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Abstract 
Background  Forced expiratory volume in 1 s (FEV1) 
indicates lung health in cystic fibrosis (CF). FEV1 is 
commonly communicated as a per cent predicted 
of a healthy individual sharing the same age, sex, 
race and height. CF-specific reference equations are 
complementary and calibrate a patient’s FEV1 to that of 
their CF peers. 
Objectives  (1) To derive Canadian CF-specific FEV1 
reference percentiles (FEV1%iles), (2) characterize 
how they have changed over time and (3) compare the 
Canadian FEV1%iles to those for USA and European CF 
populations. 
Method C F FEV1%iles are calculated using the 
Canadian CF Registry and quantile regression.
Results T he Canadian FEV1%iles demonstrated better 
lung function in more recent time periods within Canada, 
especially below the 50% percentile and in males. When 
compared to USA and European FEV1%iles for the same 
time period, Canadian FEV1%iles were higher. 
Conclusion C F-specific FEV1%iles can provide useful 
information about changes in lung health. An online 
calculator (available at ​cfpercentile.​research.​sickkids.​ca) 
makes these FEV1%iles accessible. 

Introduction
Forced expiratory volume in 1 s (FEV1) is the 
single most important predictor of survival in cystic 
fibrosis (CF).1–3 As a result, it is routinely monitored 
or used as an outcome measure.4–7 Typically, FEV1 
is reported as a percentage (FEV1pp) compared 
with a healthy population based on age, sex, height 
and race.8–13 Comparing with a healthy popula-
tion reflects the CF goal of achieving normal lung 
function throughout life. Although this comparison 
is a useful reflection of morbidity, comparing the 
FEV1 of a patient with CF to others with CF can 
provide additional information.14–17 For example, a 
50-year-old patient with CF with an FEV1 that is 
50% of normal may be considered to have moder-
ately severe lung disease, although this individual 
has lung function that is higher than most of the CF 
population at that age.

CF-specific FEV1 percentiles (FEV1%iles) have 
been previously derived for the USA, French and 
European CF populations17 18 and have been used as 
the basis for lung disease phenotypes in gene modi-
fier studies. Because of international differences in 
improvements in lung function and survival, it is 
challenging to apply FEV1%iles from one country 

derived in perhaps earlier decades to countries that 
have different survival patterns.

The objectives of this study were to (1) derive 
contemporary Canadian CF-specific reference 
FEV1%iles, (2) assess changes in the Canadian CF 
FEV1 distribution over time and (3) compare Cana-
dian CF percentiles with previously published USA 
and European CF percentiles.

Methods
We used Canadian CF Registry (CCFR) data 
between 2008  and  2014 to estimate the contem-
porary Canadian CF-specific FEV1%iles (see online 
supplementary file  1 and figure S1 in the online 
supplementary file  2). Each patient underwent 
informed consent.

For temporal comparison, CCFR data between 
2000 and 2007 were used. For the comparison with 
the USA and Europe, we used CCFR with matching 
data collection periods (see  online  supplementary 
file 1).

To estimate CF-specific FEV1%iles, we used 
quantile regression19 adjusting for age and/or 
height with smoothing, separately by sex. Cluster 
bootstrap20 was used for variance estimation and 
we tested for the difference in the area under 
the curve  for the temporal and intercountry 

Key messages

What is the key question?
►► How does the lung health of the Canadian 
cystic fibrosis (CF) population compare  to the 
USA and European populations, and how has it 
changed over time within Canada?

What is the bottom line?
►► The level of lung function of the Canadian 
CF population was generally higher over a 
time period when survival was also steadily 
improving and generally higher than the 
levels in the USA and Europe over comparable 
periods.

Why read on?
►► This study provides CF-specific forced expiratory 
volume in 1 s reference equations along 
with an online calculator to monitor the lung 
function of patients with CF, which can be 
interpreted outside of the context of a healthy 
population.
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comparisons with Bonferroni correction for multiple hypoth-
esis testing. We compared our quantile regression approach 
with Generalised Additive Models for Location, Scale and Shape 
(GAMLSS; see online supplementary file 1).21

Results
Contemporary Canadian cohort: 2008–2014
The contemporary Canadian cohort included 3  784 (45.8% 
female) patients contributing 20 169 annual clinical measure-
ments taken between 2008 and 2014 (see figure S1 in the online 
supplementary file 2). Baseline demographic and clinical charac-
teristics are shown in table S1 in the online supplementary file 3.

CF-specific FEV1%iles after adjusting for age are shown in 
figure  1A (solid line). Lung function increases continuously 
throughout childhood and adolescence and declines in adult-
hood. The median FEV1 peak in males was 3.31 L reached at 18 
years of age; for females, it was 2.52 L at 15 years. The height- 
adjusted CF-specific FEV1%iles are displayed in figure 1B (solid 
line). Overall, FEV1 increased almost linearly with height at 
each percentile.

The Canadian CF-specific reference equations were computed 
by adjusting for age and sex. We show FEV1%iles by height 
for Canadian patients with CF aged 12, 18 or 35 years, sepa-
rately by sex in figure S2 in the online supplementary file  4. 

Figure 1  Comparison of Canadian cystic fibrosis-specific forced expiratory volume in 1 s (FEV1) percentiles between two time periods, 2000–2007 
(dashed line) and 2008–2014 (solid line) adjusted for (A) age or (B) height, stratified by sex; 10th, 25th, 50th, 75th and 90th percentiles are shown. 
The grey area displays the 95% pointwise confidence band for the median FEV1 for each time period.
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With the reference equations, one can estimate the percentile 
of FEV1 measurement of a patient with CF given their age and 
height. For example, an 18-year-old male patient who has a 
standing height of 172 cm and FEV1 of 3.29 L at the clinical 
visit has an estimated median FEV1. In other words, 50% of the 
18-year-old male patients with CF with a height of 172 cm had 
lower FEV1 than the hypothetical patient.

We used GAMLSS to estimate CF-specific FEV1%iles adjusted 
for age or height (see figure S5 in the online supplementary 
file 5). Quantile regression and GAMLSS yielded similar results; 
minor differences existed mainly below the first and above the 
99th percentile.

Changes over time within Canada 
Figure  1A shows the age-adjusted Canadian CF-specific 
FEV1%iles obtained from two time periods: 2000–2007 and 
2008–2014. For males, the level of lung function at each CF-spe-
cific FEV1%ile was significantly higher in the more recent 
time period compared with the earlier time period (P<0.01), 
reflecting an overall improvement in lung function at the popu-
lation level. Ninety-nine per cent confidence bands (see figure S4 
in the online supplementary file 6) showed significant differences 
at various age ranges by percentile and sex (see online supple-
mentary file  1). For the female CF population, improvements 

Figure 2  Comparison of age-adjusted cystic fibrosis-specific forced expiratory volume in 1 s (FEV1) percentiles between (A) Canada (solid line) and 
USA (dashed line) (2001–2006) and (B) between Canada (solid line) and European countries (dashed line) (2004–2010), stratified by sex; 10th, 25th, 
50th, 75th and 90th percentiles are shown. The grey area displays the 95% pointwise confidence band for the Canadian median FEV1. The graph 
coordinates for the European FEV1 percentiles were approximated using Plot Digitizer (V.2.6.8) and then smoothed.
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were significant after multiple hypothesis testing correction at 
the 10th, 25th and 50th percentiles (P<0.01) but not at the 75th 
and 90th percentiles (P=0.015 and 0.024, respectively).

Since spirometry is influenced by height,17 we used the 
height-adjusted Canadian CF-specific FEV1%iles to compare 
two time periods, 2000–2007 and 2008–2014 (figure 1B). For 
the male Canadian CF population, the improvement in lung 
function over time was significant at each height percentile 
(P<0.01), whereas, for females, there was no statistically signifi-
cant difference between the two time periods for any percentile.

International comparisons
Cumulative age-adjusted CF-specific FEV1%iles for the CF 
population in Canada were significantly higher than those in 
USA for both sexes for the 2001–2006 time period (P<0.01; 
figure  2A). Ninety-nine per  cent confidence bands (see figure 
S6 in the online supplementary file 7) showed significant differ-
ences at various age ranges (see online supplementary file 1). For 
example, an 18-year-old Canadian male patient with CF with 
2.37 L of FEV1 was at the 25th CF-specific percentile when Cana-
dian reference equations were applied, whereas USA reference 
equations overestimated his FEV1%ile at the 32nd percentile. 
Differences appeared more pronounced at the lower percentiles 
(10th and 25th percentiles) than higher percentiles (75th and 
90th percentiles) for males. Cumulative height-adjusted CF-spe-
cific FEV1%iles were significantly higher in the Canadian CF 
population than the USA for both sexes (P values <0.01; see 
figure S5 in the online supplementary file 8).

Canadian cumulative age-adjusted FEV1%iles were signifi-
cantly higher than those for Europe18 for both sexes (P<0.01; 
figure 2B) except for the 90th percentile. Ninety-nine per cent 
confidence bands (see figure S7 in the online supplementary 
file 9) showed significant differences at various age ranges 
(see online supplementary file 1). The 25th percentile of FEV1 
for Canadian males attained its peak of 2.51 L/s at the age of 
17 years, whereas for European males, the peak was 2.21 L/s, 
reached at the same age. For females, the 25th percentile peaks 
for FEV1 were 1.85 L/s and 1.72 L/s, respectively, for Canadians 
and Europeans, both at the age of 15 years.

Discussion
We developed contemporary Canadian CF-specific reference 
equations for lung function, which can be used to understand 
the severity of lung disease for a contemporary group of individ-
uals living with CF today compared with their peers. These data 
demonstrate significant improvements in lung function within 
the Canadian CF population over time, likely due to early diag-
nosis, multidisciplinary care, better nutritional status early in 
life, Pseudomonas aeruginosa eradication strategies and aggres-
sive treatment of pulmonary exacerbations.22

Improvements in lung function across all selected percentiles 
were noted for males when comparing data from 2000 to 2007 
versus 2008–2014, while statistically significant results were seen 
only at lower percentiles for females. It is possible that aggressive 
nutritional supplementation, particularly early in life, may result 
in more substantial increases in growth and lung development in 
males compared with females. Given that more severely affected 
patients lived longer,23 it is impressive that the population level 
of lung function was as good or better.

Canadian patients generally had significantly higher FEV1 
across the spectrum of percentiles and ages compared with the 
USA and European populations. Furthermore, the data showed 
a wider gap in those with lower lung function compared with 

those at higher percentiles. Those with lower lung function are 
at higher risk of death, and therefore, the fact that Canadians 
have higher level of lung function in the lower percentiles is 
consistent with better overall survival in Canada compared with 
the USA.24 The high fat diet was implemented earlier in Canada 
compared with the USA which may explain the higher level of 
lung function in Canadians with CF.24 These cross-population 
differences highlight the necessity for CF-specific reference 
equations that are population specific. Moreover, the differences 
between populations vary at different ages and heights. There-
fore, the impact of estimating age and height-adjusted FEV%ile 
for Canadian patients with CF from USA reference equations 
would differ at different ages and heights.

There are some study limitations to note. First, our anal-
ysis did not directly embed the correlation structure in the 
estimation of FEV1%iles. However, balancing the measure-
ments by using one measurement/patient/year attenuates any 
resulting bias,25 and variance estimation using a cluster boot-
strap ensures statistical testing validity.

Second, selecting the first stable FEV1 measurement/patient/year 
rather than all measurements impacts the correlation strength26 but 
reduces estimation bias of the FEV1%iles since sicker patients visit 
the clinics more frequently. Third, our final model used quantile 
regression rather than GAMLSS since our interest was on percentile 
estimation,27 but the choice of regression methodology was incon-
sequential to our conclusions. Lastly, as in other studies,17 18 the 
interior knots for smoothing of the percentile curves were chosen 
based on visualisation, influencing the model fit. A sensitivity anal-
ysis that varied the number and location of knots and implemen-
tation of an approach that chooses roughness penalties through 
cross-validation28 suggested these choices did not impact the study 
conclusions.

The Canadian CF-specific FEV1%iles provide a complementary 
approach to using the healthy population as a standard for CF 
lung health. These Canadian CF-specific FEV1%iles are available 
as an interactive tool (​cfpercentile.​research.​sickkids.​ca) to assess a 
patient’s relative state of lung disease against Canadian peers and 
will facilitate international comparisons. Moreover, these Cana-
dian CF-specific FEV1 percentiles now provide a contemporary 
reference to calculate updated and improved lung disease pheno-
types for genetic studies, the goal of future work.
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