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Impulse oscillometry in preschool children with persistent asthma can predict spirometry at school age.
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Abstract
Background: Lung function in children with persistent asthma may be impaired during preschool and school ages. The aim of this study was to describe if some preschool IOS parameters are related to spirometry alterations on reaching school age.
Methods: 66 children under six years old diagnosed with persistent asthma were studied prospectively with IOS during their preschool years and spirometry at school age.
[bookmark: _Hlk98227723]Results: The mean age was 4.9 years at the first evaluation and 7.9 years at the second evaluation, and 59.1% were male. During preschool, R5, Fres, AX, and D5-20 were found to have diagnostic accuracy (AUC>0.7) for predicting altered spirometry during school age (defined as FEV1 and/or FEV/FVC and/or FVC values below the lower limit of normality according to Quanjer predictive values). AX, D5-20, and R5 had the best LR+ to increase the probability of altered spirometry (50, 10, and 7.1, respectively). R5 was the best IOS parameter for discriminating bronchodilator response (BDR) in schoolchildren (AUC=0.7, LR+ = 3.7). Abnormal IOS increases the risk of having abnormal spirometry (RR=12.7, p= 0.002). This risk is even higher in atopic patients (RR= 21, p=0.003).
Conclusion: The findings of this study indicate that some IOS parameters between 3 and 5 years of age are useful for predicting abnormal spirometry and BDR at school age.
Keywords: Asthma, preschoolers, schoolchildren, IOS, spirometry, pulmonary function testing.
Introduction
Decreased lung function early in life is a risk factor for wheezing and asthma in childhood [1,2], and having airflow limitation is associated with decreased lung function at ages 6 to 11 [3] and even into adulthood [4,5]. These deficits can be present from birth and can worsen because of infections, atopy, and environmental and genetic factors, or a combination of all of them. Lung function deficits that have been described in school-age children with persistent asthma may already be present during preschool age [6,7]. The difficulty for young patients to perform reproducible spirometry is one of the reasons why there are few data on the matter.
Impulse oscillometry (IOS) has been validated as a method for studying lung function in preschool children, since it is practiced during tidal volume respiration, its parameters have shown a good correlation with spirometry, and it allows measuring the pulmonary function of the central and peripheral airways separately, thus identifying asthmatic children [8].
Previously, we studied the evolution of lung function, measured by IOS, over a period of one year, in preschool children with moderate to severe persistent asthma and found that in a high percentage of them it was altered, and although some parameters improved, others showed a persistent alteration [9]. Therefore, we believe it is important to establish if alterations in IOS in preschool children are associated with having an altered spirometry at school age.
The aim of the study was to establish which preschool IOS parameters have the best discrimination for differentiating asthmatic schoolchildren with normal or abnormal spirometry and with or without bronchodilator response (BDR), and whether atopy has some influence.
Patients and Method
This non-randomized prospective study was conducted at the pediatric pulmonology laboratory of Clínica Las Condes, Santiago, Chile, between August 2016 and September 2021, corresponding to a cohort of children with persistent asthma followed from 3 to 8 years old, attended in our department and having had a pulmonary lung function test. The inclusion criterion was a confirmed diagnosis of asthma by a pediatric pulmonologist, according to the recommendations of the Global Initiative for Asthma [10]. Children with other chronic respiratory diseases, cardiopathies, prematurity (<37 weeks of gestation), and immunodeficiencies were excluded.
[bookmark: _Hlk96152849]At the first evaluation (2016 to 2018), persistent asthmatic preschoolers aged 3 to 5 years were enrolled and performed pre- and post-bronchodilator IOS. In the IOS, the baseline values of resistance at 5 Hz in Kpa/Ls (R5), resistance at 20 Hz in Kpa/Ls (R20), resonant frequency 1/second (Fres), reactance at 5Hz in Kpa/Ls (X5), reactance area in Kpa/Ls (AX), and the difference between respiratory resistance at 5 and 20 Hz in Kpa/Ls (D5-20) were analyzed. Subsequently, the participants were monitored by their treating physician, who indicated and/or adjusted the treatment, following GINA recommendations, and received instruction about avoid risk factors.
After 3 years (2019–2021), at school age, pre- and post-bronchodilator spirometry was performed. Forced expiratory volume for 1 second in liters (FEV1), forced vital capacity in liters (FVC), FEV1/FVC (%) ratio, and forced expiratory flow at 25–75% in liters (FEF25–75) were analyzed. 
[bookmark: _Hlk96430161]The IOS and the spirometry were performed according to ATS/ERS guidelines [11–14], using the Vyaire Vyntus model v-176430 (Mettawa, IL). The IOS predictive values used were those by Dencker/Malmberg [15]. Abnormal IOS was defined as R5 Kpa/Ls ≥150% predicted and/or X5 Kpa/Ls <(predicted minus 0.15) [16,17]. Spirometry was defined as abnormal when FEV1 and/or FEV1/FVC and/or FVC values were below the lower limit of normality according to Quanjer predictive values [18]. An increase of 12% for FEV1 and/or 30% for FEF25–75 after albuterol MDI 400 ugr administered with spacer device was considered a BDR. FVC showing no more than 5% difference with respect to its initial measurement was required [19].
[bookmark: _Hlk97885550]Additionally, a skin prick test (SPT) at preschool age was carried out using the most common allergens in our city [20], administered on the forearms, as well as positive (histamine) and negative (solvent) controls. The following allergens were used: Dermatophagoides pteronyssinus, Dermatophagoides farinae, American cockroach, German cockroach, dog dander, cat dander, feathers, Alternaria, Aspergillus, Penicillium, grass mix, Bermuda grass, Chenopodium multifidion, ribwort plantain, red sorrel, common silver birch, Platanus orientalis, ashleaf maple, common ash, acacia, privet, white elm, and latex (all from Leti, Spain), and Blomia tropicalis (from Allerbio, France). Atopy was defined as a positive reaction (wheal size diameter that measured 3 mm or more after subtraction of the control value) to one or more allergens. The SPT was performed by only one specialist, who was blinded to the clinical characteristics of the child’s asthma. A child was defined as having atopic asthma when he or she had a positive SPT result; otherwise, the child was considered to have non-atopic asthma. Also, the nutritional status according to WHO 2006 [21], asthma severity according to GINA classification, and asthma controller treatment at preschool and school age were recorded in an encoded database.
Written consent was obtained from the parents/guardians of children who agreed to participate after receiving information about the study. The study was approved by the ethics committee of the institution.
Statistical analysis
The best preschool IOS cutoff points for detecting altered school spirometry or BDR in schoolchildren were calculated using the area under the curve (AUC). The sample size used to measure diagnostic tests was calculated based on LR+ (positive likelihood ratio) = sensitivity / 1- specificity, considering the sensitivity and specificity with the best cut-off points for the prevalence of altered spirometry or BDR in schoolchildren. The relative risk of abnormal school spirometry or BDR with an abnormal preschool IOS was also considered in the sample size calculation.
Sample size: A minimum of 66 patients were needed to detect abnormal spirometry and 62 for BDR. We chose 66, which is the largest number required. For all calculations, an α error of 5%, a β error of 20%, and a percentage of loss at follow-up not greater than 10% was considered. Statistical significance was established at a p-value of les than 0.05. For the statistical analysis, SPSS® v17.0 (IBM, Armonk, NY) software was used.
Results
At the beginning of the study, 66 out of 68 preschool asthmatic children were able to perform the IOS, and 59.1% were male. The distribution by age at the first evaluation was as follows: 12.1% were 3 years old, 42.4% 4 years old and 45.5% 5 years old. The severity of asthma according to GINA was mild persistent in 25.8%, moderate persistent in 60.6%, and severe persistent in 13.6% of the subjects. 75.8% of the preschoolers were receiving some type of asthma controller therapy, (Table 1). SPT was positive in 48.5% of the patients. Atopic patients had a mean of 3 positive aeroallergens, and the most frequent allergens were Alternaria 21.2%, grass mix 18.2%, Dermatophagoides pteronyssinus 18.2%, Dermatophagoides farinae 12.1%, cat dander 12.1%, and dog dander 10.6%.
After three years of follow-up, all enrolled children were able to perform spirometry. The distribution by age at the second evaluation was 6 years (16.7%), 7 years (30.3%), and 8 years (53%). 78.8% received controller therapy (Table 1).

Pulmonary function test:
At baseline, the preschoolers’ IOS had the following parameters (mean ± SD): R5 (1.03 ± 0.19 Kpa/Ls), R20 (0.67 ± 0.13 Kpa/Ls), X5 (-0.34 ± 0.16 Kpa/Ls), Fres (24.3 ± 4.3 1/S), AX (3.48 ± 1.5 Kpa/Ls), and D5-20 (0.36 ± 0.15 Kpa/Ls). Altered IOS was found in 13.6% of preschoolers. At school age, the average values for spirometry parameters (mean ± SD) were FVC (2.05 ± 0.5 L), FEV1 (1.7 ± 0.4 L), FEV1/FVC (83.9 ± 13.7), and FEF25-75 (1.8 ± 0.6 L). 9.1% children exhibited altered spirometry, and 30.3% had BDR.
[bookmark: _Hlk96269797]The best positive predictive value (PPV) for abnormal spirometry at school age was found to be AX. High negative predictive values (NPV) were found for abnormal spirometry at school age for R5, R20, AX, Fres, and D5-20, meaning that a preschooler who registered values below the cutoff points for these parameters will not have a probability of abnormal spirometry at school age. On the other hand, AX and D5-20 were the two IOS parameters with the highest LR+ (≥10), which significantly increases the probability of having abnormal spirometry at school age, meaning that having an AX ≥5.65 Kpa/Ls and/or D5-20 ≥0.55 Kpa/Ls increases the probability of having altered spirometry at school age by around 45%. R5 and R20 had a moderate LR+ (between 5 and 10), R5 ≥1.23 Kpa/Ls and/or R20 ≥0.8 Kpa/Ls in an IOS increases the probability of having an abnormal spirometry at school age by 30% [22]. These data, plus the sensitivity and specificity, are shown in Table 2.
At preschool age, IOS parameters R5, AX, D5-20, Fres, and R20 exhibited acceptable diagnostic accuracy for detecting altered spirometry at school age. Figure 1 plots the receiver operating characteristic (ROC) curve for the aforementioned parameters.
R5 was the preschool IOS parameter that best discriminated between schoolchildren with or without BDR (AUC=0.7, LR+ = 3.7). The NPV of some IOS parameters were high to rule out BDR at school age: 86, 85, 84, and 80 for D5-20, Fres, R5, and AX, respectively, Table 3. The IOS parameters to detect the BDR in school age that exceeded the line of non-discrimination (AUC=0.5) were, in decreasing order: R5, AX, D5-20, Fres, and R20, Figure 2.
Finally, preschool children who had an abnormal IOS at baseline were at increased risk of abnormal spirometry and BDR at school age. This risk became more marked in atopic preschoolers, Table 4. 
Discussion
In this cohort of mostly moderate-severe persistent asthmatic children, we found that the following IOS parameters at preschool age, AX, D5-20, and R5, had the best LR+ for increasing the probability of altered spirometry at school age. R5 was the best parameter for discriminating BDR in schoolchildren. Abnormal IOS at preschool age increases the risk (RR=12.7) of having abnormal spirometry at school age, and this risk is even higher among atopic patients.
R5, AX, D5-20, Fres, and R20 had acceptable diagnostic accuracy (AUC>0.7) for the detection of altered spirometry at school age, in accordance with recommended values [23]. Additionally, we found that the baseline averages R5 and D5-20 exceeded the cut-off points recommended by two previous studies for the prediction of poorly controlled asthma and exacerbations in children 4 to 7 years old [24,25].
Two other longer-term follow-up studies observed a relationship between IOS and spirometry. Knihtilä et al. [26] reported that an increase in R5 and decreased frequency-dependent resistance (dRrs/df) at preschool age was associated with decreased lung function in adolescence. Lajunen et al. [27] showed that abnormal baseline R5 and Fres during preschool age increase the risk of deterioration of the FEV1/FVC ratio after 12 years of age. 
However, in our study the parameters AX and D5-20 were found to have better LR+ than R5 for predicting abnormal spirometry at school age. Mathematical and image-functional modeling postulate that heterogeneous constriction of the small airways results in a negative frequency-dependence of resistance, whereas R5 reflects the resistive properties of both large and small airways [28]. Clinical studies suggest that the frequency dependence of resistance might be superior to R5 for predicting loss of asthma control and later lung function [29,30], which agrees with the results presented. Frequency dependence of resistance might, however, also be influenced by upper airway shunt properties and the viscoelasticity of respiratory tissues; therefore, AX provides a more reliable measure to reflect the mechanical properties of lung periphery [31], and this may be the explanation for the better ability of the AX parameter to discriminate between abnormal and non-abnormal spirometry at school age.
As for X5, which evaluates lung periphery, it may be affected by measurement noise due to higher respiratory rates [31]. Also, young patients with airway obstruction may show inverted reactance-frequency tracings, with more negative values ​​of X5, and in this case X5 must be corrected in order to obtain CX5, which is associated with greater alterations in spirometry and other IOS parameters than uncorrected X5 [32]. Perhaps this is the reason that we did not find any relationship of X5 with risk for spirometry alteration at school age.
In the present study, R5 and AX were the parameters with the best LR+ to discriminate between schoolchildren who will or will not have BDR. BDR is associated with BHR, asthma severity, and poor asthma control [33,34]. Therefore, children who evolve with BHR and more severe asthma could be identified early at preschool age through IOS. 
Preschoolers with abnormal IOS have increased risk by over 12-fold for abnormal spirometry and almost 3-fold for BDR at school age. Consequently, abnormality in preschool IOS could be a useful and easy variable to incorporate into clinical algorithms for the prediction of school-age asthma [35]. In the sub-analysis of preschool atopic children with asthma, the risk of abnormal spirometry increases almost twofold and of BDR almost threefold at school age in comparison with preschoolers without atopy. Previous studies by our group and others have shown that preschool children with atopic asthma, defined by SPT, have higher annual rates of exacerbations, increased airway resistance, and greater bronchodilator response, and evolve with a higher rate of exacerbations at the age of 7 years [9,36,37]. Therefore, the use of IOS and SPT could be useful for early phenotyping of asthma in preschoolers and determining their influence on lung function at school age.
Within the limitations of the study, we should mention that the clinical evolution (exacerbations or hospitalizations) was not measured, since we do not have an adequate sample size for the analysis of these data, which would undoubtedly help to better establish the clinical trajectory of these patients. Also, the asthma management of the patients was not prospectively standardized; however, in our team all the pediatric pulmonologists carried out similar conduct, following the GINA guidelines [10], and third no data of risk factors, e.g. second-hand tobacco exposure, type of heating at home, and pets, were documented. The main strength of the present study is that it was a prospective design where all the participants completed the follow-up, despite the fact that the sample size underwent losses of up to 10%. The adherence of our patients during the follow-up can be explained because they continued to experience moderate to severe asthma. However, more studies that include a larger number of participants are needed to confirm our findings.
In conclusion, this study confirms the usefulness of preschool IOS for identifying patients at high risk of having spirometry alterations and BDR at school age and therefore greater risk of losing lung function.
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[bookmark: _Hlk98232414]Table 1. Clinical-demographic characteristics of the cohort of persistent asthmatics in the
 two evaluation periods (N=66).
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	Preschoolers 
(≥ 3yr and < 6yr)
(2016-2018)

	Schoolchildren
(≥ 6yr and < 9yr)
 (2019-2021)


	
Age (years)

	
4.9 ± 1
	
7.9 ± 1

	Weight (K)

	19.8 ± 4
	29.1 ± 6.7

	Height (cm)
	110 ± 7.8

	127.9 ± 8.5

	Overweight and obesity (%)

	40.9
	43.9

	Controller Therapy :

ICS (%)

	

 40.9
	

40.9

	ICS + LABA (%)

	 24.2
	33.3

	LTRA (%)

	 10.6
	4.5













Numbers are expressed in %, mean and standard deviation, ICS = Inhaled corticosteroids, 
[bookmark: _Hlk94589579]LABA = Long-acting beta-agonist, LTRA = leukotriene receptor antagonists.















Table 2. Diagnostic tests in preschool IOS-parameters for the detection of abnormal spirometry in schoolchildren (N=66).
	[bookmark: _Hlk94560521]
	
Optimal Cut-off point
	
AUC
	
S (%)
(95% CI)
	
E (%)
(95% CI)
	
PPV (%)
(95% CI)
	
NPV (%)
(95% CI)
	
LR+
(95% CI)
	
LR-
(95% CI)


	
R5 Kpa/Ls

	
≥1.23
	
0.9
	
83.3
(43-97)
	
88.3
(78-94)
	
41.7
(19-68)
	
98.2
(90-99)
	
7.1
(5-10)
	
0.18
(0.02-1.3)


	R20 Kpa/Ls
	≥ 0.8
	0.77
	83.3
(43-97)
	81.7
(70-89)
	31.3
(14-55)
	98
(89-99)
	4.5
(3.5-5.9)
	0.2
(0.03-1.4)

	
X5 Kpa/Ls
	
≤-0.06
	
0.07
	
87.5
(53-98)
	
1.6
(0.3-8.6)
	
10.3
(5-19)
	
50
(9.5-91)
	
0.9
(0.8-1)

	
0.01
(0.006-2)

	Fres 1/s

	≥24.69
	0.82
	87.5
(53-76)
	66.1
(53-76)
	25
(13-43)
	97.6
(98-99)
	2.6
(2.3-3)
	0.19
(0.03-1.4)

	AX Kpa/Ls

	≥5.65
	0.91
	83.3
(44-97)

	98.3
(91-98)
	83.3
(44-97)
	98.3
(91-99)
	50
(7-384)
	0.16
(0.02-1.2)

	D5-20 Kpa/Ls

	≥0.55


	0.79


	66.7
(30-90)

	93.3
(84-97)

	50
(21-78)

	96.6
(88-99)

	10
(4.8-20.8)

	0.36
(0.1-0.9)



[bookmark: _Hlk93127177][bookmark: _Hlk81065486][bookmark: _Hlk93321316]R5=respiratory resistance at 5 Hz , R20= respiratory resistance at 20 Hz, X5=respiratory reactance at 5 Hz, Fres: Resonance Frequency, AX: reactance area, R5-20= the difference between respiratory resistance at 5 and 20 Hz; AUC: area under the curve, S: Sensitivity, E: Specificity, PPV: positive predictive value, NPV: negative predictive value, LR+: Positive likelihood ratio, LR-: Negative likelihood ratio, CI: confidence Interval, Kpa/Ls = Kilopascal divided into liters per second, 1/S = 1 divided per second, SD= standard deviation.










[bookmark: _Hlk96005265][bookmark: _Hlk96064272]Table 3. . Diagnostic tests in preschool IOS-parameters for detection of bronchodilator response in schoolchildren (N=66). 
	[bookmark: _Hlk96005243]
	
Optimal Cut-off point
	
AUC
	
S (%)
(95% CI)
	
E (%)
(95% CI)
	
PPV (%)
(95% CI)
	
NPV (%)
(95% CI)
	
LR+
(95% CI)
	
LR-
(95% CI)


	
R5 Kpa/Ls

	
≥1.09
	
0.7
	
65
(43-82)
	
83
(69-91)
	
62
(41-79)
	
84
(71-92)
	
3.7
(2.7-5.2)
	
0.42
(0.3-0.6)


	R20 Kpa/Ls
	≥ 0.77
	0.62
	45
(26-66)
	80
(67-89)
	50
(29-71)
	77
(64-87
	2.3
(1.4-3.7)
	0.68
(0.6-0.8)

	
X5 Kpa/Ls
	
≤-0.18
	
0.27
	
95
(76-99)
	
6.5
(2-18)
	
31
(21-43)
	
75
(30-95)
	
1
(0.9-1)

	
0.8
(0.1-13)

	Fres 1/s

	≥24.61
	0.64
	70
(48-85)
	72
(57-83)
	52
(34-69)
	85
(70-93)
	2.5
(2-3.1)
	0.42
(0.3-0.6)


	AX Kpa/Ls

	≥3.92
	0.69
	55
(34-74)

	80
(67-89)
	55
(34-74)
	80
(67-89)
	2.8
(2-4)
	0.6
(0.4-0.7)

	D5-20 Kpa/Ls

	≥0.33


	0.66


	80
(58-92)

	52
(38-66)

	42
(28-58)

	86
(69-94)

	1.7
(1.5-1.9)

	0.38
(0.2-0.7)



R5=respiratory resistance at 5 Hz, R20= respiratory resistance at 20 Hz, X5=respiratory reactance at 5 Hz, Fres: Resonance Frequency, AX: reactance area, R5-20= the difference between respiratory resistance at 5 and 20 Hz; AUC: area under the curve, S: Sensitivity, E: Specificity, PPV: positive predictive value, NPV: negative predictive value, LR+: Positive likelihood ratio, LR-: Negative likelihood ratio, CI: confidence Interval, Kpa/Ls = Kilopascal divided into liters per second, 1/S = 1 divided per second.







[bookmark: _Hlk97541568][bookmark: _Hlk97715845]Table 4. Relative risk of preschool IOS for detection of abnormal spirometry and bronchodilator response in schoolchildren.

	[bookmark: _Hlk97541538]
Preschool IOS 
	
Abnormal spirometry
	
Bronchodilator response



	
	RR
(CI 95%)

	P-value 
	RR
(CI 95%)
	P-value

	
	
	
	
	

	Abnormal IOS
at all

	12.7
(2.7-59.4)
	0.002
	2.7
(1.4-5.2)
	0.02

	
	
	
	
	

	Abnormal IOS 
in atopics
	21
(2.8-156)
	0.003
	7
(2.8-17)
	0.002

	
	
	
	
	

	Abnormal IOS
in non atopics

	5.8
(0.4-78)
	0.29
	1.2
(0.4-3.8)
	0.8


RR: relative risk, CI: confidence Interval, P - value= 2 tailed for exact Mid-p.





Figure 1. ROC curves and optimal cut-offs to predict an abnormal 
Spirometry in school children. AX Kpa/Ls (AUC=0.91, p= 0.000004),
R5 Kpa/Ls (AUC= 0.9, p= 0.0005), Fres 1/S (AUC= 0.82, p=0.005),
D5-20 Kpa/Ls (AUC= 0.79, p=0.001) and R20 Kpa/Ls (AUC=0.77
P=0.003).













Figure 2 . ROC curves and optimal cut-offs to predict an bronchodilator 
response in school children. R5 Kpa/Ls (AUC= 0.7, p= 0.0003), AX Kpa/Ls 
(AUC=0.69, p= 0.006), D5-20 Kpa/Ls (AUC= 0.66, p=0.02), Fres 1/S 
(AUC= 0.64, p=0.002), and R20 Kpa/Ls (AUC=0.62, p=0.04).
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