carry out a time series analysis of meteorological conditions,
air quality and the number of hypertension outpatient clinics using Haikou city as the
research area. This includes constructing a distributed lag nonlinear model of a nested
generalized additive model and analyzing the relationships between hypertension and
meteorological factors and between the exposure response and air quality factors. The
findings will enable the construction of a meteorological-risk-level index for the occurrence
of hypertension and provide technical support for carrying out medical meteorological
forecasts and services and hypertension prevention and treatment, reducing pressure on
medical and health workers.

2. Materials and Methods
2.1. Data Sources

Disease data: Daily outpatient case information on hypertension was obtained from
Hainan Provincial People’s Hospital, a tertiary hospital from September 2016 to April 2018.
The data were screened according to the following criteria: (1) the place of residence was
Haikou city; (2) the information was complete, and there were no clear missing data; and
(3) patients who visited the hospital again within 1 week after the initial visit were excluded
(visiting again may be mainly due to the disease itself).
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Meteorological data: For the same period, the daily average temperature, maximum
temperature, minimum temperature, relative humidity, precipitation, average wind speed,
air pressure and other meteorological data of the Haikou National Weather Station were
obtained from the Hainan Provincial Meteorological Information Center.

Air quality data: For the same period, Haikou city’s daily PM; 5, PMjg, SO, NOy, O3,
CO, AQI and other air quality monitoring data were obtained from the China Environmen-
tal Monitoring Station and Ecological Environment Bulletin.

In order to identify key meteorological environmental factors, all relevant elements
were collected as comprehensively as possible based on previous research.

2.2. Research Methods
2.2.1. Descriptive Analysis

Descriptive analysis methods, including the analysis of statistical indicators such as
averages and standard deviations, were used to assess the prevalence characteristics of
hypertension outpatient data, meteorological data, and air quality data in Haikou city. The
correlations among each meteorological factor, air quality, and number of hypertension
hospital visits was analyzed by Spearman rank correlation, and the Spearman correlation
coefficient was used to express the degree of correlation between the variables. A positive
correlation indicates that an increase in one feature’s value increases the value of the target
variable, whereas a negative correlation means that an increase in one feature’s value
reduces the value of the target variable. The closer the absolute value of the correlation
coefficient is to 1, the stronger the correlation is. The correlation analysis is based on the
p-value, and significance was tested at the test level a = 0.01 and a = 0.05 (2-tailed). The
descriptive results are expressed as the mean values, standard deviations, and percentile
values. The Spearman rank correlation should be performed to assess whether variables
can be included as key variables in the model.

2.2.2. Generalized Additive Model

The generalized additive model can effectively handle complex nonlinear relation-
ships between explanatory and effect variables [14]. This model has been widely used to
investigate the acute damaging effects of meteorological factors or air pollution on popula-
tion health events. It is important to consider that, for the total population of interest, the
number of daily disease visits represent a low-probability event. The actual distribution
of time series data is an approximately Poisson distribution [23,24], and the logarithmic
function is usually used to analyze the connection function between the independent vari-
able and the dependent variable. Therefore, it was assumed in the present study that the
number of disease visits on day t approximately obeys the quasi-Poisson distribution, and its
mean (or expected value) is recorded as ;. Meteorological environmental factors such as
temperature, air pressure, humidity, precipitation, air quality and disease incidence trends
have an impact on y¢, and these correlations may be nonlinear [25]; therefore, a generalized
additive model was used for fitting. The connection function used is the natural logarithm
function, and its basic form is:

Y: ~ Poisson ()

In(p) = a+ f1(x11) + NS(xop,df2) + - - - + NS(x¢, dfy) + NS(time, dfr)

+71DOW; + yoholiday; M

where Y; is the number of disease visits on day ¢ and time is the time variable (1, 2,.. ., n).
There is a certain autocorrelation in the daily number of disease visits, so it needs to be
eliminated by using the spline function of the time variable, as NS(time) is the natural
cubic spline basis function of the time variable; xy; is the value on the tth day of a certain
meteorological environment index to be studied; xy;, . . ., Xy, is the value on the tth day of other
meteorological environment indicators except xy; df is a degree of freedom parameter that
the best parameters are determined by modified Akaike information criteria, Q-AIC [26];
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DOW; represents “day of the week”; and holiday; represents “holidays” and appears as a
dummy variable in the model.

2.2.3. Distributed Lag Nonlinear Model

Distributed lag nonlinear models (DLNMs) can simultaneously consider the lag effects
of exposure factors such as meteorology and air quality [27,28] and the nonlinear rela-
tionship between exposure and response [29,30], so this technique has broad application
prospects in epidemiology. Therefore, based on the basic model (1), the basis function is
added, and the time dimension (0, 1.. ., L) is added to the independent variable to generate
a sequence g¢(x, - -+, x;—1) to reflect the lag effect of the meteorological factor. Using
the idea of a cross basis, the nonlinear relationships between environmental factors and
the number of daily disease visits and the lag of the effect are simultaneously analyzed
through the natural cubic spline two-dimensional function [31]. The basis function form is
as follows: NS NS

flxism) = Zi:fl ]':1[ rt];~c~j’7ij = th.ﬂ (2)
where 7y;. is the lag vector at time t obtained by the transformation of basis function ;; ¢ ; is
the conversion of the lag vector by basis function j; w;. is the natural cubic spline cross-basis
function (N Sy, -NS;) transformation of the independent variable; and 7 is the corresponding
parameter matrix [31].

2.2.4. Relative Risk

The relative risk (RR) represents the ratio of the incidence of a group of patients with a
certain disease when they are exposed to a certain condition to the incidence when they
are not exposed to a certain disease [32]. An RR equal to 1, greater than 1 and less than
1 indicates that exposure has nothing to do with the occurrence of the event, that exposure
increases the risk of the event, and that it reduces the risk of the event, respectively [33].

Taking the selection of temperature indicators as an example, during the research pro-
cess, on the basis of correlation analysis, a sensitivity analysis was conducted by selecting
daily minimum temperature, daily maximum temperature, and daily average temperature,
respectively, to compare and best capture the effects of temperature on hypertension hos-
pital visits. Based on this, it was decided that daily mean temperature was the ambient
temperature metric of choice because it was a better predictor than daily minimum and
maximum temperatures. Considering that the number of daily medical visits is a small
probability event, to avoid possible over-discretization, an accurate method was adopted.
The Poisson distribution (quasi-Poisson) is used for model fitting, and a DLNM model
based on a nested GAM of basic meteorological variables is established. As part of the
sensitivity analysis, we also varied the degree between 1 and 4, the df between 2 and 9,
and maximum lag days of 1 to 50 d. Quasi-Akaike information criterion (QAIC) were
conducted to evaluate the goodness of fit of the model. All statistical analyses were con-
ducted using R software (version 4.1.2), mainly using the “pastecs” package for descriptive
statistical analysis, the “cor ()” function for Spearman correlation analysis, and the “mgcv”
and “dInm” packages for nonlinear and hysteresis effect analysis and for determining the
influencing factors. The statistical significance level of 0.05 was adopted for the analyses.

3. Results
3.1. Descriptive Statistical Analysis

A statistical analysis of meteorological factors, air quality, and the number of patients
with hypertension in Haikou city from September 2016 to April 2018 revealed that Haikou
city’s daily average air pressure, maximum pressure, minimum pressure, average tem-
perature, maximum temperature, minimum temperature, water vapor pressure, relative
humidity, precipitation, average wind speed, and temperature change range were the
following: 1005 hPa, 1007.4 hPa, 1003.1 hPa, 23.9 °C, 27.2 °C, 21.6 °C, 24.7 hPa, 81.5%,
4.6 mm, 3.0 m/s, and 0.0, respectively. Additionally, the daily average AQI, PM; 5, PM;j,
SO,, NO,, CO, and O3 were 44 ug/m3, 21.5 ug/m3, 38.8 ug/m3, 6.2 ug/m3, 124 ug/m3,
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0.6 ug/m3, and 75 pg/m3, respectively. A total of 32,254 people visited hypertension outpa-
tient clinics, and the average daily number of people visiting these clinics was 53, with the
number of adults (aged 15-64) being 30.75. The number of medical visits during holidays
was obviously lower than that during working days, which shows that the number of
hypertension visits was strongly affected by the holiday factor, which should be the focus
of further research (Figure 1). The monthly average number of patients exhibited three
peaks: in January, March, and December, the monthly averages were 1956, 1929, and 1724,
respectively. The number of medical visits in February was lower than that in the previous
two months; the main reason may be the impact of the Spring Festival holiday. The average
number of visits in spring (from March to May), summer (from June to August), autumn
(from September to November), and winter (from December to January of the following
year) was 5139.5, 4658, 4194.5, and 5243.5, respectively, accounting for 26.7%, 24.2%, 21.8%
and 27.3% of the total number of visits for hypertension. It could be seen that winter and
spring are the peak seasons for hypertension visits.
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Figure 1. Daily number of medical visits for hypertension from September 2016 to April 2018.

The Spearman correlation coefficient table (Table 1) showing data among the number
of hospital visits, meteorological parameters, and air quality indicators shows that the
number of daily visits for hypertension had an significant positive correlation with the
average air pressure, maximum air pressure, and minimum air pressure, and had an
extremely significant negative correlation with the average temperature, maximum air
temperature, minimum air temperature, and water pressure. The AQI, PM; 5 and PMjg
were significantly negatively correlated. There was a significant positive correlation with
the NO, and CO, but the other indicators had no statistical significance. These results
may indicate that, under high pressure, controlled weather conditions (Hainan Island has
the highest winter pressure, followed by spring and autumn, and the lowest in summer)
and low-temperature weather conditions, the risk of hypertension increased, which was
consistent with the results of the high incidence of hypertension in winter and spring
according to the above statistics. Meanwhile, PM; 5 and PM;y, which characterized the
concentration of particulate matter in the air, and AQI calculated based on the concentration
of different pollutants in the air, could indicate the impact of environmental air quality on
the incidence of hypertension.
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Table 1. Spearman correlation coefficients between the number of medical visits for hypertension and meteorological and air quality indicators.
Meteorological ~Average Air Maximum Lowest Air Average Maximum Minimum Vapor Relative Precivitation Average TergE:;at:re
Elements Pressure Air Pressure Pressure Temperature Temperature Temperature Pressure Humidity P Wind Speed Rangge
Number of " . o . " N
visits 0.15* 0.15 0.14 —0.18 —0.16* —0.19 ** —0.19 —0.05 —0.07 0.04 —0.01
Air quality AQI PM PM SO NO co o
indicators 25 10 2 2 3
Number of 0.10 ** 0.11% 0.13 % 0.02 0.09 * 0.08* 0.04
doctors

Note: * means passing the test with a significance level of 0.05, ** means passing the test with a significance level of 0.01.
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3.2. The Impact of Meteorological Conditions and Air Quality on the Number of Medical Visits
for Hypertension

Based on the above analysis results, temperature and air-quality indicators signifi-
cantly correlated with the number of hypertensive patients who were selected as the main
variables to analyze their impact on the exposure-response relationship of the number of
hypertensive patients. Meanwhile, due to the correlation coefficient of the daily average
temperature, the daily maximum temperature, and the daily minimum temperature reach-
ing 0.9 and passing the test with a significance level of 0.05, and considering the collinearity
between these factors, the daily average temperature was selected as the main variable in
the temperature index. The Environmental Air Quality Index (AQI) is a comprehensive
index calculated based on the concentration of different pollutants in the air, used to reflect
the health effects of pollutant concentration and response. It is usually represented by a
value of 0-500, with higher values indicating poorer air quality. Similarly, due to the correla-
tion coefficient of air quality indicators AQI, PM; 5, and PMjg reaching 0.8 and passing the
test with a significance level of 0.05, AQI is selected as the main variable in the air quality
indicators. At the same time, due to the significant correlation between air pressure and
the number of hypertensive patients, with a correlation coefficient of 0.9 between average
air pressure, maximum air pressure, and minimum air pressure, passing the test with a
significance level of 0.05, average air pressure was used as a covariate.

The number of daily visits for hypertension was used as a dependent variable, the
daily average temperature was put into the DLNM model to establish a cross-basis matrix
of daily average temperature and lag time. The AQI and daily average air pressure are used
as covariates to control for the confounding effects of holidays, weekends and long-term
trends. To influence weather conditions, a DLNM model based on the basic meteorological
variables nested in the generalized additive model (GAM) was established. Then, in the
same way, AQI was put into the DLNM model to establish a DLNM model based on the
basic air-quality variables nested in the generalized additive model (GAM). Meanwhile,
the median was used as the benchmark to analyze the exposure-response relationship
between meteorological parameters and the number of hypertension visits, and the RR was
calculated as the main characterization quantity.

The median daily average temperature (24.7 °C) was selected as the reference value
and used as the dividing point to discuss the cold and heat effects when the tempera-
ture was less than or equal to the median daily average temperature and to study the
exposure-response relationship between temperature and the number of patients with
hypertension (Figure 2a), while calculating the cumulative effect of continuous exposure to
a low temperature (high temperature) environment. The influence of temperature on the
risk of hypertension was mainly through the cold effect, and had an obvious lag effect. The
risk was greater at lags of 1 to 10 days, and the overall thermal effect had a positive effect
on reducing the number of hypertension visits, but extremely high temperatures during
these days had some effects on the risk of hypertension.

An AQI value reaching the upper limit of level 2 (good) of 100 was selected as the
reference value, and the analysis showed that the influence of the air quality effect on
the risk of hypertension was mainly related to the high concentration factor, with a lag
period of 0 to 8 days. Overall, the low concentration factor had no impact on the risk of
hypertension (Figure 2b).
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Figure 2. Graph of the exposure-response relationship between meteorological factors, air quality
and the number of hypertension visits. (a) Daily average temperature, (b) daily AQL
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Judging from the cumulative effects of meteorological factors, air quality, and relative
risk of hypertension (Figure 3a), the overall daily average temperature and the number
of hypertension consultations showed an overall trend of first decreasing, then slightly
increasing, then decreasing and then increasing. When the daily average temperature was
less than 24.7 °C, the risk of hypertension increased slowly as the temperature dropped,
and rose rapidly when it dropped to approximately 15 °C. When it dropped to 10 °C, the
cumulative effect on the RR of hypertension on the day the low temperature occurred
reached the highest level (RR was 2.30 and the 95% confidence interval was 1.723~3.061);
the RR increased by 1.30 times and was statistically significant. When the daily average
temperature was greater than 24.7 °C, the risk of hypertension gradually decreased with
increasing temperature, reaching 29.4. The RR was lowest at 29.4 °C (RR was 0.882 and
the 95% confidence interval was 0.744-1.0), was reduced by 13.8%, and failed to pass the
test for significance. When the daily average temperature rose to 32.3 °C, the cumulative
effect on the RR of hypertension on that day increased by 4.9% (RR was 1.049 and the 95%
confidence interval was 0.745-1.478), and failed to pass the test for significance.

The number of hypertension visits exhibited a trend of first increasing and then
decreasing as AQI increased, then gradually rising and then declining again (Figure 3b).
When the AQI was lower than 100, the effect of AQI on the risk of hypertension did not
pass the significance test; the risk of hypertension first increased, then decreased and
then gradually increased with increasing AQI, but did not pass the test for significance;
and when the AQI was higher than 100, the overall risk of hypertension increased with
increasing AQIL The AQI increased gradually. When the risk increased to approximately
124, the RR was the highest (RR was 1.63 and the 95% confidence interval was 1.104-2.408).
When the RR increased by 63%, the difference was statistically significant, and when the
AQI was higher than 124 the risk of hypertension gradually decreased, but the difference
was not statistically significant (Figure 4b).

The cumulative effect of temperature on the relative risk of hypertension

3.0
!

25
!

RR

15

1.0

T T T T T
10 15 20 25 30

Daily average temperature(°C)

()

Figure 3. Cont.
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The cumulative effect of AQI on the relative risk of hypertension
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Figure 3. Cumulative effects of meteorological factors, air quality, and relative risk of hypertension.
(a) daily average temperature. (b) Daily AQI.

The analysis of the relative risk diagram of the impact of meteorological factors, air
quality, and daily average temperature on the number of hypertension visits on different lag
days showed that, regarding the cold effect of low temperature, the average temperature on
the day the low temperature occurred and the daily average temperature lag of 1 to 10 days
had an obvious impact on the incidence of hypertension. The test with a significance level
of 0.05 was passed from lag 1 to 6 days, and the thermal effect of high temperature lagged
by 0 days on the same day. Moreover, 6 to 8 days both showed a risk for the onset of
hypertension, among which the lag of 7 days and the lag of 8 days passed the test with a
significance level of 0.05 (Figure 4a). These results may be due to the fact that when the
temperature drops the level of adrenaline in the human body rises, and the surface blood
vessels contract to reduce heat dissipation; at the same time, adrenaline accelerates the
heart rhythm, increases cardiac output and leads to an increase in blood pressure. When
the ambient temperature is high, due to the need for heat dissipation, skin blood vessels
dilate, blood is redistributed, and cardiac output increases, leading to increased cardiac
load and elevated blood pressure. The impact of the AQI on the onset of hypertension had
a certain hysteresis effect, which lasted up to 8 days. The hysteretic effect of an excellent
air quality (AQI less than 50) was noted, but did not pass the significance test; it had a
certain impact on the incidence of hypertension at lags of 0, 6, and 7 days, but did not pass
the test for significance. Excellent air quality had a certain protective effect on the onset of
hypertension at a lag of 1-6 days. However, the results did not pass the test for significance.
The impact of a good level (51-100) of air quality on the onset of hypertension with a lag of
0-5 days did not pass the test for significance; under mild pollution conditions, the impact
of a lag on hypertension on the 8th day was greatest, and passed the test with a significance
level of 0.05 (Figure 4b). This may be due to air pollutants entering the bloodstream after a
period of time, damaging blood vessels and leading to an increase in blood pressure.
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Figure 4. Relative-risk diagram of the impact of meteorological factors and air quality on the number
of hypertension visits on different lag days. (a) Daily average temperature. (b) Daily AQIL

4. Discussion

Based on outpatient-clinic data from 2016 to 2018, this study analyzed the impact of
meteorological conditions and air quality on the number of hypertension consultations in
Haikou city, providing a scientific basis for the prevention and treatment of hypertension
and the allocation of medical resources in tropical areas. Our research has found that low
temperature and high temperature had significant impact on the risk of hypertension, both
with a lagging effect, which was consistent with the research findings of Wu H [16] and
Chen Y Y [18]. On the other hand, previous studies have mainly discussed the impact
of temperature changes on the incidence of hypertension [14], which may be related to
the differences in the study area. Haikou City is located in a tropical region, and the
temperature change is not significant, so the impact of temperature change on the number
of hypertension patients is not significantly related. In addition, previous studies have
mostly discussed the impact of specific pollutants on hypertension [13,19], but this study
used the comprehensive indicator AQI, calculated based on pollutants, as an indicator
to analyze the impact of air quality on hypertension, which could reflect the impact of
comprehensive air quality on the incidence of hypertension. The results indicated that it is
necessary to conduct research on areas with similar climate conditions to Haikou City, and
that, based on the research results, efforts should be made to strengthen the prevention of
hypertension under low-temperature conditions and the prediction and early warning of
disease risks. A joint work and research mechanism among multiple departments such as
meteorology and medical health should be established to improve the level of medical and
health care, optimize the allocation of social resources, and develop targeted prevention
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and control strategies based on the actual local situation, to reduce the health and economic
burden of hypertension. Considering that atmospheric environmental factors such as
meteorological conditions and air quality have a comprehensive impact on the human
body, it will be necessary to analyze the synergistic effects of meteorological factors and air
quality on the incidence of hypertension on the basis of more long-term disease data, and
refine the impact of meteorological conditions and air quality on hypertension groups of
different gender and age.

5. Conclusions

This study established a DLNM model based on nested GAM of basic meteorological
element variables which combined the flexibility of GAM and DLNM and could capture
the complex relationships between predictive variables and response variables, including
nonlinear and lag effects, to analyze the exposure-response relationship and lag effect on
the number of hypertensive patients. It used meteorological conditions and air quality
data from Haikou City to provide technical support for conducting medical meteorological
forecasting, early warning, and services for hypertension. The main conclusions are as
follows:

(1) The effect of temperature on the risk of hypertension was dominated by the cold
effect, which was associated with a greater risk of hypertension, with a lag of 1 to
10 days from September 2016 to April 2018. When the temperature decreased to
10 °C, the cumulative effect on the RR of hypertension reached its highest value
on the day when the low temperature occurred (RR = 2.30 and the 95% confidence
interval = 1.723~3.061). Additionally, the RR increased by 1.30 times and passed the
test for significance.

(2) The impact of the air-quality effect on the risk of hypertension is mainly dominated by
the low-quality-air effect (AQI less than 100), with a lag period of 0 to 8 days. When
the AQI increased to approximately 124, the RR was the highest (RR was 1.63 and the
95% confidence interval was 1.104-2.408), and the RR increased by 63% and passed
the test for significance.
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