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a b s t r a c t 

Background: Previous studies have reported differences in aerobic exercise capacity, expressed as peak 

oxygen uptake (VO 2peak ), between people with and without cystic fibrosis (CF) related diabetes (CFRD). 

However, none of the studies controlled for the potential influence of physical activity on VO 2peak . We 

investigated associations between CFRD and VO 2peak following rigorous control for confounders including 

objectively measured physical activity. 

Methods: Baseline data from the international multicenter trial ACTIVATE-CF with participants ≥12 years 

performing up to 4 h per week of vigorous physical activity were used for this project. Multivariable 

models were computed to study associations between CFRD and VO 2peak (mL.min −1 ) adjusting for a set of 

pre-defined covariates: age, sex, weight, forced expiratory volume in 1 s (FEV 1 ), breathing reserve index, 

Pseudomonas aeruginosa infection, and physical activity (aerobic step counts from pedometry). Variables 

were selected based on their potential confounding effect on the association between VO 2peak and CFRD. 

∗ Corresponding author at: University of Zurich, Hirschengraben 84, 8001 Zurich, Switzerland. 

E-mail address: thomas.radtke@uzh.ch (T. Radtke) . 
1 Members of the ACTIVATE-CF Study Working Group Ernst Eber , Medical University of Graz, Graz, Austria; Marlies Wagner , Medical University of Graz, Graz, Austria; 

Helmut Ellemunter , University Hospital Innsbruck, Innsbruck, Austria; Larry C Lands , McGill University Health Centre, Montreal, Quebec, Canada; Nancy Alarie , McGill Uni- 

versity Health Centre, Montreal, Quebec, Canada; Chantal Karila , Université Paris Descartes, Paris, France; Clotilde Simon , Unité Recherche Clinique Cochin Necker, Paris, 

France; Anne Faucou , Unité de Recherche Clinique Cochin Necker, Paris, France; Laurent Mely , Hôpital Renée Sabran, Giens, Hyères, France; Bruno Ravaninjatovo , CHR, Reims, 

France; Anne Prevotat , CHRU, Hôpital Calmette, Lille, France; Helge Hebestreit , University Hospitals Würzburg, Würzburg, Germany; Jonathan Schaeff, University Hospitals 

Würzburg, Würzburg, Germany; Lothar Stein , Medical School Hannover, Hannover, Germany; Cordula Koerner-Rettberg , University Children’s Hospital of Ruhr University 

Bochum at St Josef-Hospital, Bochum, Germany; Jutta Hammermann , University Hospital of Dresden, Dresden, Germany; Christina Smaczny , Johann Wolfgang Goethe Uni- 

versity, Frankfurt/Main, Germany; Inka Held , CF Zentrum Altona, Hamburg, Germany; Sibylle Junge , Hannover Medical School, Pediatric Pneumology, Allergology and Neona- 

tology, Hannover, Germany; Oliver Nitsche , Johannes Gutenberg-Universität Mainz, Mainz, Germany; Rainald Fischer , Praxis für Lungenheilkunde, München-Pasing, Germany; 

Jörg Große-Onnebrink , University Hospital Münster, Münster, Germany; Anne Wesner , Klinikum Stuttgart, Olgahospital, Stuttgart, Germany; Andreas Hector , University of 

Tübingen, Tübingen, Germany; Alexandra Hebestreit , Christiane Herzog-Zentrum, Universitätsklinikum Würzburg, Würzburg, Germany; Susi Kriemler , University of Zurich, 

Zurich, Switzerland; Christian Schindler , University of Basel, Basel, Switzerland; Thomas Radtke , University of Zurich, Zurich, Switzerland; Christian Benden , University Hos- 

pital Zurich, Zurich, Switzerland; Carmen Casaulta , University Children’s Hospital Bern, Bern, Switzerland; Reta Fischer , Quartier Bleu, Lindenhospital Bern, Switzerland; 

Alexander Möller , University Children’s Hospital Zurich, Zurich, Switzerland; Erik Hulzebos , University Medical Center Utrecht, Utrecht, The Netherlands; Marcella Burghard , 

University Medical Center Utrecht, Utrecht, The Netherlands; Don S Urquhart , Royal Hospital for Children and Young People, Edinburgh, UK; Sarah Blacklock , Royal Hospi- 

tal for Children and Young People, Edinburgh, UK; Debbie Miller , Royal Hospital for Children and Young People, Edinburgh, UK; Zoe Johnstone , Royal Hospital for Children 

and Young People, Edinburgh, UK; David M Orenstein , Children’s Hospital of Pittsburgh of UPMC, Pittsburgh, USA; John D Lowman , University of Alabama at Birmingham, 

Birmingham, Alabama, USA. 

https://doi.org/10.1016/j.jcf.2022.06.012 

1569-1993/© 2022 Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society. 

https://doi.org/10.1016/j.jcf.2022.06.012
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jcf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcf.2022.06.012&domain=pdf
mailto:thomas.radtke@uzh.ch
https://doi.org/10.1016/j.jcf.2022.06.012


T. Radtke, S. Kriemler, L. Stein et al. Journal of Cystic Fibrosis 22 (2023) 31–38 

Results: Among 117 randomiz  

included in the analysis. Partic  

physical activity, nutritional sta  

VO 2peak (mL.min −1 or mL.kg −1 .m  

variates were significant predic  

to 233.8, p = 0.28] was not. 

Conclusions: This study suggest  

CFRD given comparable levels o

© 202  

1

i  

o

r

w  

l

p

o

e  

o

i  

[

a  

i

V

o

p

v  

V

i

f

e

c

o

a

s

i  

t

c

s

C

e

f

t

a

r

t  

a

t

a

s

g

a

s

l

C

a

i

2

t

c

T

s

i

o

c

c

t

t

s

2

p

m

(

a

b

(

C

i

h

c

t

e

a

r  

f

V

2

c

t

b

p

r

s

2

a  

f

[

c

. Introduction 

Cystic fibrosis-related diabetes (CFRD) is a common comorbid- 

ty of cystic fibrosis (CF) lung disease [1] and occurs in up to 50%

f adults [2] . The presence of CFRD is associated with an increased 

isk of infections (e.g., Pseudomonas aeruginosa ) and exacerbations, 

eight loss, lung function decline and mortality [ 1 , 3–5 ]. Loss of

ung function and nutritional status are the most important com- 

lications of CFRD [6] , both of which are strong predictors of aer- 

bic exercise capacity in CF [7–11] . 

Few studies have investigated associations between glucose tol- 

rance and aerobic exercise capacity in people with CF [ 8 , 12–14 ],

r used glucose intolerance/CFRD as a covariate in models predict- 

ng peak oxygen uptake (VO 2peak ) [ 7 , 15 ]. In one pediatric study

13] , children with CFRD had lower VO 2peak compared to individu- 

ls with normal glucose tolerance, and in two other studies [ 8 , 14 ]

ndividuals with CFRD or impaired glucose tolerance had lower 

O 2peak compared to individuals with normal glucose tolerance. In 

ne study in adults, between group differences in VO 2peak disap- 

eared after adjustment for lung function [(i.e., forced expiratory 

olume in 1 s, FEV 1 )] [8] , a strong and independent predictor of

O 2peak [7–11] . 

CFRD is associated with impairments of several organs includ- 

ng lungs and muscles. Thus, rigorous control for potential con- 

ounding factors (i.e., variables that are associated with both the 

xposure and the outcome) is imperative when studying asso- 

iations between glucose (in)tolerance and VO 2peak , a limitation 

f previous research [ 8 , 12–14 ]. Various factors may contribute to 

 lower VO 2peak in individuals with CFRD including lung disease 

everity, nutritional status, Pseudomonas aeruginosa infection, phys- 

cal activity, and others [ 7 , 10 , 16 , 17 ]. To the best of our knowledge,

he influence of physical activity on the relationship between glu- 

ose (in)tolerance and VO 2peak has not been addressed in previous 

tudies [ 8 , 12–14 ], the reported lower VO 2peak in individuals with 

F may be a consequence of lower (habitual) physical activity lev- 

ls. Moderate intensity aerobic physical activity is recommended 

or individuals with CFRD [1] , however physical inactivity appears 

o be common among adults with CF showing that only ∼1/3 of 

dults with CFRD are sufficiently physically active and meet the 

ecommendations of ≥150 min of at least moderate intensity ac- 

ivity per week [ 1 , 18 ]. One possible reason for insufficient physical

ctivity among individuals with CF who suffer from CFRD may be 

he additional burden of blood glucose control and the need for 

dditional carbohydrate intake during prolonged vigorous inten- 

ity physical activity [1] . Furthermore, the potential risk of hypo- 

lycemia during prolonged, intense activity [1] could be perceived 

s relevant additional barrier for regular physical activity and sub- 

equently impact on a person’s aerobic exercise capacity in the 

ong-term. 

The aim of this study was to explore the relationship between 

FRD and VO 2peak in an international cohort of adolescents and 

dults with CF following rigorous control for potential confounders 

ncluding objectively measured physical activity. 
32 
ed individuals, 103 (52% female) had a maximal exercise test and were

ipants with ( n = 19) and without ( n = 84) CFRD did not differ in FEV 1 ,

tus, and other clinical characteristics. There were also no differences in

in −1 or% predicted). In the final multivariable model, all pre-defined co-

tors of VO 2peak (mL.min −1 ), however CFRD [coefficient 82.1, 95% CI -69.5

s no meaningful differences in VO 2peak between people with and without

f physical activity. 

2 Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society.

. Methods 

For the purpose of this study, we analyzed baseline data from 

he ACTIVATE-CF trial, an international multicenter randomized 

ontrolled trial conducted between June 2014 and March 2016 [19] . 

he study design, endpoints and measurements have been de- 

cribed in detail elsewhere [20] . In brief, two baseline study vis- 

ts (within 14–28 days) were conducted prior to random allocation 

f study participants into either a physical activity intervention or 

ontrol group (usual care). Baseline visits included assessment of 

linical status, pulmonary function and cardiopulmonary exercise 

esting (CPET), oral glucose tolerance test (OGTT), and physical ac- 

ivity [20] . At all sites, assessments were performed according to 

tudy-specific standard operating procedures. 

.1. Cardiopulmonary exercise testing 

In all centers, cardiopulmonary exercise testing (CPET) was 

erformed on a cycle ergometer. The protocol consisted of a 3- 

in resting phase, a 3-min unloaded phase at minimal workload 

warm-up), a linear minute-by minute increment in work rate, and 

 3-min recovery phase. The work rate increments were chosen 

ased on the subject’s height: < 120 cm (10 Watt); 120–150 cm 

15 Watt) and > 150 cm (20 Watt) [21] . A maximal effort during 

PET was defined as: 1) plateau in VO 2 despite a further increase 

n work rate; 2) a respiratory exchange ratio (RER) > 1.05; 3) a peak 

eart rate that reached or exceeded predicted peak heart rate (for 

hildren ≥195 beats.min 

−1 , for adults based on published equa- 

ions); 4) a minute ventilation at peak exercise (V Epeak ) ≥ 85% of 

stimated maximal voluntary ventilation (MVV = FEV 1 x 40); 5) 

chievement of predicted VO 2peak [22] ; or 6) predicted peak work 

ate (Watt peak ) [23] . At least one of six criteria had to be fulfilled

or the test to be considered maximal. Percent predicted values for 

O 2peak [22] and Watt peak [24] were calculated. 

.2. Pulmonary function testing 

Spirometry and body plethysmography were performed ac- 

ording to European Respiratory Society and American Respira- 

ory Society standards [ 25 , 26 ]. All tests were performed pre- 

ronchodilation. Percent predicted values and z-scores were com- 

uted for FEV 1 and forced vital capacity (FVC) [27] . The ratio of 

esidual volume (RV) to total lung capacity (TLC) was used to as- 

ess the degree of air trapping. 

.3. Oral glucose tolerance test (OGTT) 

In all individuals without an established diagnosis of CFRD 

t study entry ( n = 98), an OGTT was performed after an 8 h

ast according to standards of the American Diabetes Association 

1] . Subjects drank a standard beverage containing 1.75 g glu- 

ose per kg bodyweight (maximum 75 g) dissolved in water, and 
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Fig. 1. Directed acyclic graph displaying the exposure – outcome association be- 

tween cystic fibrosis related diabetes (exposure) and peak oxygen uptake (VO 2peak , 

outcome) and the role of potential confounders. The selection of confounders was 

done based on content knowledge and available evidence from previous research 

(i.e., references are given in brackets). Herein, a confounder is defined as a vari- 

able that is associated with both the exposure and outcome, and does not reside in 

the causal pathway between the exposure and outcome of interest [ 28 , 29 ]. CFRD, 

cystic fibrosis related diabetes; FEV 1 , forced expiratory volume in 1s: P. aeruginosa, 

Pseudomonas aeruginosa . 
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lood samples were taken before and after 1 and 2 h, respec- 

ively. We defined impaired glucose tolerance as fasting glucose 

6.3 mmol. L − 1 or if 2 h plasma glucose was 7.8–11.0 mmol. L − 1 

 1 , 8 , 14 ]. 

.4. Physical activity 

We measured physical activity with a triaxial pedometer (Om- 

on HJ-322 U-E) for seven consecutive days between the first and 

econd baseline study visit. The device was initialized for each sub- 

ect during the first study visit including the measurement of in- 

ividual stride length. The total number of daily steps and aerobic 

xercise steps were extracted from the pedometer at the second 

tudy visit. Aerobic steps are counted by the device when a person 

alks more than 60 steps per minute for more than 10 consecutive 

inutes. 

.5. Development of statistical model and justification of covariates 

We developed a theoretical and conceptual framework through 

 review of previous research to visualize causal links between 

xposure (CFRD) and outcome (VO 2 peak) [28–30] , see Fig. 1 . We 

rew directed acyclic graphs (DAGs, also known as causal dia- 

rams) to conceptualize our assumptions about the data analysis 

rocess, and aiming to identify potential confounders (covariates) 

o be adjusted for in our multivariable models based on content 

nowledge and available evidence from previous research [28–30] . 

erein, a potential confounder is defined as a variable that is as- 

ociated with both the exposure and the outcome of interest, and 

oes not reside in the causal pathway between the exposure and 

utcome of interest [ 28 , 29 ]. We decided to present a simplified

ersion of a DAG ( Fig. 1 ) excluding unmeasured variables (e.g., vas- 

ular function), variables that do not fulfill the criterion for a con- 

ounder according to our approach (e.g., pancreatic insufficiency), 

olliders (i.e., a variable that is influenced by two other variables), 

nd mediators. 

The primary outcome of this study was VO 2peak expressed as 

L.min 

−1 . The basic model for CFRD (yes, no) included the covari- 

tes age [ 8 , 13 , 31 ], sex [ 7 , 31 , 32 ], nutritional status (weight) [ 7 , 9 , 31 ]

nd FEV 1 z-score [ 7 , 10 , 31 ], all of which are known to be associ-

ted with CFRD, but also associated with VO 2 peak. In addition, 

seudomonas aeruginosa infection [ 17 , 31 ], breathing reserve index 

V Epeak /MVV pred ) [ 8 , 9 ], and physical activity (i.e., total number of

teps and aerobic steps were tested as separate variables in the 
33
odel) [ 10 , 18 , 33 ] were added to the model. While there is clear

vidence that people with a ‘severe’ genotype (e.g., a genotype 

ommonly associated with pancreatic insufficiency) are more likely 

o develop CFRD [ 4 , 31 , 32 ], conflicting data on the association be-

ween CF transmembrane conductance regulator (CTFR) genotype 

lass and VO 2peak exist [ 7 , 34 ]. We decided not to include CFTR

enotype in the multivariate model to predict VO 2peak due to the 

mall number of people with CFRD in our cohort, and the fact that 

here is substantial variation in clinical status among individuals 

ith the same CFTR genotype. For the descriptive analysis, we cat- 

gorized CFTR genotype into three groups: 1) F508del homozygous, 

) F508del heterozygous, and 3) non-F508del mutation [35] . 

In addition, we performed regression analysis using a multi- 

licative, allometric approach [ 7 , 10 , 36 ] to better adjust for poten-

ial effects of body size and lung function on the relationship be- 

ween CFRD and VO 2peak . Allometric scaling assumes that VO 2peak 

s not linearly related to measures of body size, for example body 

ass M, but is proportional to power functions of those measures, 

or example M to the power of an exponent x. This approach has 

een used previously to determine predictors of VO 2peak in peo- 

le with cystic fibrosis [ 7 , 10 ]. For the allometric model, we com-

uted the natural logarithm of VO 2peak (dependent variable) and 

dded the same covariates determined by the primary model into 

he allometric model, using the natural logarithm of all measures 

f body size in the model while all other variables entered were 

nchanged. 

.6. Statistical analysis 

Participants’ characteristics are presented as median (interquar- 

ile ranges) or numbers (percentages). Baseline characteristics be- 

ween groups (i.e., CFRD versus no CFRD or impaired glucose toler- 

nce/CFRD versus normal glucose tolerance) were compared using 

he non-parametric Wilcoxon rank sum test or the Chi-square test, 

s appropriate. We report mean values from both baseline visits 

or all pulmonary function tests (i.e., FEV 1 , FVC, and RV/TLC). 

Multilevel linear mixed effect regression models were used to 

nalyze associations between CFRD and VO 2peak adjusted for co- 

ariates discussed before (see Fig. 1 ) including study center as a 

andom effect. Bayesian information criterion (BIC) was used to se- 

ect a best fit model containing at least CFRD, age, sex, weight, and 

EV 1 , and choosing between a) step count, aerobic step count or 

o step count, b) V Epeak /MVV pred included or not included, and c) 

seudomonas aeruginosa included or not included (3 × 2 × 2 = 12 

otal models). The model with lowest BIC was that containing aer- 

bic step count, VE peak /MVV pred and Pseudomonas aeruginosa , re- 

ardless of which VO 2peak units were used as the outcome. After 

odel selection, step counter data (8 (12) missing values for to- 

al (aerobic) step count) were imputed by using multiple impu- 

ations by chained equations (20 imputations). The complete case 

odels were then refit using the imputed data, and pooled results 

eported. In addition, we run the same regression model compar- 

ng the group of participants with normal glucose tolerance com- 

ared to a group of participants with impaired glucose tolerance 

nd CFRD. 

. Results 

One-hundred and seventeen individuals completed the two 

aseline visits and were randomized within the ACTIVATE-CF trial 

19] . Among those, 110 participants performed a maximal exercise 

est with measurement of expired gasses and 5 individuals without 

easurements of expired gasses, respectively. Valid maximal exer- 

ise tests including VO 2peak and peak work rate (W peak) values or 

 peak only were available for 100 and 103 subjects, respectively. 
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Table 1 

Participants’ clinical characteristics according to diabetic status. 

All 

( n = 103) 

Participants without CFRD 

( n = 84) 

Participants with 

CFRD ( n = 19) 

p -value 

Age (years) 20 (16, 27) 19 (15, 26) 24 (19, 32) 0.07 

Sex, n (% female) 54 (52) 43 (51) 11 (58) 0.60 

CFTR genotype 

F508del homozygous, n (%) 48 (47) 39 (46) 9 (47) > 0.99 

F508del heterozygous, n (%) 39 (38) 32 (38) 7 (37) 

Other, n (%) 16 (16) 13 (15) 3 (16) 

Clinical status 

P. aeruginosa infection, n (%) 57 (55) 45 (54) 12 (63) 0.45 

BMI z-score −0.29 ( −0.85, 0.70) −0.26 ( −0.86, 0.75) −0.43 ( −0.70, 0.59) 0.79 

Ivacaftor, n (%) 4 (4) 4 (5) 0 (0) 1.000 

Orkambi, n (%) 6 (6) 5 (6) 1 (5) 0.691 

Oral glucose tolerance test ∗

Fasting plasma glucose (mmol. L − 1 ) – 5.20 (4.80, 5.60) – –

2-h plasma glucose (mmol. L − 1 ) – 6.11 (4.97, 7.90) – –

CFRD medication 

Insulin, n (%) – – 13 (68.4) 

Oral hypoglycemic therapy, n (%) – – 3 (15.8) 

No treatment, n (%) 3 (15.8) 

Pulmonary function 

FEV 1 (% predicted) 79 (56, 89) 80 (57, 89) 62 (49, 84) 0.19 

FEV 1 z-score −1.79 ( −3.58, −0.89) −1.71 ( −3.30, −0.85) −3.01 ( −3.99, −1.28) 0.14 

FVC (% predicted) 88 (76, 100) 88 (78, 101) 81 (70, 94) 0.18 

FVC z-score −0.98 ( −2.08, −0.07) −0.94 ( −1.77, 0.07) −1.28 ( −2.52, −0.62) 0.15 

RV- /TLC ∗∗ 0.34 (0.28, 0.46) 0.33 (0.28, 0.46) 0.37 (0.29, 0.51) 0.41 

Data are median (interquartile range, IQR) or number (percentage). BMI, body mass index; CFRD, cystic fibrosis related diabetes; CFTR, cystic fibrosis transmembrane con- 

ductance regulator; FEV 1 , forced expiratory volume in 1 s; FVC, forced vital capacity; RV, residual volume; TLC, total lung capacity. Comparisons between groups were done 

using the non-parametric Mann-Whitney-U test or Chi-square test, as appropriate. ∗The oral glucose tolerance test was not performed in individuals with an established 

diagnosis of CFRD. ∗∗ RV/TLC: 8 missing values in group without CFRD. 

Table 2 

Cardiopulmonary exercise testing and physical activity data for individuals with and without cystic fibrosis related diabetes. 

All 

( n = 103) 

Participants 

without CFRD 

( n = 84) 

Participants with 

CFRD ( n = 19) 

p -value 

Cardiopulmonary exercise test 

Wpeak (Watt.kg −1 ) 2.63 (2.07, 3.17) 2.69 (2.12, 3.22) 2.53 (2.05, 2.96) 0.46 

Wpeak (% predicted) 87 (79, 101) 88 (79, 102) 87 (79, 96) 0.52 

VO 2peak (mL.min −1 ) 1832 (1495, 2237) 1838 (1524, 2233) 1830 (1402, 2305) 0.72 

VO 2peak (mL.kg −1 .min −1 ) 32.4 (27.7, 39.2) 33.0 (27.6, 39.6) 30.8 (27.7, 36.3) 0.53 

VO 2peak (% predicted) 75 (66, 89) 74 (66, 89) 76 (64, 88) 0.71 

Peak O 2 -pulse (mL.beat −1 ) 10.1 (8.7, 12.9) 10.1 (8.9, 12.8) 9.5 (8.0, 13.1) 0.59 

VE peak /MVV pred (%) 76 (63, 90) 74 (63, 88) 80 (67, 96) 0.15 

RER 1.18 (1.11, 1.26) 1.18 (1.10, 1.26) 1.19 (1.16, 1.24) 0.50 

HR peak (beats.min −1 ) 180 (168, 187) 181 (168, 187) 177 (168, 188) 0.86 

SpO 2 min (%) 96 (93, 98) 96 (94, 98) 94 (92, 96) 0.048 

Physical activity 

No structured PA, n (%) ∗ 13 (12.6) 9 (10.7) 4 (21.1) 0.22 

Vigorous PA (hours.week −1 ) ∗ 1.25 (0.50, 2.12) 1.25 (0.69, 2.25) 1.25 (0.50, 1.50) 0.37 

Step counts (n) ∗∗ 5570 (3867, 7563) 5967 (3908, 7730) 4629 (3697, 6123) 0.23 

Aerobic step counts (n) ∗∗ 664 (0, 1486) 773 (37, 1406) 492 (0, 2190) 0.98 

Data are median (interquartile range, IQR) or number (percentage). HR, heart rate; MVV, maximum voluntary ventilation; O 2 , oxygen; PA, physical activity; RER; respiratory 

exchange ratio; SpO 2 , oxygen saturation; VE peak ; peak minute ventilation; VO 2 peak, peak oxygen consumption; Wpeak, peak power output. Comparisons between groups 

were done using the non-parametric Mann-Whitney-U test. ∗Physical activity history was assessed at the baseline visit. Vigorous physical activity (hours.week −1 ) was assessed 

with a self-administered questionnaire and the participant’s information was re-evaluated in an interview with the study staff at each site. ∗∗Data on step counts/aerobic 

step counts were available for 78/74 individuals without CFRD and 17/17 individuals with CFRD (total n = 95/91). Missing data were imputed for the statistical models, see 

statistical analysis section. 
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here were no differences in anthropometric characteristics, pul- 

onary function, and physical activity between those with CFRD 

ompared to those without CFRD ( Tables 1 and 2 ). None of the di-

betic participants experienced a hypoglycemic event during CPET 

r reported such events during physical activities as part of the 

2-months ACTIVATE-CF trial, except one individual at night fol- 

owing excessive exercise (3 h) in combination with inadequate 

ood intake. Among the diabetic group ( n = 19), 5 (26.3%) re- 

orted breathlessness during physical activities, but none of them 

eported on hypoglycemic events. Altogether, participants had re- 

uced aerobic exercise capacity, but no differences were observed 

n CPET-related outcomes between individuals with CFRD com- 
34 
ared to those without CFRD (see Table 2 ), except a lower oxygen 

aturation at peak exercise in those with CFRD ( Table 2 ). Further, in

nadjusted analyses, no differences were noted in clinical charac- 

eristics, pulmonary function, CPET data and self-reported and ob- 

ectively measured physical activity between individuals with nor- 

al versus impaired glucose tolerance versus CFRD, except for dif- 

erences in oxygen pulse at peak exercise among groups ( Table 3 ). 

omparable results were found when participants with impaired 

lucose tolerance and CFRD were combined in one group ( n = 40) 

nd compared to a group of individuals with normal glucose tol- 

rance ( n = 63), see Table S1 . Of note, the group of individuals

ith impaired glucose tolerance and CFRD had a higher propor- 
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Table 3 

Comparison of clinical characteristics, lung function, aerobic exercise capacity and physical activity between individuals with normal glucose tolerance, impaired glucose 

tolerance and cystic fibrosis related diabetes. 

Normal glucose 

tolerance 

( n = 63) 

Impaired glucose 

tolerance 

( n = 21) 

CFRD 

( n = 19) 

p -value 

Age (years) 20 (15, 26) 18 (16, 24) 24 (19, 32) 0.13 

Sex, n (% female) 28 (44) 15 (71) 11 (58) 0.087 

CFTR genotype 

F508del homozygous, n (%) 27 (43) 12 (57) 9 (47) 0.85 

F508del heterozygous, n (%) 25 (40) 7 (33) 7 (37) 

Other 11 (17) 2 (9.5) 3 (16) 

Clinical status 

P. aeruginosa infection, n (%) 35 (55.6) 10 (47.6) 12 (63.2) 0.61 

BMI z-score −0.25 ( −0.86, 0.79) −0.29 ( −0.84, 0.30) −0.43 ( −0.70, 0.59) 0.96 

Ivacaftor, n (%) 2 (3.2) 1 (4.8) 0 (0) 0.99 

Orkambi, n (%) 4 (7.7) 1 (5.6) 1 (6.2) 0.99 

Oral glucose tolerance test ∗

Fasting plasma glucose (mmol. L − 1 ) 5.20 (4.70, 5.50) 5.27 (5.05, 5.66) – 0.19 

2-h plasma glucose (mmol. L − 1 ) 5.57 (4.55, 6.27) 8.50 (8.10, 9.21) – < 0.001 

Lung function 

FEV 1 (% predicted) 80 (55, 89) 80 (63, 91) 62 (49, 86) 0.39 

FEV 1 z-score −1.71 ( −3.62, −0.94) −1.89 ( −2.78, −0.76) −3.01 ( −3.99, −1.28) 0.40 

FVC (% predicted) 88 (79, 99) 87 (77, 102) 81 (68, 95) 0.36 

FVC z-score −0.95 ( −1.93, −0.08) −0.90 ( −1.65, 0.13) −1.28 ( −2.52, −0.62) 0.29 

RV- /TLC 0.33 (0.27, 0.47) 0.34 (0.30, 0.44) 0.37 (0.29, 0.48) 0.70 

Cardiopulmonary exercise test 

Wpeak (Watt.kg −1 ) 2.69 (2.19, 3.22) 2.69 (1.97, 3.20) 2.53 (2.05, 2.96) 0.75 

Wpeak (% predicted) 85 (77, 100) 98 (83, 109) 87 (79, 96) 0.31 

VO 2peak (mL.min −1 ) 1944 (1517, 2394) 1668 (1540, 1803) 1830 (1402, 2305) 0.12 

VO 2peak (mL.kg −1 .min −1 ) 33.11 (28.62, 39.22) 32.94 (26.03, 40.37) 30.81 (28.32, 35.63) 0.78 

VO 2peak (% predicted) 74 (65, 86) 80 (70, 95) 76 (64, 88) 0.50 

Peak O 2 -pulse (mL.beat −1 ) 10.8 (8.9, 13.2) 9.4 (8.2, 10.2) 9.5 (7.9, 13.2) 0.048 

VE peak /MVV pred (%) 75 (62, 88) 72 (65, 86) 80 (67, 96) 0.34 

RER 1.18 (1.09, 1.28) 1.18 (1.14, 1.23) 1.19 (1.16, 1.24) 0.77 

HR peak (beats.min −1 ) 181 (168, 187) 181 (170, 189) 177 (168, 188) 0.79 

SpO 2 min (%) 96 (93, 98) 97 (95, 98) 94 (92, 96) 0.095 

Physical activity 

Vigorous PA (hours.week −1 ) 1.25 (0.62, 2.50) 1.12 (0.75, 2.00) 1.25 (0.50, 1.50) 0.59 

Step counts (n) 6135 (3908, 7828) 5369 (3866, 7239) 4629 (3697, 6123) 0.36 

Aerobic step counts (n) 890 (37, 1396) 483 (115, 1662) 492 (0, 2109) 0.99 

Data are median (interquartile range, IQR) or number (percentage). BMI, body mass index; CFRD, cystic fibrosis-related diabetes; CFTR, Cystic fibrosis transmembrane conduc- 

tance regulator; FEV 1 , forced expiratory volume in 1 s; FVC, forced vital capacity; MVV, maximum voluntary ventilation; O 2 , oxygen; PA, physical activity; RER; respiratory 

exchange ratio; RV, residual volume; SpO 2 , oxygen saturation; TLC, total lung capacity; VE peak ; peak minute ventilation; VO 2 peak, peak oxygen consumption; Wpeak, peak 

power output. Comparisons between groups the three groups were done using the non-parametric Kruskal-Wallis test (i.e., comparison between fasting plasma glucose and 

2-hour plasma glucose between the groups with normal and impaired glucose tolerance). ∗The oral glucose tolerance test was not performed in individuals with an estab- 

lished diagnosis of CFRD. ∗∗ Vigorous physical activity (hours.week −1 ) was assessed with a self-administered questionnaire and the participant’s information was re-evaluated 

in an interview with the study staff at each site. 
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V

ion of females which may explain the differences in peak oxygen 

ulse ( Table S2 ). Table 4 shows the results of the two regression

odels with imputed data. In the final multivariable models, CFRD 

as not a significant predictor of VO 2peak (mL.min 

−1 ). Aerobic step 

ount had a better model fit than total number of daily steps and 

as selected as covariate for the final model. The allometric model 

ln VO 2peak ) confirmed our basic model ( Table 4 ). The results of

he two regression models were comparable; all pre-defined co- 

ariates were significant predictors of VO 2peak except Pseudomonas 

eruginosa infection in the allometric model, but CFRD showed no 

vidence of an association with VO 2peak . Complete case models for 

O 2peak and lnVO 2peak (i.e., without imputed data) are given Ta- 

le S2 in the online supplementary material. The models compar- 

ng individuals with normal glucose tolerance with those with im- 

aired glucose tolerance and CFRD revealed similar results, except 

hat Pseudomonas aeruginosa infection was no longer a predictor of 

O 2peak in the allometric model ( Table S3 ). 

. Discussion 

This study investigated the association between CFRD and max- 

mal aerobic exercise capacity in an international cohort of adoles- 

ents and adults with a broad range of CF lung disease severity. In 
35 
nivariate analyses, we found no differences in VO 2peak (primary 

ndpoint) and other CPET-related outcomes between individuals 

ith and without CFRD. In multivariable models including a set 

f pre-defined covariates, CFRD was not associated with VO 2peak . 

To our knowledge, this is the first comprehensive study inves- 

igating associations between CFRD and VO 2peak following rigorous 

ontrol for potential confounders. In univariate analyses, no differ- 

nces were observed in VO 2peak and other CPET-related parameters 

etween individuals with or without CFRD, and between groups of 

ndividuals with normal glucose tolerance, impaired glucose toler- 

nce, and CFRD. The latter finding is in contrast to previous single- 

enter studies (sample size between 46 and 84 participants) re- 

orting differences in VO 2peak between children with normal glu- 

ose tolerance compared to those with CFRD [13] , and children and 

dults with normal glucose tolerance compared to those with im- 

aired glucose tolerance or CFRD [ 8 , 14 ]. Some studies included a 

election of covariates into their multivariate analysis [ 8 , 13 ], but 

one included Pseudomonas aeruginosa infection and physical ac- 

ivity, known determinants of VO 2peak [ 10 , 17 , 33 ] and plausible as-

ociates of CFRD [31] . In our multivariable models, CFRD was not a 

ignificant predictor of VO 2peak . Our findings are consistent with 

he largest study ( n = 726) to date investigating predictors of 

O 2peak . In this analysis, CFRD was not a significant predictor in a 



T. Radtke, S. Kriemler, L. Stein et al. Journal of Cystic Fibrosis 22 (2023) 31–38 

Table 4 

Multivariable models on the association between cystic fibrosis related 

diabetes and maximal aerobic exercise capacity. 

Coefficients 95% CI 

VO 2peak (mL.min −1 ) 

Age (years) −17.7 −25.6 to −9.9 

Female sex −517.0 −653.8 to −380.1 

Weight (kg) 20.2 14.4 to 26.0 

FEV 1 (z-score) 119.3 67.9 to 170.8 

P. aeruginosa infection −171.4 −173.7 to −25.2 

VE peak /MVV pred 6.4 1.6 to 11.3 

Aerobic steps (steps.day −1 ) ∗ 23.1 3.1 to 43.2 

CFRD 82.1 −69.5 to 233.8 

ln VO 2peak (mL.min −1 ) 

Age (years) −0.006 −0.009 to −0.002 

Female sex −0.192 −0.254 to −0.130 

ln weight (kg) 0.331 0.148 to 0.515 

ln FEV 1 (z-score) 0.491 0.360 to 0.623 

P. aeruginosa infection −0.045 −0.109 to 0.019 

ln VE peak /MVV pred 0.302 0.147 to 0.457 

ln Aerobic steps (steps.day −1 ) ∗ 0.018 0.008 to 0.027 

CFRD 0.030 −0.038 to 0.097 

CFRD, Cystic Fibrosis related diabetes; FEV 1 , forced expiratory volume in 

one second; P. aeruginosa, Pseudomonas aeruginosa . VE peak /MVV pred , peak 

ventilation/predicted maximum voluntary ventilation; VO 2peak , peak oxy- 

gen uptake. The categorical variables CFRD and Pseudomonas aeruginosa 

infection are coded as ‘0 ′ = no; ‘1 ′ = yes. Sex is coded as ‘0 ′ for fe- 

males and ‘1 ′ for males. Ln, natural logarithm. ∗Coefficients for aerobic 

step counts are shown per additional 500 steps. All models included a 

random intercept for study center. 
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ultivariable analyses including the covariates age, sex, FEV 1 , BMI 

-score, Pseudomonas aeruginosa infection, and CFTR genotype [7] . 

s expected, all pre-defined covariates were significant predictors 

f VO 2peak , strengthening our approach. It is challenging to directly 

ompare our multivariable models to those of previous investiga- 

ors studying the role of glucose intolerance/CFRD on VO 2peak due 

o inclusion of different study populations (i.e., adults versus chil- 

ren), outcome selection (i.e., VO 2peak expressed in mL.kg −1 .min 

−1 

r mL.min 

−1 ), and confounder control [ 8 , 13 ]. The fact that we did

ot observe differences in clinical characteristics, nutritional sta- 

us, lung function and aerobic exercise capacity between individ- 

als with and without CFRD might be due to a selection bias. 

vidence from large studies suggest that CFRD is associated with 

orse lung function, nutritional status and reduced life expectancy 

 3 , 4 , 31 ]. We cannot exclude that the subgroup with CFRD repre-

ents a selection of active and health conscious people with CF 

ho may receive more intense education and support from their 

F care team because of their diabetic status, which could explain 

he lack of between-group difference in respect to disease status 

ncluding physical activity levels, and VO 2peak . On the other hand, 

ne would assume that self-selection bias into a study occurs at a 

tudy population level, irrespective of presence or absence of CFRD. 

lthough, the beneficial effects of the anabolic hormone insulin 

re not universally agreed in the literature [ 1 , 37 ] one cannot rule

ut a possible impact of insulin on muscle protein synthesis and 

hus exercise capacity in CF. Nevertheless, the multivariable mod- 

ls including adjustment for potential confounders showed no dif- 

erences in VO 2peak between groups with and without CFRD. This 

as also true for models comparing participants with normal glu- 

ose tolerance to those with impaired glucose tolerance and CFRD. 

A major strength of our study is the inclusion of physical ac- 

ivity as an important predictor of VO 2peak in our multivariable 

odels [ 10 , 33 ], a limitation of previous studies [ 8 , 13 ]. It is rea-

onable to speculate that (unadjusted) differences in VO 2peak be- 

ween groups of individuals with and without CFRD or normal glu- 

ose tolerance versus impaired glucose tolerance/CFRD are (partly) 

ue to differences in habitual physical activity levels [ 8 , 13 , 14 ] and

ther important covariates such as lung disease severity and nutri- 
36 
ional status. In our study, self-reported vigorous physical activity 

nd objectively measured step count were not different between 

articipants with and without CFRD enhancing group comparabil- 

ty in terms of this important covariate. Nevertheless, physical ac- 

ivity – along with other potential confounders – was a significant 

redictor of VO 2peak in our models, consistent with previous re- 

earch [ 10 , 33 ]. We acknowledge that a 7-day step count measure-

ent may not capture the full spectrum of a person’s physical ac- 

ivity because pedometry cannot measure activities such as swim- 

ing, cycling or resistance training. We treated physical activity as 

 potential confounder in our models due to the well-known ben- 

ficial effect of an active lifestyle on glucose metabolism, and its 

rotective role on the development of non-insulin dependent dia- 

etes [ 38 , 39 ]. Whether a physically active lifestyle can prevent or 

elay the onset of CFRD in CF lung disease is unknown. On the 

ther hand, physical inactivity maybe a consequence of the pres- 

nce of CFRD and could be perceived as a barrier because of the 

dditional burden of blood glucose control when doing structured 

hysical activity [1] . In this case, physical activity would per se 

ot fulfill the criterion of a confounder and therefore not qualify 

o be a covariate in our models (i.e., physical activity would act 

s mediator between CFRD and VO 2peak ). Conceptually, identifying 

otential confounders in a cross-sectional study design is challeng- 

ng and it is difficult to properly distinguish between a potential 

onfounder and mediator due to a lack of information on the tem- 

oral order of the covariates of interest. Consequently, adjustment 

or a mediator on the causal relationship between an exposure and 

utcome may introduce bias [40] . For these reasons, we run a sim- 

lified model with VO 2peak as dependent variable including the co- 

ariates age, sex and CFRD ( Table S4 ). In this model, CFRD was 

lso not a significant predictor of VO 2peak , consistent with the un- 

djusted analysis, the basic model including age, sex, weight, FEV 1 

nd CFRD ( Table S5 ), and the fully adjusted multivariable models 

 Table 4 ). All analyses revealed no associations between CFRD and 

O 2peak . 

Notably, limited data are available on the effects of regular 

hysical activity on blood glucose control in people with CF lung 

isease. ACTIVATE-CF, the largest intervention study to date, did 

ot show beneficial effects on blood glucose between the phys- 

cal activity intervention and control groups after 9-months [19] . 

urther research is warranted to study the role of regular physical 

ctivity on the development of CFRD in the modern era of CF care. 

.1. Limitations 

This study has several limitations. The study population is com- 

osed of children and adults that took part in an international 

ulticenter physical activity trial conducted across eight countries 

nd 27 CF centers [19] . All data were collected prospectively ac- 

ording to study-specific standard operating procedures to ensure 

igh-quality standards, but we cannot rule out between-center 

ariability in respect to quality of treatment, and physical activ- 

ty prescription. Participation bias may have occurred limiting the 

eneralizability of our findings to the overall population of peo- 

le living with CF including those that are less interested in physi- 

al activity. Moreover, this study was conducted before widespread 

vailability of highly effective triple combination modulator thera- 

ies [ 41 , 42 ]; the impact of those therapies on blood glucose con-

rol [43] , physical activity, aerobic exercise capacity and muscle 

unction remains to be studied in detail. Our study sample is the 

argest to investigate associations between CFRD and VO 2peak , how- 

ver, the number of people with CFRD in this study was small 

 n = 19). Moreover, there is a clear association between severity 

f CFTR genotype and the development of CFRD in CF lung disease 

 4 , 31 ], the role of CFTR genotype on VO 2peak remains controversial

 7 , 34 ]. The largest study to date revealed no association between 
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FTR genotype class and VO 2peak in an international cohort of 726 

hildren and adults with CF [7] , but the current study is clearly 

ot powered to evaluate the role of CFTR genotype as a prognostic 

actor in the relationship between CFRD and VO 2peak . Notably, our 

nalysis is limited to maximal CPET variables; it remains to be in- 

estigated if submaximal CPET variables (e.g., gas exchange thresh- 

ld, ventilatory inefficiency) yield differences between individuals 

ith and without CFRD. In the ACTIVATE-CF trial, we did not per- 

orm an OGTT at study entry in participants with an established 

iagnosis of CFRD nor did we collect their glycated hemoglobin 

HbA1c) levels throughout the trial [1] . This information would 

ave provided further insights into the severity of CFRD. A single 

ypoglycemic event was reported as an adverse event in an inter- 

ention group participant at night following 3 h of intense exercise 

nd inadequate food intake. This apart, no participant became hy- 

oglycemic as a result of CPET or physical activity, suggesting sta- 

le blood sugar control for the CFRD group as a whole. Finally, we 

ere not able to include all potential confounders (e.g., pulmonary 

xacerbations in the previous year) in our models to study associa- 

ions between CFRD and VO 2peak , thus, residual confounding might 

till be present. 

. Conclusions 

This international multicenter study suggests no meaningful 

ifferences in VO 2peak between people with and without CFRD 

iven comparable levels of physical activity. 
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