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Abstract

Background Normal values (>80%) of Forced Expiratory Volume in one second (FEV1) in patients with Cystic fibrosis (CF)
may lead to the interpretation that there is no lung disease. This study is a comprehensive analysis of lung involvement in CF
patients having normal FEV1. Methods Patients were recruited from two CF Centers: Hadassah Medical Center, Jerusalem
and Vall d’ Hebron Hospital, Barcelona. Lung disease was assessed by lung clearance index (LCI), chest CT-Brody Score,
respiratory cultures, number of pulmonary exacerbations (PEx) and days of antibiotic treatment in the year prior to the
assessment. Results Of the 247 patients, 89 (36%) had FEV1 [?]80% and were included in the study (mean age 17.6 range
4.25-49 years). Chronic P. aeruginosa infection was found in 21%, and 31% had at least one major PEx in the year prior to the
study. Abnormally elevated LCI was found in 86% of patients, ranging between 7.52-18.97, and total Brody score (TBS) was
abnormal in 92% (range 5.0-96.5). Patients with chronic P. aeruginosa had significantly higher LCI (p=0.01) and TBS (p=0.01)
which were associated with more major PEx (p = 0.04 and p<0.001, respectively) and more days of intravenous (IV) antibiotic
treatment in the preceding year (p=0.03 and p=0.002, respectively). Conclusions Most CF patients with normal FEV1 have

already physiological and structural lung abnormalities which were associated with more PEx and IV antibiotic treatment.

Introduction

The life expectancy and quality of life of patients with Cystic fibrosis (CF) have greatly increased over the
last decades. Early diagnosis, preventive treatment, prompt and aggressive management of pulmonary exac-
erbations (PEx) and complications, and treatment with CFTR modulators have led to improved outcome!+2.
However, lung disease continues to be the major cause of morbidity and mortality in CF3.

Forced expiratory volume in 1 second (FEV;), measured by spirometry, is considered the gold standard for
disease severity in CF. It is being used routinely to monitor lung disease status, to determine the need for
lung transplantation, to measure the response to therapies and as an outcome measure in clinical trials*®.
Lung disease severity is commonly categorized according to FEV; %predicted and is considered normal at>
80% predicted. Therefore, FEV;measurements over time serve as a guide for physicians, patients, parents
and caregivers in the management of the disease and as indicator for treatment intensity. Normal FEV; may
be falsely interpreted as having lungs that are free of disease, and may influence treatment recommendations
and adherence.

Studies, mainly of preschool and young children, have demonstrated that the lung clearance index (LCT)
may be abnormal in patients with mild lung disease according to FEV %9, Other studies on small numbers
of young patients, with normal pulmonary function, demonstrated abnormalities in chest CT. To the best



of our knowledge, there is no comprehensive evaluation of lung disease severity for patients above early
childhood, who have normal pulmonary function measured by FEV;.

The aim of this study was to perform a broad assessment of the extent of lung disease in patients with CF
with FEV1>80% of all age groups, as determined by clinical, physiological and structural characteristics of
CF disease severity.

Methods

The study was approved by both hospital IRB-committees and informed consent was obtained from the
patients or parents/caregivers. The study was conducted between 2015 — 2018. Patients above the age of 4
years with a confirmed diagnosis of CF'?, FEV; [?]80% predicted, clinically stable, and with no pulmonary
exacerbations (PEx) in the four weeks prior to the study, were recruited from two CF Centers, the Hadassah
Medical Center in Jerusalem, Israel, and the Vall d” Hebron Hospital in Barcelona, Spain.

Demographic data e.g., age, gender, CFTR-mutations, body mass index (BMI), pancreatic status [pancreatic
insufficiency (PI) or sufficiency (PS)] and the presence of CF-related diabetes (CFRD), were obtained from
patient files. Spirometry was measured according to ATS/ERS guidelines'!. FEV results were transformed
into Z-scores using the Global Lung Function Initiative calculator (version 3.3.1). Multiple breath washout
(MBW) test was performed using the Exhalyzer D (EcoMedics AG, Duernten, Switzerland), according to
ERS/ATS Consensus Guidelines'?, and was carried out on the same visit day of the spirometry in order to
correlate the results. Mean LCI calculated from a minimum of two technically valid and repeatable tests was
reported. Analysis of MBW data was performed using the nitrogen washout FRC/LCI software (Spiroware).

All chest high resolution computed tomography (HRCT) scans performed during the study period (up to
one year before or after spirometry and LCI tests) were examined by an experienced radiologist or by a
specifically trained pediatric pulmonologist. HRCT scans were analyzed based on the modified Brody score;
hyperaeration of the lungs was assessed instead of air trapping as expiratory images were not available for all
patients!'3. Subscores for the presence and severity of bronchiectasis, mucous plugging, bronchial wall thick-
ening, parenchyma, and focal hyperaeration in each lobe were calculated. Parenchymal findings of ground
glass opacities, consolidations, and cysts or bullae were considered in determining a single parenchymal sub-
score. The sum of subscores comprised the lung Total Brody Score (TBS) for each patient, ranging from
0 to 207. Pulmonary exacerbations (PEx) were defined as acute clinical deterioration, including malaise,
anorexia, dyspnea, fever, increased cough, change in sputum quantity/quality, worsening in nutritional sta-
tus and/or decline in pulmonary function, requiring addition or change of oral (PO) or intravenous (IV)
antibiotics (Abx). Pulmonary exacerbations were subdivided into minor exacerbations, requiring PO an-
tibiotics andmajor exacerbations, if IV Abx had to be initiated. Expectorated or induced sputum samples
for microbiologic analysis are routinely collected from CF patients at each visit to the CF Center. Respec-
tive data were retrieved from patient files and/or electronic medical records. Chronic P. aeruginosa (PA)
infection was defined by the Leeds criteria, i.e. >50% of the sputum samples over the preceding 12 months
were positive'4. Chronic PA infection, the number and type of PEx and duration of Abx treatment in days,
during the previous year, were evaluated for each spirometry, LCI and HRCT test time point performed by
each patient. A six-minute walk test (EMWT) was performed according to ATS guidelines!®. The 6MWT
results (i.e. six-minute walk distance [EMWD]) were transformed into Z-scores based on reference datal6:17
using the following formula: {value found - normal value / standard deviation}.

Statistical analysis

Data are reported as mean and standard deviations (SD). Pearson’s correlation analysis was used to determine
correlations between LCI and FEV, Brody scores, BMI and Z-6MWD, as calculated by the Minitab version
19.0.

Associations between LCI and CFTR mutations, pancreatic status, chronic PA infection, and the number of
major and minor PEx were evaluated by assessing the differences between LCI means using paired T-tests.
P <0.05 was considered statistically significant.



Results

Of the 247 patients followed at the two centers, 89 patients (36%) had FEV; [?]80% predicted measured at
147 different time points and data was available for all the study parameters. Table 1 summarizes the CFTR
mutation classes of the participating patients, showing that most of them have 2 mutations from class I, II

and/or IIT mutations, which are associated with the classical more severe phenotype and PI, and 11 patients
(12%) have CFRD.

Almost all the patients with normal pulmonary function demonstrated the presence of lung disease: 86%
had elevated LCI, 92% had structural abnormalities measured by CT-Brody score, 21% have chronic PA
infections, 19% had at least one major PEx requiring IV antibiotic treatment during the year previous to
the assesment.

As shown in Figure 1, 86% of patients have abnormal LCI (LCI >7.5) values, some of which were even
substantially increased. A correlation between LCI and FEV; could be observed even in the normal range,
though the correlation was not strong (Figure 1). Analyzing the different ages of the patients, we noticed
that FEV; as well as LCI were found to be weakly correlated to the patient age (r=-0.18; p=0.03 and r=0.33;
p<0.001, respectively).

Most of the patients had significant structural abnormalities in their lungs as seen on HRCT, and as can be
seen in Figure 2, it had weak correlation with FEV; (r=-0.32; p=0.008).

The most common structural abnormalities observed were air trapping, increased peribronchial thickening,
and bronchiectasis (in 83%, 78%, and 54% of the patients respectively) (Table 1). These three parameters
were found to be strongly correlated with LCI (air trapping r=0.49; p<0.001; peribronchial thickening
r=0.74; p<0.001, and bronchiectasis r=0.68; p<0.001). Furthermore, a high correlation between TBS and
LCI was observed (r=0.77; p<0.001) (Figure 3). Patients with normal or slightly increased LCI were found
to have minimal structural changes, whereas patients with high LCI had significant structural changes as
expressed by high TBS.

Chronic PA infection was found in 19 patients (21%), and was significantly associated with older age (mean
age 26.8+12.1 yrs of PA positive vs 14.5+5.5 yrs of PA negative, p<0.001). Patients with chronic PA infection
had significantly higher LCI values compared with those with no PA (11.9 £ 3.1 vs. 9.7 £ 2.3 respectively,
p=0.01) and significant higher TBS (38.3 +25.0 vs. 20.2 + 19.4 respectively, p=0.01). Furthermore, as
shown in Table 2, the 28 patients who had at least one major PEx during the year previous to the study
had significant higher LCI (p=0.04) and TBS (p<0.001) values. There were 13 patients who received more
than 14 days of IV Abx treatment in the year prior to the study. These patients had significant higher LCI
(p=0.03) and TBS values (p=0.002). No significant differences were found for FEV;, LCI and/or TBS for the
other variables analyzed, including gender, CF'TR mutation classes, pancreatic status, BMI, CFRD, 6MWD
test, number of minor PEx and/or number of PO Abx treatment days in the previous year.

Discussion

This study demonstrates that most patients with normal pulmonary function, measured by FEV;, already
have significant lung disease according to physiological (measured by LCI), structural (HRCT changes) and
clinical (chronic PA and PEx) parameters. Furthermore, having high LCI and/or high CT scores was asso-
ciated with chronic PA infection, increased number of major PEx and more days of IV antibiotic trreatment,
all indicators of CF disease activity and predictors of subsequent FEV; decline.

It was shown in infants, diagnosed through newborn screening, that early pulmonary abnormalities can
be identified already in the first years of life'®. Furthermore, it has been shown previously that high LCI
levels can be found in asymptomatic infants or small children'®23. In this study, different from most of the
published studies, the majority of patients were teenagers and adults, and as it is known, in older patients
FEV, is considered to best represent disease severity®.

FEV; in the normal range may be interpreted as "normal lungs”, which may lead to an erroneous misin-



terpretation of the severity of the disease, and can result in fewer treatments offered by the CF team, or
decreased adherence to treatments by the patients. However, as shown in the current study, FEV; in the
normal range, is not sensitive enough to identify early and even significant lung disease and therefore, it is
important to follow specially patients with normal or slightly decreased FEV; regularly using other clinical
parameters. Frequent monitoring of lung disease by LCI and chest CT, repeated sputum cultures with im-
mediate eradication of newly acquired bacterial infections, and early treatment of PEx may prevent or at
least postpone irreversible lung damage and disease progression.

Frequent monitoring of CF patients using chest CT scans does carry a potential risk due to radiation exposure
and is therefore not always performed routinely. The new imaging technology with short duration of radiation
exposure and the low radiation CF protocols are associated with minimal radiation. Furthermore, studies
demonstrated that acute structural changes can be reversible when treated immediately?4-3°. The very strong
correlation between LCI and Brody Score suggests that LCI can be used more frequently and as long as
LCI levels remain normal, routine chest CT scans can be postponed to the time when levels of LCI become
abnormal or deteriorate. It has been shown that in young children, inhalations with hypertonic saline?*
and treatment of pulmonary exacerbations?® can improve LCI. Furthermore, CFTR modulator therapy was
also shown to improve LCI levels?S, suggesting the interventions at this stage of lung disease can reverse
abnormalities.

An important result of this study is the correlation between the clinical parameters of CF severity such as
PA infection, PEx and days of IV antibiotic treatment with abnormal LCI and TBS values. Therefore, it is
essential to early identify and treat all changes with the aim to prevent or reverse disease progression.

In conclusion, the importance of this study lays in the demonstration that regardless of their age, most CF
patients with normal FEV; already have evidence of lung disease, as detected by LCI and chest CT scan,
and is associated with increased PEx and more days of IV treatment. Additional studies are necessary to
determine if early and aggressive treatments will preserve or reverse changes detected by LCI and CT scans
and if early treatment with the current and future CFTR modulators will avoid or postpone early lung
damage.

References :

1. Dodge JA, Lewis PA, Stanton M, Wilsher J. Cystic fibrosis mortality and survival in the UK: 1947-2003.
Eur Respir J 2007; 29: 522-6.

2. Cohen-Cymberknoh M, Shoseyov D, Kerem E. Managing cystic fibrosis: strategies that increase life
expectancy and improve quality of life.Am J Respir Crit Care Med 2011; 183: 1463-71.

3. Courtney JM, Bradley J, McCaughan J, O’Connor TM, Shortt C, Bredin CP, Bradbury I, Elborn JS.
Predictors of mortality in adults with cystic fibrosis. Paediatr Pulmonol 2007; 42: 525-32.

4. Corey M, Edwards L, Levison H, Knowles M. Longitudinal analysis of pulmonary function declines in
patients with cystic fibrosis. J Pediatr 1997; 131: 809-14.

5. Kerem E, Reisman J, Corey M, Canny GJ, Levison H. Prediction of mortality in patients with cystic
fibrosis. N Engl J Med 1992; 326: 1187-91.

6. de Jong PA, Lindblad A, Rubin L, Hop WC, de Jongste JC, Brink M, Tiddens H A W M. Progression
of lung disease on computed tomography and pulmonary function tests in children and adults with
cystic fibrosis. Thoraz 2006; 61: 80-5.

7. Gustafsson PM, Aurora P, Lindbland A. Evaluation of ventilation maldistribution as an early indicator
of lung disease in children with cystic fibrosis. Fur Respir J 2003; 22: 972-9.

8. Ellemunter H, Fuchs SI, Unsinn KM, Freund MC, Waltner-Romen M, Steinkamp G, Gappa M. Sen-
sitivity of Lung Clearance Index and chest computed tomography in early CF lung disease.Respir
Med 2010; 104: 1834-42.

9. Stanojevic S, Davis SD, Retsch-Bogart G, Webster H, Davis M, Johnson RC, Jensen R, Pizarro ME,
Kane M, Clem CC, et al. Progression of Lung Disease in Preschool Patients with Cystic Fibrosis.Am



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

J Respir Crit Care Med 2017; 195: 1216-25.

Rosenstein BJ, Cutting GR. The diagnosis of cystic fibrosis: a consensus statement. Cystic Fibrosis
Foundation consensus panel.J Pediatr 1998; 132: 589-95.

Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, Crapo R, Enright P, van der
Griten CPM, Gustafsson P, et al. Standardisation of spirometry. Fur Respir J 2005; 26: 319-38.
Robinson PD, Latzin P, Verbanck S, Hall GL, Horsley A, Gappa M, Thamrin C, Arets HGM, Aurora
P, Fuchs SI, et al. Consensus statement for inert gas washout measurement using multiple- and single-
breath tests. Fur Respir J 2013; 41: 507-22.

Brody AS, Klein JS, Molina PL, Quan J, Bean JA, Wilmott RW. High-resolution computed tomography
in young patients with cystic fibrosis: distribution of abnormalities and correlation with pulmonary
function tests.J Pediatr 2004; 145: 32-8.

Lee TW, Brownlee KG, Conway SP, Denton M, Littlewood JM. Evaluation of a new definition for
chronic Pseudomonas aeruginosa infection in cystic fibrosis patients.J Cyst Fibros 2003; 2: 29-34
ATS Committee on Proficiency Standards for Clinical Pulmonary Function Laboratories. ATS state-
ment: guidelines for the six-minute walk test. Am J Respir Crit Care Med 2002; 166: 111-7.

Gibbons WJ, Fruchter N, Sloan S, Levy RD. Reference values for a multiple repetition 6-minute walk
test in healthy adults older than 20 years.J Cardiopulm Rehabil 2001; 21: 87-93.

Geiger R, Strasak A, Treml B, Gasser K, Kleinsasser A, Fischer V, Geiger H, Loeckinger A, Stein JI.
Six-minute walk test in children and adolescents.J Pediatr 2007; 150: 395-9.

Sly PD, Brennan S, Gangell C, de Klerk N, Murray C, Mott L, Stick SM, Robinson PJ, Robertson CF,
Ranganathan SC, et al. Lung disease at diagnosis in infants with cystic fibrosis detected by newborn
screening. Am J Respir Crit Care Med. 2009;180:146-52.

Tiddens HA. Detecting early structural lung damage in cystic fibrosis. Pediatr Pulmonol 2002; 34:
228-31

Lum S, Gustafsson P, Ljungberg H, Hulskamp G, Bush A, Carr SB, Castle R, Hoo AF, Price J,
Ranganathan S, et al. Early detection of cystic fibrosis lung disease: multiple-breath washout versus
raised volume tests. Thorax 2007; 62: 341-7.

Belessis Y, Dixon B, Hawkins G, Pereira J, Peat J, MacDonald R, Field P, Numa A, Morton J, Lui K,
et al. Early cystic fibrosis lung disease detected by bronchoalveolar lavage and lung clearance index. Am
J Respir Crit Care Med 2012; 185: 862-73.

Nguyen TT, Thia LP, Hoo AF, Bush A, Aurora P, Wade A, Chudleigh J, Lum S, Stocks J, London
Cystic Fibrosis Collaboration (LCFC). Evolution of lung function during the first year of life in newborn
screened cystic fibrosis infants. Thoraz 2014; 69: 910-7.

Ramsey KA, Rosenow T, Turkovic L, Skoric B, Banton G, Adams AM, Simpson SJ, Murrsy C, Ran-
ganathan SC, Stick SM, et al. Lung Clearance Index and Structural Lung Disease on Computed
Tomography in Early Cystic Fibrosis.Am J Respir Crit Care Med 2016; 193: 60-7.

Subbarao P, Stanojevic S, Brown M, Jensen R, Rosenfeld M, Davis S, Brumback L, Gustafsson P,
Ratjen F. Lung clearance index as an outcome measure for clinical trials in young children with cystic
fibrosis. A pilot study using inhaled hypertonic saline. Am J Respir Crit Care Med 2013; 188: 456—60.
Rayment JH, Stanojevic S, Davis SD, Retsch-Bogart G, Ratjen F. Lung clearance index to monitor
treatment response in pulmonary exacerbations in preschool children with cystic fibrosis. Thoraz 2018;
73: 451-8.

Ratjen F, Klingel M, Black P, Powers MR, Grasemann H, Solomon M, Sagel SD, Donaldson SH, Rowe
SM, Rosenfeld M. Changes in Lung Clearance Index in Preschool-aged Patients with Cystic Fibrosis
treated with Ivacaftor (GOAL): A Clinical Trial. Am J Respir Crit Care Med 2018; 198: 526-8.
Aurora P, Bush A, Gustafsson P, Oliver C, Wallis C, Price J, Stroobant J, Carr S, Stocks J, Lon-
don Cystic Fibrosis Collaboration. Multiple-breath washout as a marker of lung disease in preschool
children with cystic fibrosis. Am J Respir Crit Care Med 2005; 171: 249-56.

Singer F, Kieninger E, Abbas C, Yammine S, Fuchs O, Proietti E, Regamey N, Casaulta C, Frey U,
Latzin P. Practicability of nitrogen multiple-breath washout measurements in a pediatric cystic fibrosis
outpatient setting. Pediatr Pulmonol 2013; 48: 739-46.



29. Loeve M, Krestin GP, Rosenfeld M, de Bruijne M, Stick SM, Tiddens HA. Chest computed tomography:
a validated surrogate endpoint of cystic fibrosis lung disease? Eur Respir J 2013; 42: 844-57.

30. Szczesniak R, Turkovic L, Andrinopoulou ER, Tiddens HAWM. Chest Imaging in CF Studies: What
Counts, and Can be Counted?J Cyst Fibros 2017; 16: 175-85.

Hosted file

Tables.pdf available at https://authorea.com/users/373671/articles/491300-how-abnormal-is-
the-normal-clinical-characteristics-of-cf-patients-with-normal-fevl

LCI vs FEV1 z-score

200
e ®
L]
17.5 .
.
.
L ]
15.0 L
-»
L
Y 125
10.0
7.5
5.0
2 1 o 1 2 3
FEV1 z-score
Total Brody Score vs FEV1 z-score
100
L J
r=-0.327 p=0.008
80 .
s °
S 60
wv
> L
g ST
= °
5@
o
-

20

FEV1z-score


https://authorea.com/users/373671/articles/491300-how-abnormal-is-the-normal-clinical-characteristics-of-cf-patients-with-normal-fev1
https://authorea.com/users/373671/articles/491300-how-abnormal-is-the-normal-clinical-characteristics-of-cf-patients-with-normal-fev1

Total Brody Score

100

80

20

5.0

Total Brody Score vs LCI

12.5
Lcl

r=0.777 p<0.001

17.5

20.0



