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Abstract 

Pulmonary complications including acute chest syndrome and pulmonary hypertension are 

leading causes of sickle cell disease related morbidity and mortality. Studies have shown that 

pulmonary changes can be detected during childhood. Spirometry is the current standard for 

measuring lung function in a variety of diseases. Growing evidence suggests that lung clearance 

index (LCI) is more sensitive than spirometry in identifying pulmonary changes in pediatric 

patients. Our cross-sectional study compared the sensitivity of LCI to spirometry in the 

detection of early pulmonary changes in children with sickle cell disease. Our results show that 

LCI significantly correlates to FEV1% predicted (Spearman’s coefficient -0.44, p = 0.003), FVC % 

predicted (Spearman’s coefficient -0.44, p = 0.006) and FEF25-75 (Spearman’s coefficient -0.49, 

p <0.001). Based on subject demographics, LCI is affected by weight (p = 0.046) but not age or 

height. Using receiver operating characteristic (ROC) curves, LCI was found to be more sensitive 

than spirometry, but less specific. The data support LCI’s use as a test to screen for pulmonary 

changes in children with sickle cell disease. Earlier monitoring of lung function will allow for 

preventative therapies and delayed progression of pulmonary dysfunction.    
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Introduction 

Sickle cell disease (SCD) is a spectrum of hematologic disorders caused by a point mutation in 

the β globin gene. A severe variant of sickle cell anemia is a result of homozygous inheritance of 

the hemoglobin S allele and is denoted as HbSS (Rees et al. 2010). The severity of sickle cell 

anemia is related to its increase in complications such as vaso-occlusive crises (VOC), acute 

chest syndrome (ACS), pulmonary hypertension and stroke. Vaso-occlusive crises and acute 

chest syndrome are the leading causes for hospital admission in the sickle cell disease 

population (Rees et al. 2010). SCD individuals with frequent ACS episodes have a higher 

mortality rate (Knight-Madden et al. 2013, Kassim et al. 2015). Recurrent ACS has been linked 

to processes including asthma that cause progressive pulmonary dysfunction (Knight-Madden 

et al. 2005). Evidence suggests that pulmonary dysfunction can be seen several years prior to a 

child’s first ACS episode (Sylvester et al. 2007). Validating methods to detect pulmonary 

changes early in sickle cell disease patients is vital to reducing the morbidity and mortality that 

is related to these complications. 

  Previous studies have shown that pulmonary changes can be detected in SCD patients 

during early childhood using spirometry (Maclean et al. 2008, Williams et al. 2014). The studies 

followed several pulmonary function parameters including forced expiratory volume in one 

second (FEV1) and total lung capacity (TLC) and showed a significant reduction in lung function 

over time. Lung function deteriorated more quickly for children with HbSS compared to HbSC 

(Maclean et al. 2008). In children with SCD, both obstructive and restrictive lung patterns have 

been found (Arteta et al. 2014, Maclean et al. 2008). In adults, findings became more consistent 

with a restrictive lung pattern (Field et al. 2008, Klings et al. 2006). Among adults with SCD, 

reduced FEV1 was associated with earlier mortality (Kassim, et al. 2015). Currently spirometry is 

the accepted testing to monitor pulmonary progression in several disease including sickle cell 

disease, asthma and cystic fibrosis (CF). Recently, the multiple breath washout (MBW) test has 

been studied in patients with CF and has been supported as being more sensitive than 

spirometry in detecting pulmonary changes at an earlier age.  
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The MBW test utilizes lung clearance index (LCI) to characterize lung function. The 

advantage to LCI is that tidal breathing replaces the forced respirations required for spirometry, 

which are often too difficult for children to perform and reproduce accurate results (Horsley 

2009). Additional studies support the use of LCI as a sensitive marker of lung function in infants 

and young children (Lum et al. 2013). Cystic fibrosis studies demonstrate that LCI is an accurate 

predictor of lung function in children (Aurora et al. 2011, Owens et al. 2011, Vermeulen et al. 

2014, Bakker et al. 2012). Evidence also suggests that LCI is a more sensitive predictor of lung 

disease than spirometry with a strong correlation to patient-reported symptoms (Aurora et al. 

2011, Vermeulen et al. 2014). There is substantial literature supporting the use of LCI in the 

care of cystic fibrosis patients. A prospective study of children with CF showed a significant 

difference in LCI compared to healthy children even before four years of age. LCI was 

significantly higher in children with CF even when the frequency of nocturnal symptoms and 

nocturnal oxygen saturation remained similar between both groups (Bakker et al. 2012). The 

fact that LCI has been tested as a prognostic indicator of lung function for young patients with 

cystic fibrosis raises the probability that it can be applied to other diseases. However, there is 

limited research regarding LCI’s application in sickle cell disease. 

 Our hypothesis is that LCI will be equivalent to or more sensitive than spirometry in 

detecting changes in lung function in children with sickle cell disease. By investigating the 

sensitivity of LCI to spirometry in children with sickle cell disease, we can validate LCI’s use as a 

predictor of lung function in the sickle cell population and in an age group where early 

intervention may improve long-term outcomes. 
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Materials and Methods 

Study design  

Our cross-sectional study was performed utilizing a retrospective chart review. Charts were 

reviewed of children seen for pulmonary evaluation at the comprehensive sickle cell and 

general pulmonary clinics at Phoenix Children’s Hospital. Patient encounters occurred between 

March 1, 2013 and June 30, 2017. Data collected included individual demographics such as age, 

sex, height, weight, body mass index (BMI) and sickle cell disease variant (e.g. HbSS, HbSC, etc.). 

Spirometry and MBW results were also collected for each patient encounter. Each patient 

encounter was recorded as a separate event in the data set. Spirometry and MBW tests were 

performed in accordance with standardized protocols.  

 

Inclusion criteria  

Data was included from individuals diagnosed with any variant of sickle cell disease: HbSS, 

HbSC, HbS/Beta-Thal, or HbS/HPFH (hereditary persistence of fetal hemoglobin). All subjects 

were above the age of 4. The age recommendation is based on the practical limitations of 

spirometry in young patients.  

 

Exclusion criteria 

Spirometry and LCI measurements of patients seen within 2-3 weeks of an acute illness were 

not considered in the study, due to our focus and intent of assessing chronic or baseline 

pulmonary function and general trend. Acute illness for the purposes of this study is defined as 

respiratory symptoms resulting in either hospitalization or outpatient treatment with oral 

antibiotics.  

 

Primary outcome measurements  

Primary outcomes were spirometry and MBW test results. From spirometry, data retrieved 

included FEV1 (forced expiratory volume in one second), FVC (forced vital capacity) and FEF25-

75 (forced expiratory flow at 25 to 75 percent of FVC). LCI (lung clearance index) was derived 

from the MBW test.  
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Secondary outcome measurement 

Additional data was recorded to assess disease severity. During our chart review, evidence of 

pulmonary symptoms such as shortness of breath, wheezing, coughing and exercise intolerance 

were included. The number of hospitalizations related to vaso-occlusive crises (VOC) or acute 

chest syndrome (ACS) in the last 12 months was also noted. Acute chest syndrome is defined as 

a rapid-onset of symptoms that include fever, dyspnea and cough with corresponding 

radiographic findings.   

 We stratified individuals into groups of mild, moderate and severe pulmonary 

dysfunction, based on a combination of the presence of clinical symptoms and the frequency of 

hospitalizations due to VOC and ACS. Each positive pulmonary symptom recorded in the history 

or review of systems in a patient encounter was assigned 1 severity score point. The range for 

symptom severity was 0 (none) to 4 (shortness of breath, wheezing, cough and exercise 

intolerance). During each clinical encounter, subjects with one annual hospitalization due to 

ACS received 1 severity score point while having two or greater hospitalizations received 2 

severity score points. Subjects with fewer than 5 VOC episodes received 1 severity score point. 

Having 5 or more VOC episodes a year resulted in 2 severity score points. Using the sum of the 

total score placed each data point into a corresponding group for clinical pulmonary 

dysfunction:  

- Mild pulmonary severity: 0-1 total points  

- Moderate pulmonary severity: 2 total points 

- Severe pulmonary severity: >3 total points  

 

Statistical analyses 

Demographic and clinical characteristics were assessed using means, standard deviations for 

continuous variables and frequencies, and proportions for categorical variables. Linear 

regression models compared spirometry to LCI values. Spearman’s rank correlation coefficients 

(ρ) were used to assess the strength of associations between spirometry and MBW 

measurements. Statistical significant was considered a p <0.05. Regression analyses evaluated 

the correlation between pulmonary test values and pulmonary dysfunction severity scores 
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using β coefficients. Odds ratios were also calculated to assess the likelihood of pulmonary 

disease severity given an abnormal pulmonary test value. We also investigated associations 

between LCI and demographics. Previous findings suggest that LCI is inversely related to height 

in children below 6 years of age (Lum et al. 2013). The purpose of our data analyses for LCI and 

demographics was to see whether our findings supported prior studies while potentially 

revealing additional correlations. The sensitivity and specificity of FEV1% predicted and LCI 

were compared using receiver operating characteristic (ROC) curves. Statistical analyses were 

performed using STATA version 14 (College Station, TX).  
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Results 

In our study, we had 43 patient encounters with corresponding spirometry and MBW 

measurements. In our data set, the average age was 12.98 with a standard deviation (SD) of 

4.73. Our youngest patient was 5 years of age and the oldest was 22. Average BMI was 18.64 

(SD 4.35). Males comprised 55.8% of study patients. The most common sickle cell disease 

variant was HbSS at 86.0%. Table 1 includes a summary of group demographics. 

 

Spirometry and MBW correlations  

Table 2 lists the spirometry and MBW test results. Normal FEV1% predicted values were 

defined as greater or equal to 80.00. Normal LCI values were defined as less than 7. Within our 

study group, the average FEV1% predicted was 73.85 (SD 19.12) and average LCI was 7.34 (SD 

1.23). Using linear regression, a Spearman’s rank correlation coefficient (ρ) was calculated to 

make comparisons between spirometry and MBW measurements. When comparing FEV1% 

predicted to LCI, there was a statistically significant negative correlation (ρ = -0.44, p = 0.003). 

Statistically significant negative correlations were also found between FVC% predicted and LCI 

(ρ = -0.44, p = 0.006) and for FEF 25-75% predicted and LCI (ρ = -0.49, p < 0.001). Figure 1 shows 

the linear regression correlations between LCI and spirometry measurements.  
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      Table 1 Study Demographics 

 Mean ± SD  
(n = 43) 

Age (yrs)  
 

12.98 ± 4.74 

Male (%) 55.8 

Height (cm) 146.2 ± 18.8 

Weight (kg) 42.0 ± 18.8 

BMI  18.64 ± 4.35 

Sickle cell variant 
(%)  
 

SS 86.0% 
SC 6.98%  
HbS-elevated HbF 4.65% 
HbS-βthal 2.33% 
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  Table 2 Spirometry and multiple 
breath washout parameters 

 Mean ± SD  

FEV1 (% 
predicted) 

73.85 ± 19.12 

FVC (% predicted) 79.05 ± 15.45 

FEF 25-75 (% 
predicted) 

62.75 ± 27.41  

LCI 7.34 ± 1.23 
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Figure 1 Linear regression correlations between FEV1% predicted, FVC% predicted 
and FEF25-75% predicted with lung clearance index  
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Pulmonary test values related to disease severity  

Pulmonary dysfunction was accounted for through our severity score. The severity score is 

calculated based on the number of pulmonary symptoms and frequency of VOC and ACS 

episodes. Detailed calculations are outlined in our materials and methods section. Figure 2 

shows the distribution of FEV1% predicted and LCI values for a given severity score. 

Comparisons were made between FEV1% predicted values and severity score groups by 

performing regression analyses. Mild severity scores of 0 and 1 were used as the reference 

group. A significant association was found for FEV1% predicted and moderate pulmonary 

dysfunction resulting in a β coefficient of -19.10 and a 95% confidence interval (CI) of -32.40 to -

5.79 (p = 0.006). The β coefficient of -19.10 means that a moderate severity score of 2 was 

associated with a significant 19.10 decrease in FEV1% predicted. Severe pulmonary dysfunction 

also had a significant correlation to FEV1% of predicted but to a lesser extent (β (95% CI) = -

15.09 (-28.95 to -1.22), p = 0.034).  

 Regression analyses were also conducted for pulmonary dysfunction severity and LCI. 

Moderate severity was associated with a 10.1% increase in LCI (β (95% CI) = 0.106 (-0.008 to 

0.220), p = 0.066). A moderate severity score was also associated with an odds ratio (OR) of 3.6 

for an abnormal LCI greater than 7 (p = 0.101). Severe pulmonary dysfunction also correlated to 

an increase in LCI (β (95% CI) = 0.097 (-0.022 to 0.215), p = 0.107) and an OR of 2 (p = 0.384), 

however neither association reached statistical significance.  
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Figure 2 Box-plots of pulmonary test values based on severity scores 

Severity scores for a given FEV1% predicted (Panel A) and LCI value (Panel B) 

A B 
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LCI variations with demographics 

After adjusting for age, height and BMI, weight was the only significant demographic variable to 

correlate with LCI (β (95% CI) = -0.018 (-0.036 to -0.000), p = 0.046). Associations between LCI 

and height (β (95% CI) = 0.007 (-0.002 to 0.017), p = 0.132) and LCI to BMI (β (95% CI) = 0.032 (-

0.017 to 0.082), p = 0.195) were insignificant. Age was marginally significant (β (95% CI) = 0.021 

(-0.003 to 0.045), p = 0.082). Figure 3 illustrates the correlations between LCI and demographic 

variables.  

 

Sensitivity and Specificity Comparisons  

Figure 4 depicts the receiver operating characteristic (ROC) curves for FEV1% predicted and LCI. 

Based on our analyses, FEV1 has a sensitivity of 68.2% and a specificity of 76.2%. FEV1 has a 

positive and negative predictive value of 75.0% and 69.6%, respectively. LCI had a greater 

sensitivity (75.0%), but a lower specificity (69.6%) than FEV1. LCI’s positive and negative 

predictive values were 68.2% and 76.2%, respectively. The area under the curve (AUC) for FEV1 

was 0.7219 and 0.7228 for LCI.  
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Figure 3 Scatterplots of demographic variables to lung clearance index 
Lung clearance index (LCI) correlations to age (Panel A), height (Panel B), weight (Panel C) and BMI 
(Panel D) 
 

B 

C D 

A 
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Figure 4 Receiver operating characteristic curves for FEV1% predicted and lung clearance index 

Receiver operating characteristic (ROC) curves are depicted for FEV1% predicted (Panel A) and lung 
clearance index (LCI) (Panel B). Areas under ROC curves are 0.7219 for FEV1% predicted and 0.7228 for 
LCI.  

A B 
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Discussion 

Based on our results, LCI is comparable to FEV1% predicted, FVC% predicted, and FEF25-75% 

predicted. Significant negative correlations were found between LCI and each of the spirometry 

measurements. The negative correlations reflect the link between abnormal LCI and spirometry 

results. In addition to the statistically significant correlations, we found that LCI has a greater 

sensitivity than FEV1% predicted. The AUC for FEV1% predicted and LCI was 0.7219 and 0.7228, 

respectively. An AUC > 0.7 reflects a fair accuracy in predicting sensitivity and specificity for the 

pulmonary function tests. Our study is consistent with current literature that has demonstrated 

LCI to be an appropriate screening tool for pulmonary dysfunction.   

 Worsening pulmonary disease severity, based on severity scores, was associated with a 

lower FEV1% predicted value. A significant correlation was identified between FEV1% predicted 

and the moderate and highest pulmonary severity groups. In comparisons between LCI and 

disease severity, moderate and high severity scores failed to demonstrate a statistical 

difference. A possible rationale for the results is that the sample size was small for patients with 

high severity scores, suggesting that there was an inadequate number of patients to detect a 

statistically significant change in LCI. The small sample size was a limitation to our study. Our 

sample size was also influenced by the variance in the sickle cell population. For instance, not 

every patient with sickle cell disease returned for repeated pulmonary testing if their 

pulmonary function was normal at their initial visit. With a larger sample, we anticipate that a 

significant correlation would have been found with the pulmonary disease severity and LCI.  

 Another limitation in the study is that LCI is not completely independent of patient 

characteristics. A previous study by Lum et al. 2013 found an inverse relationship between LCI 

and height in young children below the age of 6. In our regression analyses, we did not find a 

significant correlation between LCI and height, but rather, a significant link between LCI and 

weight. Age was a second marginally significant factor to influence LCI. Further studies will be 

necessary to clarify the associations between LCI and demographic variables. 
 Understanding a patient’s pulmonary state also requires knowledge of their subjective 

symptoms. To make our assessment as objective as possible, we used criteria to assign a clinical 

severity score for each patient encounter in consideration of symptoms and the frequency of 
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VOC and ACS episodes. A limitation to our study is that the accuracy of our severity score relies 

on the reporting of symptoms in the patient history. Several patient encounters had to be 

excluded from the LCI and severity score regression analyses due to incomplete records. Our 

severity scoring relied on the consistency and quality of symptom reporting by family members 

and clinicians. If symptoms were not consistently recorded in the patient history, then patients 

who were assigned a mild to moderate disease severity may in fact, have had more severe 

pulmonary disease. This would have skewed our comparisons of pulmonary test values and 

disease severity.   

 Despite the limitations, our study identified LCI as an appropriate screening tool for 

pulmonary dysfunction in children with sickle cell disease, which can be used in conjunction 

with spirometry and extrapolated to younger patients who are not yet able to perform reliable 

spirometry. Abnormal test values were associated with more frequent symptoms and 

hospitalizations. Our findings demonstrate that the pulmonary function tests are useful 

indicators of disease severity and progression. In translating test results to patient-centered 

outcomes, LCI offers a greater chance of detecting early pulmonary disease. In the future, with 

a greater understanding of the pulmonary changes associated with sickle cell disease, LCI may 

even be used to predict a patient’s risk for ACS, leading to better detection and opportunity for 

therapeutic intervention.  
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Future Directions 

Based on our study which supports the use of the MBW test as a screening tool for early 

pulmonary changes, future investigations will be necessary to evaluate the trends in LCI and 

spirometry values over time in children with sickle cell disease. Knowledge on the nature of 

pulmonary function in children with sickle cell disease and how it evolves with age compared to 

healthy children would improve our understanding of the disease process. A longitudinal cohort 

study would allow us to characterize these changes.  

 A recent study found variations in LCI with height (Lum et al. 2013). Our study did not 

detect a significant correlation between LCI and height, but rather an association between LCI 

and weight. This suggests that further studies must be done to identify the potential influence 

of a patient’s demographics on their MBW test.  

 Investigations into whether early intervention affects long-term clinical outcomes would 

also be beneficial. Currently, beta2 agonists and inhaled corticosteroids are prescribed to 

relieve pulmonary symptoms in children with sickle cell disease. However, there is limited data 

on the efficacy of these medications in preventing and treating pulmonary disease in the sickle 

cell population. In addition to characterizing the pulmonary changes associated with sickle cell 

disease over time, the next steps would be to identify therapeutic agents that will improve 

long-term prognoses.  
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Conclusions 

Our results support similar findings from previous studies on FEV1 and LCI in children with 

cystic fibrosis (Aurora et al. 2011, Owens et al. 2011, Vermeulen et al. 2014, Bakker et al. 2012). 

LCI has been validated as a screening test for early pulmonary disease in patients with CF. LCI is 

more sensitive and also more feasible in young patients where application with spirometry 

becomes challenging. Despite LCI’s potential as a screening test, it is not at a point where it can 

or should replace spirometry. The higher specificity of FEV1 supports the role of spirometry as a 

confirmatory test which can be obtained together with LCI at varying time intervals. In a patient 

population where pulmonary disease leads to significant morbidity and mortality, the 

identification of novel screening tests that can detect changes at an earlier stage opens the 

possibility for clinical interventions to improve prognosis, progression and quality of life for 

those with sickle cell disease.  
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