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ABSTRACT  Previously established predictors of survival may no longer apply in the current era of cystic
fibrosis (CF) care. Our objective was to identify risk factors associated with survival in a contemporary CF
population.

We used the Canadian CF Registry, a population-based cohort, to calculate median age of survival and
summarise patient characteristics from 1990 to 2012. Clinical, demographic and geographical factors, and
survival were estimated for a contemporary cohort (2000-2012) using Cox proportional hazards models.

There were 5787 individuals in the registry between 1990 and 2012. Median survival age increased from
31.9 years (95% CI 28.3-35.2 years) in 1990 to 49.7 years (95% CI 46.1-52.2 years) in the most current 5-
year window ending in 2012. Median forced expiratory volume in 1 s improved (p=0.04) and fewer
subjects were malnourished (p<0.001) over time. Malnourished patients (hazard ratio (HR) 2.1, 95% CI
1.6-2.8), those with multiple exacerbations (HR 4.5, 95% CI 3.2-6.4) and women with CF-related diabetes
(HR 1.8, 95% CI 1.2-2.7) were at increased risk of death.

Life expectancy in Canadians with CF is increasing. Modifiable risk factors such as malnutrition and
pulmonary exacerbations are associated with an increased risk of death. The sex gap in CF survival may be
explained by an increased hazard for death in women with CF-related diabetes.
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Introduction

Median age of survival in cystic fibrosis (CF) has increased in several countries [1, 2]. Factors associated
with poor survival include female sex, malnutrition, low lung function, certain infections and CF-related
diabetes (CFRD) [3-9]. The availability of new inhaled antibiotics, Pseudomonas aeruginosa eradication
therapy, mucolytic treatment, lung transplantation and, more recently, CF transmembrane conductance
regulator (CFTR) modulators have inevitably had, or will have, an impact on survival in CF [10-13].
Furthermore, screening for complications has allowed early implementation of therapy and improved
health [14]. Finally, newborn screening is now available in seven out of 10 provinces in Canada. With
these advances in treatment and management, previously published survival models may no longer be
applicable in the current era of CF care.

There is limited contemporary literature addressing the impact of demographic characteristics, clinical
factors and CF-related complications on survival across the spectrum of CF disease severity. Two recent
papers evaluating survival focused on specific subgroups. Grorgt et al. [15] studied individuals with severe
lung disease (forced expiratory volume in 1 s (FEV1) <30% predicted) and demonstrated that 50% of
individuals with lung function below this range lived for an average of 5.3 years, much longer than the 2
years reported by Kerem et al. [3] in 1992. In addition, the study by GEorgk ef al. [15] found malnutrition,
inhaled antibiotics and long-term use of oxygen were associated with worse survival. Contrary to previous
literature [5], no difference in survival was noted between males and females or in those with CFRD. Nick
et al. [16] studied individuals who survived to >40 years of age, a survivors group. Patients diagnosed in
adulthood had milder clinical phenotypes than those diagnosed before the age of 10 years, and a
female-associated survival disadvantage persisted in those diagnosed in childhood, whereas this did not
exist in the adult-diagnosed cohort.

Accurately predicting life expectancy in CF is vital to allow CF caregivers to: 1) intervene to change
modifiable risk factors; 2) intensify therapy for high-risk groups; 3) provide clinicians with a method to
quantify survival that can guide decisions related to patient care; and 4) allow physicians and caregivers to
explain the risks and benefits of certain interventions better.

The objectives of this study were to identify risk factors associated with survival using contemporary
population-based data across the spectrum of disease severity and to identify those subgroups of CF
patients at highest risk for death.

Materials and methods
This population-based cohort study used Canadian CF Registry (CCFR) data to evaluate survival in
Canadians with CF between 1990 and 2012.

Data sources

The CCFR contains detailed demographic and annual clinical information on CF patients receiving
clinical care at the 43 accredited CF centres across Canada. Nutritional markers and lung function are
recorded from the first stable clinic visit of the year, while other variables, such as sputum bacteriology,
CF-related complications, pancreatic status and hospitalisations, reflect events that occurred throughout
each calendar year. Registry data undergo routine validation checks to ensure that they are free of errors,
and discrepancies are resolved by cross-referencing with original sources at the reporting CF centre. In
2013, all CF clinics were provided with a list of transplanted individuals from their centre who were
recorded as alive to confirm their vital statistics as of December 31, 2012 [17]. Newborn screening (NBS)
programmes were implemented in five out of 10 provinces in the latter part of the study period (Alberta:
2007; Ontario: 2008; Saskatchewan: 2009; British Columbia: 2009; Manitoba: 2011); therefore, given the
variable inclusion of NBS programmes across the country and the small number of patients affected, we
did not examine the impact of NBS on survival in this study.

All individuals within the registry provided informed consent to have their data collected and be used for
research purposes. The study was approved by the Research Ethics Board at St Michael’s Hospital,
Toronto, Canada.

Statistical analysis

For the characteristics of the CF population followed between 1990 and 2012, simple descriptive statistics
(mean, median and proportions) were used. Median age at death per year and death rate (deaths per year/
total number of recorded patients in that year; deaths per year/Canadian population) were calculated as
well as the annual proportion of new CF cases. Trends over time were evaluated using nonparametric tests
for trend and linear regression analysis.
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Changes in survival over time

Using data from 1990-2012, median age of survival (including 95% CI) was calculated based on a moving
5-year window, and calculated using Cox proportional hazards models in the overall cohort and within the
following categories: sex, homozygous for the AF508 mutation of the CFTR gene and age of diagnosis.

Contemporary predictors of survival

Kaplan-Meier survival curves were computed to compare survival between the sexes, regions and
Burkholderia cepacia complex (BCC) status. Cox proportional hazards models were used to estimate the
effects of multiple demographic and clinical variables on mortality for individuals followed between 2000
and 2012. Data were censored in the year of the first transplant or the last reporting year if the subject did
not receive a transplant. We censored on the first transplant date because the impact of clinical variables
in the setting of transplant do not reflect CF-lung disease. The proportional hazards assumption was tested
for each factor. All factors found to be marginally significant (p<0.15) in univariable testing or those with
strong a priori hypotheses were added to a multivariable model using a step-wise approach. The impact of
sex and region were evaluated separately, testing for interactions between all variables. Confounding was
assessed by evaluating whether the hazard ratio (HR) for region changed by >10% with the addition of
each variable.

Risk factors

Time independent

Basic demographic factors, such as sex, age at diagnosis and genotype, were considered time-independent
variables. Genotype was classified as homozygous for the AF508 mutation, heterozygous for AF508, other
or missing. Because of the close genotype-phenotype relationship between genotype and pancreatic status,
pancreatic status was used as a surrogate in the multivariable analysis in order to reduce the loss of
subjects due to missing genotype data. Individuals were categorised into one of four regions based on the
reporting centre, where the majority of the clinic visits occurred: West (all provinces west of Ontario),
Ontario, Quebec and East (all provinces east of Quebec). Age at diagnosis was categorised as <2, 2-18 or
>18 years. Pancreatic-insufficient or pancreatic-sufficient classification was based on enzyme usage.

Time dependent

The registry records clinical data (i.e. height, weight and lung function) from the first stable visit of each
reporting year. FEV1 was expressed as a percentage of the normal predicted values for height, age and sex
[18, 19]. Body mass index (BMI) was calculated using weight/height>. BMI percentiles were calculated for
children between the ages of 2 and 18 years using Centers for Disease Control growth charts [20].
Children were then classified into three groups based on the BMI percentile: underweight (BMI percentile
<12%), adequate weight (BMI percentile between 13% and 84%) and overweight (BMI percentile >85%).
For individuals >18 years of age, subjects were classified into one of three BMI categories based on World
Health Organization guidelines [21]: underweight (<18.5 kg-m™2), adequate weight (18.5-24.9 kg-m™2) and
overweight (>25.0 kg:m™?). CFRD was defined as hyperglycaemia based on oral glucose tolerance test
results or random blood sugar measurements requiring insulin therapy [22]. For sputum bacteriology,
clinics reported any positive culture in the year for the following bacteria: BCC, P. aeruginosa,
Staphylococcus aureus, Stenotrophomonas maltophilia and methicillin-resistant S. aureus (MRSA). The
annual number of pulmonary exacerbations requiring either a hospitalisation or the initiation of home
intravenous antibiotic therapy was calculated, and categorised as 0, 1-2 or >3.

Results

Cohort description: 1990-2012

There were 5787 individuals with CF followed in the registry between 1990 and 2012 (fig. 1). In 2012,
there were 29 new cases of CF per 100 000 Canadian births, which represent a rate of one in 3400 births.
Over the 20-year period, 5.6% (322 out of 5787) of subjects were considered lost to follow-up (LTFU) and,
of those, 96.9% were pre-transplant. The majority of subjects were followed annually (97.8%); however,
1.7% of patients were missing for 1-4 years before returning to a CF centre and 0.31% returned after >5
years of nonattendance. There were no sex differences in the proportion of patients LTFU (p=0.76);
however, the greatest proportion of those LTFU were from Ontario (8.1%), compared with 6.0% from the
West, 5.4% from Quebec and 6.5% from the East.

Changes in survival and clinical characteristics: 1990-2012

Canadian median age of survival increased from 31.9 years (95% CI 28.3-35.2 years) in 1990 to 49.7 years
(95% CI 46.1-52.2 years) in 2012 (fig. 2). The proportion of subjects who were homozygous for AF508
(49.6% in 1990 to 48.9% in 2012, test for trend p=0.05) or pancreatic insufficient (88.6% in 1990 to 86.6%
in 2012, test for trend p<0.001) decreased, while that of those with the R117H genotype increased (0.61%
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5-year survival estimates
1990-2012
(n=5787)

Deaths (n=575)
Lost to follow-up (n=123)

Contemporary cohort
2000-2012
(n=5089)

Excluded subjects (n=203):
Transplanted prior to 2000 (n=68)
Diagnosed (n=128)

Lost to follow-up in the last year of
observation (n=7)

Final survival model
n=4886 (485 deaths)

BMI not recorded in last year Final survival model including BMI
of observation (n=98) n=4788 (314 deaths)

FEV1 not recorded in last Final survival model including FEV1
year of observation (n=663, of |¢———— n=4223 (281 deaths)

which 126 were <6 years of age)

FEV1 or BMI not recorded in last Final survival model including FEV1 and BMI
year of observations (n=665) n=4221 (281 deaths)

FIGURE 1 Study cohort creation flow diagram. BMI: body mass index; FEV1: forced expiratory volume in 1 s.

in 1990 to 1.9% in 2012, test for trend p<0.001) over time, suggesting that milder clinical phenotypes are
captured in the registry over the study period. However, we found a similar increase in median survival
age when the cohort was restricted to 1) individuals who are homozygous for the AF508 mutation, 2)
individuals diagnosed before the age of 2 years and 3) individuals diagnosed before the age of 18 years,
suggesting the increase in survival is not solely due to the inclusion of milder cases in the registry (fig. 3).
The annual median age at death increased from 21.7 years in 1990 to 32.0 years in 2012 (p=0.003), while
the death rate per year declined from 1.4 deaths per person in 1990 to 0.99 deaths per person in 2012
(p<0.001) (figs 4 and 5).

Median age of survival years

30 e
FIF}URE 2 Mediap age of survival 1990 1995 2000 2005 2010
using a 5-year moving window, overall
and by sex. Year
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500 —— All

---e--- Dx <18years
——— AF508
---=--- Dx <2years

454

40+

35+
FIGURE 3 Median age of survival by
genotype and age at diagnosis. Median

Median age of survival years

304 . r survival for those who were homozygous
e T e for AF508 begins in 2000, as complete
19'90 19'95 20'00 20'05 20'1 0 genotype data were available in the
Canadian registry from 2000 onwards.

Year Dx: age at diagnosis.

Our data show there were fewer malnourished and more overweight Canadians living with CF in our
cohort. In 1990, 31% of individuals in the registry were considered underweight, which decreased to 19%
in 2012 (slope —0.55% per year, p<0.001). The proportion of overweight individuals increased from 8% in
1990 to 16% in 2012 (slope 0.37% per year, p<0.001). The annual number of transplants recorded in the
registry also increased over the study period (p<0.001). The median FEV1 increased over time from 71.4%
predicted in 1990 to 75.4% predicted in 2012 (slope 0.06% per year, p=0.04). The increase in FEV1 is also
increasing over time in the context of the median age of the CF population, going from 12.9 years in 1990
to 20.1 years in 2012 (p<0.001). The prevalence of P. aeruginosa, S. aureus, MRSA and S. maltophilia
infection increased over the study period, while that of BCC decreased (data not shown).

Both the number of newly diagnosed cases and the proportion of individuals diagnosed in adulthood
remained stable over the study period (p>0.05).

Contemporary predictors of survival: 2000-2012

There were 5089 individuals with CF followed in the registry between 2000 and 2012 (fig. 1). A total of
4886 patients contributed to the contemporary cohort analysis, during which time 485 patients died.
Table 1 summarises the demographic and clinical characteristics based on their last recorded
measurement.

The univariable and multivariable proportional hazards analyses are shown in table 2. The annual rate of
pulmonary exacerbations was the strongest variable associated with risk of death (HR 4.53 for >3
exacerbations per year, p<0.0001; HR 2.98 for 1-2 exacerbations/year, p<0.001). Malnutrition was
associated with an increased risk of death, with a HR of 2.12 compared with those with adequate
nutritional status. Infection with S. maltophilia showed a protective effect (HR 0.75, p=0.03). FEV1
remained an independent risk factor (higher FEV1 was associated with a lower risk of death); however, a
significant interaction was found between pulmonary exacerbations and FEV1 (p<0.001). Individuals with

40+
354
304
25+

20+

Median age at death years

15+

10+

1990 1995 2000 2005 2010 FIGURE 4 Median age at death over
Year time.
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Death rate

FIGURE 5 Annual death rate,

calculated by taking the number of 0

deaths in a year divided by the total T T T T T
1990 1995 2000 2005 2010

number of patients reported on in that
year. Year

lower lung function were more likely to have pulmonary exacerbations than those with higher lung
function.

Sex gap

In the multivariable model, the adjusted risk of death in females was higher than in males (HR 1.28,
p=0.05). A significant interaction was identified between sex and CFRD. Among individuals with CFRD,
the HR for death was 1.81 (p=0.004) in females compared with males. Among males, the risk of death was
similar regardless of whether or not CFRD was present (HR 0.79, p=0.23). When the sex-CFRD
interaction was included in the multivariable model, sex was no longer significant (HR 1.02, p=0.89),
suggesting that the differential negative effect of having CFRD in females may explain much of the sex gap
in CF survival. Within the contemporary cohort, significantly more females had CFRD compared with
males (30% versus 17%, respectively; p<0.0001).

Regional differences in survival
Based on our univariable analysis, regional variations in survival were found; however, after adjusting for
exacerbation frequency, BCC and FEV1, region was no longer an independent predictor of death.

Transplant

In the multivariable model, subjects were censored at transplant, as the interpretation of clinical variables
post-transplant differs from pre-transplant CF disease. In order to illustrate the impact of including
post-transplant deaths on survival estimates, Kaplan-Meier survival curves were calculated in two ways: 1)
censoring at the time of transplant and 2) including deaths post-transplant (fig. 6). Censoring subjects at
the time of transplant overestimated the overall survival estimate.

Discussion

Our study showed that Canadian CF median survival age and age at death have increased while the annual
death rate has decreased over the last 20 years. Similar increases in survival were seen when the analysis
was restricted to those with severe phenotypes, suggesting that the improvements were not solely driven by
the inclusion of milder cases in the registry. Canadians with CF have better nutrition and improved lung
function than in previous decades, which has probably contributed to improved overall survival. In
addition, the prevalence of bacteria such as S. maltophilia and MRSA has increased while the prevalence
of BCC is declining. These trends are important to recognise as these data have potential infection control
implications and prior literature has shown that infection with these organisms can have a significant
negative impact on survival [23, 24].

The results of our study confirm that frequent pulmonary exacerbations are associated with increased
mortality, which is consistent with the previous literature [25]. This finding is not surprising, as many CF
deaths are preceded by worsening infection; however, minimising these events is critical, as the rate of
decline in FEV1 is greatest when exacerbations occurs frequently and within a short time frame [26].
Malnutrition continues to be an important risk factor for death. Although there were fewer malnourished
patients in recent decades, 19% of individuals in 2012 had a BMI <19 kgm™, which highlights a
population who could benefit from aggressive nutritional support. By quantifying the survival risk
associated with clinical characteristics, healthcare providers and patients can better understand the

675



CYSTIC FIBROSIS | A.L. STEPHENSON ET AL.

TABLE 1 Descriptive characteristics of study cohort: 2000-2012"

Subjects n 4886
Newly diagnosed cases n 1498
Females 46.9
Caucasians 92.8
Age at last visit years 22.0 (0-79.3)
Age at diagnosis years median 0.5
Age at diagnosis
0-2 years 66.8
2-18 years 26.2
>18 years 6.9
Genotype
Homozygous AF508 48.1
Heterozygous AF508 38.1
Other 9.9
Missing 4.0
FEV1% predicted 67.7 (9.5-145.1)
BMI category
Normal weight 59.0
Overweight 13.4
Underweight 17.9
Missing 9.8
Microbiology"
Pseudomonas aeruginosa 79.3
Staphylococcus aureus 87.8
Stenotrophomonas maltophilia 37.8

Burkholderia cepacia complex 11.6
MRSA 9.0

Pancreatic insufficiency 85.9
CF-related diabetes 241
Region™®
Quebec 29.1
East 9.1
Ontario 34.5
West 27.3
Exacerbations per year
0 68.6
1-2 21.2
>3 10.2
Transplants 472 (9.7)
Males 255
Females 217
Total deaths n 485
Males 227 (46.6)
Females 260 (53.4)

Data are presented as %, median (range) or n (%), unless otherwise stated. FEV1: forced expiratory volume
in 1 s; BMI: body mass index; MRSA: methicillin-resistant S. aureus; CF: cystic fibrosis. #. last recorded
measurement used to summarise the data; T: reflects the proportion of individuals who ever had a positive
sputum culture in the study period; *: based on the region in which the subject spent the longest time.

implications of untreated conditions such as malnutrition and recurrent exacerbations, which may
influence future clinical decisions. Individuals may be motivated to accept therapy that has been shown in
previous studies to reduce exacerbation rates or improve nutrition if they were cognisant of the significant
impact these factors had on survival. In addition, nonmodifiable factors that increase the risk of death are
important to characterise, as these may identify high-risk groups, such as females with CFRD, who could
benefit from intensive monitoring to maintain their health.

Poorer female survival in CF has been reported in several countries [8, 27, 28]. Our study suggested a sex
gap in survival; however, the risk of death in females was of borderline statistical significance once we
adjusted for multiple covariates. Recent literature suggests the previously seen sex gap in survival in CF is
disappearing. Nick et al. [16] did not see an effect of sex on survival in individuals diagnosed in childhood
and, in fact, there was a survival advantage observed for women diagnosed in adulthood. Furthermore, in
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TABLE 2 Cox proportional hazard models for death in the contemporary cystic fibrosis (CF)

cohort: 2000-2012

Univariate Multivariate

Sex

Male Ref. Ref.

Female 1.35(1.12-1.61) 1.28 (1.00-1.63)
Genotype

Other Ref.

Homozygous AF508 1.54 (1.08-2.21)

Heterozygous AF508 1.20 (0.84-1.73)

Missing 3.01(1.89-4.81)
Pancreatic insufficiency

Sufficient Ref. Ref.

Insufficient 3.18 (2.19-4.61) 2.19 (1.15-4.17)
Age at diagnosis

<2 years Ref. Ref.

2-18 years 0.62 (0.50-0.77) 0.79 (0.59-1.06)

>18 years 0.30 (0.20-0.44) 0.55 (0.28-1.11)
Longest time in a region

Quebec Ref.

East 1.53 (1.13-2.09)

Ontario 1.01 (0.81-1.28)

West 1.27 (1.00-1.61)
Exacerbations per year

0 Ref. Ref.

1-2 6.17 (3.69-10.31) 2.98 (2.14-4.15)

>3 11.12 (5.58-21.78) 4.53 (3.19-6.43)
CF-related diabetes 2.26 (1.36-3.78)
Microbiology®

Burkholderia cepacia complex 2.51 (1.40-4.50) 1.89 (1.44-2.49)

Staphylococcus aureus 0.32 (0.19-0.53)

Pseudomonas aeruginosa 2.05 (0.98-4.27)

Stenotrophomonas maltophilia 1.17 (0.73-1.86) 0.75 (0.58-0.97)

MRSA 0.70 (0.25-1.94)
BMI categories

Adequate weight Ref. Ref.

Overweight 0.22 (0.06-0.80) 0.80 (0.47-1.35)

Underweight 12.44 (6.26-24.75) 2.12 (1.60-2.82)
FEV1% predicted 0.91 (0.89-0.93) 0.95 (0.94-0.96)
Birth year 0.96 (0.93-0.99)

Data are presented as hazard ratio (95% Cl]. MRSA: methicillin-resistant S. aureus; BMI: body mass index;

FEV1: forced expiratory volume in 1 s.
culture negative for that bacterium.

#

: reference group for each bacterium was individuals who were

FIGURE 6 Kaplan-Meier
curves illustrating the effect

including post-transplant deaths versus

censoring at transplantation.

survival

Proportion of patients alive

0.2

2000-2012 censored at transplantation ™ ]

2000-2012 including transplantation

20

40
Age years

60 80
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those with severe lung disease, sex was not a significant predictor of survival [15]. Even more dramatically,
our analysis suggests that a CFRD-sex interaction at least partly explained the observed sex gap in survival.
Earlier work by Mitra et al. [5] also identified worse survival in females with CFRD; however, a
subsequent paper found that the sex difference in mortality in those with CFRD had disappeared [29].
These authors suggested that early diagnosis and more aggressive treatment of CFRD may be the reason
for this finding. However, further confirmatory research is necessary to conclude that the differential
survival in males and females is driven by worse survival in women with CFRD. In addition, the median
survival age in males has been steadily increasing, whereas female median survival age has been variable,
particularly between 2007 and 2012. Our analyses did not identify a single cause for this variability, which
is probably multifactorial. One could hypothesise that hormonal influences may be playing a role as the
female CF population ages; however, this needs to be systematically investigated in future studies.

Despite Canada’s universal health coverage, there are regional differences in healthcare policies, access to
treatments and care. Identifying regional differences in health outcomes can elucidate potential gaps in
healthcare delivery. Corey et al. [28] reported regional differences in Canadian CF survival using registry
data from 1985-1989. Our results showed that regional differences in CF survival were explained by
patient characteristics, some of which were not available at the time of the earlier paper. Although there
may be differences in certain clinical outcomes across Canada, region itself did not predict survival in a
contemporary cohort of individuals with CF.

Lung transplantation can be a life-saving therapy for those with end-stage lung disease; thus, survival
statistics should include transplanted individuals when possible. Transplant is an important contributor to
survival estimates, which are affected by statistical methodology (i.e. whether or not patients are censored
at transplant) and by the rigour with which vital statistics are captured post-transplant. We illustrated that
survival estimates differ depending on whether or not post-transplant deaths are included in the analysis.
Post-transplant patients may not be followed as closely by CF centres; therefore, this group is at high risk
for being LTFU in national CF registries. This is important to recognise for all national registries that
produce CF survival statistics and extra effort should be placed on determining the vital status of
individuals, particularly post-transplantation, so that accurate survival estimates can be calculated.

The strengths of our study include the large sample size, the longitudinal and comprehensive data within
the CCFR, and the standardised way data were captured using clear definitions. The registry has few
patients LTFU and complete data on patient deaths, making this a robust resource for epidemiology
studies. Our results showed a protective effect associated with S. maltophilia, which differs from a previous
study by Wartkrs et al. [23], who reported that chronic infection with S. maltophilia was associated with
increased mortality or lung transplantation. The discrepancy in results may be due to our inability to
differentiate between chronic and intermittent infection, which is a limitation of the data source. The
registry captures lung function and nutritional markers once per year, which may not reflect the true
variability of these measurements; however, we used longitudinal data over decades to capture variability
over time. Finally, as many subjects had missing genotype data, we used pancreatic status as a surrogate
marker given the close genotype-phenotype relationship between these two variables. Given the large
sample size and wide spectrum of disease captured, our results would apply to the overall CF population;
however, variations in healthcare delivery and variable definitions may differ between countries, limiting
generalisability.

In conclusion, life expectancy in Canadians with CF is increasing; patients are better nourished and lung
function has improved over time. Despite these improvements, suboptimal nutrition and recurrent
pulmonary exacerbations occur and remain important predictors of death. The sex gap in CF survival
appears to be explained by an increased prevalence of CFRD in females and increased mortality in women
with CFRD. However, further studies are needed to better understand the sex—-CFRD interaction.
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