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Abstract
Background Prognosis and disease severity in cystic fibrosis (CF) are linked to declining lung function.
To characterise lung function by the number of adults in countries with different levels of Gross National
Income (GNI), data from the European Cystic Fibrosis Society Patient Registry were utilised.
Methods Annual data including age, forced expiratory volume in 1 s (FEV1), anthropometry, genotype,
respiratory cultures and CF-related diabetes (CFRD) were retrieved between 2011 and 2021. All countries
were stratified into GNI per capita to reflect differences within Europe.
Results A consistent improvement in FEV1 % pred and survival was observed among the 47 621 people
with CF (pwCF), including subjects with chronic Pseudomonas aeruginosa infection, CFRD and/or
undernutrition. Mean values of FEV1 % pred changed from 85% to 94.2% for children and from 63.6% to
74.7% for adults. FEV1 % pred further increased among those carrying the F508del mutation in 2021,
when elexacaftor/tezacaftor/ivacaftor was available. The number of adult pwCF increased from 13 312 in
2011 to 21 168 in 2021, showing a 60% increase. PwCF living in European lower income countries did
not demonstrate a significant annual increase in FEV1 % pred or in the number of adults.
Conclusion This pan-European analysis demonstrates a consistent improvement in FEV1 % pred, number
of adult pwCF and survival over the last decade only in European higher and middle income countries.
Urgent action is needed in the lower income countries where such improvement was not observed. The
notable improvement observed in pwCF carrying the F508del mutation emphasises the need to develop
treatments for all CF mutations.

Introduction
Despite remarkable improvements in health outcomes for individuals affected with cystic fibrosis (CF), it
remains a life-shortening disease with pulmonary insufficiency as the main cause of death. Lung function,
which typically decreases over time, is linked to disease severity and predicts prognosis. Forced expiratory
volume in 1 s (FEV1) compared with the predicted in a reference population (FEV1 % pred) is considered the
best generally available measure for assessing CF lung disease and it is an influential driver for defining
disease stage. In 2018, the European Cystic Fibrosis Society Patient Registry (ECFSPR) report on 24 416
patients aged <18 years showed that FEV1 <40% predicted is a risk factor for death [1]. Additionally, FEV1

% pred is a primary outcome measure for clinical studies and comparisons between centres and countries
[2–5], and an objective standard utilised for regulatory approval of CF respiratory therapies [6].
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The ECFSPR collects demographic and clinical data of over 60 000 consenting people with CF (pwCF)
from 40 European and neighbouring countries for a period spanning from 2008 to 2021. Data is collected
using a common set of variables and definitions, and is sent to the ECFSPR on an annual basis. The
ECFSPR collaborates closely with the CF centres and the national CF registries to ensure that their data is
as complete and high quality as possible, in order to accurately reflect the clinical status of CF across
Europe [7–10]. The ECFSPR’s database provides a unique basis for epidemiological analyses due to its
comprehensive and international composition. It offers a cross-national platform facilitating analysis of
therapeutic interventions and quality-of-care standards in a diverse population that displays a wide
variability of both lung disease and potential risk factors for FEV1 % pred decline [11]. A detailed
description of the ECFSPR and its contents (including guidelines, annual reports, etc.) is available at
www.ecfs.eu/ecfspr.

Analysis of data reported to the ECFSPR from 2011 to 2016 showed a significant decrease in the overall
prevalence and incidence of chronic Pseudomonas aeruginosa and chronic Burkholderia cepacia complex
species [12]. In a cross-sectional study, analysis of pwCF enrolled in the ECFSPR during 2007 showed
that the age-related decline of FEV1 % pred starts slowly and becomes more rapid at age 12 years.
Furthermore, the number of pwCF was relatively stable up to age 18 years, but subsequently decreased,
reflecting mortality. Accumulated data from the ECFSPR has also shown that poor nutritional status,
chronic P. aeruginosa infection and CF-related diabetes (CFRD) are preventable and/or potentially
treatable factors that influence FEV1 % pred deterioration [13].

The effect of socioeconomic status on health is well established; in countries where health expenditure per
capita is low, pwCF experience more deprivation-related health disparities than all other individuals in the
population [14–16].

The aim of the current study was to investigate the changes in lung function, the number of adult pwCF
and survival during the last decade. In addition, we compared theses changes between countries after
stratifying into three groups according to their Gross National Income (GNI).

Materials and methods
Variable definitions for the present study
The genotype of pwCF was classified as F508del/F508del for people having the F508del mutation on both
alleles, F508del/MF for people having the F508del mutation on one allele and a minimal function
mutation on the other allele, MF/MF for people having two minimal function mutations (excluding
F508del) and RF/other for people having at least one residual function mutation. The mutation
classification according to minimal function and residual function definition was performed consistently
with MEI-ZAHAV et al. [10], with minimal function mutation mainly representing mutations having no or
minimal CF transmembrane conductance regulator (CFTR) function (in class I, II or III) and residual
function mutation mainly representing mutations having partial CFTR function (in class IV, V or VI).

Most European countries are classified as high income according to the World Bank, having a GNI per
capita higher than USD 13 205 in 2021. To take into account economic differences among the European
countries within this study we therefore used an ad hoc classification, creating three groups with the same
number of countries, according to incremental values of GNI per capita in 2021 computed with the Atlas
method (current USD) and extracted from the World Bank database (supplementary table S1). The 27
countries for which longitudinal data were available between 2011 and 2021 were stratified into three
groups, Europe lower income countries (LICs), Europe middle income countries (MICs) and Europe higher
income countries (HICs), which are different from the World Bank GNI categories of low, middle and
high income countries.

Nutritional status, infection with chronic P. aeruginosa and CFRD were collected every year in the annual
data of the ECFSPR for each pwCF. Nutritional status was defined using body mass index (BMI) z-score,
computed based on the US Centers for Disease Control and Prevention references (www.cdc.gov/
growthcharts). BMI z-scores for adults were obtained according to values of pwCF aged ⩾20 years.
Underweight was defined as BMI z-score <−2. PwCF were defined as chronically infected with
P. aeruginosa if >50% of respiratory samples collected during the last 12 months were positive for
P. aeruginosa, with at least four samples collected during that period (modified Leeds criteria for chronic
infection) and/or significantly raised bacteria-specific antibodies according to local laboratories were
present [17]. PwCF can be defined as chronically infected with P. aeruginosa when the aforementioned
criteria were fulfilled in recent years and the caring physician had no reason to think the status has changed.
Exceptions from this definition for some countries in the ECFSPR are present and details are reported in
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each ECFSPR annual report. CFRD was defined for the ECFSPR as insulin use from 2011 to 2017 and
subsequently as diabetes treated with insulin, hypoglycaemic agents, dietary advice or alternative therapies.

Statistical methods
The aim of the present study was to provide an epidemiological evaluation of changes in lung function
over the last decade. To evaluate lung function, values of FEV1 % pred computed with Global Lung
Function Initiative equations were considered [18]. The inclusion criteria were all pwCF enrolled in the
ECFSPR between 2011 and 2021 who were between 6 and 60 years old and who had not undergone a
lung transplant. Countries joining the ECFSPR after 2011 were excluded since they do not have a 10-year
follow-up period. Children younger than 6 years were excluded due to their unreliable ability to perform
spirometry. People older than 60 years were excluded due to there being scarce data and influential
observations in the regression models. PwCF who had had lung transplantation were excluded from the
time of transplant, as their FEV1 % pred values do not represent their CF disease stage.

Descriptive statistics were collected for sex, genotype, country group, chronic P. aeruginosa, CFRD,
underweight status, neonatal screening and age at diagnosis from 2011 to 2021.

Since the aim of the study was to present an epidemiological overview of the changes in FEV1 % pred
mean values in Europe between 2011 and 2021, and not to estimate the changes in FEV1 % pred within
the same patient, a marginal model was fitted using generalised estimating equations (GEEs) [11]. The
response variable was the value of FEV1 % pred; the explanatory variables were the year of follow-up,
included in the model as a dummy variable, and age at FEV1 % pred measurement, included in the model
as a continuous variable using a restricted cubic spline with n=5 knots. The number of knots was chosen
according to Quasi Information Criterion. The interaction between year of follow-up and age was also
included in the model. The correlation among different measurements taken on the same pwCF was taken
into account in the GEE model. Predicted values from this model were used to draw descriptive figures of
changes of FEV1 % pred over time and age.

Five further GEE models were fitted including separately five prognostic factors for worse lung function in
CF. To test if changes of FEV1 % pred over age between 2011 and 2021 were different according to
chronic P. aeruginosa, underweight status, CFRD, genotype and country group, the interaction terms with
follow-up years were included in the models. Chronic P. aeruginosa, underweight status and CFRD were
included in the model as time-varying factors, since they are collected on an annual basis in the ECFSPR.

Since genotype is a variable strongly influencing the changes of FEV1 % pred over the last decade, multiple
GEE models were fitted stratified by genotype. Explanatory variables included in the models were year of
follow-up (as a dummy variable), age at FEV1 % pred measurement (included as a restricted cubic spline
with n=5 knots), chronic P. aeruginosa, CFRD, underweight status and country group. Four forest plots were
drawn to summarise the results of these models, in terms of differences in FEV1 % pred values with 95%
confidence intervals. The forest plot provides a general overview of the differential contribution of the pwCF
characteristics and of the subsequent years of data collection on FEV1 % pred values. Unfortunately, CFTR
modulator use cannot be included in the multiple regression models because of missing values between 2011
and 2017, since the ECFSPR only started collecting data on CFTR modulators in 2018. However, the
association between elexacaftor/tezacaftor/ivacaftor (ETI) use and time was explored by looking at the
percentage of pwCF taking ETI between 2018 and 2021 in the different countries and income groups.

Finally, a Cox regression model was fitted to estimate the differences in survival between 2011 and 2021.
A simple model considering only year of follow-up as explanatory variable was considered. In the Cox
model, age was used as timescale, accounting for left truncation and right censoring; each pwCF is
included in the analysis only for the years he/she is included in the ECFSPR.

Ethical approval
All the participating centres and national registries in the ECFSPR have ethical approval. Informed consent
for anonymous data collection and ECFSPR participation, including consent that data may be used for
future research, was obtained from all participants. This study was approved by the ECFSPR Scientific
Committee and the ECFSPR Steering Committee.

Results
Study population
Data from 65 022 pwCF followed by the participating CF clinics during 2011–2021 were collected by the
ECFSPR. Excluded were children younger than 6 years (n=9742), adults older than 60 years (n=486),
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pwCF with a lung transplant since the beginning of the study period (n=2169) and an additional 1885
(3.6%) pwCF for whom we could not compute FEV1 % pred because of missing values for FEV1 or
height. An additional 3564 were excluded because they were residents of countries with <10 years of
follow-up in the ECFSPR (Albania, Armenia, Belarus, Bulgaria, Croatia, Cyprus, Finland, Georgia,
Iceland, Luxembourg, Norway, Poland and Turkey). The final study population included 47 176 pwCF
(52.5% males) (supplementary figure S1).

With regard to the completeness of the dataset, gender is a variable with 0% missing values and
underweight has <10% missing values. For chronic P. aeruginosa the percentage of missing values is
>10% only from 2011 to 2015 because one large national registry did not collect that variable and another
country had a high percentage of missing values. A similar situation occurs for CFRD, having >10%
missing values from 2011 to 2014, because of a high percentage of missing values in a large national
registry. Overall, the percentage of missing data was similar among the three groups of GNI income
countries, with the exception of genotype, being less complete in LICs in 2011. After 2011, there was a
global improvement in performing genotyping all over Europe, in particular in the LICs, so that the
situation in 2021 is more homogeneous.

The median number of years for which an individual is included in this study is 7 years. This value varies
among the countries, being 4 years in LICs, 7 years in MICs and 8 years in HICs.

Table 1 presents the main demographic and clinical characteristics of the included pwCF from 2011 to
2021. In 2021, 9.0% of pwCF had a genotype not classified according to our definition. It has to be noted
that the “Unknown” genotype in table 1 includes pwCF with F508del and an unknown mutation. Among
the unclassified genotype, in 262 pwCF CFTR mutations analysis was not performed. In 2021, 41.9% of
pwCF were F508del/F508del, 26.3% were F508del/MF, 7.4% were MF/MF and 15.4% were RF/other.

When comparing the characteristics of people included in the study (table 1) and those living in countries
excluded from this study (supplementary table S2) it can be noted that the people living in countries which
joined the ECFSPR later are more often from LICs, have a lower percentage of the F508del/F508del
genotype and a higher percentage of the MF/MF genotype, and have a lower percentage of CFRD, a
higher percentage of underweight and a lower percentage of newborn screening performed. However, these
different characteristics do not affect the main results of this study, as we observed in a sensitivity analysis
performed at the end of the study.

Main results
As shown in figure 1, there was a gradual and consistent increase during the 10-year study period for
FEV1 % pred in all age groups; this was also observed in pwCF with chronic P. aeruginosa (figure 2a),
CFRD (figure 2b) and undernutrition (figure 2c). A larger dramatic increase in FEV1 % pred was observed
in 2021 when ETI became available for pwCF carrying the F508del mutation. As shown in figure 3, this
effect was limited only to pwCF that carry the F508del mutation (p-value for interaction between year and
genotype <0.001). Multiple regression analysis according to genotype groups, after adjusting for chronic
P. aeruginosa, CFRD, underweight, country group and age, showed that there was a significant annual
increase in FEV1 % pred among the F508del homozygous group in 2021 versus 2020 when ETI became
available (supplementary figure S2).

The number of pwCF in the adult age group increased along the years as shown in figure 4 and table 2.
The number of adult pwCF increased from 13 312 in 2011 to 21 168 in 2021, showing a 60% increase.
Furthermore, the distribution of patient age shifted towards a later age. Together with the improved
overall survival probability according to age and year of follow-up (figure 5), this is a sign of increased
longevity of pwCF starting already before ETI was available. Consistent results were obtained from the
Cox regression model showing a significant decrease in hazard ratio of death in 2019, 2020 and 2021
(0.76 (95% CI 0.64–0.90; p=0.001), 0.76 (95% CI 0.63–0.92; p=0.004) and 0.79 (95% CI 0.64–0.98;
p=0.032), respectively) (supplementary table S3). However, it has to be noted that the increase in the
number and percentage of adults is not similar among the different country groups, as it emerges from
figure 4. In MICs and HICs the number of adult pwCF included in this study almost double in the last
decade from 4489 to 7498 and from 8539 to 12 850, respectively, and in the meantime the number of
children showed only a slight increase; thus the percentage of adults increased. On the other hand, LICs
showed a similar increase in children (from 530 to 1634) and adults (from 284 to 820), being mainly due
to coverage improvement in these countries. This is reflected in no increase in the percentage of adults
from 2011 to 2021.
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TABLE 1 Clinical and demographic characteristics of people with cystic fibrosis included in this study from 2011 to 2021

2011
(n=23 701)

2012
(n=24 428)

2013
(n=25 784)

2014
(n=25 912)

2015
(n=28 320)

2016
(n=30 503)

2017
(n=31 646)

2018
(n=32 695)

2019
(n=33 703)

2020
(n=32 485)

2021
(n=34 787)

Female 47.0 47.0 47.1 47.3 47.5 47.3 47.2 47.5 47.3 47.6 47.6
Genotype
F508del/F508del 43.3 43.3 43.0 42.2 41.4 41.6 41.6 41.7 41.6 42.3 41.9
F508del/MF 23.5 23.5 23.7 25.3 25.2 25.5 25.5 25.9 25.9 26.2 26.3
MF/MF 5.9 6.0 6.0 6.6 6.9 7.2 7.1 7.4 7.4 7.6 7.4
RF/other 10.8 11.1 11.3 13.0 13.7 14.2 14.8 14.9 15.4 14.8 15.4
Unknown 16.4 16.2 16.0 12.8 12.7 11.6 11.0 10.1 9.8 9.1 9.0

Country income group#

Lower 3.4 4.9 5.7 7.4 8.0 8.1 8.3 8.3 8.0 6.3 7.1
Middle 62.7 61.1 60.3 57.9 58.0 58.8 59.3 59.0 59.7 60.0 59.6
Higher 33.9 34.0 34.0 34.7 34.0 33.1 32.5 32.7 32.3 33.7 33.4

Chronic P. aeruginosa infection 39.8 39.3 37.8 36.6 35.8 35.9 35.4 34.1 33.7 32.1 26.8
CFRD 18.2 18.2 18.9 18.8 17.8 16.4 16.7 18.7 19.8 21.2 21.3
Underweight 8.4 8.2 8.2 7.9 7.8 7.2 6.9 6.7 6.3 5.4 4.4
Newborn screening performed 25.6 25.6 25.9 21.3 22.7 22.6 23.7 26.8 28.4 30.0 30.6
Median age at diagnosis (months) 6.5 6.5 6.5 6.0 6.0 6.0 6.0 5.2 4.9 4.8 4.3

Data are presented as %, unless otherwise stated. MF: minimal function; RF: residual function; P. aeruginosa: Pseudomonas aeruginosa; CFRD: cystic fibrosis-related diabetes. #: the three groups
are different from the World Bank Gross National Income categories of low, middle and high income countries.
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When mean FEV1 % pred according to age group, year and GNI group was analysed (figure 6), pwCF
living in LICs did not demonstrate the same annual increase in FEV1 % pred, with a significant sharper
decline of FEV1 % pred with age. From the GEE model a significant interaction (p<0.001) emerged
between country group and year of follow-up, with LICs showing only a small nonsignificant increase in
FEV1 % pred values, while MICs and HICs showed a statistically significant increase in FEV1 % pred, in
particular from 2020 to 2021. It is interesting to see that among children there is a gradual increase of FEV1

values, without big differences between 2020 and 2021, which is likely due to the lower percentage of
paediatric pwCF taking ETI. When FEV1 % pred was analysed according to GNI as a continuous variable
and year (figure 7), countries with GNI <USD 20 000 did not show any improvement over the years.

The percentage of pwCF taking ETI greatly increased in 2020 and 2021, but only in MICs and HICs,
where in 2021 almost half of pwCF used ETI. On the other hand, in LICs the percentage of pwCF using
ETI was almost null even in 2021, with the only exception being Greece (supplementary table S4).
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year: a) in pwCF with chronic Pseudomonas aeruginosa infection, b) in pwCF with CF-related diabetes (CFRD) and c) in underweight pwCF.
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Two sensitivity analysis were performed to check the effect of county selection on the results. In the first
sensitivity analysis only countries with full coverage (>80%) since 2011 were included. In the second
sensitivity analysis all countries were included, without the selection of a minimum follow-up of 10 years.
In both cases the results for FEV1 % pred evolution over the last decade and the increase in the number of
the adult population are comparable to those reported in the present article.

Discussion
This pan-European analysis of the ECFSPR annual data demonstrates a consistent improvement in
pulmonary function, number of adult pwCF and survival over the last decade, which began even before the
highly effective CFTR modulators were available. A remarkable increase in FEV1 % pred was observed in
2021 only in pwCF who carry the F508del mutation when ETI became available [19–21]. The
improvement in FEV1 % pred was less than the value reported in clinical trials, as not all pwCF who carry
F508del started treatment with ETI, and was likely attributable to the highly selected population in clinical
trials versus those in the “real world”. Furthermore, we adopted a marginal model providing different
estimates as opposed to a conditional model looking at the difference in FEV1 % pred within each patient.
In addition to the increase in age-related FEV1 % pred, the current analysis revealed a delay in the
downward slope of FEV1 % pred over age among pwCF homozygous for F508del mutations. Future
studies should provide more data on how this treatment will affect the survival of pwCF who have
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irreversible lung disease prior to ETI treatment and those starting ETI prior to the development of
structural lung changes. While the findings of this study are impressive, there are still a significant number
of pwCF who carry non-ETI-responsive mutations and cannot benefit from ETI, and alternative therapeutic
interventions for this group are needed. Until such treatments are available, these individuals should adhere
to the standard treatment protocols, which are associated with improved outcome as shown in the
present study.

A less optimistic picture was observed in LICs. Despite the availability of guidelines recommending
standard treatments, improvement in disease outcomes in LICs was only minimal and lower compared with
MICs and HICs. Furthermore, the increase that was observed in MICs and HICs was not observed in LICs.
An ECFSPR cohort study by MCKONE et al. [22] demonstrated that countries in the highest third of
healthcare spending had a 46% lower risk of mortality than countries in the lowest third of healthcare
spending. The current study strengthens the data from MCKONE et al. [22] and additionally found that
there was no improvement in closing the FEV1 gap despite the discrepancies that have persisted over the
last decade.

The effect of socioeconomic status on the health of pwCF is well established [14, 16, 23–27]. Most of the
reports on disparities in CF disease outcome came from HICs, demonstrating that children from
disadvantaged families have worse outcomes associated with several nongenetic factors, such as material
wellbeing, educational attainment, living and working conditions, physical environment and exposures,
family environment, social support, health literacy and behaviours, and access to healthcare [16, 24].

The observed improved disease outcomes over the last decades in HICs and MICs are likely due to the
result of better insights into the natural course of CF, leading to the development of treatments that target
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TABLE 2 Number of people with cystic fibrosis according to age group in 2011, 2016 and 2021

Age group (years)

6–11 12–17 18–23 24–29 30–39 ⩾40

2011 5004 5236 4819 3443 3198 1852
2016 6431 6154 5304 4596 4625 3086
2021 6357 6667 5612 5032 5980 4544

Data are presented as n.
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early diagnosis, neonatal screening, respiratory infections, inflammation, mucociliary clearance and
nutritional status. A potential contributor to improved outcomes in pwCF is comprehensive care
implemented by teams of trained and experienced health professionals that facilitated improved adherence
to enhanced modalities of care [28]. Previously described guidelines can assist CF caregivers and health
authorities in the evaluation and monitoring of pwCF, detection of complications, and prevention of
clinical deterioration [29–31]. PwCF treated at specialised CF centres by a multidisciplinary dedicated
team have improved outcomes [31]. Unfortunately, LICs lack the resources to provide this standard of care.
In some countries, patients and families need to purchase essential drugs out of pocket. Not all the CF
centres have professional nonmedical personnel as part of their teams and patients living far from a CF
centre have daily care provided by local physicians. Because of its association with worse outcomes, poor
adherence to treatment is considered a potential contributor to disparities in health outcomes observed for
various conditions across racial and ethnic groups [32]. Adherence to therapy established by the guidelines
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is dependent upon a variety of factors. Such factors include individual characteristics of the patient, the
patient’s family and culture, interactions with healthcare providers, systemic barriers that prevent access to
quality healthcare, and financial means to afford expensive therapies. Additional contributing factors
associated with ethnicity, including adherence to treatment regimens, self-management, culture, smoke
exposure and health literacy, can also contribute to acceleration of the disease process [23, 24, 29, 33].

The results of the current study should inform health authorities of countries with disparities in health
outcomes. Increasing awareness and education about CF among healthcare providers, policymakers and the
public is essential. National and international advocacy efforts can raise awareness among policymakers
and mobilise support for improving CF services in LICs. Additionally, empowering individuals with CF
and their families through education and support programmes is vital.

This registry-based study has its limitations, including potential survivor bias, which is a common problem
in datasets of this type [34]. Ascertainment bias may also occur due to selection of countries with
>10 years of follow-up resulting in the exclusion of very low income countries. Moreover, registries may
encounter problems with adherence to the definitions, data quality process, missing data, data entry errors
and differences among countries of variable socioeconomic status [12]. Rigorous statistical methods have
attempted to partially overcome survivor bias by accounting for left truncation in the survival model and
ascertainment through stratified analyses. In recent years, the ECFSPR introduced a data quality control
project to check and overcome these limitations. In 2018, the European Medicines Agency qualified the
ECFSPR as a resource for collecting CF-specific data for pharmaco-epidemiology studies [35]. A further
limitation includes variation in coverage throughout different countries spanning the past 10 years. In 2011,
seven countries had <80% coverage. The percentage of pwCF in the ECFSPR has increased over the years
and in 2021, only three countries had <80% coverage. However, it cannot be excluded that this increase
may also be due to inclusion of less severe pwCF and that most of the increase is due to inclusion of more
centres that joined ECFSPR. New centres are similar to those already included since 2011, allowing for the
representation of the country to remain the same.

The ECFSPR is an important research tool for tracking the improved care of pwCF. The present study,
focusing on the last decade, demonstrates a general improvement in lung function and longevity of
European pwCF. The significant impact of ETI for those with F508del mutations was also seen. However,
discrepancies in outcomes related to the economic status of different participating countries need to be
further addressed to ensure better health outcomes and quality of life for pwCF living in these countries.
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