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Abstract

Background—Significance of exhaled nitric oxide (FeNO) levels in children with sickle cell 

anemia (SCA) is unclear, but increased levels may be associated with features of asthma and thus 

increased morbidity.

Objectives—To determine factors associated with FeNO and whether FeNO levels are 

associated with increased rates of acute chest syndrome (ACS) and pain.
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Methods—All participants had SCA, were part of the prospective, observational Sleep and 

Asthma Cohort study, and had the following assessments: FeNO, spirometry, blood samples 

analyzed for hemoglobin, white blood cell count, eosinophils and total serum IgE, questionnaires 

about child medical and family history, and review of medical records.

Results—The analytic sample included 131 children with SCA, median age 11.2 years (range 

6-18) followed for a mean of 16.2 years, including a mean 5.1 years after the baseline FeNO data 

measurements. In multivariable analyses higher FeNO was associated with ln(IgE) (p<0.001), and 

the highest quartile of peripheral eosinophil count (p=0.03), but not wheezing symptoms, baseline 

spirometry indices, or response to bronchodilator. Multivariable analyses identified that incident 

rate of ACS was associated with ln(FeNO) (p=0.03) as well as male gender (p=0.025), wheezing 

causing shortness of breath (p=0.002), and ACS <4 years of age (p <0.001). FeNO was not 

associated with future pain episodes.

Conclusions—Steady state FeNO was not associated with an asthma diagnosis, wheezing 

symptoms, lung function measures, or prior sickle cell morbidity, but was associated with markers 

of atopy and increased risk of future ACS events.
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Introduction

Respiratory disorders are a major cause of morbidity and mortality for patients with sickle 

cell disease (SCD).1,2 Asthma in particular has been associated with increased morbidity and 

premature death among children with SCD.3-6 Several features associated with asthma in the 

general population, such as wheezing,7,8 lower airway obstruction,9 and markers of atopy 

including elevated IgE levels10 and positive skin tests to aeroallergens11 have themselves 

been associated with SCD morbidity.

The measured fractional concentration of exhaled nitric oxide (FeNO) is a non-invasive 

biomarker of airway inflammation.12 In school-age children and adolescents FeNO is 

reproducible13 and has been associated with several features of atopy and asthma including 

peripheral blood eosinophilia, total serum IgE, a reduced forced expiratory volume in 1 

second/forced vital capacity (FEV1/FVC) ratio, and airway hyperresponsiveness.14-16 The 

significance of FeNO levels in patients with SCD is not well understood. Prior small studies 

have demonstrated FeNO levels in children with SCD to be higher, lower, and the same as 

healthy controls.17-20 Furthermore, the relationships between FeNO levels and current 

and/or prior SCD morbidity are inconsistent.18,19

Given the association between asthma features and SCD morbidity9,10,21 juxtaposed with 

the lack of consistent findings regarding the significance of FeNO levels among patients 

with SCD, a more in-depth exploration of FeNO levels among children with SCD is 

warranted. The aim of the current study was to investigate whether FeNO is associated with 

SCD-specific factors and/or asthma-related factors, and whether this non-invasive clinical 

test has the potential to predict future morbidity among children with the severe form of 
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SCD, sickle cell anemia (SCA, used herein to refer to the HbSS and HbSβ0 genotypes only). 

We tested the hypotheses that 1) FeNO would be correlated with other biomarkers of asthma 

and atopy among children with SCA and 2) higher steady state FeNO levels would be 

associated with increased prospective rates of pain and acute chest syndrome (ACS).

Methods

Study design

Participants in the Sleep and Asthma Cohort (SAC) study were ages 4 to 19 years with SCA 

(HbSS or HbSβ0). Participants with complete FeNO, spirometry data, and SCD morbidity 

data from birth were included in this analysis. SAC is a National Heart Lung Blood Institute 

(NHLBI)-funded prospective, observational cohort study designed to evaluate the 

contribution of asthma and sleep abnormalities to SCA-related morbidity. Children were 

enrolled from 2006-2008 without regard to past morbidity or physician diagnosis of asthma. 

Children receiving chronic transfusion therapy or participating in a clinical trial evaluating 

hydroxyurea (HU) therapy at the time of recruitment were excluded, although if they were 

prescribed chronic transfusion or HU therapy during the course of the follow-up period they 

remained in the study. Institutional approval was obtained from participating sites in St. 

Louis, MO, Cleveland, OH and London, UK. Written informed consent was obtained from 

parents and assent was obtained from children upon enrollment according to institutional 

policies.

Serum IgE was obtained upon study entry. Participants also performed measurement of 

FeNO followed by pre- and post-bronchodilator spirometry. Given that we enrolled children 

as young as 4 years old, those who could not perform quality FeNO and/or spirometry 

measurements at study entry repeated the procedure every 6 months until valid measures 

were obtained. Lung function data included in the current analysis represent the first valid 

FeNO measurement and spirometry obtained on the same date. Procedures described below 

for spirometry and FeNO were modified from methods used in the NHLBI Childhood 

Asthma Research and Education (CARE) Network.14 Clinically obtained steady-state 

complete blood count data on the date closest to the pulmonary function date and 

medications used at the time of pulmonary function testing were obtained from the medical 

record.

Questionnaires—SAC-certified research coordinators administered a standardized 

questionnaire to participating parents and children that included the questions about medical 

history, family medical history including asthma, and respiratory symptoms from the 

American Thoracic Society and Division of Lung Diseases (ATS-DLD) questionnaire.22 The 

ATS-DLD was administered at baseline and during all subsequent follow-up visits, thus we 

were able to match respiratory symptoms with the dates of the matching FeNO and 

spirometry sessions.

Exhaled nitric oxide—Online FeNO using the NIOX system (Aerocrine AB, Stockholm, 

Sweden) was performed according to ATS guidelines.23 Measurement of FeNO used a 

resistive device that provided a constant low expiratory flow rate and vellum closure. 

Participants were required to exhale to residual volume; a mouthpiece was then inserted and 
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the participant was asked to inhale to total lung capacity. Thereafter, the child exhaled for 10 

seconds at a constant flow rate of 0.05 L/s ± 10%. Following a 30-second relaxation period, 

the exhalations were repeated until 3 FeNO values were obtained that varied <10% or 2 

varying<5%. If a subject did not manage to keep the flow or pressure within the required 

ranges over the 10 seconds of exhalation, the user profile was changed to 6 seconds as per 

ATS guidelines and the test repeated.

Spirometry—Following completion of FeNO measurements, spirometry was performed by 

SAC-certified pulmonary function technicians according to ATS standards24 as previously 

described.25 Appropriate prediction equations for FEV1, FVC, and FEV1/FVC were used 

taking into account age, gender, height, and ethnicity.26 To measure bronchodilator response, 

technicians administered 4 inhalations of albuterol using an AeroChamber (Forest 

Pharmaceuticals, New York, NY) to participants. Spirometry was repeated 15 minutes post-

albuterol. An increase of ≥12% in FEV1 following albuterol was considered a positive 

bronchodilator response.27

Over-reading of spirometry and FeNO—To ensure ATS criteria were met across the 

three participating sites spirometry and FeNO, results were reviewed by a single investigator 

(RCS); invalid tests were excluded from analyses.

Allergy skin testing—Allergy skin testing was performed by SAC-certified technicians 

using Multi-test II (Lincoln Diagnostics, Decatur, IL). Ten aeroallergens (Greer 

Laboratories, Lenoir, NC) were used for skin testing: dust mite (Dermatophagoides 
pteronyssinus and D garinae), cockroach (American and German), cat (standardized), dog 

(mixed breeds), Alternaria alternans, Aspergillus fumigates, grass (standardized southern 

mix), tree (eastern 8 tree mix), weed (national mix) and mouse. Skin tests were administered 

with histamine (positive) and saline (negative) controls. Tests were considered positive when 

the mean diameter of the wheal was ≥ 3 mm.

Morbidity Data: Definitions of vaso-occlusive pain episode and acute chest 
syndrome

• A vaso-occlusive pain episode was defined as an episode directly associated with 

SCA, which required hospitalization and opioid treatment. Headaches that 

required admission to the hospital and were treated with opioids were not 

considered a vaso-occlusive pain episode.

• ACS was defined as an episode of acute respiratory distress requiring a new 

radiodensity on chest roentgenogram, temperature greater than 380 Celsius and 

increased respiratory effort with a decrease in oxygen saturation or increased in 

respiratory rate documented in the medical record. Pneumonia was included in 

the definition.

Data Quality

To ensure a uniform definition of pain and ACS in this multi-center study, the charts of all 

patients diagnosed with ACS or a vaso-occlusive pain episode requiring hospitalization for 

pain in the chest, extremities or other areas of the body were reviewed by a single 
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investigator at each of the participating sites after training by the principal investigator and if 

necessary discussed with the site investigators.

Statistical analysis

FeNO was not normally distributed in our study participants, but had a long right tail. To 

accommodate non-normal distributions, FeNO, total serum IgE, and eosinophil count were 

natural-log transformed for all regression analyses. Clinical and biomarker features were 

tested for their association with FeNO using Spearman correlations for continuous variables 

and Wilcoxon Rank Sum tests for categorical variables. Multiple linear regression was used 

to build a model of factors associated with steady state ln(FeNO) as the dependent variable. 

Covariates used in screening multivariable models of ln(FeNO) included SCA-specific 

factors of interest (gender, WBC, Hb, retrospective history of ACS or pain under 4 years of 

age [herein termed ACS <4years or pain <4years], and use of HU at time of FeNO); and 

asthma/atopy factors of interest (IgE, eosinophils, FEV1/FVC % predicted, bronchodilator 

responsiveness [Y/N], history of wheezing causing shortness of breath, and use of inhaled 

corticosteroids at time of eNO). Because age is accounted for in the FEV1/FVC% predicted 

values and because age and height were highly correlated (ρ=.91), we did not include age or 

height in the screening model. A separate multivariable model was built for the smaller 

subset of patients who had allergy skin testing using a similar approach; in this model 

having 2 more positive skin tests was added as a covariate.

Negative binomial regression was then used to test associations between steady state FeNO 

(independent variable) and future rates of pain and ACS (dependent variables). Multivariable 

models were built in 2 steps. First, all potential covariates of interest were included in a 

screening model. Initial covariates we considered to be potentially associated with the 

prospective rates of ACS included: gender, SCA specific factors (Hb, WBC, and 

retrospective rate of ACS), as well as atopy and airway inflammation features (FeNO, IgE 

level, having 2 or more positive skin tests, FEV1/FVC % predicted, and history of wheezing 

causing shortness of breath). Covariates we considered to be potentially associated with 

prospective rates of pain included: age, gender, SCA specific factors (Hb, WBC, 

retrospective rate of pain), and atopy and airway features (FeNO, IgE, eosinophils, 

FEV1/FVC%, wheeze causing SOB). All covariates meeting significance criteria of p<0.20 

were subsequently included in the final model for each of our outcomes of interest. We 

selected history of wheezing causing shortness of breath for our multivariable models of 

FeNO and rates of ACS and pain versus other wheezing items because of this symptom's 

association with asthma in children with SCA6 and with SCA morbidity in prior studies.8,11 

Analyses were conducted using Stata statistical software (Version 12, College Station, TX: 

StataCorp LP) and IBM SPSS Statistics (Version 22, Chicago, IL, IBM).

Results

Of 252 participants with SCA in the SAC study, 188 had pain and ACS data available from 

birth for a mean of 16.2 years (SD 3.9 years) of follow-up. Of those, the final analytic 

sample included 131 who had acceptable values for FeNO obtained on the same day as a 

successful spirometry session. The clinical characteristics of the sample are summarized in 
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Table 1. In brief, the mean age in this sample at the time of FeNO testing was 11.2 years (SD 

3.6 years), 55% of participants were male, and participants were followed prospectively after 

the FeNO/spirometry measurements were obtained for a mean of 5.1 years (SD 1.1 years). 

There was a wide range of FeNO levels among study participants, 2.7 – 86.5 parts per billion 

(ppb). The median FeNO was 9.0 with Q1 and Q3 6.1 and 13.7 ppb, respectively. Children 

without acceptable FeNO and/or spirometry data, and therefore excluded from the analysis, 

were younger, had a higher percentage of mothers with asthma, had lower rates of pain 

(likely a function of age), but were otherwise similar to those with acceptable FeNO values 

(Supplementary table 1).

Factors Associated with FeNO

As shown in table 2, in unadjusted analyses FeNO was positively associated with age, 

height, total serum IgE, having 2 or more positive skin tests, and blood eosinophils. The 

associations with IgE and skin tests were present for children with and without asthma; once 

the cohort was stratified into smaller asthma and no asthma subgroups, the association with 

eosinophils was no longer significant (Supplementary Table 2). Neither wheezing 

symptoms, spirometry results, nor a diagnosis of asthma were associated with FeNO. There 

was no difference in FeNO levels between those using and not using inhaled corticosteroids. 

A multivariable linear regression screening model for ln(FeNO) was built including SCA-

specific factors of interest and asthma/atopy factors of interest. Male gender, IgE, blood 

eosinophils, history of wheezing causing shortness of breath, and history of ACS <4years 

met criteria for inclusion in a second model. The final model is shown in table 3 with 

(ln)IgE, the highest quartile of eosinophil count, and male gender independently associated 

with (ln)FeNO. As shown in Table 2 as well as in a separate multivariable model which 

included the subset of 121 participants who had allergy skin testing, having 2 or more 

positive skin tests was also significantly associated with ln(FeNO) (adjusted β=0.27, 

p=0.003).

Association between baseline FeNO and prospective morbidity

We explored whether steady state FeNO levels would be associated with prospective rates of 

ACS and pain. An initial screening model for prospective ACS rate found that ln(FeNO) met 

criteria for inclusion in a final model (p=0.04), as did gender, wheezing leading to shortness 

of breath, and ACS<4 years. In the reduced model all were significantly associated with 

prospective ACS (Table 4). In an analysis stratified by asthma status, ln(FENO) remained 

associated with prospective rates of ACS in the larger “no asthma” group but was no longer 

significant in the “asthma group” (Supplementary Table 3.)

In the initial screening model for prospective rate of pain, ln(FeNO) was not significant 

(p=0.49).

Discussion

A diagnosis of asthma is a risk factor for future ACS episodes in children with SCA,10,28,29 

but making this diagnosis is challenging because of the overlap with respiratory symptoms 

in individuals with SCA without a co-morbid condition of asthma. An objective test would 
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be helpful in identifying the subgroup of children with the highest risk of future ACS 

symptoms. For the first time we have demonstrated higher levels of FeNO are associated 

with higher future rates of ACS. While histories of wheeze causing shortness of breath and 

ACS in the first 4 years of life appear to be stronger predictors of ACS, our results suggest 

that FeNO may serve as a tool to aid physicians and researchers in stratifying those at the 

highest risk for future ACS events. Further, the association of FeNO with future ACS 

indicates for the first time the role of airway inflammation in risk of this important outcome 

among children with SCA.

While studies have clearly linked a diagnosis of asthma and atopy with SCD morbidity,3,7,21 

no studies have evaluated the association between a measure of airway inflammation and 

pulmonary characteristics commonly associated with asthma, such as wheezing symptoms 

and airway obstruction among children with SCA. In our study, while FeNO was associated 

with IgE, having 2 or more positive skin tests, and peripheral blood eosinophilia, it was not 

associated with doctor diagnosis of asthma, wheeze symptoms, airway obstruction, or 

response to bronchodilator. While FeNO has been shown to be correlated with eosinophilic 

airway inflammation in the general population and among children with asthma,30-32 it has 

also been shown to correlate with lymphocytic airway inflammation in lung transplant 

patients,33 with both neutrophilic34 and eosinophilic35 airway inflammation in COPD, and 

with lymphocytic airway inflammation in early bronchopulmonary involvement in Crohn's 

disease36 and in murine models of systemic sclerosis.37 Future studies in SCD should 

include direct examination of inflammatory cell types in the sputum.

Previous studies have been conflicting about relationships between FeNO and SCD 

complications. Two studies found FeNO levels were lower in SCD patients with a history of 

ACS compared to those without ACS18,38 while 2 other studies – similar to our study - 

found no differences between those with and without a prior ACS episode.19,39 Pawar et al 

noted that FeNO levels among patients during an acute VOC pain episode were no different 

than among those at steady state.19 A recent study of FeNO measured at variable flow 

rates40 found elevated alveolar NO concentration and production among SCD patients 

compared to healthy race-matched controls. They also found significant positive correlations 

between alveolar NO and pulmonary blood flow in the SCD group, suggesting that alveolar 

NO production is related to the chronic hyperdynamic circulation found in patients with 

SCD. Furthermore, FeNO measured at 50ml/sec was positively correlated with pulmonary 

blood flow but was not correlated with measures of airway obstruction or resistance, 

suggesting that some component of the FeNO of a SCD patient is due to increased alveolar 

NO production resulting from chronic anemia rather than airway inflammation from 

asthma.40 In contrast, utilizing flow-independent methods, Radhakrishnan et al. were able to 

determine that elevated FeNO levels among non-atopic children with SCD were higher 

compared to healthy controls, but their results showed that increase in FeNO originated in 

the bronchial tree and not from alveolar sources.17 Further studies of FeNO in larger cohorts 

of SCD patients of varying ages and disease severity, with and without atopy, may clarify the 

relative contribution of airway and alveolar FeNO and possible associations with other 

markers of disease severity, such as endothelial dysfunction and markers of pulmonary 

hypertension.

Cohen et al. Page 7

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This study had a number of strengths, including the ascertainment of FeNO using 

standardized ATS criteria, use of objective measurements of lung function with centralized 

standardized over-reading of lung function, and prospective ascertainment of SCA-specific 

morbidity. While this is the largest study to date of FeNO in individuals with SCA, a 

limitation is measuring FeNO at one flow rate. 17,41 SAC chose to obtain FeNO according to 

current ATS guidelines, as this is the method widely available to clinicians, rather than 

utilizing methods available only as part of a research protocol. Our study only included 

children with SCA, thus our results cannot be generalized to children with milder forms of 

SCD. Lastly, this study was not powered to allow us to definitely test whether FeNO levels 

offer useful prognostic information specifically among children with history of early life 

ACS, as we were unable to identify a cutoff value of FeNO that was associated with ACS 

risk with the sample size we had. A FeNO level of 25 ppb appears to be the upper limit of 

normal for the general pediatric population,13 and has been associated with a favorable 

response to inhaled corticosteroids among non-SCD children with asthma;42 however, we 

had very few children in our cohort with FeNO above this cutoff.

In conclusion, this study found that FeNO was correlated with features of atopy (IgE, skin 

test reactivity, and peripheral blood eosinophils) – but not respiratory symptoms, airway 

obstruction, response to bronchodilator, or asthma diagnosis - among children with SCA, 

and that FeNO levels did not reflect prior morbidity. While steady state FeNO did not 

predict future risk of pain, it was associated with future risk of ACS. Based on our 

preliminary findings, evaluation of FeNO as a biomarker for prospective morbidity 

represents an area for future study. More importantly, this study provides strong evidence 

that mechanisms for airway inflammation and associated respiratory symptoms in SCD are 

different from what we see in the general population with asthma. With improved 

understanding of the pathophysiology of sickle cell airway disease, we will be able to offer 

individualized, targeted therapies to our patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Sleep Asthma Cohort (SAC) investigative team: Washington University, St. Louis, MO: Michael DeBaun, MD, 
MPH (Principal Investigator), Robert Strunk, MD (Co-investigator), Joshua Field, MD, Mario Castro, MD, MPH, 
Ping An, MD, Mark Johnson, MD, Michael Province, PhD, Lisa Garrett, RN, CCRP, Pamela Bates, CRT, RPFT, 
PRSGT, Rick Talbert, RPSGT, Sabrina Lockett, RPSGT, Valerie Morgan, RRT, Yan Yan, MD, PhD, Avril Adelman, 
PhD, Phillip Blanks, Tinishia Greene

Case Western Reserve University, Cleveland, OH: Carol Rosen, MD (Principal Investigator), Susan Redline, MD, 
MPH, Heather Rogers, RPSGT, Susan Surovec, BA, Dan Craven, MD, Nancy Scott, BS, REEG/EPT, RPSGT, 
REDT, CNIM, Sinziana Seicean, MD, MPH, Mary DeBarr, RN, BSN, Brad Casucci, MA

UCL Institute of Child Health and Great Ormond Street Hospital, London, UK: Fenella Kirkham, MD, FRCPCH 
(Principal Investigator), Janet Stocks, PhD, Jane Kirkby, PhD, Satwinder Sahota, BSc, Liam Welsh, PhD, Ursula 
Johnson, RN, Aidan Laverty, MSc, MBCS, Johanna Gavlak, BSc,, Anne Yardumian, MD, FRCP, Olu Wilkey, 
FRCPCH, Marilyn Roberts-Harewood, MRCPCH, Anne O'Reilly

Imperial College, London, UK: Irene Roberts, MD, FRCPCH, John Warner, MD, FRCPCH

Hull York Medical School, UK: Avijit Kumar Datta, MD, MRCP

Cohen et al. Page 8

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Medical College of Wisconsin, Milwaukee, WI: Kirk Pritchard, PhD (Principal Investigator), Thom Feroah, PhD, 
Cheryl Hillery, MD, Keith Oldham, MD

Johns Hopkins University, Baltimore, MD: James Casella, MD (Principal Investigator)

Funding: Supported by the National Institutes of Health (NIH) grant R01HL079937. The project described was 
supported, in part, by the National Center for Research Resources and the National Center for Advancing 
Translational Sciences, National Institutes of Health, through Grant UL1 RR024989. The content is solely the 
responsibility of the authors and does not necessarily represent the official views of the NIH.

References

1. Knight-Madden J, Greenough A. Acute pulmonary complications of sickle cell disease. Paediatr 
Respir Rev. 2014; 15(1):13–6.

2. Miller AC, Gladwin MT. Pulmonary complications of sickle cell disease. Am J Respir Crit Care 
Med. 2012; 185(11):1154–65. [PubMed: 22447965] 

3. Boyd JH, Macklin EA, Strunk RC, DeBaun MR. Asthma is associated with acute chest syndrome 
and pain in children with sickle cell anemia. Blood. 2006; 108(9):2923–7. [PubMed: 16690969] 

4. Boyd JH, Macklin EA, Strunk RC, DeBaun MR. Asthma is associated with increased mortality in 
individuals with sickle cell anemia. Haematologica. 2007; 92(8):1115–8. [PubMed: 17650441] 

5. Field JJ, Horst J, Strunk RC, White FV, DeBaun MR. Death due to asthma in two adolescents with 
sickle cell disease. Pediatr Blood Cancer. 2011; 56(3):454–7. [PubMed: 21113938] 

6. Strunk RC, Cohen RT, Cooper BP, et al. Wheezing symptoms and parental asthma are associated 
with a physician diagnosis of asthma in children with sickle cell anemia. J Pediatr. 2014; 164(4):
821–6 e1. [PubMed: 24388323] 

7. Glassberg JA, Chow A, Wisnivesky J, Hoffman R, Debaun MR, Richardson LD. Wheezing and 
asthma are independent risk factors for increased sickle cell disease morbidity. Br J Haematol. 2012; 
159(4):472–9. [PubMed: 22966893] 

8. Cohen RT, Madadi A, Blinder MA, DeBaun MR, Strunk RC, Field JJ. Recurrent, severe wheezing is 
associated with morbidity and mortality in adults with sickle cell disease. Am J Hematol. 2011; 
86(9):756–61. [PubMed: 21809369] 

9. Boyd JH, DeBaun MR, Morgan WJ, Mao J, Strunk RC. Lower airway obstruction is associated with 
increased morbidity in children with sickle cell disease. Pediatr Pulmonol. 2009; 44(3):290–6. 
[PubMed: 19205057] 

10. An P, Barron-Casella EA, Strunk RC, Hamilton RG, Casella JF, DeBaun MR. Elevation of IgE in 
children with sickle cell disease is associated with doctor diagnosis of asthma and increased 
morbidity. J Allergy Clin Immunol. 2011; 127(6):1440–6. [PubMed: 21388662] 

11. DeBaun MR, Rodeghier M, Cohen R, et al. Factors predicting future ACS episodes in children 
with sickle cell anemia. Am J Hematol. 2014; 89(11):E212–7. [PubMed: 25088663] 

12. Barnes PJ, Dweik RA, Gelb AF, et al. Exhaled nitric oxide in pulmonary diseases: a 
comprehensive review. Chest. 2010; 138(3):682–92. [PubMed: 20822990] 

13. Buchvald F, Baraldi E, Carraro S, et al. Measurements of exhaled nitric oxide in healthy subjects 
age 4 to 17 years. J Allergy Clin Immunol. 2005; 115(6):1130–6. [PubMed: 15940124] 

14. Strunk RC, Szefler SJ, Phillips BR, et al. Relationship of exhaled nitric oxide to clinical and 
inflammatory markers of persistent asthma in children. J Allergy Clin Immunol. 2003; 112(5):
883–92. [PubMed: 14610474] 

15. Saito J, Inoue K, Sugawara A, et al. Exhaled nitric oxide as a marker of airway inflammation for an 
epidemiologic study in schoolchildren. J Allergy Clin Immunol. 2004; 114(3):512–6. [PubMed: 
15356549] 

16. Franklin PJ, Taplin R, Stick SM. A community study of exhaled nitric oxide in healthy children. 
Am J Respir Crit Care Med. 1999; 159(1):69–73. [PubMed: 9872820] 

17. Radhakrishnan DK, Bendiak GN, Mateos-Corral D, et al. Lower airway nitric oxide is increased in 
children with sickle cell disease. J Pediatr. 2011; 160(1):93–7. [PubMed: 21868036] 

Cohen et al. Page 9

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Sullivan KJ, Kissoon N, Duckworth LJ, et al. Low exhaled nitric oxide and a polymorphism in the 
NOS I gene is associated with acute chest syndrome. Am J Respir Crit Care Med. 2001; 164(12):
2186–90. [PubMed: 11751185] 

19. Pawar SS, Panepinto JA, Brousseau DC. The effect of acute pain crisis on exhaled nitric oxide 
levels in children with sickle cell disease. Pediatr Blood Cancer. 2008; 50(1):111–3. [PubMed: 
16619223] 

20. Chaudry RA, Rosenthal M, Bush A, Crowley S. Reduced forced expiratory flow but not increased 
exhaled nitric oxide or airway responsiveness to methacholine characterises paediatric sickle cell 
airway disease. Thorax. 2014; 69:580–5. [PubMed: 24523053] 

21. Knight-Madden JM, Forrester TS, Lewis NA, Greenough A. Asthma in children with sickle cell 
disease and its association with acute chest syndrome. Thorax. 2005; 60(3):206–10. [PubMed: 
15741436] 

22. Ferris BG. Epidemiology Standardization Project (American Thoracic Society). Am Rev Respir 
Dis. 1978; 118(6 Pt 2):1–120.

23. Recommendations for standardized procedures for the on-line and off-line measurement of exhaled 
lower respiratory nitric oxide and nasal nitric oxide in adults and children-1999. This official 
statement of the American Thoracic Society was adopted by the ATS Board of Directors, July 
1999. Am J Respir Crit Care Med. 1999; 160(6):2104–17. [PubMed: 10588636] 

24. Standardization of Spirometry, 1994 Update. American Thoracic Society. Am J Respir Crit Care 
Med. 1995; 152(3):1107–36. [PubMed: 7663792] 

25. Field JJ, Stocks J, Kirkham FJ, et al. Airway hyperresponsiveness in children with sickle cell 
anemia. Chest. 2011; 139(3):563–8. [PubMed: 20724735] 

26. Quanjer PH, Stanojevic S, Cole TJ, et al. Multi-ethnic reference values for spirometry for the 3-95-
yr age range: the global lung function 2012 equations. Eur Respir J. 2012; 40(6):1324–43. 
[PubMed: 22743675] 

27. Pellegrino R, Viegi G, Brusasco V, et al. Interpretative strategies for lung function tests. Eur Respir 
J. 2005; 26(5):948–68. [PubMed: 16264058] 

28. Strunk RC, Cohen RT, Cooper BP, et al. Wheezing symptoms and parental asthma are associated 
with a physician diagnosis of asthma in children with sickle cell anemia. J Pediatr. 2014; 164(4):
821–6 e1. [PubMed: 24388323] 

29. Sylvester KP, Patey RA, Broughton S, et al. Temporal relationship of asthma to acute chest 
syndrome in sickle cell disease. Pediatr Pulmonol. 2007; 42(2):103–6. [PubMed: 17186507] 

30. Alvarez-Puebla MJ, Olaguibel Rivera JM, Almudevar E, Echegoyen AA, de Esteban Chocarro B, 
Cambra K. Cutoff point for exhaled nitric oxide corresponding to 3% sputum eosinophils. J 
Investig Allergol Clin Immunol. 2015; 25(2):107–11.

31. Korevaar DA, Westerhof GA, Wang J, et al. Diagnostic accuracy of minimally invasive markers for 
detection of airway eosinophilia in asthma: a systematic review and meta-analysis. The Lancet 
Respiratory medicine. 2015; 3(4):290–300. [PubMed: 25801413] 

32. Riise GC, Toren K, Olin AC. Subjects in a Population Study with High Levels of FENO Have 
Associated Eosinophil Airway Inflammation. ISRN allergy. 2011; 2011:792613. [PubMed: 
24977053] 

33. Vos R, Verleden SE, Ruttens D, et al. Azithromycin and the treatment of lymphocytic airway 
inflammation after lung transplantation. American journal of transplantation : official journal of 
the American Society of Transplantation and the American Society of Transplant Surgeons. 2014; 
14(12):2736–48.

34. Silkoff PE, Martin D, Pak J, Westcott JY, Martin RJ. Exhaled nitric oxide correlated with induced 
sputum findings in COPD. Chest. 2001; 119(4):1049–55. [PubMed: 11296168] 

35. Chou KT, Su KC, Huang SF, et al. Exhaled nitric oxide predicts eosinophilic airway inflammation 
in COPD. Lung. 2014; 192(4):499–504. [PubMed: 24816967] 

36. Valletta E, Bertini M, Sette L, Braggion C, Pradal U, Zannoni M. Early bronchopulmonary 
involvement in Crohn disease: a case report. BMC Gastroenterol. 2001; 1:13. [PubMed: 
11734067] 

Cohen et al. Page 10

J Allergy Clin Immunol. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Hua-Huy T, Le-Dong NN, Duong-Quy S, et al. Increased exhaled nitric oxide precedes lung 
fibrosis in two murine models of systemic sclerosis. J Breath Res. 2015; 9(3):036007. [PubMed: 
26079155] 

38. Girgis RE, Qureshi MA, Abrams J, Swerdlow P. Decreased exhaled nitric oxide in sickle cell 
disease: relationship with chronic lung involvement. Am J Hematol. 2003; 72(3):177–84. 
[PubMed: 12605389] 

39. Sullivan KJ, Kissoon N, Sandler E, et al. Effect of oral arginine supplementation on exhaled nitric 
oxide concentration in sickle cell anemia and acute chest syndrome. J Pediatr Hematol Oncol. 
2010; 32(7):e249–58. [PubMed: 20724949] 

40. Lunt A, Ahmed N, Rafferty GF, et al. Airway and alveolar nitric oxide production, lung function 
and pulmonary blood flow in sickle cell disease. Pediatr Res. 2015

41. Paraskakis E, Zihlif N, Bush A. Nitric oxide production in PCD: possible evidence for differential 
nitric oxide synthase function. Pediatr Pulmonol. 2007; 42(10):876–80. [PubMed: 17722051] 

42. Knuffman JE, Sorkness CA, Lemanske RF Jr, et al. Phenotypic predictors of long-term response to 
inhaled corticosteroid and leukotriene modifier therapies in pediatric asthma. J Allergy Clin 
Immunol. 2009; 123(2):411–6. [PubMed: 19121860] 

Abbreviations

ACS Acute Chest Syndrome

ATS-DLD American Thoracic Society Division of Lung Diseases

CARE Childhood Asthma Research and Education

FeNO fractional concentration of exhaled nitric oxide

FEV1/FVC forced expiratory volume in 1 second/forced vital capacity

HU hydroxyurea

NHLBI National Heart Lung Blood Institute

ppb parts per billion

SAC Sleep and Asthma Cohort Study

SCA sickle cell anemia (refers to HbSS and HbSβ0 only)

SCD sickle cell disease (refer to all sickle cell disease genotypes)
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Key Messages

• Higher FeNO levels were not associated with typical respiratory features of 

asthma including MD diagnosis, respiratory symptoms, or airway obstruction 

among children with sickle cell anemia (SCA).

• FeNO levels were associated with atopy features (eosinophilia, higher serum 

IgE levels, and having 2 or more positive skin tests) and prospective rates of 

ACS in children with SCA.

• These findings provide insight into mechanisms of pulmonary inflammation 

in children with sickle cell disease.
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Table 1

Characteristics of the study population (N=131)a

All patients N=131 No asthma N= 93 
(71%)

Asthma b N= 38 
(29%)

P Value

Characteristic

Age, years (mean, SD) 11.2 (3.6) 11.1 (3.5) 11.3 (3.8) 0.81

Total follow up time from birth, years (mean, SD) 16.2 (3.9) 16.2 (3.7) 16.4 (4.2) 0.73

Total follow-up time after eNO was obtained, years (mean, 
SD)

5.1 (1.1) 5.0 (1.1) 5.1 (1.3) 0.65

Male (%) 55.0 49.5 68.4 0.048

Hemoglobin, g/dl (mean, SD) 8.4 (1.3) 8.5 (1.3) 8.2 (1.1) 0.24

White blood cell count, 109/L (mean, SD) 11.6 (3.7) 11.3 (3.9) 12.3 (3.0) 0.15

FeNO, ppb (median, IQR) 9.0 (7.6) 8.9 (7.3) 9.9 (9.0) 0.60d

FeNO ≥ 25 ppb (%) 8.4% 7.5 10.5 0.73

IgE, IU/ml (median, IQR) (n=127) 46.6 (133.3) 47.6 (121.6) 63.6 (152.8) 0.77d

Eosinophils, total count (median, IQR) 354.0 (492.0) 320.0 (451.2) 456.0 (606.2) 0.35d

Had 2 or more positive skin tests (%, n=121) 28.9% 20.5% 47.4% 0.002

FVC, % predicted (mean, SD) 93.5 (14.1) 93.8 (13.7) 92.8 (15.0) 0.71

FEV1, % predicted (mean, SD) 88.8 (13.3) 89.8 (13.2) 86.4 (13.5) 0.19

FEV1/FVC (mean, SD) 0.85 (.07) 0.85 (0.07) 0.83 (0.08) 0.13

FEV1/FVC, % predicted (mean, SD) 94.9 (7.7) 95.6 (7.0) 93.3 (9.3) 0.14

FEV1/FVC < LLN (%) 19.8 15.1 31.6 0.03

Percent with bronchodilator response ≥12%c 16.8 11.8 28.9 0.02

Retrospective rate of pain episodes per year (median, IQR) 0.3 (0.6) 0.3 (0.7) 0.3 (0.6) 0.88d

Retrospective rate of ACS episodes per year (median, IQR) 0.1 (0.3) 0.1 (0.2) 0.2 (0.3) 0.04d

Prospective rate of pain episodes per year (median, IQR) 0.6 (1.3) 0.5 (1.3) 0.6 (1.3) 0.80d

Prospective rate of ACS episodes per year (median, IQR) 0.2 (0.3) 0.0 (0.3) 0.2 (0.5) <0.001d

On hydroxyurea at the time FeNO was obtained (%) 11.5 9.7 15.8 0.37

On inhaled corticosteroids at the time FeNO was obtained 21% 2% 66% <0.001

PC20 ≤ 8.0 (%) (n=66) 63.6 65.1 60.9 0.73

Abbreviations: SD=standard deviation; FeNO=exhaled nitric oxide; ppb=parts per billion; IQR=interquartile range; FVC=forced vital capacity; 
FEV1=forced expiratory volume in 1 second; ACS=acute chest syndrome

a
Means and SD are presented for normally distributed variables, Medians and IQR's are presented for non-normally distributed variables

b
Participants were classified as having asthma if had ever been a physician diagnosis of asthma and current use of an asthma medication at the time 

of the FeNO measurement.[7]

c
(Post FEV1-Pre FEV1)/Pre-FEV1≥0.12

d
Mann-Whitney U test
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Table 2
Associations between FeNO and Participant Characteristics

Categorical variables

Median FeNO

Covariate No Yes Wilcoxon P value

Male gender 8.4 10.3 0.11

Parent has asthma 8.7 10.6 0.14

Participant has asthma 8.9 9.9 0.60

On hydroxyurea at the time of FeNO 8.7 11.4 0.06

On inhaled corticosteroids at the time of FeNO 8.8 11.7 0.25

Has >12% improvement in FEV1 after bronchodilator 9.0 10.0 0.50

Has ≥ 2 positive skin tests (N=121) 8.3 12.4 0.001

Wheeze with cold 8.7 10.0 0.22

Wheeze without cold 9.0 10.4 0.30

Wheeze with SOB 9.0 9.4 0.70

Wheeze after exercise 8.9 9.8 0.66

Had an ACS event prior to 4 years of age 9.8 9.0 0.45

Had a pain event prior to 4 years of age 8.9 9.6 0.95

Continuous variables

Covariate Spearman's ρ P value

Age .28 0.001

Height .34 <0.001

FEV1% predicted -.07 0.46

FVC% predicted -.04 0.63

FEV1/FVC (actual) -.09 0.32

FEV1/FVC (% predicted) .00 0.95

IgE .28 0.001

Eosinophils, total no. of cells/cu.mm .20 0.02

White blood cell count -.08 0.35

Hemoglobin (g/dL) .02 0.84

Retrospective rate of ACS prior to FeNO -.03 0.78

Retrospective rate of pain prior to FeNO -.03 0.76

Prospective rate of ACS after FeNO .07 0.42

Prospective rate of pain after FeNO .01 0.87

Abbreviations: FeNO=exhaled nitric oxide; ppb=parts per billion; FVC=forced vital capacity; FEV1=forced expiratory volume in 1 second; 

ACS=acute chest syndrome
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Table 3
Final multivariable model of factors associated with (ln)FeNO among children with SCA

Covariates β Estimate (SE) P value

Male gender .24 (.11) 0.04

White blood cell count -.02 (0.015) 0.19

(ln) IgE .12 (.04) 0.001

Eosinophils (quartile 1=reference) .. ..

 Quartile 2 -0.11 (.15) 0.48

 Quartile 3 .13 (.15 0.40

 Quartile 4 .34 (.15) 0.03

History of wheezing that caused shortness of breath -.17 (.13) 0.20

ACS episode prior to 4 years of age -.16 (.11) 0.16

Abbreviations: FeNO=exhaled nitric oxide; SCA= sickle cell anemia; SE=standard error; ACS=acute chest syndrome
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Table 4

Final multivariable model of prospective rate of ACS in Children with SCAa

Covariate IRR 95% CI P value

ln (FeNO): 1.44 1.04-1.99 0.03

Male gender 0.59 0.38-0.93 0.02

History of wheezing causing shortness of breath 2.34 1.38-3.98 .002

ACS episode prior to age 4 years 2.79 1.81-4.31 <0.001

Abbreviations: ACS=acute chest syndrome; SCA=sickle cell anemia; IRR=incidence rate ratio; CI=confidence interval; FeNO=exhaled nitric 
oxide; SCA= sickle cell anemia; SE=standard error;

a
Negative Binomial regression models with adjustment for over-dispersion, using robust standard errors. Two-tailed significance values.
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