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However, none of the studies controlled for the potential influence of physical activity on VO,pe.. We
investigated associations between CFRD and VO,., following rigorous control for confounders including
objectively measured physical activity.
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were selected based on their potential confounding effect on the association between VO,peac and CFRD.
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Results:
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Among 117 randomized individuals, 103 (52% female) had a maximal exercise test and were

included in the analysis. Participants with (n = 19) and without (n = 84) CFRD did not differ in FEVq,
physical activity, nutritional status, and other clinical characteristics. There were also no differences in
VOypeax (ML.min~! or mLkg=!.min~"! or% predicted). In the final multivariable model, all pre-defined co-
variates were significant predictors of VO,pe, (mL.min~'), however CFRD [coefficient 82.1, 95% CI -69.5
to 233.8, p = 0.28] was not.
Conclusions: This study suggests no meaningful differences in VOype, between people with and without
CFRD given comparable levels of physical activity.

© 2022 Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society.

1. Introduction

Cystic fibrosis-related diabetes (CFRD) is a common comorbid-
ity of cystic fibrosis (CF) lung disease [1] and occurs in up to 50%
of adults [2]. The presence of CFRD is associated with an increased
risk of infections (e.g., Pseudomonas aeruginosa) and exacerbations,
weight loss, lung function decline and mortality [1,3-5]. Loss of
lung function and nutritional status are the most important com-
plications of CFRD [6], both of which are strong predictors of aer-
obic exercise capacity in CF [7-11].

Few studies have investigated associations between glucose tol-
erance and aerobic exercise capacity in people with CF [8,12-14],
or used glucose intolerance/CFRD as a covariate in models predict-
ing peak oxygen uptake (VOjpeai) [7,15]. In one pediatric study
[13], children with CFRD had lower VOype, compared to individu-
als with normal glucose tolerance, and in two other studies [8,14]
individuals with CFRD or impaired glucose tolerance had lower
VOypeak compared to individuals with normal glucose tolerance. In
one study in adults, between group differences in VOype, disap-
peared after adjustment for lung function [(i.e., forced expiratory
volume in 1 s, FEV;)] [8], a strong and independent predictor of
VOZpeak [7_]1]-

CFRD is associated with impairments of several organs includ-
ing lungs and muscles. Thus, rigorous control for potential con-
founding factors (i.e., variables that are associated with both the
exposure and the outcome) is imperative when studying asso-
ciations between glucose (in)tolerance and VOjpe,, a limitation
of previous research [8,12-14]. Various factors may contribute to
a lower VOype,i in individuals with CFRD including lung disease
severity, nutritional status, Pseudomonas aeruginosa infection, phys-
ical activity, and others [7,10,16,17]. To the best of our knowledge,
the influence of physical activity on the relationship between glu-
cose (in)tolerance and VO,e,¢ has not been addressed in previous
studies [8,12-14], the reported lower VO, in individuals with
CF may be a consequence of lower (habitual) physical activity lev-
els. Moderate intensity aerobic physical activity is recommended
for individuals with CFRD [1], however physical inactivity appears
to be common among adults with CF showing that only ~1/3 of
adults with CFRD are sufficiently physically active and meet the
recommendations of >150 min of at least moderate intensity ac-
tivity per week [1,18]. One possible reason for insufficient physical
activity among individuals with CF who suffer from CFRD may be
the additional burden of blood glucose control and the need for
additional carbohydrate intake during prolonged vigorous inten-
sity physical activity [1]. Furthermore, the potential risk of hypo-
glycemia during prolonged, intense activity [1] could be perceived
as relevant additional barrier for regular physical activity and sub-
sequently impact on a person’s aerobic exercise capacity in the
long-term.

The aim of this study was to explore the relationship between
CFRD and VOppe,i in an international cohort of adolescents and
adults with CF following rigorous control for potential confounders
including objectively measured physical activity.
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2. Methods

For the purpose of this study, we analyzed baseline data from
the ACTIVATE-CF trial, an international multicenter randomized
controlled trial conducted between June 2014 and March 2016 [19].
The study design, endpoints and measurements have been de-
scribed in detail elsewhere [20]. In brief, two baseline study vis-
its (within 14-28 days) were conducted prior to random allocation
of study participants into either a physical activity intervention or
control group (usual care). Baseline visits included assessment of
clinical status, pulmonary function and cardiopulmonary exercise
testing (CPET), oral glucose tolerance test (OGTT), and physical ac-
tivity [20]. At all sites, assessments were performed according to
study-specific standard operating procedures.

2.1. Cardiopulmonary exercise testing

In all centers, cardiopulmonary exercise testing (CPET) was
performed on a cycle ergometer. The protocol consisted of a 3-
min resting phase, a 3-min unloaded phase at minimal workload
(warm-up), a linear minute-by minute increment in work rate, and
a 3-min recovery phase. The work rate increments were chosen
based on the subject’s height: <120 cm (10 Watt); 120-150 cm
(15 Watt) and >150 cm (20 Watt) [21]. A maximal effort during
CPET was defined as: 1) plateau in VO, despite a further increase
in work rate; 2) a respiratory exchange ratio (RER) >1.05; 3) a peak
heart rate that reached or exceeded predicted peak heart rate (for
children >195 beats.min~!, for adults based on published equa-
tions); 4) a minute ventilation at peak exercise (Vgpeax) > 85% of
estimated maximal voluntary ventilation (MVV= FEV; x 40); 5)
achievement of predicted VOype,i [22]; or 6) predicted peak work
rate (Wattpeai) [23]. At least one of six criteria had to be fulfilled
for the test to be considered maximal. Percent predicted values for
VOypeak [22] and Wattje,y [24] were calculated.

2.2. Pulmonary function testing

Spirometry and body plethysmography were performed ac-
cording to European Respiratory Society and American Respira-
tory Society standards [25,26]. All tests were performed pre-
bronchodilation. Percent predicted values and z-scores were com-
puted for FEV; and forced vital capacity (FVC) [27]. The ratio of
residual volume (RV) to total lung capacity (TLC) was used to as-
sess the degree of air trapping.

2.3. Oral glucose tolerance test (OGTT)

In all individuals without an established diagnosis of CFRD
at study entry (n = 98), an OGTT was performed after an 8 h
fast according to standards of the American Diabetes Association
[1]. Subjects drank a standard beverage containing 1.75 g glu-
cose per kg bodyweight (maximum 75 g) dissolved in water, and
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Confounder
Age [8, 13, 31]

Sex [7, 31, 32]
FEV,[7, 10, 31]
Nutrition [7, 9, 31]

P. aeruginosa [17, 31]
Breathing Reserve [8, 9]
Physical activity [10, 18, 33]

Outcome
VO,peak (mL.mint)

Exposure ! o
CFRD

Fig. 1. Directed acyclic graph displaying the exposure - outcome association be-
tween cystic fibrosis related diabetes (exposure) and peak oxygen uptake (VOjpeak,
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;, forced expiratory volume in 1s: P. aeruginosa,
Pseudomonas aeruginosa.

blood samples were taken before and after 1 and 2 h, respec-
tively. We defined impaired glucose tolerance as fasting glucose
>6.3 mmol.L ~ ! or if 2 h plasma glucose was 7.8-11.0 mmol.L = !
[1,8,14].

2.4. Physical activity

We measured physical activity with a triaxial pedometer (Om-
ron HJ-322 U-E) for seven consecutive days between the first and
second baseline study visit. The device was initialized for each sub-
ject during the first study visit including the measurement of in-
dividual stride length. The total number of daily steps and aerobic
exercise steps were extracted from the pedometer at the second
study visit. Aerobic steps are counted by the device when a person
walks more than 60 steps per minute for more than 10 consecutive
minutes.

2.5. Development of statistical model and justification of covariates

We developed a theoretical and conceptual framework through
a review of previous research to visualize causal links between
exposure (CFRD) and outcome (VO,peak) [28-30], see Fig. 1. We
drew directed acyclic graphs (DAGs, also known as causal dia-
grams) to conceptualize our assumptions about the data analysis
process, and aiming to identify potential confounders (covariates)
to be adjusted for in our multivariable models based on content
knowledge and available evidence from previous research [28-30].
Herein, a potential confounder is defined as a variable that is as-
sociated with both the exposure and the outcome of interest, and
does not reside in the causal pathway between the exposure and
outcome of interest [28,29]. We decided to present a simplified
version of a DAG (Fig. 1) excluding unmeasured variables (e.g., vas-
cular function), variables that do not fulfill the criterion for a con-
founder according to our approach (e.g., pancreatic insufficiency),
colliders (i.e., a variable that is influenced by two other variables),
and mediators.

The primary outcome of this study was VOype, expressed as
mL.min~!. The basic model for CFRD (yes, no) included the covari-
ates age [8,13,31], sex [7,31,32], nutritional status (weight) [7,9,31]
and FEV; z-score [7,10,31], all of which are known to be associ-
ated with CFRD, but also associated with VO,peak. In addition,
Pseudomonas aeruginosa infection [17,31], breathing reserve index
(Vepeak/MVVpreq) [8,9], and physical activity (i.e., total number of
steps and aerobic steps were tested as separate variables in the
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model) [10,18,33] were added to the model. While there is clear
evidence that people with a ‘severe’ genotype (e.g., a genotype
commonly associated with pancreatic insufficiency) are more likely
to develop CFRD [4,31,32], conflicting data on the association be-
tween CF transmembrane conductance regulator (CTFR) genotype
class and VOjpeqi exist [7,34]. We decided not to include CFIR
genotype in the multivariate model to predict VOype,, due to the
small number of people with CFRD in our cohort, and the fact that
there is substantial variation in clinical status among individuals
with the same CFTR genotype. For the descriptive analysis, we cat-
egorized CFIR genotype into three groups: 1) F508del homozygous,
2) F508del heterozygous, and 3) non-F508del mutation [35].

In addition, we performed regression analysis using a multi-
plicative, allometric approach [7,10,36] to better adjust for poten-
tial effects of body size and lung function on the relationship be-
tween CFRD and VOype,. Allometric scaling assumes that VOjpeqi
is not linearly related to measures of body size, for example body
mass M, but is proportional to power functions of those measures,
for example M to the power of an exponent x. This approach has
been used previously to determine predictors of VO,pe, in peo-
ple with cystic fibrosis [7,10]. For the allometric model, we com-
puted the natural logarithm of VO, (dependent variable) and
added the same covariates determined by the primary model into
the allometric model, using the natural logarithm of all measures
of body size in the model while all other variables entered were
unchanged.

2.6. Statistical analysis

Participants’ characteristics are presented as median (interquar-
tile ranges) or numbers (percentages). Baseline characteristics be-
tween groups (i.e., CFRD versus no CFRD or impaired glucose toler-
ance/CFRD versus normal glucose tolerance) were compared using
the non-parametric Wilcoxon rank sum test or the Chi-square test,
as appropriate. We report mean values from both baseline visits
for all pulmonary function tests (i.e., FEV;, FVC, and RV/TLC).

Multilevel linear mixed effect regression models were used to
analyze associations between CFRD and VOype, adjusted for co-
variates discussed before (see Fig. 1) including study center as a
random effect. Bayesian information criterion (BIC) was used to se-
lect a best fit model containing at least CFRD, age, sex, weight, and
FEV,, and choosing between a) step count, aerobic step count or
no step count, b) Vgpea/MVVpeq included or not included, and c)
Pseudomonas aeruginosa included or not included (3 x 2 x 2 = 12
total models). The model with lowest BIC was that containing aer-
obic step count, VE,e/MVV,eq and Pseudomonas aeruginosa, re-
gardless of which VO,,eq units were used as the outcome. After
model selection, step counter data (8 (12) missing values for to-
tal (aerobic) step count) were imputed by using multiple impu-
tations by chained equations (20 imputations). The complete case
models were then refit using the imputed data, and pooled results
reported. In addition, we run the same regression model compar-
ing the group of participants with normal glucose tolerance com-
pared to a group of participants with impaired glucose tolerance
and CFRD.

3. Results

One-hundred and seventeen individuals completed the two
baseline visits and were randomized within the ACTIVATE-CF trial
[19]. Among those, 110 participants performed a maximal exercise
test with measurement of expired gasses and 5 individuals without
measurements of expired gasses, respectively. Valid maximal exer-
cise tests including VO,pe and peak work rate (Weyy) values or
Wi, Only were available for 100 and 103 subjects, respectively.
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Table 1
Participants’ clinical characteristics according to diabetic status.
All Participants without CFRD Participants with p-value
(n = 103) (n = 84) CFRD (n = 19)

Age (years) 20 (16, 27) 19 (15, 26) 24 (19, 32) 0.07
Sex, n (% female) 54 (52) 43 (51) 11 (58) 0.60
CFIR 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; (% predicted) 79 (56, 89) 80 (57, 89) 62 (49, 84) 0.19
FEV; 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; FEVy, 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 Participants Participants with p-value
(n = 103) without CFRD CFRD (n = 19)
(n = 84)

Cardiopulmonary exercise test
Wpeak (Watt.kg~") 2.63 (2.07, 3.17) 2.69 (2.12, 3.22) 2.53 (2.05, 2.96) 0.46
Wopeak (% predicted) 87 (79, 101) 88 (79, 102) 87 (79, 96) 0.52
VO3peax (ML.min") 1832 (1495, 2237) 1838 (1524, 2233) 1830 (1402, 2305) 0.72
VO3peax (mLkg~!.min1) 324 (27.7,39.2) 33.0 (27.6, 39.6) 30.8 (27.7, 36.3) 0.53
VOypeak (% predicted) 75 (66, 89) 74 (66, 89) 76 (64, 88) 0.71
Peak O,-pulse (mL.beat~1) 10.1 (8.7, 12.9) 10.1 (8.9, 12.8) 9.5 (8.0, 13.1) 0.59
VEpeak/MVVreq (%) 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 o (beats.min=) 180 (168, 187) 181 (168, 187) 177 (168, 188) 0.86
SpO,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; Oy, oxygen; PA, physical activity; RER; respiratory
exchange ratio; SpO,, oxygen saturation; VE,e; peak minute ventilation; VO,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~!) 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.

There were no differences in anthropometric characteristics, pul-
monary function, and physical activity between those with CFRD
compared to those without CFRD (Tables 1 and 2). None of the di-
abetic participants experienced a hypoglycemic event during CPET
or reported such events during physical activities as part of the
12-months ACTIVATE-CF trial, except one individual at night fol-
lowing excessive exercise (3 h) in combination with inadequate
food intake. Among the diabetic group (n = 19), 5 (26.3%) re-
ported breathlessness during physical activities, but none of them
reported on hypoglycemic events. Altogether, participants had re-
duced aerobic exercise capacity, but no differences were observed
in CPET-related outcomes between individuals with CFRD com-
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pared to those without CFRD (see Table 2), except a lower oxygen
saturation at peak exercise in those with CFRD (Table 2). Further, in
unadjusted analyses, no differences were noted in clinical charac-
teristics, pulmonary function, CPET data and self-reported and ob-
jectively measured physical activity between individuals with nor-
mal versus impaired glucose tolerance versus CFRD, except for dif-
ferences in oxygen pulse at peak exercise among groups (Table 3).
Comparable results were found when participants with impaired
glucose tolerance and CFRD were combined in one group (n = 40)
and compared to a group of individuals with normal glucose tol-
erance (n = 63), see Table S1. Of note, the group of individuals
with impaired glucose tolerance and CFRD had a higher propor-
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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 Impaired glucose CFRD p-value
tolerance tolerance (n=19)
(n = 63) (n=21)

Age (years) 20 (15, 26) 18 (16, 24) 24 (19, 32) 0.13
Sex, n (% female) 28 (44) 15 (71) 11 (58) 0.087
CFIR 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, (% predicted) 80 (55, 89) 80 (63, 91) 62 (49, 86) 0.39
FEV, 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—!) 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
VO3peak (ML.min~) 1944 (1517, 2394) 1668 (1540, 1803) 1830 (1402, 2305) 0.12
VO3peax (mMLkg=!.min1) 33.11 (28.62, 39.22) 32.94 (26.03, 40.37) 30.81 (28.32, 35.63) 0.78
VOjpeak (% predicted) 74 (65, 86) 80 (70, 95) 76 (64, 88) 0.50
Peak O,-pulse (mL.beat~1) 10.8 (8.9, 13.2) 9.4 (8.2, 10.2) 9.5 (7.9, 13.2) 0.048
VEpeak/MVVpreq (%) 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
HRpeo (beats.min~) 181 (168, 187) 181 (170, 189) 177 (168, 188) 0.79
SpO,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; FEVy, forced expiratory volume in 1 s; FVC, forced vital capacity; MVV, maximum voluntary ventilation; O,, oxygen; PA, physical activity; RER; respiratory
exchange ratio; RV, residual volume; SpO,, oxygen saturation; TLC, total lung capacity; VE,e,; peak minute ventilation; VO,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~!) 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.

tion of females which may explain the differences in peak oxygen
pulse (Table S2). Table 4 shows the results of the two regression
models with imputed data. In the final multivariable models, CFRD
was not a significant predictor of VOype, (mL.min~1). Aerobic step
count had a better model fit than total number of daily steps and
was selected as covariate for the final model. The allometric model
(In VOypea¢) confirmed our basic model (Table 4). The results of
the two regression models were comparable; all pre-defined co-
variates were significant predictors of VO,e, except Pseudomonas
aeruginosa infection in the allometric model, but CFRD showed no
evidence of an association with VOype,,. Complete case models for
VOypeak and InVO,pe,i (ie., without imputed data) are given Ta-
ble S2 in the online supplementary material. The models compar-
ing individuals with normal glucose tolerance with those with im-
paired glucose tolerance and CFRD revealed similar results, except
that Pseudomonas aeruginosa infection was no longer a predictor of
VO3peak in the allometric model (Table S3).

4. Discussion

This study investigated the association between CFRD and max-
imal aerobic exercise capacity in an international cohort of adoles-
cents and adults with a broad range of CF lung disease severity. In
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univariate analyses, we found no differences in VOype, (primary
endpoint) and other CPET-related outcomes between individuals
with and without CFRD. In multivariable models including a set
of pre-defined covariates, CFRD was not associated with VO,peyi.
To our knowledge, this is the first comprehensive study inves-
tigating associations between CFRD and VO, following rigorous
control for potential confounders. In univariate analyses, no differ-
ences were observed in VO,,e, and other CPET-related parameters
between individuals with or without CFRD, and between groups of
individuals with normal glucose tolerance, impaired glucose toler-
ance, and CFRD. The latter finding is in contrast to previous single-
center studies (sample size between 46 and 84 participants) re-
porting differences in VOype, between children with normal glu-
cose tolerance compared to those with CFRD [13], and children and
adults with normal glucose tolerance compared to those with im-
paired glucose tolerance or CFRD [8,14]. Some studies included a
selection of covariates into their multivariate analysis [8,13], but
none included Pseudomonas aeruginosa infection and physical ac-
tivity, known determinants of VOype,i [10,17,33] and plausible as-
sociates of CFRD [31]. In our multivariable models, CFRD was not a
significant predictor of VOype,. Our findings are consistent with
the largest study (n 726) to date investigating predictors of
VOypeak- In this analysis, CFRD was not a significant predictor in a
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Table 4
Multivariable models on the association between cystic fibrosis related
diabetes and maximal aerobic exercise capacity.

Coefficients  95% CI
VO2pcak (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; (z-score) 1193 67.9 to 170.8
P. aeruginosa infection -171.4 —173.7 to -25.2
VEpeak/MVVreq 6.4 1.6 to 11.3
Aerobic steps (steps.day—!)* 23.1 3.1 to 43.2
CFRD 82.1 —69.5 to 233.8
In VO,pea (ML.min-1)
Age (years) —0.006 —0.009 to —0.002
Female sex -0.192 —0.254 to —0.130
In weight (kg) 0.331 0.148 to 0.515
In FEV; (z-score) 0.491 0.360 to 0.623
P. aeruginosa infection —0.045 —0.109 to 0.019
In VEpeak/MVVppreq 0.302 0.147 to 0.457
In 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;, forced expiratory volume in
one second; P. aeruginosa, Pseudomonas aeruginosa. VE,e, /MVVpeq, peak
ventilation/predicted maximum voluntary ventilation; VO,pe,i, 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.

multivariable analyses including the covariates age, sex, FEV{, BMI
z-score, Pseudomonas aeruginosa infection, and CFTR genotype [7].
As expected, all pre-defined covariates were significant predictors
of VOyeax, strengthening our approach. It is challenging to directly
compare our multivariable models to those of previous investiga-
tors studying the role of glucose intolerance/CFRD on VOype, due
to inclusion of different study populations (i.e., adults versus chil-
dren), outcome selection (i.e., VOypeqi €xpressed in mLkg~!.min~!
or mL.min~1), and confounder control [8,13]. The fact that we did
not observe differences in clinical characteristics, nutritional sta-
tus, lung function and aerobic exercise capacity between individ-
uals with and without CFRD might be due to a selection bias.
Evidence from large studies suggest that CFRD is associated with
worse lung function, nutritional status and reduced life expectancy
[3,4,31]. We cannot exclude that the subgroup with CFRD repre-
sents a selection of active and health conscious people with CF
who may receive more intense education and support from their
CF care team because of their diabetic status, which could explain
the lack of between-group difference in respect to disease status
including physical activity levels, and VOype,. On the other hand,
one would assume that self-selection bias into a study occurs at a
study population level, irrespective of presence or absence of CFRD.
Although, the beneficial effects of the anabolic hormone insulin
are not universally agreed in the literature [1,37] one cannot rule
out a possible impact of insulin on muscle protein synthesis and
thus exercise capacity in CF. Nevertheless, the multivariable mod-
els including adjustment for potential confounders showed no dif-
ferences in VOype, between groups with and without CFRD. This
was also true for models comparing participants with normal glu-
cose tolerance to those with impaired glucose tolerance and CFRD.

A major strength of our study is the inclusion of physical ac-
tivity as an important predictor of VO,pe, in our multivariable
models [10,33], a limitation of previous studies [8,13]. It is rea-
sonable to speculate that (unadjusted) differences in VOype, be-
tween groups of individuals with and without CFRD or normal glu-
cose tolerance versus impaired glucose tolerance/CFRD are (partly)
due to differences in habitual physical activity levels [8,13,14] and
other important covariates such as lung disease severity and nutri-
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tional status. In our study, self-reported vigorous physical activity
and objectively measured step count were not different between
participants with and without CFRD enhancing group comparabil-
ity in terms of this important covariate. Nevertheless, physical ac-
tivity — along with other potential confounders - was a significant
predictor of VO,,ey in our models, consistent with previous re-
search [10,33]. We acknowledge that a 7-day step count measure-
ment may not capture the full spectrum of a person’s physical ac-
tivity because pedometry cannot measure activities such as swim-
ming, cycling or resistance training. We treated physical activity as
a potential confounder in our models due to the well-known ben-
eficial effect of an active lifestyle on glucose metabolism, and its
protective role on the development of non-insulin dependent dia-
betes [38,39]. Whether a physically active lifestyle can prevent or
delay the onset of CFRD in CF lung disease is unknown. On the
other hand, physical inactivity maybe a consequence of the pres-
ence of CFRD and could be perceived as a barrier because of the
additional burden of blood glucose control when doing structured
physical activity [1]. In this case, physical activity would per se
not fulfill the criterion of a confounder and therefore not qualify
to be a covariate in our models (i.e., physical activity would act
as mediator between CFRD and VOype,i). Conceptually, identifying
potential confounders in a cross-sectional study design is challeng-
ing and it is difficult to properly distinguish between a potential
confounder and mediator due to a lack of information on the tem-
poral order of the covariates of interest. Consequently, adjustment
for a mediator on the causal relationship between an exposure and
outcome may introduce bias [40]. For these reasons, we run a sim-
plified model with VO, as dependent variable including the co-
variates age, sex and CFRD (Table S4). In this model, CFRD was
also not a significant predictor of VOype,y, consistent with the un-
adjusted analysis, the basic model including age, sex, weight, FEV,
and CFRD (Table S5), and the fully adjusted multivariable models
(Table 4). All analyses revealed no associations between CFRD and
VOZpeak'

Notably, limited data are available on the effects of regular
physical activity on blood glucose control in people with CF lung
disease. ACTIVATE-CF, the largest intervention study to date, did
not show beneficial effects on blood glucose between the phys-
ical activity intervention and control groups after 9-months [19].
Further research is warranted to study the role of regular physical
activity on the development of CFRD in the modern era of CF care.

4.1. Limitations

This study has several limitations. The study population is com-
posed of children and adults that took part in an international
multicenter physical activity trial conducted across eight countries
and 27 CF centers [19]. All data were collected prospectively ac-
cording to study-specific standard operating procedures to ensure
high-quality standards, but we cannot rule out between-center
variability in respect to quality of treatment, and physical activ-
ity prescription. Participation bias may have occurred limiting the
generalizability of our findings to the overall population of peo-
ple living with CF including those that are less interested in physi-
cal activity. Moreover, this study was conducted before widespread
availability of highly effective triple combination modulator thera-
pies [41,42]; the impact of those therapies on blood glucose con-
trol [43], physical activity, aerobic exercise capacity and muscle
function remains to be studied in detail. Our study sample is the
largest to investigate associations between CFRD and VOype,i, how-
ever, the number of people with CFRD in this study was small
(n = 19). Moreover, there is a clear association between severity
of CFTR genotype and the development of CFRD in CF lung disease
[4,31], the role of CFTR genotype on VO,pe, remains controversial
[7,34]. The largest study to date revealed no association between
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CFIR genotype class and VO,eyi in an international cohort of 726
children and adults with CF [7], but the current study is clearly
not powered to evaluate the role of CFTR genotype as a prognostic
factor in the relationship between CFRD and VOjpe,. Notably, our
analysis is limited to maximal CPET variables; it remains to be in-
vestigated if submaximal CPET variables (e.g., gas exchange thresh-
old, ventilatory inefficiency) yield differences between individuals
with and without CFRD. In the ACTIVATE-CF trial, we did not per-
form an OGTT at study entry in participants with an established
diagnosis of CFRD nor did we collect their glycated hemoglobin
(HbA1c) levels throughout the trial [1]. This information would
have provided further insights into the severity of CFRD. A single
hypoglycemic event was reported as an adverse event in an inter-
vention group participant at night following 3 h of intense exercise
and inadequate food intake. This apart, no participant became hy-
poglycemic as a result of CPET or physical activity, suggesting sta-
ble blood sugar control for the CFRD group as a whole. Finally, we
were not able to include all potential confounders (e.g., pulmonary
exacerbations in the previous year) in our models to study associa-
tions between CFRD and VOypey, thus, residual confounding might
still be present.

5. Conclusions

This international multicenter study suggests no meaningful
differences in VO, between people with and without CFRD
given comparable levels of physical activity.
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