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Abstract

Objectives—Pulsus paradoxus is one of the few objective, bedside measures of acute asthma 

exacerbation severity but is difficult to measure in tachypneic and tachycardic patients and in noisy 

clinical environments. Our primary objective was to examine whether pulse oximeter 

plethysmograph-estimate-of-pulsus-paradoxus (PEP) is associated with physiologic and symptom 

measures of acute exacerbation severity (airway resistance by impulse oscillometry [%IOS] and 

the Acute Asthma Intensity Research Score [AAIRS]). Secondary objectives were to validate the 

previous association of PEP with %FEV1 and to examine associations of change of PEP with 

change of these outcomes after 2 hours of treatment.

Methods—This was a secondary analysis of data from a prospective observational study of 

patients aged 5–17 years with acute asthma exacerbations. The predictor variable, PEP, was 

measured using a dedicated pulse oximeter and waveform analysis program. Outcome measures 

included the AAIRS, %IOS and %FEV1 at baseline and after 2-hours of treatment. We examined 

associations of PEP with %IOS and the AAIRS at baseline using multiple linear regression models 

adjusted for age, gender and race. As secondary analyses we similarly examined the association of 

PEP with %FEV1 at baseline and change of PEP with change of %IOS, the AAIRS, and %FEV1 
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after 2-hours of treatment using multiple linear regression models adjusted for the baseline value 

of the outcome measure and the AAIRS.

Results—Amongst 684 participants (61% males; 61% African-American) there were 

associations of baseline PEP with %IOS, the AAIRS, and %FEV1 (P < 0.001). Change of PEP 

after 2-hours of treatment was associated with change of %FEV1 (P < 0.001) and change of the 

AAIRS (P = 0.01) but not with change of %IOS (P = 0.60).

Conclusions—PEP demonstrates criterion validity in predicting baseline %IOS, the AAIRS, 

%FEV1 and responsiveness to change of the AAIRS and %FEV1. Data contained in the oximeter 

plethysmograph waveform might be utilized as a continuous, objective measure of acute asthma 

exacerbation severity and real-time response to treatment.

Introduction

Asthma is one of the most prevalent chronic diseases of childhood, the most common reason 

for hospitalization of children in North America, and a frequent reason for emergency 

department (ED) visits for children and adults.1–4 However, there are limited objective and 

continuous measures of acute asthma exacerbation severity available to guide treatment and 

disposition decisions in acute care environments such as the ED.5,6

Pulsus paradoxus is one of the few objective bedside measures for assessment of 

exacerbation severity and response to treatment, and expert guidelines recommend 

measuring this physical sign to guide management and hospitalization decisions.5–9 Pulsus 

paradoxus was first observed in severe asthma by Floyer (1850) and carefully described by 

Kussmaul (1873) in a patient with pericardial effusion as a pulse that was “simultaneously 

slight and irregular, disappearing during inspiration and returning upon expiration.”10 

However, pulsus paradoxus is infrequently measured in the clinical environment, in part 

because the traditional technique of manual measurement using a sphygmomanometer and 

stethoscope is difficult in tachypneic and tachycardic patients and in noisy clinical settings.
11–14

This traditional technique of pulsus paradoxus measurement is an indirect means of 

estimating dynamic change of left ventricular stroke volume during the respiratory cycle, the 

underlying physiologic derangement that results in pulsus paradoxus.15 This physiologic 

derangement is most accurately represented by change of the arterial waveform rather than 

with manual measurement that uses a sphygmomanometer and stethoscope. However, intra-

arterial catheters are invasive and infrequently used in patients with acute asthma 

exacerbations.

A finger arterial blood pressure (FINAP, Finapres Medical Systems, Amsterdam, The 

Netherlands) device has been shown to provide accurate representation of the arterial 

waveform. Pulsus paradoxus calculated from the FINAP correlates highly (r = 0.96) with 

pulsus paradoxus calculated from an intra-arterial waveform as did pulsus paradoxus 

measured as percentage pulse waveform decrease on inspiration (r = 0.59).16 However, the 

FINAPRES device is not widely available in clinical settings.
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Studies from our group and others have demonstrated that the pulse oximeter 

plethysmograph waveform accurately represents the peripheral arterial waveform and 

support its use to estimate pulsus paradoxus.17–25 We have measured change in area-under-

the-curve of the oximeter plethysmograph waveform during the respiratory cycle to estimate 

pulsus paradoxus physiology (PEP). We first examined this measure in healthy adults in 

whom pulsus paradoxus was induced using an airway circuit with applied inspiratory and 

expiratory resistance, and then in adults with obstructive airways disease during routing 

pulmonary function testing.21,22

We subsequently demonstrated that PEP correlates with percent-predicted forced expiratory 

volume in 1-second (%FEV1) and airway resistance by the interrupter technique before 

treatment, and change of PEP correlated with change of %FEV1 after 2 and 4 hours of 

treatment. This prior report included data from the first 249 of 933 children with acute 

asthma exacerbations recruited for a 5-year parent study to develop an asthma prediction 

rule.23,26 The present report includes data from participants 250 to 933. The purpose of the 

present report is to examine the performance of PEP as a measure of acute asthma 

exacerbation severity and response to treatment using data from this second portion of our 

cohort participants.

Objective

Our primary objective was to examine the criterion validity and responsiveness of PEP to 

predict the Acute Asthma Intensity Research Score (AAIRS) and percent-predicted airway 

resistance by impulse oscillometry (%IOS) using data from participants in the second 

portion of the study cohort for whom we have not previously reported PEP analyses.27–30 

Secondary objectives were to examine the criterion validity of PEP to predict %FEV1 using 

data from these participants and to examine the responsiveness of PEP in the subsequently 

enrolled participants in the Acute Asthma Severity Assessment Protocol (ASAP) to predict 

change of each of the primary and secondary outcome measures after the first 2 hours of 

treatment.31

Methods

Study Design, Setting and Population

We performed a secondary analysis of data from the Acute Asthma Severity Assessment 

Protocol, a prospective study of pediatric patients aged 5 – 17 years with doctor-diagnosed 

asthma who presented to our tertiary children’s hospital pediatric emergency department 

(ED) with acute asthma exacerbations.31 As noted, during the recruitment period April, 2008 

to February, 2013, 933 participants were enrolled. The present analyses include data from 

participants 250 to 933 that were not included in our previous report.23 Because race might 

have an independent association with the outcomes of interest, race was classified as 

American Indian or Alaska Native, Asian, African-American, Native Hawaiian or Pacific 

Islander or White, reported by the parent.

Prior to enrollment of participant 740 we acquired a MasterScreen IOS system (CareFusion, 

Yorba Linda, CA) for measurement of airway resistance by impulse oscillometry (IOS), and 
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participants 740 to 933 attempted measurement of airway resistance using this device.27,28 

The study was approved by our Institutional Review Board (protocol #080058), and written 

informed consent was obtained from each parent and written assent from each participant.

Predictor Variable

The predictor variable was PEP, measured using a Novametrix oxypleth pulse oximeter 

(Respironics Novametrix, Wallingford, CT) configured to output the raw, high-resolution 

plethysmograph waveform light signal. The signal was fed to a laptop computer via a serial 

cable and processed with a dedicated waveform analysis algorithm using code developed 

within graphical measurement and analysis software (LabVIEW 7.1, National Instruments, 

Austin, TX). Further processing of this signal by the software program to output PEP 

(measured in percent) is detailed in our previous report.21 We measured PEP at baseline 

before initiation of treatment with systemic corticosteroid and bronchodilators and again at 2 

and 4 hours after initiation of treatment if the participant remained in the ED at that time. We 

have found that all clinically meaningful change of %FEV1 occurs in the first 2 hours of 

treatment.23 For this reason we did not include 4 hour data in analyses for this report.

Outcome Measures

We used the AAIRS and %IOS at baseline as the primary outcome measures to assess 

criterion validity of PEP as a measure of acute exacerbation severity.23 The AAIRS is a 

bedside acute asthma severity score that was available for all participants and that has been 

validated against %FEV1.29,30 The 7-component AAIRS includes accessory muscle 

(suprasternal-sternocleidomastoid, intercostal, subcostal) retractions, air entry, wheezing, 

oxygen saturation on room air and expiratory phase prolongation, with a total score range of 

0 – 16 (16 most severe). %IOS requires tidal breathing for approximately 10 seconds and 

does not require the forced vital-capacity maneuver necessary for spirometry (FEV1). %IOS 

correlates with %FEV1 in children and has demonstrated validity and reliability as a 

measure of lung function in children as young as 3 years.27,32–35 The IOS system reports 

%IOS based on normative values for ages 3 – 17 years.32,36

FEV1 is the widely accepted criterion measure of severity of airway obstruction occurring 

during asthma exacerbations.8,37 Because we have previously reported the association of 

PEP with %FEV1 in a separate portion of our cohort, %FEV1 was a secondary outcome 

measure for this study.37 Each participant was instructed in performance of spirometry for 

%FEV1 in accordance with ATS guidelines.37,38 Additional outcome measures included 

change of the AAIRS, %IOS, and %FEV1 during the first 2 hours of treatment to assess 

responsiveness of PEP to change of exacerbation severity.

Data Analysis

We present descriptive statistics as mean (standard deviation, SD) or median [interquartile 

range, IQR], as appropriate. In order to assess whether our cohort was representative of the 

overall population of patients aged 5 – 17 years who presented to our pediatric ED with 

acute exacerbations, we compared the demographic characteristics or our sample to all 

patients admitted to the pediatric ED with a final diagnosis code of acute asthma 

exacerbation (ICD 493).
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We examined associations of PEP with the AAIRS, %IOS, and %FEV1 before treatment 

using pre-specified multivariable linear regression models adjusted for age, gender and race 

because these demographic characteristics may confound the associations of interest. 

Associations of change of PEP with change of each of these outcome measures after 2 hours 

of treatment were examined with similar models additionally adjusted for the baseline value 

of the outcome measure and the AAIRS. We examined whether each model fulfilled the 

assumptions of multiple linear regression, including constant variance of errors and a linear 

relationship between predictor and outcome measures. Transformation of the outcome 

variables were performed, if necessary, to satisfy this assumption. We included all data, 

including apparent outliers, and did not adjust for multiple comparisons. Statistical 

significance was defined as P < 0.05.

%IOS and %FEV1 were not available for all participants, and multiple imputation would not 

be appropriate for these variables.39 With this in mind, we used complete-case analyses. IOS 

values were the least-available outcome variable (n = 168), and the total degrees of freedom 

(df) for the predictor variables age, gender, race, baseline AAIRS and baseline value of the 

outcome variable was 6 df. This would result in 28 outcomes per df for the models with the 

greatest number of predictor variables, satisfying the widely recognized requirement for ≥ 

15 df per outcome to avoid overfitting.40

Some patients were enrolled in the study on more than one occasion and were assigned a 

unique participant identification number for each enrollment. We used robust standard error 

estimation with the patient medical record number for these participants as a cluster in order 

to adjust the variance in our model to account for these repeated measurements. In addition 

we performed a sensitivity analyses for each primary and secondary outcome measure using 

only data from the most recent enrollment for these participants. The most recent enrollment 

was chosen because these were most likely to include IOS measurement. All analyses were 

performed using open-source R statistical software v.3.1.2. (www.r-project.org. R 

Foundation for Statistical Computing, Vienna, Austria).

To assess the accuracy and completeness of our report in accordance with the Standards for 

Reporting of Diagnostic Accuracy (STARD), we used the STARD checklist and generated 

the recommended flow diagram.41 The funding organization (National Institutes of Health) 

had no role in the conduct or reporting of the study.

Results

The 684 participant included in this report were enrolled during the period June, 2009 to 

February, 2013. (Figure 1). Demographic and asthma characteristics of the 684 study 

participants included for analyses are presented in Table 1. Participants were primarily in 

middle childhood, African-American, male, publicly insured and with high rates of chronic 

symptoms and poor disease control. Values for PEP and each of the outcome variables are 

displayed in Table 2.

The distribution for %IOS values at baseline was skewed. We log transformed this variable 

because it improved the model fitting assumptions assessed by the residual plot and normal 

Arnold et al. Page 5

Acad Emerg Med. Author manuscript; available in PMC 2019 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.r-project.org/


Q-Q plot. The statistical assumptions for multiple linear regression were satisfied for each 

model.

There were significant associations between PEP and each outcome of interest before 

treatment (P < 0.001, Table 3 and Figure 2). Adjusted R2 and 95% confidence intervals (CI) 

for each model are displayed in Table 4. The before treatment effect sizes are interpreted as 

follows. The interquartile range for PEP before treatment was 34.4% to 48.1%. Before 

treatment, a patient with a PEP value of 48.1% would be expected to have a %FEV1 12.1% 

lower than a patient with a PEP value of 34.4% after adjustment for age, gender and race.

Whereas change of PEP after 2 hours of treatment was associated with change of %FEV1 (P 

< 0.001) and change of the AAIRS (P = 0.01), we did not find such an association with 

change of %IOS (P = 0.60). For after-treatment effect size, the interquartile range for change 

of PEP was −10.7% to 1.7%. A patient with an increase of PEP of 1.7% would be expected 

to have a 4.17% smaller change of %FEV1 and a 0.38 point greater change of the AAIRS 

compared to a patient with a PEP decrease of 10.75%, after adjustment for age, gender, race, 

baseline AAIRS and baseline %FEV1.

For the sensitivity analysis, 76 duplicate patient enrollments were excluded by using only 

participant data from the most recent enrollment, resulting in 608 unique participants. The 

adjusted associations of baseline PEP with %FEV1, %IOS and the AAIRS remained (P < 
0.001) as did the 2-hour change of PEP with change of %FEV1 (P < 0.001) and the AAIRS 

(P = 0.017). There was again no association of change of PEP with change of %IOS (P = 
0.64).

Of the 25 items included in the STARD checklist, this report conforms to 23 of the STARD 

items relevant to the study design.41 Figure 1 presents a flow diagram conforming to 

STARD recommendations.

Discussion

The results of this study suggest that PEP has criterion validity in predicting a 

comprehensive bedside severity score (the AAIRS) and %IOS and %FEV1 before treatment, 

as well as responsiveness to change of the AAIRS and %FEV1 but not to change of %IOS. 

In addition the results confirm that plethysmograph estimate of pulsus paradoxus (PEP) has 

criterion validity in predicting %FEV1 and responsiveness to change of %FEV1.

We were surprised at the low values for coefficient of variation for explained variability of 

each outcome measure by PEP, although this is consistent with a prior investigation by 

Wright and colleagues in which pulsus paradoxus measurement made using change in height 

of the FINAP waveform correlated with %-predicted peak expiratory flow (r = −31).25 We 

used the unprocessed plethysmograph waveform to capture AUC-variability during the 

respiratory cycle as a measure of pulsus paradoxus; a potential disadvantage of this approach 

was introduction of movement artifact and other sources of unwanted variability. This may 

have decreased the ability of PEP to explain variability of our outcomes of interest. As well, 

there is likely variability in measurement of %IOS, the AAIRS, and %FEV1 that may also 

contribute to decreased ability of PEP to statistically explain variability of these outcomes.42
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There are no objective continuous measures of asthma exacerbation severity that are 

available at the bedside in most acute care settings, although expert panel guidelines 

recommend a management approach to exacerbations that is based on assessment of 

severity, including measurement of FEV1.8 The oximeter plethysmograph waveform might 

be utilized for this purpose, as it correlates with accepted measures of acute exacerbation 

severity.

The pulse oximeter plethysmograph waveform has been demonstrated to accurately 

represent the peripheral arterial waveform.17,25 As such, information in the plethysmograph 

waveform might be used to quantify physiologic events that can be measured using arterial 

waveform data, including pulsus paradoxus.

This is an evolving technology that will require further validation of PEP correlation with 

lung function and other severity metrics of disorders that result in elevated pulsus paradoxus. 

In addition, further elucidation of normative and percent-predicted values for PEP according 

to age, gender and other patient characteristics are next stages in developing this technology.

Although PEP does not correlate with change of %IOS, the latter may itself have limited 

validity as a measure of change of asthma exacerbation severity in response to treatment. 

Further, the AAIRS, %IOS and %FEV1 each measure different domains of exacerbation 

severity, and it is reasonable to consider pulsus paradoxus and PEP as measures of additional 

severity domains. Emergency Medicine clinicians frequently consider multiple data points of 

disease severity, and each of these measures may be similarly regarded as data points that 

assist in decision-support for treatment and disposition decisions in patients with acute 

asthma exacerbations. PEP might contribute to this decision-making as a continuous bedside 

measure of acute asthma exacerbation severity and response to treatment.

Limitations

Limitations of our study include that we have examined PEP in only one condition that 

results in abnormally elevated PP, acute asthma exacerbations. In addition we did not 

employ further signal processing to minimize waveform artifact; our aim was to use the 

unprocessed waveform to capture all variability during the respiratory cycle. Finally, there 

are potential limitations in using IOS, the AAIRS and FEV1 as outcome measures because 

these measures represent different domains of acute asthma exacerbations. Alternatively, this 

might be viewed as a study strength because the primary pathophysiological event, airway 

inflammation, results in complex derangements of lung function that are heterogeneous 

between individuals with asthma.43 Additionally, FEV1 is widely recognized as the criterion 

measure of airway obstruction, and IOS and the AAIRS have been demonstrated to correlate 

with FEV1.27–30

Conclusions

Information contained in the oximeter plethysmograph waveform (PEP) might be utilized as 

a continuous, objective and effort-independent measure of acute asthma exacerbation 

severity, responsiveness to treatment, and possibly of other pathophysiologic conditions 
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resulting in pulsus paradoxus. This measurement warrants further validation and could be 

incorporated in next-generation pulse oximeters.
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At a Glance

• There are limited objective bedside measures of acute asthma exacerbation 

severity and response to treatment.

• Pulse oximeter plethysmograph estimate of pulsus paradoxus (PEP) might 

provide a continuous, noninvasive measure of exacerbation severity.

• PEP is significantly associated with three criterion measures of exacerbation 

severity: airway resistance by impulse oscillometry, forced expiratory-volume 

in 1-second, and the Acute Asthma Intensity Research Score.
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Figure 1: 
Participant recruitment

Abbreviations: PEP, Plethysmograph Estimate of Pulsus Paradoxus; %IOS, %-predicted 

airway resistance by impulse oscillometry; AAIRS, Acute Asthma Intensity Research Score; 

%FEV1, %-predicted forced expiratory volume in 1-second.
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Figure 2: 
Associations of Plethysmograph Estimate of Pulsus Paradoxus (PEP) with %-predicted 

FEV1 (%FEV1), %-predicted airway resistance by impulse oscillometry (%IOS), and the 

Acute Asthma Intensity Research Score (AAIRS) before treatment (top panel) and 

associations of change of PEP with change of each outcome after 2 hours of treatment (Δ

%FEV1, Δ%IOS, ΔAAIRS, bottom panel). Grey bands are 95% confidence intervals.
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Table 1

Characteristics of 684 participants and of population aged 5 – 17 years with asthma exacerbations seen in 

pediatric emergency department during study period.

Characteristic Study Participants (n = 684) PED Asthma Patients 
a
 (n = 8,168 )

Demographic

 Age 8.8 [6.9,11.2] 7.1 [4.7, 10.3]

 Male 425 (61) 5,135 (63)

 Race

  African-American 418 (61) 4,623 (57)

  White 260 (38) 2,792 (34)

  Asian 5 (1) 86 (1)

  Medicaid insurance 440 (64) 5,198 (64)

Asthma

NA c

 Asthma control and future risk 
b

  Daytime symptoms > 2/week 347 (51)

  Nocturnal symptoms or awakening 388 (57)

  Activity limitation 337 (49)

  Need for rescue treatment > 2/week 327 (48)

  Exacerbation in past year 420 (61)

 Using inhaled corticosteroid 319 (47)

 Second-hand smoke exposure 225 (33)

 Prior PCCU asthma admission 154 (23)

 Prior ETI for asthma 31 (5)

Values are n (%) or median [interquartile range].

Abbreviations: PED, pediatric emergency department; PCCU, pediatric critical care unit admission; ETI, endotracheal intubation; PEP, 
plethysmograph estimate of pulsus paradoxus; %FEV1, %-predicted forced expiratory volume in 1-second; %IOS, airway resistance by impulse 

oscillometry; AAIRS, acute asthma intensity research score.

a
Baseline Population: all patients aged 5 to 17 years presenting to pediatric emergency department during study period with final primary diagnosis 

of asthma exacerbation by ICD code 493, including study sample

b
Global Initiative for Asthma (GINA) chronic control characteristics for preceding 3-month period.39
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Table 2

Values of PEP, %FEV1, %IOS and the AAIRS before treatment and after 2 hours of treatment

Measure

Value [IQR]

Before treatment After treatment

PEP 
a 41 [34, 48] 38 [32, 43]

%IOS 
b 161 [124, 212] 127 [104, 159]

AAIRS 
c 5 [2, 7] 2 [0, 5]

%FEV1 
d 47 [34, 66] 58 [42, 75]

Abbreviations: PEP, plethysmograph estimate of pulsus paradoxus; %FEV1, %-predicted forced expiratory volume in 1-second; %IOS, %-

predicted airway resistance by impulse oscillometry; AAIRS, acute asthma intensity research score; IQR, interquartile range.

a
n = 632 before and n = 462 after treatment

b
n = 187 before and n = 140 after treatment

c
n = 684 before and n = 498 after treatment

d
n = 421 before and n = 320 after treatment
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Table 3

Effect sizes for outcome measures associated with PEP before and after 2-hours of treatment in children aged 

5 – 17 years with acute asthma exacerbations.

Outcome measure R2 (95% CI) Before treatment 
a, b P R2 (95% CI) After treatment 

c, d P

%IOS 1.2 (1.1, 1.4) <0.001 −3.3 (−10.4, 3.7) 0.598

AAIRS 1.7 (1.4, 2.0) <0.001 0.4 (0.1, 0.7) 0.01

%FEV1 −12.1 (−14.9, −9.3) <0.001 −4.2 (−6.3, −2.0) <0.001

Abbreviations: PEP, plethysmograph estimate of pulsus paradoxus; %FEV1, %-predicted forced expiratory volume in 1-second; %IOS, %-

predicted airway resistance by impulse oscillometry; AAIRS, acute asthma intensity research score; CI, confidence interval.

a
Effect size for outcome measure across interquartile range of PEP of 34.4% to 48.1%.

b
Multivariable linear regression models adjusted for age, gender, race.

c
Effect size estimates for change of outcome measure after 2-hr of treatment across interquartile range of change of PEP (−10.7% to 1.7%) during 

this interval.

d
Multivariable linear regression models adjusted for age, gender, race, baseline AAIRS and baseline value of the outcome measure.
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Table 4

Adjusted coefficients of variation (R2) for multivariable models before and after 2-hours of treatment in 

children aged 5 – 17 years with acute asthma exacerbations.

Outcome Measure R2 (95% CI) Before treatment 
a, b

R2 (95% CI) After treatment 
a, c

%IOS 0.160 (0.101, 0.310) 0.595 (0.502, 0.778)

AAIRS 0.189 (0.142, 0.258) 0.213 (0.175, 0.280)

%FEV1 0.186 (0.137, 0.273) 0.155 (0.119, 0.261)

Abbreviations: PEP, plethysmograph estimate of pulsus paradoxus; R2, coefficient of variation; CI, confidence interval. %IOS, %-predicted airway 
resistance by impulse oscillometry; AAIRS, acute asthma intensity research score; %FEV1, %-predicted forced expiratory volume in 1-second.

a
Values are adjusted R2 (95% CI) for each multivariable model.

b
Multivariable linear regression models adjusted for age, gender, race.

c
Multivariable linear regression models adjusted for age, gender, race, baseline AAIRS and baseline value of the outcome measure.
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