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A B S T R A C T   

Cystic fibrosis (CF) is characterized by small airway disease; but central airways may also be affected. We hy-
pothesized that airway resistance estimated from computational fluid dynamic (CFD) methodology in infants 
with CF was higher than controls and that early airway inflammation in infants with CF is associated with airway 
resistance. Central airway models with a median of 51 bronchial outlets per model (interquartile range 46,56) 
were created from chest computed tomography scans of 18 infants with CF and 7 controls. Steady state airflow 
into the trachea was simulated to estimate central airway resistance in each model. Airway resistance was 
increased in the full airway models of infants with CF versus controls and in models trimmed to 33 bronchi. 
Airway resistance was associated with markers of inflammation in bronchoalveolar lavage fluid obtained 
approximately 8 months earlier but not with markers obtained at the same time. In conclusion, airway resistance 
estimated by CFD modeling is increased in infants with CF compared to controls and may be related to early 
airway inflammation.   

1. Introduction 

Cystic fibrosis (CF) is an autosomal recessive genetic disease marked 
by abnormal mucus production, chronic airway inflammation and 
infection leading to structural airway injury and bronchiectasis (O’Sul-
livan and Freedman, 2009; Sanders et al., 2014). Human and animal 
studies have demonstrated that the CF airway is abnormal from birth, 
with airway shape abnormalities, including reduced caliber and less 
circular shape, seen in the CF human infant and CF pig at birth 
(Meyerholz et al., 2018, 2010; Ranganathan et al., 2017). Despite these 
congenital abnormalities, airway disease in infants with CF is often 
clinically “silent” without overt respiratory symptoms. Cohort studies 

have been conducted during infancy and young childhood to identify 
this subtle, early airway disease (Ranganathan et al., 2017; Simpson 
et al., 2013; Sly et al., 2013). To better understand this airway disease, 
evaluations beyond history and physical examination are performed, 
including chest computed tomography (CT) scans, multiple breath 
washout, infant pulmonary function tests, and bronchoscopy with 
bronchoalveolar lavage fluid (BALF) collection (Ramsey et al., 2016). 
Imaging studies have confirmed abnormal airway findings including 
abnormal tracheal cartilage, tracheomalacia, and bronchiectasis 
(Fischer et al., 2014; Meyerholz et al., 2010; Rosenow et al., 2015). 

Chest CT images are the gold standard to define airway structure. 
Computational fluid dynamic (CFD) modeling methods can be used to 
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estimate functional abnormalities from volumetric chest CT images. The 
primary results of CFD modeling are estimated airway pressures, airway 
resistance, and airflow patterns. CFD techniques have been used to 
reveal increased airway resistance in infants with left pulmonary artery 
sling (Qi et al., 2014) and in infants with tracheomalacia (Gunatilaka 
et al., 2020), and decreases in resistance have been noted after airway 
stenting (Ho et al., 2012). Based on CFD model simulations of the CF pig 
airway, the tracheal shape differences seen at birth result in both 
increased airway resistance and airflow velocity (Awadalla et al., 2014). 
CFD models have also predicted alterations in drug particle deposition in 
the pig model and older patients with CF (Bos et al., 2015). CFD has not 
been described in infants with CF during the clinically silent period. 

We hypothesized that airway resistance, estimated using CFD models 
created from chest CT scans, would be higher in infants with CF than 
controls. We explored CFD models using all visualized airways and a 
model that isolated more central airways by trimming the most distal 
airways. A secondary aim was to evaluate the association of early airway 
inflammation with airway resistance in infants with CF. 

2. Methods 

2.1. Study subjects 

This project utilized volumetric chest CT images and physiologic 
results from 20 infants who participated in an international prospective 
observational study entitled the Viral Pathogenesis of Early Cystic 
Fibrosis Lung disease (NCT01973192)(Deschamp et al., 2019). Data 
from two study sites: 1) Royal Children’s Hospital in Melbourne, AUS 
and 2) Riley Children’s Hospital in Indianapolis, Indiana, USA are pre-
sented in this manuscript. CT scans from two children with CF had poor 
image quality and were excluded a priori from this analysis. Control 
subjects were infants with leukemia who had volumetric chest CT im-
aging between 10 and 16 months of age and who had no “significant 
lung disease” as determined by the investigators. Control children were 
enrolled in a separate research study at Royal Children’s Hospital in 
Melbourne and underwent the same research CT scan protocol as CF 
study subjects. Study protocols were approved by the institutional re-
view boards at all enrolling sites and written consent was obtained from 
the parents or caregivers. 

2.2. Study design 

Bronchoscopy and BALF collection as well as infant lung function 
tests were conducted twice in the infants with CF: at study enrollment 
(Visit 1) and approximately eight months later (Visit 2) as previously 
described (Deschamp et al., 2019; Pittman et al., 2017). The infant lung 
function outcomes were forced expiratory volume at 0.5 s (FEV 0.5) and 
forced expiratory flow at 75 % of forced vital capacity (FEF75). These 
infant lung function parameters were reported based on Z-scores. When 
performing the bronchoscopy, a total of four 1 mL/kg aliquots of sterile 
normal saline were instilled into subsegmental bronchi of the right 
middle lobe and lingula. The collected lavage fluid was pooled, with an 
aliquot sent to the clinical microbiology and cytology laboratories at 
each site for bacterial culture and cell counts. The main outcome of 
inflammation was percent of the nucleated cells that were neutrophils 
(%neutrophils). The remaining lavage fluid was pelleted at 900 g for 
10 min and the supernatant was frozen at -80C and sent to Washington 
University in St. Louis for interleukin 8 (IL8) analysis using commer-
cially available sandwich enzyme immunoassays (R&D Systems, Min-
neapolis, MN; USA). The urea dilution method was used to determine 
cell counts and cytokine concentrations in the epithelial lining fluid 
(Rennard et al., 1986). 

2.2.1. Chest CT acquisition and scoring 
A chest CT scan was obtained during Visit 2. Control children were 

imaged for clinical evaluation of metastases and measurements were 

collected at one study visit. The chest CT without contrast was used for 
the CFD. All children had general anesthesia according to local site 
protocols in the supine position. Standardized recruitment maneuvers 
consisting of 10 consecutive slow breaths up to a set lung capacity 
(37− 40 cm H2O) with a positive end-expiratory pressure of 5 cm H2O 
were administered to avoid atelectasis. Pressure was held steady at 
25 cm H2O during an inspiratory volumetric scan with these parameters: 
400 msec rotation time, 80− 120 kV, 80 mAs, pitch 1.2, 0.63 collima-
tion, 1.0 mm slice thickness or less, and high spatial reconstruction. 
Chest CTs were scored by a single reader using the Perth Rotterdam 
Annotated Grid Morphometric Analysis (PRAGMA-CF) methodology for 
bronchiectasis and %Airway Disease (Rosenow et al., 2015). 

2.2.2. Airway modeling and CFD 
CFD methodology was adapted from previous upper airway appli-

cations (Frank-Ito et al., 2019; Kimbell et al., 2013), assuming constant 
inspiratory velocity across the tracheal inlet. Briefly, three-dimensional 
(3D) reconstructions of the conducting airways were segmented and 
measured using semi-automated Mimics Pulmonary module (Reynisson 
et al., 2015) (Mimics™ v.18, Materialise, Inc., Plymouth, MI; USA) 
(Fig. 1a). This module uses dynamic region growing to find connected 
airways, with region-of-interest erosion and dilation to eliminate seg-
mentation leakage into the adjacent lung. Endotracheal tubes were 
subtracted from the segmentations, and the airway models were filled 
and smoothed to create an intact trachea and finalize airway lumen 
boundaries (Fig. 1b). Cross-sectional area and circumference of the 
distal trachea, below the distal end of the endotracheal tube and just 
proximal to the transition of the carina, and the mainstem bronchi at 
their midpoints, were obtained perpendicular to the airway centerline 
(Fig. 1c). Airway geometry was converted to stereolithography (STL) 
format, and computer-aided design software (ICEM-CFD™, ANSYS, Inc, 
Lebanon, NH; USA) was used to cut the tracheal inlet and the distal 
outlets. Outlets were cut by planes placed perpendicular to each airway 
centerline (Fig. 1c) just proximal to the tapering of each airway end. 
ICEM-CFD was also used to generate 3D graded tetrahedral meshes with 
approximately 4 million elements (Fig. 2a,b). A mesh refinement study 
using meshes with 1–8 million elements indicated that airway resistance 
varied by less than 0.7 % with refinement beyond 4 million cells. 

In an attempt to further standardize the models, the maximum 
number of outlets that were present on a subset of 15 models (all 7 
controls, 8 randomly selected CF) was counted and these 15 models 
were trimmed to have the same number of outlets in each lobe. To 
control for size differences, these trimmed models were scaled to the 
average tracheal cross-section of the controls. Graded tetrahedral 
meshes were also created from the trimmed models and the trimmed- 
and-scaled models. 

A steady inspiratory flow of 5,644.9 mL/min (twice the minute 
volume (Kimbell et al., 2001)) was applied to the trachea of all models 
based on body weight of the first five infants included in the control 
cohort (11.27 ± 1.81 kg) and minute ventilation estimates of infants 
described by Nguyen and colleagues (Nguyen et al., 2013) and was 
simulated using commercial CFD software (Fluent™v. 14.5, ANSYS Inc. 
Lebanon, NH; USA) (Fig. 2c) (Wofford et al., 2015). Airway resistance 
(the primary outcome) was calculated as Δp/Q, where Δp is pressure 
difference in Pascals between proximal and distal airways and Q is the 
flow in milliliters per second (Fig. 2c). Airway pressure at the distal 
airway outlets was set to zero (Fig. 2c). A tracheal plane parallel to the 
inlet plane was created at the site of the measurement of tracheal 
cross-sectional area and tracheal resistance (proximal to the tracheal 
plane) and bronchial resistance (distal to the tracheal plane) were 
calculated (Fig. 2b). Reynolds numbers were calculated at the tracheal 
plane to assess flow structure. A Reynolds number <2700 was consid-
ered appropriate for modeling flow as laminar (Ben-Dov and Cohen, 
2007; Hof et al., 2003). All models had Reynolds numbers <1100, 
therefore laminar methods were used for simulations. 

Figures visualizing CFD outputs were made using Fieldview™ 
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(Intelligent Light, Lyndhurst, NJ; USA) and Fluent™v. 14.5 (ANSYS Inc. 
Lebanon, NH; USA) (Fig. 2c). 

2.2.3. Validation with lobar analysis 
Two chest CT scans had full volumetric expiratory scans obtained as 

part of an additional protocol. The proportion of ventilation to each lobe 
was calculated and compared to CFD estimates of lobar flow (Supple-
ment Fig. 1). 

2.2.4. Outcomes 
Airway resistance was estimated for the full airway model in both CF 

(N = 18) and control (N = 7) groups. This outcome is referred to as 
Airway resistance (Raw). Tracheal resistance was estimated for the 
trachea (between the inlet and the tracheal plane), and bronchial 
resistance was estimated distal to the tracheal plane (Fig. 2b). A subset 
of patients (all 7 control, 8 randomly selected CF) also had resistance 
estimated in models trimmed to 33 outlets and in trimmed models with 
the inlet size scaled. 

2.3. Analysis 

Patient demographic and clinical measures are summarized by 
group. Exact Wilcoxon Rank Tests compared resistance between CF and 
control groups due to the small sample size. Fisher’s Exact test compared 
categorical variables between groups. Results are presented as a median 
[interquartile-range] with a p-value. Linear regression estimated asso-
ciations between CF clinical characteristics, BALF inflammatory markers 
at two time points, and resistance in the patients with CF. Percent 
neutrophil and IL8 values differed between study sites (Pittman et al., 
2017), hence study site is adjusted for all regression models. Type III F 
tests assessed whether the association between resistance and each 
clinical characteristic differed by site. The interaction was considered 
significant at an alpha <0.15 level. When statistically significant, esti-
mated associations and standard errors are reported for each site, 
otherwise a single estimate is provided for the association. Analyses 
were conducted with SAS statistical analysis software, version 9.3 (SAS 
Institute Inc. SAS/IML 9.3 User’s Guide. SAS Publishing, Cary, NC, USA; 

2011.) and R environment for statistical Computing, version 3.6.1 (R 
Foundation for Statistical Computing, Vienna, Austria). 

3. Results 

18 infants with CF (11 females) and 7 control patients (1 female) 
were included. There was a difference in the number of females in the CF 
group versus the control group (p = 0.07). Median age at chest CT scan 
for infants with CF was 13 months (IQR: 12.9–15.2 months) compared to 
15 months (IQR: 13.0–15.9) for controls. Other relevant characteristics 
were not different between the CF and control groups (Table 1, sup-
plementary Table 1). The cohort of infants with CF from the USA were 
older than infants from Australia during the time of the chest CT scan, 
median age of 14.8 vs. 13.0 months (p = 0.03) (supplementary Table 1). 

The same type of CT scanner (SIEMENS/SOMATOM Definition 
Flash) and kernel (I70f) were used for all scans in the Melbourne CF and 
control cohorts. The Melbourne CF scans were similar to each other in 
resolution (axial slice thickness 0.35 or 0.4 mm, axial pixel size range 
0.348 to 0.434 mm), and the control scans were similar to each other 
(axial slice increment 0.7 mm, axial pixel size range 0.363 to 
0.479 mm). Three of the 8 IU CF scans were obtained using a Philips/iCT 
SP scanner and YD kernel and the other 5 IU CF scans were obtained 
using a Philips/iCT 256 scanner and YC kernel. All IU scans had similar 
resolution to each other (axial slice thickness 1.0 mm, axial pixel size 
range 0.375 to 0.488 mm). 

Models were created to approximately 5 generations (Fig. 3) with a 
median of 51 distal bronchi (interquartile range 46,56) used as outlets 
for flow in the CFD models (Table 2). The cross-sectional area of the 
models created from infants with CF appeared to be smaller at the 
tracheal inlet and the distal outlets, but not the main bronchi (Table 2) 
compared to controls. 

Median airway resistance was higher and appears more variable in 
infants with CF vs. controls (0.09 [0.08, 0.14] vs. 0.07 [0.05, 0.09]) 
(p = 0.037) (Fig. 4). After trimming the models so that both groups had 
33 outlets, the resistance remained increased in infants with CF (0.06 
[0.05, 0.09] vs. 0.04 [0.04, 0.06) (p = 0.032) (Fig. 4). The difference 
was no longer statistically significant when the trimmed models were 

Fig. 1. Airway Segmentation. (A) Airway segmentation overlaid on axial chest CT image. (B) Example of filled-in trachea (subtraction of endotracheal tube). (C) 
Airway centerline with tracheal and bronchial cross-sectional area measurements. Subset model (dark red) shows distal airways trimmed to 33 outlets. 
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scaled to the same inlet area (Fig. 4). Tracheal resistance and bronchial 
resistance tended to be higher in infants with CF in the full airway 
models, but the differences were not statistically different (Table 2). 

Age, height, weight, weight for length Z score, and sex were not 
significantly associated with estimated resistance (Supplementary 
Table 2). As expected, smaller bronchial cross-sectional area measure-
ments were associated with increased estimated airway resistance 
(Supplement Table 2). 

Airway resistance was associated with increased percent neutrophils 
in the epithelial lining fluid at visit 1 (Table 3). The association differed 
between study sites at this visit (test for interaction <0.15), with 
R2 = 0.603 (p = 0.04) for patients from Indianapolis and R2 = 0.563 
(p = 0.012) for patients from Melbourne. The association was not 
observed for Visit 2 (Fig. 5). Airway resistance was also associated with 

Fig. 2. Computational fluid dynamic model. (A) Detail showing distal airways trimmed cross-sectionally and the surface of the tetrahedral mesh. (B) Full airway 
geometry showing outlets clustered by lobe (indicated by color). Detail shows the tracheal plane with tetrahedral mesh. (C) Streamlines of inspiratory airflow 
estimated using computational fluid dynamics; red indicates faster velocities along streamlines, blue indicates slower velocities. 

Table 1 
Patient demographics at time of CT scan *Categorical variables presented as n 
(%) and continuous variables presented as median (interquartile range) ** 
Height and Weight available for 6/7 control infants.   

Control N = 7 CF N = 18 

Age (mo) 15.0 [13.0, 15.93] 13.05 [12.9, 15.23] 
Height (cm) ** 80 [74.7, 84] 76.2 [74.5, 78] 
Height for Age Z-score** 0.3 [-0.8, 1.59] − 0.02 [-0.55, 0.39] 
Weight (kg)** 11.8 [9.1, 13.7] 10.28 [9.99, 10.7] 
Weight for Age Z-score** 0.58 [-0.95, 1.9] 0.03 [-0.43, 0.32] 
Weight for Height Z-score** 0.96 [0.43, 1.97] 0.29 [-0.16, 1.48] 
Sex, F (N, (%)) 1 (14.3) 11 (61.11) 
F508del Homozygous (N, %)) N/a 11 (61.11)  
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an increase in log transformed IL8 measured in epithelial lining fluid 
from 8 months earlier (Visit 1) but the association was not seen in fluid 
collected at the same visit as the chest CT (Visit 2). Airway resistance 
was not associated with PRAGMA-CF CT scores for structural lung dis-
ease, or infant pulmonary function tests apart from an inverse associa-
tion with FEF75 in the subjects from the USA at Visit 1 but not Visit 2 
(Table 3). Only 12 infants had infant lung function data. 

4. Discussion 

CFD methodology translates airway anatomy into an estimate of 
pulmonary function, in this case airway resistance. If the airways are 

narrower, longer, or more tortuous, the resistance will increase. The 
models created from infants with CF do not appear visually abnormal 
(Fig. 3), but we found that estimates of airway resistance were higher in 
the infants with CF compared to controls. Tracheal resistance did not 
appear significantly different between the groups, indicating that the 
differentiating part of the airway may be in the distal branches of this 
model: the 5th to 6th generation bronchi. Because models created from 
control infant scans tended to have more outlets, some airway models 
were trimmed so that they had an equal number of outlets. After trim-
ming, resistance remained increased in infants with CF. Scaling of the 
airway to eliminate size differences removed apparent differences in 
resistance between the two groups, implying that the smaller cross- 
sectional area of the model’s distal airways is contributing to the dif-
ference. This smaller cross-sectional area may be innate or may be 

Fig. 3. Images of chest CT scans and airway segmentations from 4 CF infants and 4 control infants.  

Table 2 
Comparison of airway model measurements and CFD estimates between CF and 
control subjects. Median [IQR] and Exact Wilcoxon Rank Tests were conducted 
for the full airway models.   

Control N = 7 CF N = 18 p- 
value 

FULL MODEL 
Tracheal Inlet Area (mm2) 61.88 [54.53, 

66.76] 
52.32 [46.08, 
60.87] 

0.05 

Right Main Bronchus Area 
(mm2) 

38.83 [35.5, 
42.8] 

35.11 [30.33, 
40.46] 

0.24 

Left Main Bronchus Area 
(mm2) 

24.76 [19.92, 
26.21] 

22.06 [16.2, 
23.62] 

0.29 

Right Outlets Area (mm2) 48.48 [35.13, 
53.19] 

35.32 [29.78, 
40.7] 

0.03 

Left Outlets Area (mm2) 42.94 [31.59, 
53.63] 

30.76 [26.23, 
36.43] 

0.02 

Outlet number 56 [48, 59] 50 [45, 54] 0.06 
Airway resistance (Raw) (Pa/ 

mL/sec) 
0.07 [0.05, 0.09] 0.09 [0.08,0.14] 0.04 

Tracheal resistance (Pa/mL/ 
sec) 

0.03 [0.01, 0.03] 0.03 [0.02,0.04] 0.18 

Bronchial resistance (Pa/mL/ 
sec) 

0.04 [0.03, 0.06] 0.06 [0.05,0.09] 0.08  

Fig. 4. Box plots of Resistance comparing the two groups (CF vs Control) using 
(A) Full airway models (Raw), (B) Trimmed models, and (C) Trimmed-and- 
scaled models. 
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related to early airway wall thickening decreasing the inner diameter of 
the airways. Airway inflammation measured by the percent neutrophils 
and IL8 in epithelial lining fluid at 4 months of age was correlated with 
airway resistance estimated on chest CT scans at 13 months, but 
inflammation at the time of CT imaging was not associated with airway 
resistance. 

Like studies in the CF pig (Awadalla et al., 2014), estimated resis-
tance appeared different between airways imaged from chest CTs of 
infants with CF compared to control infants imaged using the same 
protocol. Although the trachea inlets were smaller in CF, the trachea did 
not appear to drive the increased resistance. Outlet area was smaller in 
infants with CF versus controls, indicating that the most distal airways 
identified on the models appeared to have a smaller cross-sectional area 
(Table 2). In addition to normal airway tapering, this decrease may be 
due to poor airway distension (Meyerholz et al., 2018) or to thickened 
airway walls that further decrease lumen size of peripheral airways. In 
addition, the presence of airway wall thickening in CF makes airways 
more visible on chest CT (DeBoer et al., 2014) and may allow modeling 
to a greater length along individual branches. As the number of airway 
branches in the full models tended to be greater in the control infants 
than in infants with CF, poor airway distensibility may be more likely to 
explain the difference. Other studies have had variable conclusions on 
airway lumen size in CF (Humphries et al., 2015; Kuo et al., 2017; Mott 
et al., 2013). This could be due to differences in imaging or true changes 
in the CF airway over time, with airway wall thickening that may 
decrease lumen size initially, followed by progressive dilation and the 
development of bronchiectasis. 

Inflammation and infection in the CF airway are associated with 
structural airway injury and development of bronchiectasis (Davis et al., 
2007; DeBoer et al., 2014; Garratt et al., 2015; Sly et al., 2013). Sly and 
colleagues have shown that even in the youngest patients, neutrophil 
elastase in BALF is associated with later development of structural 
airway injury and bronchiectasis (Sly et al., 2013). Similarly, Brennan 
and colleagues have reported that neutrophils in BALF is associated with 
worsening airway mechanics based on increases in bronchial resistance 
measured by forced oscillation in infants with CF (Brennan et al., 2005). 
In our international cohort with varying levels of inflammation, percent 

Table 3 
Results of univariate linear regression of CF clinical characteristics regressed on 
full model resistance. When the interaction is statistically significant, estimated 
associations and standard errors are reported for each study site, otherwise a 
single estimate is provided for the estimated association.  

Clinical Measure Estimate 
(SE) 

Model 
R2 

p- 
value 

n = Melbourne,IU 
(total) 

% Neutrophils, Visit 1    10,7 (17) 
IU 0.11 

(0.039) 
0.603 0.04  

Melbourne 0.80 
(0.25) 

0.563 0.012  

% Neutrophils, Visit 2 0.069 
(0.065) 

0.199 0.31 10,6 (16) 

Log(Absolute 
Neutrophil Count), 
Visit 1 

0.005 
(0.003) 

0.258 0.15 10,7 (17) 

Log(Absolute 
Neutrophil Count), 
Visit 2 

− 0.001 
(0.005) 

0.13 0.83 10,6 (16) 

Log(Interleukin 8), 
Visit 1 

0.021 
(0.009) 

0.38 0.04 10,7 (17) 

Log(Interleukin 8), 
Visit 2 

0.015 
(0.009) 

0.27 0.13 10,7 (17) 

PRAGMA-CF 
Bronchiectasis 

− 0.049 
(0.063) 

0.21 0.45 10,8 (20) 

PRAGMA-CF % Airway 
Disease 

0.144 
(0.015) 

0.23 0.34 10,8 (20) 

FEV 0.5 Z-score, Visit 1 0.0006 
(0.01) 

0.12 0.96 4,8 (12) 

FEV 0.5 Z-score, Visit 2 0.01 (0.03) 0.28 0.71 5,8 (13) 
FEF 75 Z-score, Visit 1    4,8 (12) 
IU -0.037 

(0.014) 
0.54 0.04  

Melbourne 0.02 (0.02) 0.26 0.49  
FEF 75 Z-score, Visit 2    4,8 (12) 
IU 0.022 

(0.033) 
0.07 0.53  

Melbourne 0.023 
(0.028) 

0.25 0.50   

Fig. 5. Correlation of % Neutrophils and Log Interleukin 8 (IL8) from epithelial lining fluid with Resistance (in CF Subjects only) at Visit 1 and Visit 2. Non-parallel 
slopes (A) indicate a significant study site interaction p-value (<0.15). Parallel slopes (B,C,D) indicate that the interaction p-value was not significant (>0.15). 
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neutrophils and IL-8, measured in BALF at the median age of 4 months, 
were associated with increased estimates of airway resistance at the 
median age of 13 months. Based on this association with early inflam-
mation and lack of significant cross-sectional association with inflam-
matory markers, we hypothesize that early airway inflammation 
contributed to airway wall thickening and the small cross-section of 
distal airways and increased airway resistance in the medium sized 5th 
and 6th generation airways and smaller. In CF, bronchiectasis often 
develops in the upper lobes first, but BALF is commonly obtained from 
the right middle lobe and lingula. This anatomic discrepancy may have 
limited the cross-sectional association in this cohort. Further evaluation 
of airway remodeling by generation in young children is needed to 
validate this hypothesis. 

PRAGMA-CF scores measure visible evidence of structural airway 
injury from chest CT scans (Rosenow et al., 2015). PRAGMA-CF bron-
chiectasis and airway wall thickening scores were not associated with 
the changes in estimated airway resistance in this cohort. Our CFD 
modeling is estimating the effects of the central airway lumen size rather 
than this distal structural injury. It is unclear if the inflammation affects 
central and distal airways in the same pattern. Infant PFTs have been 
reported to be abnormal in infants with CF and associated with exac-
erbations and other important longitudinal outcomes (Brumback et al., 
2013; Davis et al., 2010; Pittman et al., 2012; Ranganathan et al., 2008). 
PFTs give a composite outcome similar to estimated CFD resistance, 
however CFD simulations also allow estimation of flow by lobe, regional 
ventilation, airflow patterns, and particle deposition. With further study, 
CFD could be used to more deeply explore the impact of these airway 
abnormalities. 

Limitations include the small sample size, which may contribute to 
type II error in our secondary outcomes. The small sample size also 
limits our ability to perform multivariate analysis and adjust for sex and 
patient size and the disproportion of females in the control cohort may 
contribute to larger airway size (Liptzin et al., 2015). The CT scans were 
obtained for PRAGMA-CF scoring and not specifically for the CFD 
analysis; therefore, the endotracheal tubes in the trachea prevent full 
evaluation of tracheal and glottic differences, which has been seen in the 
CF pig (Awadalla et al., 2014). In addition, our CFD methodology ana-
lyzes flow through a static model at full inspiration. The CFD model 
based on steady state inspiratory airflow measured from our control 
cohort does not simulate breathing with flow driven by the negative 
intrathoracic pressure, rather it is a summative model of the effects of 
airway size and shape on airflow resistance. For simplicity, our method 
did not model distensibility of airways or regional compliance, and it is 
not clear if the CF and control airways have different distensibility. The 
lobar volume changes based on volumetric inspiratory and expiratory 
scans help to reassure that the simulated flow distribution was approx-
imately physiologic (Supplement Fig. 1). In addition, although the as-
sociation between % neutrophils and resistance was consistent across 
continents, the baseline difference in inflammation between the infants 
from Australia and those from the USA presents some limitation to the 
interpretation of results (Pittman et al., 2017). 

Segmentation of the airways relied on dynamic region growing 
which uses both pixel gray value (density) and proximity to find pixels 
surrounding a selected pixel within a specified range. Pixel density and 
proximity could be affected by CT resolution and kernel sharpness. 
However, the lower resolution and potential difference in sharpness of 
the IU CT scans compared to those of the Melbourne CF cohort (slice 
thickness 1.0 mm (IU) vs. 0.35− 0.4 mm (Melbourne CF); kernel YC or 
YD (IU) vs. I70f\3 (Melbourne CF)) did not appear to affect the number 
of outlets either in average total (49.3 (IU) vs. 48.6 (Melbourne), 
p > 0.8) or in average number per lobe (minimum p > 0.08). In addi-
tion, identical segmentation parameters produced different numbers of 
outlets within cohorts with the same CT quality, suggesting real physi-
ological differences between children. 

Estimates of lung function are useful for outcomes in clinical trials, to 
assess personalized response to drugs, and for long-term monitoring. 

Ideally results would be compared to robust lung function measure-
ments, but lung function measurements were limited in this cohort. The 
need for sedation to conduct infant PFTs has limited widespread clinical 
use. Although the CFD methodology is complicated, chest CT imaging, 
and potentially MRI imaging in the future, is a widespread and useful 
diagnostic modality that could be adapted for not only structural but 
also functional assessment of early CF lung disease. 

In conclusion, we created airway models from inspiratory chest CT 
images and performed CFD estimates of resistance that were elevated in 
infants with CF compared to controls. These results also support that 
airway inflammation and structural airway changes, as assessed through 
CFD estimates of resistance, are related; studies aiming to mitigate 
inflammation to prevent future lung injury in preschool children with CF 
are indicated. Computational fluid dynamic methods can add value to 
imaging data as a measure of early airway dysfunction or potentially, 
may be used to assess response to interventions. 
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