
RESEARCH ARTICLE

Associations between personal apparent

temperature exposures and asthma

symptoms in children with asthma

Linchen HeID
1*, Shoshana Evans1, Christina Norris2, Karoline Barkjohn3,4, Xiaoxing Cui5,

Zhen Li6, Xiaojian Zhou6, Feng Li7, Yinping Zhang8,9, Marilyn Black10, Michael H. Bergin3,

Junfeng (Jim) Zhang5,11,12*

1 Department of Community and Population Health, College of Health, Lehigh University, Bethlehem,

Pennsylvania, United States of America, 2 Department of Epidemiology, Gillings School of Global Public

Health, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, United States of America,

3 Department of Civil and Environmental Engineering, Duke University, Durham, North Carolina, United

States of America, 4 Office of Research and Development, US Environmental Protection Agency, Research

Triangle Park, North Carolina, United States of America, 5 Nicholas School of the Environment, Duke

University, Durham, North Carolina, United States of America, 6 Department of Pediatrics, Shanghai General

Hospital, Shanghai Jiao Tong University, Shanghai, China, 7 Department of Pulmonary Medicine, Shanghai

Chest Hospital, Shanghai Jiao Tong University, Shanghai, China, 8 Department of Building Science,

Tsinghua University, Beijing, China, 9 Beijing Key Laboratory of Indoor Air Quality Evaluation and Control,

Beijing, China, 10 Underwriters Laboratories, Inc, Marietta, Georgia, United States of America, 11 Duke

Global Health Institute, Duke University, Durham, North Carolina, United States of America, 12 Duke

Kunshan University, Kunshan, Jiangsu Province, China

* junfeng.zhang@duke.edu (JJZ); lih322@lehigh.edu (LH)

Abstract

Ambient temperature and relative humidity can affect asthma symptoms. Apparent tempera-

ture is a measure of temperature perceived by humans that takes into account the effect of

humidity. However, the potential link between personal exposures to apparent temperature

and asthma symptoms has not been investigated. We conducted a panel study of 37 asth-

matic children, aged 5–11 years, during an early spring season (average daily ambient tem-

perature: 14˚C, range: 7–18˚C). Asthma symptoms were measured 4 times for each

participant with a 2-week interval between consecutive measurements using the Childhood

Asthma-Control Test (C-ACT). Average, minimum, and maximum personal apparent temper-

ature exposures, apparent temperature exposure variability (TV), and average ambient tem-

perature were calculated for the 12 hours, 24 hours, week, and 2 weeks prior to each visit.

We found that a 10˚C lower in 1-week and 2-week average & minimum personal apparent

temperature exposures, TV, and average ambient temperature exposures were significantly

associated with lower total C-ACT scores by up to 2.2, 1.4, 3.3, and 1.4 points, respectively,

indicating worsened asthma symptoms. Our results support that personal apparent tempera-

ture exposure is potentially a stronger driver than ambient temperature exposures for the var-

iability in asthma symptom scores. Maintaining a proper personal apparent temperature

exposure could be an effective strategy for personalized asthma management.
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1. Introduction

Asthma is a chronic and noncommunicable disease that impacts the respiratory system. Over

the past 20 years, asthma prevalence has been increasing in many regions of the world [1, 2].

As an uncurable and heterogeneous disease, it is imperative to develop tailored intervention

strategies for asthma treatment and management [3].

Triggers for asthma include allergens, air pollutants, tobacco smoke, and physical activity

[4]. In addition, breathing cold air is a risk factor for asthma exacerbation [5]. It has been

reported that, in the cold season, lower ambient temperature was associated with a higher rela-

tive risk of asthma-related hospital admissions [6–8] and emergency department visits [9]. The

potential underlying biological mechanisms include that breathing cold air can induce bronch-

oconstriction, leading to airway inflammation and airflow limitation [4, 10, 11]. In addition to

temperature, humidity could also affect asthma. Higher ambient relative humidity has been

associated with higher emergency department visits for asthma exacerbation [12]. Breathing

air with low humidity could lead to a higher risk of asthma exacerbation by drying the mucosal

membrane along the airway [13].

Apparent temperature is a measure of temperature perceived by humans that takes into

account the effect of humidity [14]. Considering that both temperature and humidity can

strongly affect asthma, apparent temperature, as a single meteorological factor, could be useful

in personalized asthma management. However, to the best of our knowledge, no study has

investigated the effects of apparent temperature exposure on asthma symptoms.

In this study, we used data collected from a cohort of 37 asthmatic children and examined

the associations of asthma symptom scores (Childhood Asthma-Control Test [C-ACT]) with

average, minimum, and maximum personal apparent temperature exposures, personal appar-

ent temperature exposure variability (TV), and average ambient temperature exposures. All

the exposure metrics were calculated during the 12 hours, 24 hours, 1 week, and 2 weeks prior

to the clinical visits. We hypothesized that lower personal apparent temperature exposure is

associated with lower C-ACT scores, indicating worsened asthma symptoms. This study aims

to explore three questions, namely: (1) what are the impacts of colder air exposure on asthma

symptoms, (2) do short-term (12-hour or 24-hour) and long-term (1-week or 2-week) appar-

ent temperature exposures affect asthma symptoms differently, and (3) is personal apparent

temperature exposure a stronger driver than ambient temperature for the variability in the

asthma symptom scores.

2. Methods

2.1. Study participants

Thirty-seven children aged 5–11 years old with mild or moderate asthma were recruited from

the Department of Pediatrics at Shanghai General Hospital, Shanghai, China. Children with

chronic diseases other than asthma were excluded from this study. Oral assent and written

consent were obtained from the asthmatic children and their caregivers, respectively. The cur-

rent analysis leveraged the data from a previous study designed for investigating the pulmo-

nary health impacts of air pollution exposure [15–17]. The authors had access to information

that could identify individual participants during the data collection stage, while all the identi-

fiable information was removed from the data after it had been collected.

2.2. Measurements of health outcomes

Between February 14 and April 14, 2017, each participant was clinically assessed four times at

two-week intervals. Efforts were made to schedule the four visits at the same time of the day.
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During each visit, each child filled out the Childhood Asthma Control Test (C-ACT) with

their caregivers. The C-ACT, developed by GlaxoSmithKline (GSK) and validated in children

4 to 11 years old, has been widely used in pediatric asthma management [18]. Compared to

conventional spirometry lung function, C-ACT could provide a subjective assessment of

asthma control and is particularly useful for younger children, due to their limited ability to

cooperate during a spirometry test. The C-ACT includes seven questions in total. The first

four questions were answered by children on asthma control, limitation of physical activities,

coughing, and waking up at night. The last three questions were answered by caregivers on

children’s daytime symptoms, daytime wheezing, and waking up at night during the past four

weeks. A score ranging from 0–3 was assigned by children for each of the first four questions,

and a score ranging from 0–5 was assigned by caregivers for each of the last three questions

[19]. A higher score for individual questions indicates improved asthma symptoms, and a

higher total C-ACT score means better control of asthma symptoms. A detailed description of

the seven questions is shown in S1 Table.

2.3. Apparent temperature exposure assessment

Temperature and relative humidity were continuously measured in participants’ bedrooms

and outside a window of their homes, using a sensor box equipped with an Sensirion AG sen-

sor (SHT15). The sensor box generated hourly averages for each of the environmental factors.

The sensor box was field-calibrated before and after the current study. In addition, hourly

averages of ambient temperature and relative humidity were obtained from the governmental

environmental monitoring station closest to the research hospital where participants were

recruited (about 9 kilometers away). We calculated 12-hour, 24-hour, 1-week, and 2-week

average ambient temperature exposures prior to each clinical visit. Two assumptions were

made to estimate the temperature and relative humidity levels in other indoor microenviron-

ments (e.g., classroom) where no actual environmental measurements were obtained. First, we

assumed that there were linear relationships between indoor and outdoor temperature and rel-

ative humidity levels. Second, those linear relationships crossing all participants’ homes were

similar to that in the other indoor microenvironments at the same hour of a day. Specifically,

we constructed 24 linear regression models, in which indoor temperature measured in partici-

pants’ bedrooms was the dependent variable, and outdoor temperature measured outside a

window of the home was the independent variable. Each of these regression models indicates

the relationship between indoor and outdoor temperatures for one hour of a day. Finally,

based on these models, we used ambient temperature levels as the independent variable to pre-

dict temperature levels in other microenvironments for each hour of a day.

Using all the measured and calculated temperature and relative humidity data, apparent

temperature was calculated for each of the microenvironments using the equations developed

by Rothfusz [20] and Steadman [14, 21] (see S2 Table). All the microenvironmental levels were

coupled with detailed time-activity data reported by the participants to calculate 12-hour,

24-hour, 1-week, and 2-week average personal apparent temperature exposure prior to each

clinical visit. In addition, we calculated 12-hour and 24-hour minimum apparent temperature

exposures as the lowest hourly exposure within the 12-hour or 24-hour period prior to each

visit, respectively. The 1-week and 2-week minimum exposures were calculated as the average

of 7 and 14 daily minimum personal exposures prior to each visit, respectively. We used the

same method to calculate maximum personal apparent temperature exposures. In addition,

we calculated 12-hour and 24-hour personal apparent temperature exposure variability (TV)

as the standard deviation of the minimum and maximum hourly exposures 12 hours and 24

hours prior to each visit, respectively. Similarly, 1-week and 2-week TV were calculated as the
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standard deviation of all the daily maximum and minimum exposures within 7 days and 14

days, respectively. Detailed assessments of personal apparent temperature exposures and TV

are shown in S1 Fig in the Supplemental Information. By conducting the current exposure

assessment, we aim to explore (1) whether short-term (12-hour or 24-hour) and long-term

(1-week or 2-week) apparent temperature exposures affect asthma symptoms differently and

(2) whether personal apparent temperature exposure is a stronger driver than ambient temper-

ature for the variability in the asthma symptom scores.

Fine particulate matter (PM2.5) and ozone (O3) were also measured by the air sensor

box used in this study [22, 23]. We further calculated personal exposures to PM2.5 and O3, as

they might affect asthma symptoms [16, 17, 24]. The detailed method for personal air pollution

exposure assessment has been published previously [25], and the results are shown in S3 Table.

2.4. Statistical analyses

First, we used linear mixed-effect regression (LMER) models to investigate the cross-sectional

associations between C-ACT scores and personal apparent temperature exposures (average,

minimum, maximum, and variability) 12 hours, 24 hours, 1 week, or 2 weeks prior to clinical

visits. In these models, each individual or total C-ACT score was the dependent variable, and

one of the personal apparent temperature exposures was the independent variable. We con-

trolled for fixed-effects covariates including baseline eosinophil count (continuous), inhaled

corticosteroid usage status (yes/no), respiratory tract infection status (yes/no), asthma exacer-

bation status (yes/no), age (continuous), sex (male/female), and personal PM2.5 and O3 expo-

sures (continuous) averaged over the same period as the main apparent temperature exposure.

Subject ID was the random-effect variable. From the model output, we calculated change (and

95% confidence interval) in C-ACT scores associated with a 10˚C lower in personal apparent

temperature exposures or a 10˚C higher in TV. By conducting these analyses, we aim to

explore whether short-term (12-hour or 24-hour) and long-term (1-week or 2-week) apparent

temperature exposures affect asthma symptoms differently.

Second, we used LMER models to examine the associations between average ambient tem-

perature and C-ACT scores, controlling for the covariate structures as described in the first set

of models. We further controlled for average ambient relative humidity over the same period

of ambient temperature exposures as an additional fixed-effect variable. We conducted this

analysis to determine whether personal apparent temperature exposure is a stronger driver

than the ambient temperature for the variability in the asthma symptom scores.

Lastly, we explored whether the associations of total C-ACT score with personal apparent

temperature exposures and TV were moderated by sex by adding an interaction term between

sex and each of the exposures. In addition, to further investigate how sex moderated our main

associations, we used the LMER models to re-examine the main associations after stratifying

by sex (male versus female) following the same covariate structure as described in the first set

of models.

We also conducted a sensitivity analysis by re-examining the associations described in the

first set of models in a sub-dataset, excluding measurements from children who had physician-

diagnosed asthma exacerbation during the 2 weeks prior to the clinical visit. All analyses of

associations were conducted using lme4 and lmeTest packages in R software (version 4.0.2)

[26, 27]. We examined the repeated measure correlations among personal apparent tempera-

ture exposures, TV, and average ambient temperature exposure using the rmcorr package [28].

A P-value of 0.05 was set as the cut point for statistical significance. Detailed descriptions of

the statistical analyses and detailed model results (S4 and S5 Tables) are provided in the Sup-

plemental Information.
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3. Results

3.1. Participant characteristics

Detailed characteristics of the participants are listed in Table 1. Of the 37 participants, 16

(43%) were female, 26 (70%) completed all four visits, 7 (19%) completed three visits, and 4

(11%) completed two visits. The mean±SD age of all participants was 7.1±1.6 years. From a

total of 133 C-ACT measurements, inhaled corticosteroids were used prior to 28 (21%) mea-

surements, respiratory tract infection-like symptoms were reported prior to 55 (41%) measure-

ments, and asthma exacerbation during the two weeks prior to clinical visits was reported

prior to 7 (5%) measurements.

3.2 Personal apparent temperature exposures and C-ACT scores

The average, minimum, and maximum personal apparent temperature exposures, apparent

temperature exposure variability (TV), and average ambient temperature over the 12 hours, 24

hours, 1 week, and 2 weeks prior to each visit are shown in Table 2. The repeated measures

correlations among personal apparent temperature exposures, TV, and average ambient tem-

perature exposure are shown in S6 Table. As expected, we found that average, minimum, and

maximum personal apparent temperature exposures and average ambient temperature expo-

sure were positively associated with each other, while none of them was strongly associated

with TV. Statistical summaries of the individual and total C-ACT scores across all visits are

shown in Table 3. Of the 133 visits, 7 of them reported a total C-ACT score� 19, which is a

sign that the child’s asthma is not well controlled at that time [18].

3.3 The associations of C-ACT scores with personal apparent temperature

exposures and TV

The associations of C-ACT scores with average, minimum, and maximum personal apparent

temperature exposures and TV are shown in Fig 1. The results indicate that a 10˚C lower in

1-week and 2-week average apparent temperature exposures were significantly associated with

changes in total C-ACT scores by -1.9 (-3.5 to -0.2) and -2.2 (-4.3 to -0.1), respectively. Simi-

larly, a 10˚C lower in 1-week and 2-week minimum apparent temperature exposures were sig-

nificantly associated with changes in total C-ACT scores by -1.3 (-2.5 to -0.16) and -1.4 (-2.5 to

-0.1), respectively. In addition, a 10˚C lower 12-hour, 24-hour, 1-week, and 2-week maximum

apparent temperature exposures were nonsignificantly associated with lower total C-ACT

Table 1. Characteristics of participants.

Subject Characteristics Value

Number of participants, N 37

Age, mean ± SD [range] (years) 7.1 ± 1.6 [5–11]

Female, No. (%) 16 (43%)

Height, mean ± SD [range] (cm) 129 ± 10.6 [110–157]

Weight, mean ± SD [range] (Kg) 29.4 ± 9.3 [19–55]

Baseline Blood eosinophil count, mean ± SD [range] (/μL) 327 ± 183 [80–850]

Baseline eosinophilic inflammation, No. (%) 8 (22)

Total number of visits, N 133

Inhaled corticosteroids usage, No. (%) 28 (21)

Respiratory tract infection, No. (%) 55 (41)

Asthma exacerbation, No. (%) 7 (5)

https://doi.org/10.1371/journal.pone.0293603.t001
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scores by -0.8 (-2.2 to 0.7), -1.1 (-2.4 to 0.3), -1.1 (-2.8 to 0.5), and -1.2 (-3.4 to 0.9), respectively.

We found that a 10˚C higher in 1-week and 2-week TV were significantly associated with

changes in total C-ACT scores by -3.0 (-5.8 to -0.1) and -3.2 (-6.3 to -0.1), respectively. Lower

personal apparent temperature exposures were significantly or borderline significantly associ-

ated with lower individual scores reported by the child. We did not find any significant associ-

ations between apparent temperature exposures and individual C-ACT scores reported by the

caregiver.

Table 2. Statistical summaries of personal apparent temperature exposures.

Mean ± SD Median [IQR] Range

Average Personal Apparent Temperature Exposure (˚C)

12-hour 18.2 ± 2.6 17.8 [3.5] 12.7–24.3

24-hour 18.3 ± 2.5 17.9 [3.4] 12.7–23.8

1-week 18.0 ± 2.4 17.6 [2.8] 12.8–24.9

2-week 17.6 ± 1.9 17.3 [2.5] 12.9–22.8

Minimum Personal Apparent Temperature Exposure (˚C)

12-hour 14.9 ± 4.4 15.4 [5.8] 1.8–22.4

24-hour 14.0 ± 4.1 14.6 [5.3] 1.8–21.1

1-week 13.9 ± 3.4 14.2 [4.9] 4.4–20.2

2-week 13.2 ± 3.3 13.7 [4.6] 4.2–19.2

Maximum Personal Apparent Temperature Exposure (˚C)

12-hour 20.0 ± 2.9 19.0 [3.3] 13.3–38.1

24-hour 20.5 ± 3.0 19.1 [3.3] 16.6–38.1

1-week 20.1 ± 2.4 19.3 [2.9] 16.7–29.2

2-week 19.7 ± 1.8 19.2 [2.1] 16.7–25.8

Personal Apparent Temperature Exposure Variability (˚C)

12-hour 3.6 ± 2.5 3.2 [3.7] 0.2–12.1

24-hour 4.6 ± 2.3 4.4 [3.1] 0.6–12.1

1-week 3.8 ± 1.4 3.5 [1.7] 1.4–7.8

2-week 4.0 ± 1.4 3.7 [1.9] 1.5–7.6

Average Ambient Temperature Exposures (˚C)

12-hour 12.3 ± 3.9 11.2 [5.0] 3.5–21.8

24-hour 12.5 ± 3.8 11.8 [5.4] 4.2–21.4

1-week 12.1 ± 3.8 10.8 [4.5] 5.3–21.7

2-week 11.5 ± 3.0 10.5 [4.4] 5.8–18.2

https://doi.org/10.1371/journal.pone.0293603.t002

Table 3. Statistical summaries of C-ACT scores.

Mean ± SD Median [IQR] Range

Individual Scores: reported by child (Ranging from 0–3 with 3 indicating better symptoms)

Asthma control 2.6 ± 0.5 3 [1] 1–3

Limitation of physical activities 2.5 ± 0.7 3 [1] 0–3

Coughing 2.3 ± 0.8 2 [1] 0–3

Waking up at night 2.8 ± 0.4 3 [0] 2–3

Individual Scores: reported by caregiver (Ranging from 0–5 with 5 indicating better symptoms)

Daytime asthma symptoms 4.7 ± 0.7 5 [1] 0–5

Wheezing 4.8 ± 0.5 5 [0] 2–5

Waking up at night 4.9 ± 0.4 5 [0] 3–5

Total C-ACT Scores 24.6 ± 2.4 25 [3] 16–27

https://doi.org/10.1371/journal.pone.0293603.t003
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3.4 The associations between C-ACT scores and average ambient

temperature

The associations between C-ACT scores and average ambient temperature are shown in Fig 2.

We found that a 10˚C lower in 1-week and 2-week average ambient temperature exposure

(red line in Fig 2) was significantly associated with changes in total C-ACT score of -1.2 (-2.3

to -0.2) and -1.4 (-2.8 to -0.1), respectively. In addition, ambient temperature exposures were

also adversely associated with individual C-ACT scores reported by the child, while not with

scores reported by the caregiver. Furthermore, we found that, compared with average ambient

temperature exposures, average personal apparent temperature exposures had stronger

adverse effects on total C-ACT scores and individual C-ACT scores reported by the child. For

example, a 10˚C lower in 1-week and 2-week average apparent temperature exposure was asso-

ciated with changes in total C-ACT scores by -1.9 (-3.5 to -0.2) and -2.2 (-4.3 to -0.1),

respectively.

3.5 Effect modification

The interactions of sex with personal apparent temperature exposures and TV were assessed to

explore whether the associations between total C-ACT score and temperature exposures were

Fig 1. The change in C-ACT scores associated with a 10˚C lower in personal apparent temperature exposures or a 10˚C higher in TV.

https://doi.org/10.1371/journal.pone.0293603.g001
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modified by sex. As shown in S7 Table, we found significant interactions between sex and

2-week minimum apparent temperature exposure and between sex and 2-week maximum

apparent temperature exposure. To further explore the sex by temperature interaction effects,

we performed sex-stratified analyses. The results show a significant association of total C-ACT

score with apparent temperature exposures and with TV, respectively, in girls only (S2 Fig).

3.6 Sensitivity analysis

We re-examined the main associations in a sub-dataset, excluding measurements from partici-

pants who had asthma exacerbation during the 2 weeks prior to the clinical visit. As shown in

S3 Fig, little difference was found in the associations of C-ACT scores with personal apparent

temperature exposures and TV, in terms of statistical significance and effect size. We only

found that the associations of the total C-ACT score with 1-week and 2-week average apparent

temperature exposures were changed from statistically significant to borderline significant.

4. Discussion

Temperature and humidity have been widely reported to be able to affect asthma. Apparent

temperature, as a single meteorological factor that takes into account both temperature and

humidity, is firstly associated with C-ACT scores in this study. The results mainly show that

lower 1-week and 2-week personal apparent temperature exposures (average, minimum, and

Fig 2. The change in C-ACT scores associated with a 10˚C lower in average personal apparent temperature exposures and average ambient

temperature exposure.

https://doi.org/10.1371/journal.pone.0293603.g002
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TV) were significantly associated with lower total and individual C-ACT scores reported by

the child. The results suggest the importance of maintaining a proper apparent temperature

exposure as a strategy for pediatric asthma management.

As shown in Fig 1, we found that lower average and minimum personal apparent tempera-

ture exposures and higher TV were significantly associated with lower total C-ACT scores and

individual scores reported by the child. The results are supported by previous epidemiological

studies finding that higher asthma-related hospital admission was associated with lower daily

mean ambient temperature [6, 29, 30], minimum ambient temperature [31, 32], and TV [33,

34]. In addition, we found that the adverse impacts of personal apparent temperature expo-

sures on total C-ACT scores were mainly driven by the reduction in individual C-ACT scores

reported by the child. However, we did not find any significant associations between apparent

temperature exposures and individual C-ACT scores reported by the caregiver. The results

suggest that children were more sensitive to changes in apparent temperature exposures than

what was reported by their caregivers for the children’s asthma symptoms.

In this study, we explored whether short-term (12-hour or 24-hour) and long-term (1-week

or 2-week) apparent temperature exposures affect asthma symptoms differently. We found

that only long-term (i.e., 1-week and/or 2-week) average & minimum apparent temperature

exposures and TV were significantly associated with total C-ACT scores, indicating worsened

asthma control. In addition, compared to short-term exposures (i.e., 12-hour and 24-hour), a

10˚C lower in long-term (i.e., 1-week and 2-week) apparent temperature exposures and TV

were associated with larger drops in total C-ACT scores. These results were partially supported

by a previous study reporting that, compared with 2-day average exposure, 2-week average

ambient temperature exposure was more strongly associated with emergency department

admissions for childhood asthma in the cold season [35]. Similar lagged effects of cold ambient

temperature exposures on emergency department admissions for asthma have also been

reported for adults [36]. The previous results along with our current findings suggest a lagged

effect of colder temperature exposure on asthma symptoms. However, the underlying biologi-

cal mechanism is still poorly understood and needs to be further explored. It has been reported

that breathing cold air can adversely affect asthma symptoms by inducing bronchoconstric-

tion, which further leads to airway inflammation and airflow limitation [4, 10, 11]. Our results

led us to hypothesize that the adverse effects of short-term exposure to colder temperature on

asthma symptoms are reversible or can be mitigated after asthmatic patients move to warmer

environments. If this hypothesis holds true, it further suggests the importance of maintaining

proper average personal exposure to apparent temperature for better asthma control.

The second question we explored is whether personal apparent temperature exposure is a

stronger driver than ambient temperature exposure for the variability in the asthma symptom

scores. Due to the positive correlations between average personal apparent temperature expo-

sures and average ambient temperature for all the time scales (see S6 Table), they were simi-

larly associated with C-ACT scores (see Fig 2). However, we found that, compared to the

ambient temperature exposure, the personal apparent temperature exposures had stronger

effects on total C-ACT scores. For example, a 10˚C lower in 1-week and 2-week average appar-

ent temperature exposure was associated with a lower total C-ACT score by -1.9 (-3.5 to -0.2)

and -2.2 (-4.3 to -0.1), respectively. However, a 10˚C lower in 1-week and 2-week average

ambient temperature exposure was associated with a lower total C-ACT score only by -1.2

(-2.3 to -0.2) and -1.4 (-2.8 to -0.1), respectively. The impacts of ambient temperature and rela-

tive humidity exposures on asthma have often been investigated in previous studies, while not

taking into account the effects of indoor exposure. It has been widely reported that people

spend more than 80% of their time indoors. Indoor temperature and relative humidity could

be dramatically different from ambient conditions, especially during the cold and hot seasons,
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when indoor heating or air conditioning is used. Hence, the personal exposure assessment

method, as a strength, used in this study could provide a more accurate estimate of how tem-

perature affects asthma symptoms. In addition, our results further suggest that, compared to

ambient temperature exposure, personal apparent temperature exposure could be a stronger

predictor for asthma symptom scores and a better exposure metric in personalized asthma

management. More studies with a larger sample size and more asthma-related health out-

comes are recommended to confirm our findings.

The minimal clinically important difference in adulthood Asthma Control Test scores is 3

points [37]. Although few studies have reported that a 2-point change could be a minimally

important difference in C-ACT, it is not fully established yet [38, 39]. In this study, we found

that a 10˚C lower in 2-week average apparent temperature exposure and TV was associated

with a lower total C-ACT score by 2.2 and 3.2 points, respectively, which indicate a potential

clinically important difference in C-ACT. Our results indicate the importance of maintaining

a proper apparent temperature exposure, by approaches like using indoor air conditioning

and a humidifier during the cold season as a strategy for pediatric asthma management.

In this study, we examined whether the associations of total C-ACT scores with personal

apparent temperature exposures and TV were modified by sex. We found significant interac-

tions of sex with 2-week minimum and maximum apparent temperature exposures (see S7

Table). In addition, the results of stratification analyses show that asthma symptom scores

were significantly associated with personal apparent temperature exposures and TV only in

girls (see S2 Fig). The current results are inconsistent with a previous study finding that higher

ambient temperature variation was significantly associated with higher relative risk of pediatric

asthma only in males [40]. The previous and current results suggest that the impacts of appar-

ent temperature exposures on asthmatic children might be modified by sex. However, the

result of the current modification analyses should be cautiously interpreted due to the limited

sample size in this study. More studies are needed to further confirm this finding and explore

the underlying biological mechanisms.

This study has some limitations. First, we assumed that the relationships between indoor

and outdoor apparent temperatures were the same in participants’ homes and the other indoor

microenvironments at the same time of the day. By using this assumption, we calculated the

personal apparent temperature exposure in other indoor microenvironments without actual

measurements. If this assumption is incorrect, relying on it may introduce systematic or ran-

dom errors in personal apparent temperature assessment. Second, the current study has the lim-

itation of investigating how high average apparent temperature exposures (i.e.,> 30˚C) affect

asthma, because this study was conducted in the early spring season. On the contrary, it could

be a strength to mitigate the confounding effects caused by seasonal variations. Third, this study

was conducted when indoor heating or cooling was rarely used in participants’ houses, when

there was a high correlation between personal apparent temperature and ambient temperature.

If the indoor-outdoor temperature difference was larger, the effect size of personal apparent

temperature exposure may be different from the ones observed in the present study. More stud-

ies are suggested to explore how indoor air conditioning (heating or cooling) affects personal

apparent temperature exposures and the associated health impacts in people with asthma.

5. Conclusion

Lower 1-week and 2-week average and minimal personal apparent temperature exposures and

temperature variability were significantly associated with lower total and individual C-ACT

scores reported by children with asthma. Our results support that, compared to ambient tem-

perature exposure, personal apparent temperature exposure is potentially a stronger driver for
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the variability in asthma symptom scores. Maintaining a proper personal apparent tempera-

ture exposure could be an effective strategy for personalized asthma management.
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1. Lundbäck B, Backman H, Lötvall J, Rönmark E. Is asthma prevalence still increasing? Expert review of

respiratory medicine. 2016; 10(1):39–51. https://doi.org/10.1586/17476348.2016.1114417 PMID:

26610152

2. Akinbami LJ, Simon AE, Rossen LM. Changing trends in asthma prevalence among children. Pediat-

rics. 2016; 137(1).

3. Xu Z, Crooks JL, Davies JM, Khan AF, Hu W, Tong S. The association between ambient temperature

and childhood asthma: a systematic review. International journal of biometeorology. 2018; 62(3):471–

81. https://doi.org/10.1007/s00484-017-1455-5 PMID: 29022096

4. Strauss RH, McFadden E Jr, Ingram R Jr, Jaeger JJ, Stearns DR. Enhancement of exercise-induced

asthma by cold air. New England Journal of Medicine. 1977; 297(14):743–7. https://doi.org/10.1056/

NEJM197710062971402 PMID: 895804

5. Lam HCY, Hajat S, Chan EYY, Goggins WB III. Different sensitivities to ambient temperature between

first-and re-admission childhood asthma cases in Hong Kong–a time series study. Environmental

research. 2019; 170:487–92. https://doi.org/10.1016/j.envres.2018.12.002 PMID: 30641275

6. Nastos PT, Paliatsos AG, Priftis KN, Kaldellis JK, Panagiotopoulou-Gartagani P, Tapratzi-Potamianou

P, et al. The effect of weather types on the frequency of childhood asthma admissions in Athens,

Greece. Fresenius Environmental Bulletin. 2006; 15(8):936–42.

7. Nastos PT, Paliatsos AG, Papadopoulos M, Bakoula C, Priftis KN. The effect of weather variability on

pediatric asthma admissions in Athens, Greece. Journal of Asthma. 2008; 45(1):59–65. https://doi.org/

10.1080/02770900701815818 PMID: 18259997

8. Zhang Y, Peng L, Kan H, Xu J, Chen R, Liu Y, et al. Effects of meteorological factors on daily hospital

admissions for asthma in adults: a time-series analysis. PLoS One. 2014; 9(7):e102475. https://doi.org/

10.1371/journal.pone.0102475 PMID: 25019158

9. Wasilevich EA, Rabito F, Lefante J, Johnson E. Short-term outdoor temperature change and emer-

gency department visits for asthma among children: a case-crossover study. American journal of epide-

miology. 2012; 176(suppl_7):S123–S30. https://doi.org/10.1093/aje/kws326 PMID: 23035136

10. Kaminsky DA, Bates JH, Irvin CG. Effects of cool, dry air stimulation on peripheral lung mechanics in

asthma. American journal of respiratory and critical care medicine. 2000; 162(1):179–86. https://doi.

org/10.1164/ajrccm.162.1.9806079 PMID: 10903239

PLOS ONE Associations between personal apparent temperature exposures and asthma symptoms in children

PLOS ONE | https://doi.org/10.1371/journal.pone.0293603 November 13, 2023 12 / 14

https://doi.org/10.1586/17476348.2016.1114417
http://www.ncbi.nlm.nih.gov/pubmed/26610152
https://doi.org/10.1007/s00484-017-1455-5
http://www.ncbi.nlm.nih.gov/pubmed/29022096
https://doi.org/10.1056/NEJM197710062971402
https://doi.org/10.1056/NEJM197710062971402
http://www.ncbi.nlm.nih.gov/pubmed/895804
https://doi.org/10.1016/j.envres.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30641275
https://doi.org/10.1080/02770900701815818
https://doi.org/10.1080/02770900701815818
http://www.ncbi.nlm.nih.gov/pubmed/18259997
https://doi.org/10.1371/journal.pone.0102475
https://doi.org/10.1371/journal.pone.0102475
http://www.ncbi.nlm.nih.gov/pubmed/25019158
https://doi.org/10.1093/aje/kws326
http://www.ncbi.nlm.nih.gov/pubmed/23035136
https://doi.org/10.1164/ajrccm.162.1.9806079
https://doi.org/10.1164/ajrccm.162.1.9806079
http://www.ncbi.nlm.nih.gov/pubmed/10903239
https://doi.org/10.1371/journal.pone.0293603


11. Deng L, Ma P, Wu Y, Ma Y, Yang X, Li Y, et al. High and low temperatures aggravate airway inflamma-

tion of asthma: Evidence in a mouse model. Environmental Pollution. 2020; 256:113433. https://doi.org/

10.1016/j.envpol.2019.113433 PMID: 31761597

12. Mireku N, Wang Y, Ager J, Reddy RC, Baptist AP. Changes in weather and the effects on pediatric

asthma exacerbations. Annals of Allergy, Asthma & Immunology. 2009; 103(3):220–4. https://doi.org/

10.1016/S1081-1206(10)60185-8 PMID: 19788019

13. Lam HC-y, Li AM, Chan EY-y, Goggins WB. The short-term association between asthma hospitalisa-

tions, ambient temperature, other meteorological factors and air pollutants in Hong Kong: a time-series

study. Thorax. 2016; 71(12):1097–109. https://doi.org/10.1136/thoraxjnl-2015-208054 PMID:

27343213

14. Steadman RG. The assessment of sultriness. Part I: A temperature-humidity index based on

human physiology and clothing science. Journal of Applied Meteorology and Climatology. 1979; 18

(7):861–73.

15. Cui X, Li Z, Teng Y, Barkjohn KK, Norris CL, Fang L, et al. Association Between Bedroom Particulate

Matter Filtration and Changes in Airway Pathophysiology in Children With Asthma. JAMA Pediatrics.

2020; 174(6):533–42. https://doi.org/10.1001/jamapediatrics.2020.0140 PMID: 32250418

16. He L, Norris C, Cui X, Li Z, Barkjohn KK, Brehmer C, et al. Personal Exposure to PM2. 5 Oxidative

Potential in Association with Pulmonary Pathophysiologic Outcomes in Children with Asthma. Environ

Sci Technol. 2021; 55(5):3101–11. https://doi.org/10.1021/acs.est.0c06114 PMID: 33555874

17. He L, Cui X, Li Z, Teng Y, Barkjohn KK, Norris C, et al. Malondialdehyde in Nasal Fluid: A Biomarker for

Monitoring Asthma Control in Relation to Air Pollution Exposure. Environ Sci Technol. 2020; 54

(18):11405–13. https://doi.org/10.1021/acs.est.0c02558 PMID: 32822160

18. Liu AH, Zeiger R, Sorkness C, Mahr T, Ostrom N, Burgess S, et al. Development and cross-sectional

validation of the Childhood Asthma Control Test. Journal of Allergy and Clinical Immunology. 2007; 119

(4):817–25. https://doi.org/10.1016/j.jaci.2006.12.662 PMID: 17353040

19. Koolen B, Pijnenburg M, Brackel H, Landstra A, Van den Berg N, Merkus P, et al. Comparing global ini-

tiative for asthma (GINA) criteria with the childhood asthma control test (C-ACT) and asthma control

test (ACT). European Respiratory Journal. 2011; 38(3):561–6. https://doi.org/10.1183/09031936.

00173710 PMID: 21406508

20. Rothfusz LP. The heat index equation (or, more than you ever wanted to know about heat index). Fort

Worth, Texas: National Oceanic and Atmospheric Administration, National Weather Service, Office of

Meteorology. 1990;9023.

21. Steadman RG. A universal scale of apparent temperature. Journal of Applied Meteorology and Clima-

tology. 1984; 23(12):1674–87.

22. Barkjohn KK, Norris C, Cui X, Fang L, Zheng T, Schauer JJ, et al. Real-time Measurements of PM2. 5

and Ozone to Assess the Effectiveness of Residential Indoor Air Filtration in Shanghai Homes. Indoor

Air. 2020; 31(1):74–87. https://doi.org/10.1111/ina.12716 PMID: 32649780

23. Barkjohn KK, Norris C, Cui X, Fang L, He L, Schauer JJ, et al. Children’s microenvironmental exposure

to PM 2.5 and ozone and the impact of indoor air filtration. Journal of Exposure Science & Environmen-

tal Epidemiology. 2020; 30:971–80. https://doi.org/10.1038/s41370-020-00266-5 PMID: 32963288

24. He L, Norris C, Cui X, Li Z, Barkjohn KK, Teng Y, et al. Oral cavity response to air pollutant exposure

and association with pulmonary inflammation and symptoms in asthmatic children. Environmental

Research. 2022; 206:112275. https://doi.org/10.1016/j.envres.2021.112275 PMID: 34710437

25. He L, Li Z, Teng Y, Cui X, Barkjohn KK, Norris C, et al. Associations of personal exposure to air pollut-

ants with airway mechanics in children with asthma. Environment International. 2020; 138:105647.

https://doi.org/10.1016/j.envint.2020.105647 PMID: 32172043

26. Bates D, Maechler M, Bolker B, Walker S, Christensen RHB, Singmann H, et al. Package ‘lme4’. 2015.

27. Kuznetsova A, Brockhoff PB, Christensen RHB. Package ‘lmertest’. 2015.

28. Bakdash JZ, Marusich LR. Repeated measures correlation. Frontiers in Psychology. 2017; 8:456.

https://doi.org/10.3389/fpsyg.2017.00456 PMID: 28439244

29. de SOUZA A, da Silva SANTOS DA, ARISTONE F. Impact of changes in meteorological and hospitali-

zations for asthma. Revista ESPACIOS| Vol 36 (Nº 11) Año 2015. 2015.

30. Hashimoto M, Fukuda T, Shimizu T, Watanabe S, Watanuki S, Eto Y, et al. Influence of climate factors

on emergency visits for childhood asthma attack. Pediatrics international. 2004; 46(1):48–52. https://

doi.org/10.1111/j.1442-200X.2004.01835.x PMID: 15043664

31. Ivey M, Simeon D, Monteil MA. Climatic variables are associated with seasonal acute asthma

admissions to accident and emergency room facilities in Trinidad, West Indies. Clinical & Experi-

mental Allergy. 2003; 33(11):1526–30. https://doi.org/10.1046/j.1365-2222.2003.01801.x PMID:

14616864

PLOS ONE Associations between personal apparent temperature exposures and asthma symptoms in children

PLOS ONE | https://doi.org/10.1371/journal.pone.0293603 November 13, 2023 13 / 14

https://doi.org/10.1016/j.envpol.2019.113433
https://doi.org/10.1016/j.envpol.2019.113433
http://www.ncbi.nlm.nih.gov/pubmed/31761597
https://doi.org/10.1016/S1081-1206%2810%2960185-8
https://doi.org/10.1016/S1081-1206%2810%2960185-8
http://www.ncbi.nlm.nih.gov/pubmed/19788019
https://doi.org/10.1136/thoraxjnl-2015-208054
http://www.ncbi.nlm.nih.gov/pubmed/27343213
https://doi.org/10.1001/jamapediatrics.2020.0140
http://www.ncbi.nlm.nih.gov/pubmed/32250418
https://doi.org/10.1021/acs.est.0c06114
http://www.ncbi.nlm.nih.gov/pubmed/33555874
https://doi.org/10.1021/acs.est.0c02558
http://www.ncbi.nlm.nih.gov/pubmed/32822160
https://doi.org/10.1016/j.jaci.2006.12.662
http://www.ncbi.nlm.nih.gov/pubmed/17353040
https://doi.org/10.1183/09031936.00173710
https://doi.org/10.1183/09031936.00173710
http://www.ncbi.nlm.nih.gov/pubmed/21406508
https://doi.org/10.1111/ina.12716
http://www.ncbi.nlm.nih.gov/pubmed/32649780
https://doi.org/10.1038/s41370-020-00266-5
http://www.ncbi.nlm.nih.gov/pubmed/32963288
https://doi.org/10.1016/j.envres.2021.112275
http://www.ncbi.nlm.nih.gov/pubmed/34710437
https://doi.org/10.1016/j.envint.2020.105647
http://www.ncbi.nlm.nih.gov/pubmed/32172043
https://doi.org/10.3389/fpsyg.2017.00456
http://www.ncbi.nlm.nih.gov/pubmed/28439244
https://doi.org/10.1111/j.1442-200X.2004.01835.x
https://doi.org/10.1111/j.1442-200X.2004.01835.x
http://www.ncbi.nlm.nih.gov/pubmed/15043664
https://doi.org/10.1046/j.1365-2222.2003.01801.x
http://www.ncbi.nlm.nih.gov/pubmed/14616864
https://doi.org/10.1371/journal.pone.0293603


32. Garty BZ, Kosman E, Ganor E, Berger V, Garty L, Wietzen T, et al. Emergency room visits of asthmatic

children, relation to air pollution, weather, and airborne allergens. Annals of Allergy, Asthma & Immunol-

ogy. 1998; 81(6):563–70. https://doi.org/10.1016/S1081-1206(10)62707-X PMID: 9892028

33. Hu Y, Cheng J, Yin Y, Liu S, Tan J, Li S, et al. Association of childhood asthma with intra-day and inter-

day temperature variability in Shanghai, China. Environmental Research. 2022; 204:112350. https://

doi.org/10.1016/j.envres.2021.112350 PMID: 34762926

34. Yan S, Wang X, Yao Z, Cheng J, Ni H, Xu Z, et al. Seasonal characteristics of temperature variability

impacts on childhood asthma hospitalization in Hefei, China: Does PM2. 5 modify the association?

Environmental Research. 2022; 207:112078. https://doi.org/10.1016/j.envres.2021.112078 PMID:

34599899

35. Xu Z, Huang C, Hu W, Turner LR, Su H, Tong S. Extreme temperatures and emergency department

admissions for childhood asthma in Brisbane, Australia. Occupational and environmental medicine.

2013; 70(10):730–5. https://doi.org/10.1136/oemed-2013-101538 PMID: 23884454

36. Chen Y, Kong D, Fu J, Zhang Y, Zhao Y, Liu Y, et al. Associations between ambient temperature and

adult asthma hospitalizations in Beijing, China: a time-stratified case-crossover study. Respiratory

research. 2022; 23(1):1–12.

37. Schatz M, Kosinski M, Yarlas AS, Hanlon J, Watson ME, Jhingran P. The minimally important difference

of the Asthma Control Test. Journal of Allergy and Clinical Immunology. 2009; 124(4):719–23.e1.

https://doi.org/10.1016/j.jaci.2009.06.053 PMID: 19767070

38. Voorend-van Bergen S, Vaessen-Verberne AA, Landstra AM, Brackel HJ, van den Berg NJ, Caudri D,

et al. Monitoring childhood asthma: web-based diaries and the asthma control test. Journal of Allergy

and Clinical Immunology. 2014; 133(6):1599–605.e2. https://doi.org/10.1016/j.jaci.2013.10.005 PMID:

24290276

39. Alzahrani YA, Becker EA. Asthma control assessment tools. Respiratory care. 2016; 61(1):106–16.

https://doi.org/10.4187/respcare.04341 PMID: 26556901

40. Li K, Ni H, Yang Z, Wang Y, Ding S, Wen L, et al. Effects of temperature variation between neighbouring

days on daily hospital visits for childhood asthma: a time-series analysis. Public Health. 2016; 136:133–

40. https://doi.org/10.1016/j.puhe.2016.04.002 PMID: 27161494

PLOS ONE Associations between personal apparent temperature exposures and asthma symptoms in children

PLOS ONE | https://doi.org/10.1371/journal.pone.0293603 November 13, 2023 14 / 14

https://doi.org/10.1016/S1081-1206%2810%2962707-X
http://www.ncbi.nlm.nih.gov/pubmed/9892028
https://doi.org/10.1016/j.envres.2021.112350
https://doi.org/10.1016/j.envres.2021.112350
http://www.ncbi.nlm.nih.gov/pubmed/34762926
https://doi.org/10.1016/j.envres.2021.112078
http://www.ncbi.nlm.nih.gov/pubmed/34599899
https://doi.org/10.1136/oemed-2013-101538
http://www.ncbi.nlm.nih.gov/pubmed/23884454
https://doi.org/10.1016/j.jaci.2009.06.053
http://www.ncbi.nlm.nih.gov/pubmed/19767070
https://doi.org/10.1016/j.jaci.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24290276
https://doi.org/10.4187/respcare.04341
http://www.ncbi.nlm.nih.gov/pubmed/26556901
https://doi.org/10.1016/j.puhe.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27161494
https://doi.org/10.1371/journal.pone.0293603

