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ABSTRACT

Background. Vascular changes are observed in children with cystic fibrosis (cwCF), and gender-specific 
differences may impact arterial stiffness. We aimed to compare arterial stiffness and clinical parameters based 
on gender in cwCF and to determine the factors affecting arterial stiffness in cwCF.

Methods. Fifty-eight cwCF were included. Pulmonary function, lean body mass, handgrip strength, and peak 
oxygen uptake (VO2peak) were assessed using a cardiopulmonary exercise test. Arterial stiffness (pulse wave 
velocity [PWV] and augmentation index [AIx@75]) and hemodynamic parameters (resting heart rate [HR] and 
stroke volume [SV]) were measured using brachial pulse waves. Endothelial function (ICAM-1, sVCAM-1, sE-
selectin, VEGF-A, ET-1) was evaluated using blood samples. 

Results. Female cwCF had significantly lower VO2peak, SV, and PWV, and higher resting HR, AIx@75, and 
AIx@75-z-score than male cwCF (p<0.05). AIx@75-z-score was associated with gender (r=0.516, p<0.001), age 
(r= -0.345, p=0.008), lean body mass (r= -0.451, p<0.001), forced expiratory volume in one second (FEV1)-z-score 
(r= -0.332, p=0.011), handgrip strength (r= -0.466, p<0.001), and VO2peak (r= -0.459, p<0.001) and peak workload 
(r= -0.527, p<0.001). AIx@75-z-score was not associated with ICAM-1, sVCAM-1, sE-selectin, VEGF-A, or ET-1 
(p>0.05). The FEV1-z-score and gender explained 34.6% of the variance in AIx@75-z-score (p<0.05). 

Conclusions. Female cwCF have more impaired hemodynamics, less maximal exercise capacity, and increased 
arterial stiffness, indicating a higher cardiovascular risk compared to male cwCF. FEV1 and gender affect 
arterial stiffness in cwCF. Further studies are necessary to uncover the underlying factors for arterial stiffness 
and endothelial dysfunction and their clinical effects in cwCF.

Key words: cystic fibrosis, maximal exercise capacity, endothelial dysfunction, arterial stiffness, pulse wave 
velocity.
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Cystic fibrosis (CF) is a rare genetic 
disease resulting from mutations in the CF 
transmembrane conductance regulator (CFTR) 
gene.1 The CFTR is detected in endothelial cells 
derived from multiple organ systems, including 
the lung microvasculature.2 Impaired function 
of the CFTR in children with CF (cwCF) is 
associated with elevated cytokines and other 
inflammatory markers.3 CFTR activity plays a 
key role in maintaining vascular homeostasis, 
especially during an inflammatory response 
by the vascular endothelium.4 Increased 
endothelial permeability was observed in 
CF patients compared to healthy controls.5 
Increased oxidative stress, inflammation, 
endothelial dysfunction, and life expectancy 
may increase cardiovascular risk.4 

Arterial stiffness and endothelial dysfunction 
highlight different dimensions of vascular 
disease.6 The influence of systemic inflammation 
on endothelial function may contribute to 
the development of arterial stiffness.7 Airway 
inflammation has been implicated in causing 
endothelial dysfunction in the pulmonary 
circulation, which could contribute to systemic 
endothelial dysfunction.7 A reduction in 
pulmonary function may disrupt endothelial 
barrier function, which is directly affected 
by vascular wall stiffening.8 Few studies 
reported increased arterial stiffness9-12 and 
endothelial dysfunction13,14 in cwCF compared 
to healthy children.10 cwCF have enhanced 
aortic stiffness and wall thickness compared 
to controls.12 Increased arterial stiffness and 
endothelial dysfunction are associated with 
pulmonary function.9,13 These findings indicate 
that vascular changes observed in cwCF begin 
in early childhood. The arterial stiffness and 
endothelial function in cwCF have become even 
more critical, considering recent improvements 
in survival rates.

Arterial stiffness may be influenced by intrinsic 
gender differences.15 To date, no studies 
have directly compared arterial stiffness and 
endothelial function between female and male 
cwCF, despite evidence showing increased 
arterial stiffness in cwCF compared to healthy 

peers.9 The relationship between arterial 
stiffness and endothelial function, pulmonary 
function, and exercise capacity remains unclear. 
Therefore, we aimed (a) to compare the arterial 
stiffness, endothelial function, and clinical 
parameters, including physical characteristics, 
pulmonary function, peripheral muscle 
strength, and exercise capacity, between female 
and male cwCF and (b) to identify the factors 
affecting arterial stiffness in cwCF.

Material and Methods

Study design and population

All assessments were completed within a single 
day, with data collection taking place in the 
morning from 9 a.m. to 12 p.m. Ethical approval 
was obtained from the Hacettepe University, 
Non-Interventional Clinical Research Ethics 
Committee (Approval date: 07.01.2020, approval 
number: GO 19/1156). All participants and 
their parents signed informed consent forms. 
The study was registered on ClinicalTrials.gov 
(NCT04259983) and conducted in accordance 
with the Declaration of Helsinki. 

Participants and procedures

This cross-sectional study was conducted 
between January 2020 and December 2023 at 
the Cardiopulmonary Rehabilitation Unit of 
the Hacettepe University, Faculty of Physical 
Therapy and Rehabilitation, in collaboration 
with the Hacettepe University, Faculty of 
Medicine (Department of Pediatric Pulmonology 
and Department of Physiology) and Faculty 
of Pharmacy (Department of Pharmaceutical 
Toxicology). Sixty-eight cwCF, aged 10–18 
years, who were diagnosed and followed at 
the Department of Pediatric Pulmonology, 
Hacettepe University Faculty of Medicine, and 
referred to the Cardiopulmonary Rehabilitation 
Unit, were screened. The inclusion criteria 
were being 10–18 years old, clinically stable, 
able to cooperate with assessments, with 
forced expiratory volume in one second (FEV1) 
>40% predicted, not having experienced any 

http://ClinicalTrials.gov
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exacerbations at least for three months, using 
regular medication for at least 12 months, 
and having no medication changes for at least 
three weeks. Exclusion criteria were having 
a resting oxygen saturation (SpO2) <92%, a 
history of smoking, having pulmonary surgery, 
having use of vasoactive drugs or oral steroids, 
having CF-related diabetes, having advanced 
orthopedic, neurologic, and cardiovascular 
diseases, and having a lower extremity injury 
(e.g., strain, sprain, or fracture) in the past six 
months. 

Assessments

Age, gender, mutations, and medications were 
recorded. Lean body mass was evaluated using 
a skinfold caliper (Baseline Medical Skinfold 
Caliper, Fabrication Enterprises, NY, USA). 
Three measurements were taken from the 
biceps, triceps, subscapular, and supra iliac 
regions, and the mean values of the right side 
were used for analysis.16

Forced vital capacity (FVC), FEV1, peak 
expiratory flow (PEF), and forced expiratory 
flow from 25%–75% (FEF25–75%) were recorded 
from the medical records.17 Handgrip strength 
was measured using a portable dynamometer 
(Jamar, Nottinghamshire, UK). The right and 
left sides were measured thrice, and the best 
value was recorded.18

A cardiopulmonary exercise test (CPET) using 
Godfrey protocol19 was performed on an 
electronically braked bicycle ergometer (Lode, 
Corival CPET, Groningen, The Netherlands).13 
The test was terminated in the instances of 
voluntary exhaustion, inability to maintain a 
60-rpm cadence, or reaching the peak heart rate 
(HRpeak) and respiratory exchange ratio (RER) 
>1.03. The RER and peak oxygen consumption 
(VO2peak) were determined using gas exchange 
analysis (Quark CPET, COSMED, Rome, Italy) 
and HRpeak and peak workload (Wpeak) were 
recorded.

Evaluation of arterial stiffness

A portable device was used to evaluate arterial 
stiffness using brachial pulse waves (Tel-O-
Graph BT, IEM GmbH, Aachen, Germany).20 
The Tel-O-Graph, which uses an oscillometric 
principle, was employed to measure 
arterial stiffness. It enables blood pressure 
measurement with automatic transmission. A 
Bluetooth connection was established between 
the device and the data analysis software 
(Hypertension Management Software Client 
Server, HMS CS, Achen, Germany). Three 
consecutive measurements were taken for each 
child with CF, and the highest reading was 
used for evaluation. Pulse wave velocity (PWV), 
augmentation index normalized to heart rate 
with 75 beats/min (AIx@75), resting heart rate 
(HR), and stroke volume (SV) were evaluated.21 
Augmentation index is an integrated measure 
that reflects both arterial wave reflection and 
systemic arterial stiffness.22 The AIx@75 was 
determined by assessing the aortic pressure 
wave and calculating the augmentation 
pressure, which is the difference between the 
peak of the reflected wave (P2) and the peak of 
the incident wave (P1). This value is expressed as 
a percentage of the central pulse pressure (cPP), 
calculated using the formula: AIx@75=(P2−P1)/
cPP×100. We measured AIx@75 to minimize the 
influence of mean arterial pressure, age, gender, 
and HR on the augmentation index.9 Arterial 
stiffness measurements were performed after 
12 hours of overnight fasting and before inhaler 
therapy in a sitting position after the patient 
had rested for 15 minutes in a quiet room.9 

Evaluation of endothelial function

Blood samples were collected to assess 
endothelial function by measuring the levels 
of intercellular adhesion molecule-1 (ICAM-
1), soluble vascular cell adhesion molecule-1 
(sVCAM-1), soluble endothelium-selectin 
(sE-selectin), vascular endothelial cell growth 
factor-A (VEGF-A), and endothelin-1 (ET-
1). Samples were drawn via forearm venous 
puncture, collected into heparinized vacutainer 
tubes, and kept in sterile containers. Plasma 
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samples were obtained through 10 minutes 
of centrifugation at 2000 rpm. All plasma 
samples were aliquoted into 2 mL Eppendorf 
tubes and stored at −80 °C until analyzed.23 
Measurements of ICAM-1, sVCAM-1, sE-
selectin, VEGF-A, and ET-1 levels were detected 
in plasma samples using an ELISA kit (Bioassay 
Technology Laboratory, Shanghai, China) 
following the manufacturer’s instructions with 
slight modifications. The absorbance of samples 
was read at λ=450 nm against a standard curve 
using a SpectraMax® M5 Microplate Reader 
(Molecular Devices LLC, San Jose, CA, USA). 
All experiments with indicators of endothelial 
dysfunction parameters were conducted with 
technical duplicates.

Statistical analyses

SPSS version 27.0 (IBM Corp. IBM SPSS Statistics 
for Windows, Armonk, NY, USA) was used for 
statistical analysis. Normality was checked using 
the Shapiro–Wilk test, and descriptive statistics 
were calculated. The analysis was performed 
using measured values, except for population-
based pulmonary function test z-scores. Z-scores 
for weight,24 height24, heart rate25, systolic and 
diastolic blood pressure26, PWV26, and AIx@7525 
were calculated. Data were presented as the 
median, interquartile range, mean and standard 
deviations, frequencies, and percentages, as 
appropriate. Student’s t-test or Mann-Whitney 
U test was used for the comparison, considering 
normality. Associations between AIx@75-z-
score and the variables were analyzed using 
Pearson’s correlation coefficients. The statistical 
significance was set at p<0.05. A multiple linear 
regression analysis was performed. The scatter 
plots were created using GraphPad Prism v.8.0.2 
(GraphPad Software, San Diego, CA, USA) and 
used to investigate the associations between 
the AIx@75-z-score and gender, age, lean 
body mass, FEV1-z-score, handgrip strength, 
VO2peak, and Wpeak. The variables showing a 
univariate association with the AIx@75-z-score 
(p<0.05) were initially entered into the multiple 
regression analysis (gender, handgrip strength, 
lean body mass, VO2peak, FEV1-z-score, and 

age).27 Since there was no statistical significance 
found regarding handgrip strength, VO2peak, 
and age with the model (p>0.05), the final 
model was established using gender and FEV1-
z-score. For the final model, assumptions for 
variables were tested (normal distribution, 
heteroscedasticity, multicollinearity). The 
assumption of homoscedasticity, referring to 
the constancy of the residuals’ variance, was 
evaluated using a scatter plot of the residuals 
against the predicted values. The outcome 
dependent variable (AIx@75-z-score) was 
normally distributed, and the independent 
variables (FEV1-z-score and gender) did not 
violate assumptions. The post-hoc power was 
calculated using the G*Power program 3.1.9.7 
(Franz Faul, Kiel University, Kiel, Germany) 
based on the comparison of AIx@75-z-score 
between female and male cwCF. The effect size 
and post-hoc power were found to be 1.19 and 
99.38%, respectively. 

Results

Sixty-eight cwCF were screened. Ten cwCF were 
excluded for the following reasons: missing 
data (n=2), declining to participate (n=6), and 
being identified as outliers (n=2). Therefore, 58 
cwCF were included in the final analysis. Our 
study included 27 female and 31 male cwCF. 
Physical characteristics, CFTR mutations, lung 
treatments, pulmonary function, peripheral 
muscle strength, and cardiopulmonary exercise 
testing findings in cwCF are presented in Table I. 
The maximal exercise test was terminated in 
56 cwCF due to a RER >1.03 (n=56) and in two 
cwCF due to an inability to maintain a 60-rpm 
cadence. None of the study participants were 
receiving modulator therapy or blood pressure 
medications.

The age, weight-z-score, height-z-score, body 
mass index, lean body mass, mutations, lung 
treatments, FEV1, and FEV1%predicted, PEF, 
FEF25-75%, handgrip strength, RER, HRpeak, 
and HRpeak %predicted values were similar 
between female and male cwCF (p>0.05). 
Female cwCF had significantly lower FVC 
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Table I. Physical characteristics, mutations, lung treatments, pulmonary function, peripheral muscle strength, 
and cardiopulmonary exercise testing in children with cystic fibrosis.
Variables All cwCF (n=58) Female cwCF (n=27) Male cwCF (n=31) p
Age (years) 13.00 (12.00-15.25) 13.00 (12.00-16.00) 13.00 (12.00-15.00) 0.906u

CF diagnosis (months) 4.00 (2.50-7.00) 4.00 (3.00-7.00) 4.00 (2.50-8.00) 0.950u

Weight (kg) 47.34±12.75 45.99±13.03 48.52±12.59 0.456t

Weight-z-score -0.16±1.04 -0.21±0.94 -0.11±1.14 0.733t

Height (cm) 154.12±11.91 151.62±10.26 156.29±12.96 0.139t

Height-z-score -0.35±0.95 -0.44±1.04 -0.27±0.88 0.502t

BMI (kg/m2) 19.62±3.37 19.62±3.32 19.62±3.46 0.999t

BMI-z-score 0.00±1.00 -0.00±0.98 0.00±1.02 0.999t

Lean body mass (kg) 36.39±8.66 34.52±7.22 38.01±9.57 0.127t

Mutations 0.636p

F508del homozygous, n (%) 9 (15.5) 5 (18.5)  4 (12.9) 
F508del heterozygous, n (%) 11 (19.0) 6 (22.2) 5 (16.1)
Other mutations, n (%) 38 (65.5) 16 (59.3) 22 (71.0)

Lung treatments
Pharmacological treatments

Inhaled antibiotics, n (%) 6 (10.3) 1 (3.7) 5 (16.1) 0.201f

Dornase alpha, n (%) 51 (87.9) 26 (96.3) 25 (80.6) 0.108f

Inhaled corticosteroids, n (%) 3 (5.2) 1 (3.7) 2 (6.5) 1.000f

Bronchodilators, n (%) 6 (10.3) 3 (11.1) 3 (9.7) 1.000f

Hypertonic saline, n (%) 9 (15.5) 4 (14.8) 5 (16.1) 1.000f

Airway clearance techniques 45 (77.6) 23 (85.2) 22 (71.0) 0.225f

Pulmonary function testing
FVC (L) 3.03±0.92 2.73±0.74 3.28±0.99 0.022*t

FVC-z-score -0.50±1.77 -0.46±1.45 -0.53±2.04 0.884t

FEV1 (L) 2.61±0.82 2.38±0.69 2.82±0.88 0.045t

FEV1-z-score -0.21±1.77 -0.26±1.67 -0.18±1.87 0.865t

PEF (L) 5.18 (4.31-6.56) 5.25±1.57 5.95±2.15 0.169t

PEF-z-score -0.40±1.23 -0.51±1.32 -0.31±1.17 0.544t

FEF25-75% (L) 2.84 (2.16-4.06) 2.96±1.30 3.19±1.33 0.511t

FEF25-75%-z-score -0.51±1.94 -0.49±2.18 -0.52±1.74 0.942t

Peripheral muscle strength
Handgrip strength (N) 230.44 (176.50-284.37) 225.53 (156.89-264.76) 235.34 (205.92-294.18) 0.103u

Cardiopulmonary exercise testing
VO2peak (mL/min) 1209.19±395.22 1000.52±289.23 1390.94±388.53 <0.001*t

Wpeak (Watt) 100.00 (75.00-120.00) 80.00 (60.00-100.00) 105.00 (90.00-140.00) 0.002u

RER 1.21±0.13 1.20±0.13 1.22±0.14 0.548t

HRpeak (bpm) 174.65±12.85 173.44±11.94 175.70±13.71 0.508t

HRpeak %predicted (%) 89.56±6.59 88.94±6.12 90.10±7.03 0.508t

Data are presented as median (interquartile range) or mean±standard deviation considering normality. 
*p<0.05. uMann-Whitney U test, tStudent’s t test, PPearson Chi-Square test, fFishers’s exact test. 
BMI: body mass index, cwCF: children with cystic fibrosis, FEF25 75%: forced expiratory flow from 25 to 75%, FEV1: forced 
expiratory volume in one second, FVC: forced vital capacity, HRpeak: peak heart rate, PEF: peak expiratory flow, VO2peak: 
peak oxygen uptake, Wpeak: peak workload.
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(mean±SD=2.73±0.74 L in females vs. 3.28±0.99 
L in males; p=0.022), VO2peak (mean±SD= 
1000.52±289.23 mL/min in females vs. 
1390.94±388.53 mL/min in males; p<0.001), 
and Wpeak (median [interquartile range]=80.00 
[60.00-100.00] Watt in females vs. 105.00 [90.00-
140.00] Watt in males, p=0.002) compared to 
male cwCF. A comparison of arterial stiffness, 
hemodynamics, and endothelial function 
in female and male cwCF is presented in 
Table II. Female cwCF had significantly higher 
HR, AIx@75, and AIx@75-z-score with lower 
SV and PWV compared to those of male 
cwCF (p<0.05, Table II). ICAM-1, sVCAM-1, 
sE-selectin, VEGF-A, and ET-1 levels were 

similar between female and male cwCF (p>0.05, 
Table II).

AIx@75-z-score showed a moderate correlation 
with gender (r=0.516, p<0.001), weak correlation 
with age (r= −0.345, p=0.008) and FEV1-z-score 
(r= −0.332, p=0.011),  and moderate correlation 
with lean body mass (r= −0.451, p<0.001), 
handgrip strength (r= −0.466, p<0.001), VO2peak 
(r= −0.459, p<0.001), and Wpeak (r= −0.527, 
p<0.001). AIx@75-z-score was not associated 
with ICAM-1, sVCAM-1, sE-selectin, VEGF-A, 
and ET-1 (p>0.05).

The scatter plots showing associations between 
AIx@75-z-score and age, lean body mass, FEV1-

Table II. A comparison of arterial stiffness and endothelial function according to gender in children with cystic 
fibrosis.
Variables cwCF (n=58) Females (n=27) Males (n=31) p
Hemodynamics

Heart rate (bpm) 93.47±15.57 99.30±13.03 88.39±16.00 0.007*t

Heart rate-z-score 1.22±1.36 1.81±1.19 0.71±1.32 0.002*t

SBP (mmHg) 100.29±9.49 97.96±8.89 102.32±9.67 0.081t

SBP-z-score -1.75±1.21 -2.08±1.19 -1.46±1.16 0.049*t

DBP (mmHg) 63.76±5.78 63.00 (61.00-67.00) 63.00 (60.00-65.00) 0.458u

DBP-z-score -0.25±0.85 -0.43 (-0.73-0.15) -0.31 (-0.75- -0.01) 0.679u

SV (mL) 45.90 (36.65-59.40) 40.94±10.29 55.64±14.90 <0.001*t

Arterial stiffness
PWV (m/s) 4.15±0.30 4.06±0.28 4.22±0.29 0.039*t

PWV-z-score -2.26±1.45 -2.45±1.22 -2.09±1.62 0.356t

AIx@75 (%) 31.22±11.67 37.30±9.15 25.94±11.15 <0.001*t

AIx@75-z-score 1.12±1.48 1.94±1.14 0.41±1.39 <0.001*t

Endothelial function
ICAM-1 (ng/L) 435.09 (224.45-660.47) 425.33 (222.70-669.52) 440.42 (225.04-659.50) 0.981u

sVCAM-1 (ng/mL) 1.53 (0.74-2.38) 1.44 (0.74-2.86) 1.55 (0.73-2.08) 0.858u

sE-selectin (ng/mL) 8.61 (5.69-14.22) 7.90 (5.33-14.90) 8.86 (5.71-13.99) 0.785u

VEGF-A (ng/L) 51.17 (35.35-75.56) 60.38 (33.54-92.47) 50.98 (38.00-72.30) 0.714u

ET-1 (ng/L) 23.28 (10.56-45.50) 26.26 (10.32-47.83) 18.01 (10.64-44.73) 0.809u

Data are presented as median (interquartile range) or mean±standard deviation considering normality. 
*p<0.05. tStudent’s t-test. uMann-Whitney U test.
AIx@75: augmentation index normalized to heart rate of 75 bpm, cwCF: children with cystic fibrosis, DBP: diastolic blood 
pressure, ET-1: endothelin 1, ICAM -1: intercellular adhesion molecule 1, PWV: pulse wave velocity, SBP: systolic blood 
pressure, sE-selectin: soluble endothelium-selectin, SV: Stroke volume, sVCAM-1: soluble vascular cell adhesion molecule 1, 
VEGF-A: vascular endothelial cell growth factor A.
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z-score, handgrip strength, VO2peak, and Wpeak are 
shown in Fig. 1. AIx@75-z-score was negatively 
associated with age (explaining 11.9% of the 
variance in AIx@75-z-score), lean body mass 
(explaining 20.4% of the variance in AIx@75-z-
score), FEV1-z-score (explaining 11.0% of the 
variance in AIx@75-z-score), handgrip strength 
(explaining 21.7% of the variance in AIx@75-z-

score), VO2peak (explaining 21.1% of the variance 
in AIx@75-z-score), and Wpeak (explaining 27.8% 
of the variance in AIx@75-z-score). A scatter 
plot of the predictive values of AIx@75-z-score 
against residuals is presented in Fig. 2. The 
residuals appeared to be randomly distributed 
without any specific pattern, indicating that 
there was no evidence of heteroscedasticity.  

Fig. 1. Scatter plots showing associations between AIx@75-z-score and age, lean body mass, FEV1-z-score, 
handgrip strength, VO2peak, and Wpeak. 
AIx@75: augmentation index normalized to heart rate of 75 bpm, FEV1: forced expiratory volume in one second, VO2peak: 
peak oxygen uptake, Wpeak: peak workload.
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The initial model is gender, handgrip strength, 
lean body mass, VO2peak, FEV1-z-score, and age 
(Table III). The final regression model with 
FEV1-z-score and gender explained 34.6% of 
the variance in AIx@75-z-score with statistical 
significance (Adjusted R2=0.346; Table IV, 
p<0.05) as shown in the following equation:

AIx@75-z-score = 0.368 + 1.506 × Gender 
(females=1, males=0) − 0.269 × FEV1-z-score

When examining the individual relationships, 
the regression coefficients for gender and 
FEV1-z-score were statistically significant 
(p<0.05, Table IV). Females had 1.506 units 

Fig. 2. Scatter plot of the predictive values of AIx@75-z-score against residuals.
AIx@75: augmentation index normalized to heart rate of 75 bpm.

Table III. Initial model with gender and handgrip strength, lean body mass, VO2peak, FEV1-z-score, and age as 
predictors of the AIx@75-z-score.
Initial model Unstandardized B Standardized β p 95% CI VIF
Constant 2.635 0.009* 0.689-4.580
Gender (F/M) 1.655 0.559 <0.001* 0.877-2.432 1.638
Handgrip strength (N) <0.001 -0.007 0.973 -0.008-0.007 3.513
Lean body mass (kg) -0.042 -0.244 0.254 -0.115-0.031 4.264
VO2peak (mL/min) 0.001 0.193 0.297 -0.001-0.002 3.198
FEV1-z-score -0.213 -0.254 0.035* -0.410- -0.016 1.303
Age (years) -0.122 -0.198 0.226 -0.321-0.078 2.484
Initial model: F(6-51)=7.415, p<0.001, R2=0.466, Adjusted R2=0.403.
AIx@75: augmentation index normalized to heart rate of 75 bpm, CI: confidence interval, FEV1: forced expiratory volume in 
one second, VIF: variance inflation factor, VO2peak: peak oxygen uptake.
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higher AIx@75-z-scores than males. For a 
1-unit increase in FEV1-z-score, AIx@75-z-score 
decreased by 0.269 units (Table IV).

Discussion

The present study reveals that airway 
obstruction (FEV1) and gender are the factors 
affecting arterial stiffness in cwCF. Female 
cwCF have higher arterial stiffness, impaired 
hemodynamics (resting HR and SV), and lower 
maximal exercise capacity, indicating a higher 
cardiovascular risk than male cwCF.

Regarding comparing hemodynamic 
parameters, arterial stiffness, and endothelial 
dysfunction between genders, female cwCF had 
a higher resting HR than males. The increase 
in resting HR may be a way to compensate for 
the decrease in SV. The SV decrease may result 
from the changes in the contractile properties of 
the heart since a reduction in both right and left 
ventricular function is reported in cwCF.10 The 
higher resting HR and lower SV in female cwCF 
might have led to lower VO2peak and Wpeak values 
in females compared to male cwCF. 

Endothelial cell adhesion molecules of ICAM-
1, VCAM-1, and sE-selectin play a role in the 
activation of inflammatory cells, their uptake 
and passage from vascular structures to the 
airways, and the development of airway 
inflammation.28 Angiogenesis is stimulated 
by tissue hypoxia, and VEGF-A is a potent 
angiogenic factor induced by inflammation and 
tissue hypoxia.29 Since the lungs clear ET-1, loss 
of functional pulmonary vascular channels and, 
thus, the decreased endothelial surface area may 
contribute to the decreased ability of the lung 

to remove ET-130 and the increased circulating 
ET-1 levels. Even though we did not observe 
any significant association between AIx@75 and 
endothelial markers as well as the differences 
between female and male cwCF in terms of 
endothelial markers, vascular endothelial 
dysfunction has been demonstrated in cwCF 
and adult CF relative to healthy peers.13,14 We 
believe that relatively younger age13, absence 
of cardiovascular disease risk factors such as 
CF-related diabetes and cardiovascular disease, 
colonization status, and relatively preserved 
airway function in most of the cwCF could be 
the main factors responsible for this finding.28 
Further follow-up studies may clarify the 
clinical appearance and predictive value of 
endothelial dysfunction and its underlying 
factors with advancing age and disease severity 
in CF.

We observed that cwCF had relatively high 
AIx@75 values when compared with a study 
including healthy children with similar mean 
age (mean age=13.50±2.41, 37.30±9.15% in 
female and 25.94±11.15% in male cwCF vs. 
mean age=13.53±3.17 years, 22.60±8.00% 
in female and 21.80±7.97% in male healthy 
children).25 Furthermore, our findings revealed 
relatively low PWV values when compared 
with that of healthy individuals aged between 
10-29 years (4.15±0.30 vs. 4.87±0.40 m/s [range: 
4.25-5.25]).31 Despite low PWV, high AIx@75 in 
cwCF may result from the distinct mechanisms 
of each index, i.e., PWV reflects aortic stiffness, 
while AIx@75 reflects peripheral arterial 
tone.32 Factors such as inflammation and 
endothelial dysfunction may influence AIx@75 
independently of PWV.32 

Table IV. Final model summary with gender and z-score of FEV1 as predictors of AIx@75.
Final modelφ Unstandardized B Standardized β p 95% CI VIF
Constant 0.368 0.095 -0.066-0.803
Gender 1.506 0.509 <0.001* 0.871-2.141 1.001
FEV1-z-score -0.269 -0.320 0.004* -0.450--0.089 1.001
*p<0.05. F(2-55)=16.082, R2=0.369, Adjusted R2=0.346. φModel summary with gender and FEV1-z-score as predictors.
AIx@75: augmentation index normalized to heart rate of 75 bpm, CI: confidence interval, FEV1: forced expiratory volume in 
one second, VIF: variance inflation factor.
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Since PWV-z-score revealed no difference 
between female and male cwCF, we determined 
the individual contributors to AIx@75-z-score as 
AIx@75 is considered a more sensitive indicator 
of arterial aging in younger individuals than 
PWV.33 The regression analysis showed that 
FEV1-z-score and gender accounted for the 
change in AIx@75-z-score in cwCF. Regarding 
gender as a factor affecting AIx@75, compared 
with males of the same age, prepubescent 
females have stiffer large arteries, suggesting 
inherent genetic gender differences.15 When 
compared to males of the same age, prepubertal 
females were shown to have stiffer large 
arteries, which suggested natural genetic 
gender differences.15 The augmentation index 
decreases gradually with age in both genders, 
although the decrease significantly slows at 
the onset of puberty.34 Arterial stiffness is 
higher in females than in males during both 
the pubertal and post-pubertal periods as well 
as at 18 years of age.34 Differences in hormonal 
factors, metabolic and vascular responses may 
influence gender-based differences in cwCF.35 
Gender differences in arterial stiffness are 
important for prognosis, as greater arterial 
stiffness has been shown to be associated with 
mortality, and this relationship is nearly twice 
as strong in females compared to males.36 In 
line with the literature, the higher AIx@75 and 
AIx@75-z-score in female cwCF compared 
with male cwCF in our study may indicate a 
higher risk in female cwCF for cardiovascular 
diseases. Being an independent factor, FEV1-z-
score indicates that more severe airway disease 
is associated with greater arterial stiffness. FEV1 
indicates the elastic fiber content of the lungs. 
In contrast, arterial stiffness reflects the aorta’s 
fragmentation of elastin and medial collagen 
content, essential structural proteins playing a 
role in the elastic recoil of the lungs and arteries.37 
Since there is a balance between elastin and 
collagen production and their degradation, any 
variations in the volume and structure of these 
proteins result in dysfunction.37 A previous 
study showed a negative association between 
arterial stiffness and FEF25–75%.9 An association 
between pulmonary function and arterial 

stiffness at an early age might signify whether 
the basis for the association is developmental or 
genetic. 

Maintaining a higher lean body mass can 
positively impact the cardiovascular health 
of young individuals.38 Handgrip strength, a 
surrogate measure of overall muscle strength, 
is considered a biomarker of aging.39 Low 
handgrip strength is associated with increased 
arterial stiffness across a wide age range, 
independent of gender and cardiovascular 
comorbidity.39 Lower aerobic capacity is 
related to higher resting HR and cardiovascular 
risk factors40 and increased arterial stiffness 
in children.41,42 Maturity and growth may 
influence the relationship between increased 
arterial stiffness and cardiorespiratory fitness 
at early ages.43 The associations between 
AIx@75-z-score and lean body mass, handgrip 
strength, and VO2peak support that promoting 
a high lean body mass, handgrip strength, and 
cardiorespiratory fitness in cwCF may have 
preventative roles against the development of 
arterial stiffness.

To the best of our knowledge, the present study 
is the first to comprehensively and timely 
evaluate vascular parameters in cwCF using 
a combined approach of oscillometric devices 
(reducing the human factor) and biochemical 
markers (different aspects of endothelial 
function) and investigate their relationship with 
clinical parameters, including exercise capacity 
and pulmonary function. Moreover, the present 
study enables a comparison of arterial stiffness 
and endothelial markers between female and 
male cwCF. 

This study is subject to several limitations. 
First, the study’s cross-sectional nature 
prevented the observation of the clinical 
course of the endothelial function. A follow-
up longitudinal study can highlight the clinical 
course of vascular function in cwCF. Second, 
our study included cwCF aged between 10-
18 years with no cardiovascular diseases and 
mostly preserved lung function, i.e., only eight 
participants (13.8%) had an FEV1% predicted 
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lower than 80%. While enabling a homogenous 
distribution in the study sample and mitigating 
the confounding effects, this situation may 
have masked potential associations, including 
the association between arterial stiffness and 
endothelial function. We did not evaluate 
the pubertal status of cwCF, and it was a 
limitation. Further studies with a wider 
sample size, incorporating pubertal status and 
adult participants considering cardiovascular 
comorbidities as well as follow-up studies, can 
provide a broader understanding of arterial 
stiffness and endothelial functions in CF.

In conclusion, female cwCF has higher resting 
HR, lower SV, lower VO2peak, and higher arterial 
stiffness, indicating a higher cardiovascular risk 
than males. Therefore, FEV1 and gender affect 
arterial stiffness in cwCF. Further follow-up 
studies with a larger sample size, including 
participants with cardiovascular comorbidities 
in CF, may help uncover the underlying factors 
for arterial stiffness and endothelial dysfunction 
and their effects in cwCF.
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