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Abstract

:

Few studies have focused on the consequence of exposure to general anesthesia (GA) in children’s early life with the risk of asthma and disease outcomes. The present study examines the correlation between exposure to GA under three years old and the subsequent course of asthma in a nationwide population-based cohort study. Our cases were acquired from Taiwan’s National Health Insurance Research Database (NHIRD). Children under three years old with either GA exposure or not during in-patient treatment from 1997 to 2008 were included. The study group was age- and sex-matched with a ratio of 1:2 to create the control group for comparison. The cohort included 2261 cases with GA and 4522 cases without GA as a control group. The incidence of asthma onset was significantly reduced in patients with GA exposure under 3 three years old (hazard ratio 0.64 (95% confidence interval 0.57~0.72), p < 0.001). In addition, regardless of whether the asthmatic clinical visits were before or after GA exposure, asthma onset patients before GA exposure have significantly fewer clinical visits than those without GA exposure (both p < 0.001, respectively). Using the Kaplan–Meier method, we also demonstrated that GA exposure was associated with favorable clinical visits in patients with asthma, whether their asthma was onset before GA (p = 0.0102) or after GA exposure (p = 0.0418) compared to non-GA-exposed controls. In the present study, we demonstrated that children with early GA exposure under three years old were at a reduced risk of developing asthma compared to the general population. Furthermore, we first reported that GA exposure significantly reduced clinical visits in patients with asthma regardless of whether their asthma onset was before or after GA exposure. It is indicated that GA exposure at a younger age could have potential clinical benefits for asthma than non-GA-exposed controls.
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1. Introduction


The rising worldwide incidences of asthma represent a vital healthcare issue for children [1,2,3], and its associated clinical symptoms may worsen life quality [4] and bring an economic burden [5,6]. Mounting pieces of evidence of various factors, including pathogenic bacteria colonization in the airway during the early life of children [7], exposure to smoke [8,9], O2 therapy [10], indoor allergen [11,12], air pollution [13,14], and climate change [15,16], have triggered the growing prevalence of asthma in children. Meanwhile, according to the hygiene hypothesis, improving hygienic environment standards and decreasing the chances of infections can subsequently increase the incidence of asthma in children [17]. However, Hallit et al. have demonstrated that neither home cleaning nor personal cleanliness was correlated with asthma in preschool children [18]. Therefore, understanding how asthma develops and resolves through infancy and childhood is essential for the pediatrician. Fortunately, global asthma incidence and lethality have been reported to decline from 1990 to 2019 [1].



Except for necessary surgery, the most common etiologies of received GA during early childhood are minor surgery, including inguinal hernia [19], redundant prepuce, phimosis [20], and hydrocele [21]. In addition, there is a steady growth of the widespread use of GA in children, such as dental treatment [22,23], MRI image study [24], or removal of a foreign body in the external auditory canal, nose, or esophagus [25,26]. The reasons for using GA in these procedures are not only that it can reduce procedure time [22] and anxiety [27] but also the possibility of constant subsiding postoperative pain [28]. However, the safety of GA has become an essential health issue of interest to the public and government agencies [29]. Notably, we had reported that children exposed to GA early, before age three, had a small association with an increased risk of developmental delay after that [30]. Furthermore, in an animal study exposed to postnatal GA, adult mice have chronically exacerbated fear behavior, associated with an 11% reduction of the periaqueductal gray matte compared to the non-GA group [31]. In addition, it is shown that multiple sevoflurane exposures induced remarkable learning ability impairment in younger but not adult mice involved in the function of Egr2, a critical protein for age-dependent vulnerability to sevoflurane-induced cognitive deficits [32]. Younger children exposed to GA were found to have almost no differences in intelligence compared with the unexposed group. Notably, some studies have found more behavioral problems, particularly attention-deficit hyperactivity disorder, after multiple exposures in children with GA exposure [33]. On the other hand, our group previously reported that children had a lower risk for allergic diseases, including allergic rhinitis, asthma, and atopic dermatitis, with intubated or general mask GA exposure before one year old compared to the general population without GA exposure [34].



Asthma is a chronic inflammatory process of the lower respiratory airways and a Type 2-high (Th2) disease [35]. Some researchers believe that GA may be involved in immune function by affecting the balance of Th1 and Th2 in favor of Th1 responses [36] or stress responses caused by surgery [37]. GA may advance proinflammatory Th1 and decrease Th2 responses and thus potentially prevent the risk of allergic diseases. In addition, one prior study has consistently found increased pro-inflammatory IL-6 cytokine in postoperative patients after GA [38]. However, studies on GA and asthma in children are minimal and insufficient, so the relationship between GA and the later development of asthma and the severity of asthma remains to be determined. Therefore, this nationwide population-based case-control study aimed to investigate the relationship between GA exposure and subsequent asthma and the clinical course of asthma after exposure to GA in children under three years old. All the participants in this study were followed for at least five years.




2. Methods


Our study data were gained from Taiwan’s National Health Insurance Research Database with diagnoses based on all the International Classification of Diseases diagnostic codes, Ninth Revision, and Clinical Modification (ICD-9-CM) format [34]. Taiwan’s National Health Insurance project was launched on 1 March 1995 and provides universal health insurance for 99% of the 23 million residents [39]. Many studies have delineated the details of a representative database of 1,000,000 subjects randomly sampling from the National Health Insurance Research Database. It includes the patients’ background characteristics such as gender, date of birth, disease diagnosis, medical information, medicine prescriptions, clinical visits, or hospitalizations, which are provided to the public for research purposes [30,40,41]. Additionally, there were no statistically significant differences in age, gender, and healthcare costs between the samples and all enrollees [39,40]. Meanwhile, the patient's identification was encrypted to protect their privacy.



Our study subjects were children under three years old hospitalized between 1997 and 2008, without or with GA exposure. We excluded those cases with any premature birth (ICD-9-CM 765), other congenital system abnormalities (ICD-9-CM 742), epilepsy (ICD-9-CM 345), and pediatric cerebral palsy (ICD-9-CM 343). According to the management these patients received, they were divided into study and control groups: the study group was hospitalized patients with exposure, and the control group was a non-GA-exposed cohort. Therefore, it was a 1:2 ratio of a case-control study. Then, we performed an age, gender, and hospital admission during the same period-matched study (±7 days). The observation period started on the index date and ended on the last clinical visit on 31 December 2013. The length of follow-up time was calculated for each patient’s last clinical visit. To avoid patients with overdiagnosis of asthma (ICD-9 493), the enrolled patients have had at least two outpatient visits (within 28 days) or one inpatient visit. The flowchart of data collection in this study is demonstrated in Figure 1. Since this study used the National Health Insurance Research Database, it was exempted from full review by the Institutional Review Board (No. 102-0364B on 3 April 2013) of Chang Gung Memorial Hospital.




3. Statistical Analysis


The time of follow-up person-years for each subject was investigated from either the last clinical visit or 31 December 2013. The incidence rate was calculated by dividing the number of cases of patients by the number of follow-up person-years. We used Cox proportional hazard regression models adjusted for all potential confounders to estimate the relative risks associated with GA exposure or non. We calculated the hazard ratios (HRs) and their 95% confidence intervals (CIs) using non-GA patients as a reference. We adopted the SAS statistical software package (SAS Institute Inc., Cary, NC, USA; version 9.3) for analysis. We used statistical methods of Student’s t-test (two-tailed), χ2 test (two-tailed), and Kaplan–Meier graphs with the log-rank test for data analysis. Any p-value of <0.05 was represented as statistical significance.




4. Results


4.1. General Anesthesia in Early Childhood Significantly Reduces Asthma Incidence


The study cohort included 43,377 children under the age of three years who were hospitalized from 1997 to 2008. The flowchart of this research is shown in Figure 1. Among them, 4080 person-times were exposed to GA. After, exclusion cases using ICD-9 codes 765 (disorders related to short gestation and low birthweight), 742 (other congenital anomalies of the nervous system), 343 (infantile cerebral palsy), and 345 (epilepsy and recurrent seizures) before admission were used. We enrolled 2261 subjects in the study group, while a 1:2 ratio, matched by age, sex, and time, with 4522 subjects as the control cohort. We first investigated asthma development after GA exposure. The significant finding was that incidence of asthma in the GA-exposed group was lower than that in the non-GA group (23.78% vs. 34.28 %, hazard ratio 0.64 (95% confidence interval 0.57~0.72), p < 0.001).




4.2. General Anesthesia in Early Childhood Significantly Reduces Clinical Asthma Visits


To compare the clinical outcome of patients following GA exposure, we divided the patients with the onset of asthma before and after GA exposure. In literature, the most common etiologies of receiving pediatric surgery are redundant prepuce, inguinal hernia, hydrocele, and phimosis [42], which are male-predominant and consistent with our results of the GA group in Table 1. Table 1 shows no difference in age, gender, years of follow-up, or clinical visits in asthmatic patients’ onset before GA exposure compared to non-GA-exposed patients. Cumulative clinical visits indicate the summation of outpatient and inpatient visits. Of particular note, GA-exposed patients had fewer outpatient visits (11.33 ± 17.90 vs. 17.47 ± 27.60, p = 0.0008) and cumulative clinical visits (11.55 ± 18.22 vs. 17.92 ± 28.30, p = 0.0007) when compared to non-GA-exposed patients. However, we found no difference in asthmatic patients’ onset after GA exposure compared to non-GA-exposed controls in clinical visits (Table 2). Furthermore, we divided the frequency of clinical visits into low, medium, and high according to the non-GA-exposed group. As shown in Table 3 of asthmatic patients’ onset before GA exposure, the GA-exposed group has a lower rate of high (>14) outpatient and cumulative clinical visits (0.40, 95%, CI 0.21~0.73; 0.39, 95% CI 0.21~0.73, respectively) compared to non-GA-exposed controls. In patients with asthma onset after GA exposure, the GA-exposed group also demonstrated a lower rate of medium (5~≤ 13) (0.47, 95% CI 0.32~0.69, respectively) and high (>13) cumulative clinical visits (0.15, 95% CI 0.10~0.23) than non-GA-exposed controls (Table 4). It indicated that for asthma onset before and after GA, the GA-exposed group had lower clinical visits than non-GA-exposed controls.




4.3. Kaplan–Meier Plot of the Cumulative Incidence of Asthmatic Patients following GA Exposure


Using the Kaplan–Meier method, we also confirmed that GA exposure was associated with favorable clinical visits in patients with asthma, regardless of whether their asthma onset was before GA (Figure 2A, p = 0.0102) or after GA exposure (Figure 2B, p = 0.0418). Taken altogether, we showed that GA exposure (red line) significantly reduced clinical visits in patients with asthma compared to non-GA-exposed controls (blue line).





5. Discussion


In this study, we further proved evidence that children exposed to GA before the age of three had a reduced risk of subsequently developing asthma in the nationwide population-based case-control study (23.78% vs. 34.28 %, hazard ratio 0.64 (95% confidence interval 0.57~0.72), p < 0.001). Meanwhile, we are the first to report that GA exposure significantly reduced later clinical visits in patients regardless of whether their asthma onset was before or after GA exposure. It is indicated that no matter whether asthma onset is before or after GA, GA exposure could have the potential clinical benefit over non-GA-exposed controls.



Most asthmatic children with acute exacerbation can be effectively treated with β2-adrenergic agonists and corticosteroids [43]. However, status asthmaticus is an intractable attack refractory to standard treatment that can lead to progressive respiratory failure [44]. Therefore, in refractory status asthmaticus, volatile anesthetics are also used for pediatric patients who do not respond well to conventional therapy [45,46,47]. The proposed mechanisms for volatile anesthetics include activating the β-adrenergic receptors, inhibiting acetylcholine and histamine release, and directly depressing airway reflexes and inducting bronchial smooth muscle relaxation that reverses the underlying airway bronchoconstriction [46,48]. Halothane, isoflurane, and enflurane are effectual bronchodilators and can be used in patients with status asthmaticus; however, sevoflurane has revealed controversial results in asthmatic patients [49,50]. Furthermore, halothane, isoflurane, and sevoflurane are asthmatic surgical patients’ best induction and maintenance agents [50].



Our previous study reported that children receiving GA exposure before one year of age reduced the risk of developing allergic diseases, including asthma, allergic rhinitis, and atopic dermatitis, by approximately 25–40% [34]. However, one study of children’s exposure to GA did not demonstrate either an increased or decreased risk of atopic dermatitis (2.3%) compared to the non-GA-exposed group (2.2%) when followed up for two years after cohort entry [51]. The authors stated that board-certified dermatologists only diagnosed the participants in that study with subsequent atopic dermatitis. Therefore, the incidence of atopic dermatitis may be underestimated due to the many patients who follow up with pediatricians, especially with allergic-immunologic and rheumatologic subspecialties, instead of board-certified dermatologists. With the more restrictive enrollment criteria of asthma who have had at least two outpatient visits (within 28 days) or one inpatient visit in this study, we further confirmed a 36% reduction in the risk of asthma development in the group of GA exposure compared to non-GA-exposed subjects in this study. Although no evidence has linked GA with a decrease in asthma later in life, various theories may explain the possible mechanisms for the relationship between GA exposure and asthma in children [52]. Theoretically, it is possible that GA promotes inflammatory Th1 responses and decreases Th2 immunity which may be protective against the development of asthma.



Sevoflurane has numerous advantages in children, including blood solubility, pleasant odor, and less bronchospasm [53,54,55]. Because of the high prevalence of airway hyper-reactivity and an increased risk of bronchospasm, desflurane was suggested to be avoided in asthmatic pediatric anesthesia [56]. Furthermore, multiple sevoflurane exposures do not interfere with the T-cell receptor repertoire in baby monkeys’ thymus [57]. Consistently, Chutipongtanate et al. showed that desflurane could induce higher peripheral blood Tregs increment than sevoflurane after 24-h exposure [58]. Furthermore, sevoflurane could increase the CD4 + lymphocytes in the spleen in mice, augment antibody-producing capacity following the antigenic challenge, and increase the number of peripheral blood leukocytes after one or repeated exposures [59]. In addition, sevoflurane potentiates host-defense mechanisms of bactericidal and anti-inflammatory reactions in endotoxemia [60]. Furthermore, Wang et al. showed that sevoflurane could mitigate allergic airway inflammation induced by ovalbumin in mice by inhibiting Th2 responses [61]. Koksoy et al. also uncovered that GA, rather than spinal anesthesia, altered the balance of Th1 and Th2 in favor of Th1 responses after surgery [9]. Notably, a neonatal animal study showed that sevoflurane influenced genetic methylation [62] and histone acetylation [63], which may explain reducing allergic disease after GA exposure in the earlier stage of life. Taken together, the possible explanation is that GA can promote inflammatory Th1 reactions and decrease Th2 responses, which may result in a decline in the risk of asthma after GA exposure in an earlier stage of children. However, it is also believed that surgery itself may affect the regulatory balance of postoperative immune responses [64,65]. Interferon-gamma, an important Th1 cytokine, was increased 24 h after surgery in patients anesthetized by halothane and isoflurane [66]. However, further studies in other countries are needed to support the conclusion that exposure to GA and its long-term effects affect the subsequent development of asthma in children.



Our current study has some limitations that should be mentioned. First, the results gained from this study were based on a nationwide population-based cohort study, and additional countries or global studies are still needed to affirm the beneficial effect of GA on asthma. Second, many confounding factors may be associated with asthma development; therefore, selecting good controls for comparison is difficult. However, we chose age-, gender-, and time-matched controls for comparison to reduce confounding factors. Meanwhile, an additional GA-exposed group who has anesthesia only was assured for comparison for diagnostic sedation or the removal of foreign bodies, such as from the nose, eyes, ear, esophagus, etc., without surgery or with minor surgery (such as redundant prepuce, inguinal hernia, dental treatment). Third, frequent respiratory tract infection is a predisposing factor to the development of asthma later. Thus, a more extensive database for excluding respiratory tract infections before GA exposure or not is needed for comparison. On the other hand, we will know what kind of disease admission the risk factor for the development of asthma is. Fourth, we need to find out how long the protective effect in the development of asthma is, and the topic thus still warrants further study.




6. Conclusions


Asthma represents a significant public health issue of interest for children. Except for necessary surgery, children have an increased risk of GA exposure during early childhood for minor surgery, procedures, or examinations. However, current studies on GA and asthma in children are minimal and insufficient, so the relationship between GA and the later development of asthma and the severity of asthma remains to be determined. This nationwide population-based cohort study reported that, compared with the general population, children exposed to GA before three years had a reduced risk of asthma. Moreover, we are the first to report that GA exposure significantly reduced clinical visits in patients with asthma. It is indicated that GA exposure at a younger age could have potential clinical benefits for asthma than non-GA-exposed controls.
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Figure 1. Algorithm for study design and patient selection. The study cohort included 43,377 children under the age of three years who were hospitalized from 1997 to 2008. Among them, 4080 person-times were exposed to GA. After exclusion cases using ICD-9 codes 765 (disorders related to short gestation and low birthweight), 742 (other congenital anomalies of the nervous system), 343 (infantile cerebral palsy), and 345 (epilepsy and recurrent seizures) before admission, we ultimately included 2261 subjects in the study cohort, while 4522 children (in a 1:2 ratio, matched by age, sex, and time) made up the control cohort. The observation period started on the index date and ended on the last clinical visit on December 31, 2013. The length of follow-up time was calculated for each patient’s last clinical visit. To avoid patients with overdiagnosis of asthma (ICD-9 493), the enrolled patients have had at least two outpatient visits (within 28 days) or one inpatient visit. In addition, we investigated asthma development and clinical visits after GA exposure. 
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Figure 2. Kaplan–Meier plot of the cumulative incidence of asthmatic patients following general anesthesia (GA) exposure. It is showed that patients with GA exposure (red line) were associated with favorable clinical visits with asthma than the non-GA exposure group (blue line), regardless of whether their asthma onset was (A) before GA (p = 0.0102) or (B) after GA exposure (p = 0.0418). 
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Table 1. Characteristics of the patients with asthma onset before general anesthesia (GA) exposure and unexposed subjects.
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Variables

	
Patients with GA Exposure

	
Patients Without GA Exposure

	
p-Value




	
n

	
%

	
n

	
%






	

	
n = 212

	
n = 424

	




	
Age (means ± SD)

	
2.07 ± 0.60

	
2.01 ± 0.54

	
0.2234




	
Follow-up (years, mean ± SD)

	
5.36 ± 3.62

	
5.06 ±3.63

	
0.3289




	
Gender

	

	

	




	
Female

	
71

	
33.49

	
142

	
33.49

	




	
Male

	
141

	
66.51

	
282

	
66.51




	
Clinical visits before GA

	

	

	




	
Outpatient visits (No., mean ± SD)

	
4.19 ± 5.77

	
4.74 ± 6.50

	
0.2995




	
Cumulative clinical visits (No., mean ± SD)

	
4.47 ± 5.93

	
5.31 ± 6.90

	
0.1108




	
Clinical visits after GA

	

	

	




	
Outpatient visits (No., mean ± SD)

	
11.33 ± 17.90

	
17.47 ± 27.60

	
0.0008




	
Cumulative clinical visits (No., mean ± SD)

	
11.55 ± 18.22

	
17.92 ± 28.30

	
0.0007








Cumulative clinical visits indicate the combined total of both outpatient and inpatient visits.
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Table 2. Characteristics of the patients with asthma onset after general anesthesia (GA) exposure and unexposed subjects.






Table 2. Characteristics of the patients with asthma onset after general anesthesia (GA) exposure and unexposed subjects.





	
Variables

	
Patients with GA Exposure

	
Patients without GA Exposure

	
p-Value




	
n

	
%

	
n

	
%






	
After asthma

	
n = 486

	
n = 972

	




	
Age (mean ± SD)

	
1.83 ± 0.59

	
1.83 ± 0.59

	
0.8077




	
Follow-up (years, mean ± SD)

	
5.59 ± 2.93

	
5.24 ± 2.99

	
0.0373




	
Gender

	

	

	




	
Female

	
144

	
29.63

	
288

	
29.63

	




	
Male

	
342

	
70.37

	
684

	
70.37




	
Clinical visits

	

	

	




	
Outpatient visits (No., mean ± SD)

	
12.49 ± 15.61

	
13.84 ± 17.34

	
0.1369




	
Cumulative clinical visits. (No., mean ± SD)

	
12.70 ± 15.84

	
14.10 ± 17.51

	
0.1245








Cumulative clinical visits indicate the combined total of both outpatient and inpatient visits.
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Table 3. Following clinical visit numbers in patients with asthma onset before general anesthesia (GA) exposure.
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No. of Patients

	
No. of Person-Years

	
No. of Patients with Anesthesia Use

	
Incident Rate

(per 10,000 Person-Years)

	
Crude HR

(95% CI)

	
Adjusted HR * (95% CI)






	
Gender

	

	

	

	

	

	




	
Female

	
213

	
1078.11

	
71

	
658.56

	
1.00

	




	
Male

	
423

	
2205.35

	
141

	
639.35

	
0.98 (0.73~1.30)

	




	
No. of outpatient visits

	

	

	

	

	

	




	
0~≤3

	
246

	
1282.02

	
99

	
772.22

	
1.00

	
1.00




	
3~≤14

	
205

	
805.74

	
62

	
769.48

	
1.00 (0.57~1.75)

	
1.04 (0.59~1.84)




	
>14

	
185

	
1195.70

	
51

	
426.53

	
0.39 (0.21~0.71)

	
0.40 (0.21~0.73)




	
Cumulative No. of clinical visits

	

	

	

	

	




	
0~≤3

	
242

	
1271.92

	
98

	
770.49

	
1.00

	
1.00




	
3~≤14

	
204

	
800.95

	
63

	
786.57

	
1.03 (0.89~1.81)

	
1.07 (0.60~1.90)




	
>14

	
190

	
1210.59

	
51

	
421.28

	
0.38 (0.21~0.71)

	
0.39 (0.21~0.73)








* Adjusted for age and gender. Cumulative clinical visits indicate the combined total of both outpatient and inpatient visits.
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Table 4. Following clinical visit numbers in patients with asthma onset after general anesthesia (GA) exposure.
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No. of Patients

	
No. of Person-Years

	
No. of Patients with Anesthesia Use

	
Incident Rate

(per 10,000 Person-Years)

	
Crude HR

(95% CI)

	
Adjusted HR * (95% CI)






	
Gender

	

	

	

	

	

	




	
Female

	
432

	
2215.26

	
144

	
650.04

	
1.00

	




	
Male

	
1026

	
5605.02

	
342

	
610.17

	
0.89 (0.73~1.08)

	




	
No. of outpatient visits

	

	

	

	

	

	




	
0~≤4

	
517

	
2024.61

	
191

	
943.39

	
1.00

	
1.00




	
4~≤17

	
605

	
3324.76

	
192

	
577.49

	
0.32 (0.22~0.47)

	
0.33 (0.22~0.48)




	
>17

	
336

	
2470.91

	
103

	
416.85

	
0.12 (0.07~0.20)

	
0.12 (0.07~0.20)




	
Cumulative No. of clinical visits

	

	

	

	

	




	
0~≤5

	
613

	
2481.10

	
216

	
870.58

	
1.00

	
1.00




	
5~≤13

	
400

	
2129.65

	
134

	
629.21

	
0.46 (0.31~0.68)

	
0.47 (0.32~0.69)




	
>13

	
445

	
3209.53

	
136

	
423.74

	
0.15 (0.10~0.24)

	
0.15 (0.10~0.23)








* Adjusted for age and gender. Cumulative clinical visits indicate the combined total of both outpatient and inpatient visits.
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