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Summary 
There are concerns about altered vascular functions that could 
play an important role in the pathogenesis and influence the 
severity of chronic disease, however, increased cardiovascular 
risk in paediatric cystic fibrosis (CF) has not been yet fully 
understood. Aim was to analyze vascular disease risk and 
investigate changes over times in CF and controls. We 
prospectively enrolled 22 CF subjects (a median age of 
16.07 years), and 22 healthy demographically matched controls 
(a median age of 17.28 years) and determined endothelial 
function. We utilized a combined diagnostic approach by 
measuring the plethysmographic Reactive Hyperemia Index (RHI) 
as the post-to preocclusive endothelium-dependent changes of 
vascular tone, and biomarkers that are known to be related to 
endothelial dysfunction (ED): asymmetric dimethyl arginine 
(ADMA), high-sensitive CRP (hsCRP), VCAM-1 and E-selectin.  
RHI values were significantly lower in CF young adults 
(p<0.005). HsCRP (p<0.005), E-selectin (p<0.001) and VCAM-1 
(p<0.001) were significantly increased in CF patients since 
childhood. The findings have provided a detailed account of the 
ongoing process of microvascular dysfunction with gradual 
progression with the age of CF patients, making them further at 
risk of advanced vascular disease. Elevations of biomarkers in 
CF children with not yet demonstrated RHI changes but with 
significantly reduced RHI in adulthood and lipid profile changes 
indicate the possible occurrence of ED with CF-related specific 
risk factors over time and will enable us to provide the best 
possible support. 
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Introduction 
 

Cystic fibrosis (CF) is a common, progressive, 
life-shortening chronic disease with multiple system 
involvement that usually begins in childhood and is 
incurable. Due to great advances in treatment goals and 
options in recent years, the quality and life expectancy of 
patients has continuously improved. However, there is 
still a need for additional medical applications focused on 
minimizing the severity of symptoms and complications 
in the treatment of CF which could constitute future 
therapies. 

Involved in multiple risk factors of 
cardiovascular disease (CVD) are hypertension, 
dyslipidemia, diabetes, obesity, lack of physical activity, 
and gender-related differences in sex hormones (Kraml 
2017, Kittnar et al 2020). Strong evidence suggests that 
systemic inflammation and autoimmune diseases 
contribute powerfully to this process (Ross 1999). 
Conversely, some data suggest that bilirubin has an anti-
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atherogenic effect (Vítek 2017).  

Several studies on the prevalence of subclinical 
atherosclerosis in CF patients are currently available 
(Buehler et al. 2012, Poore et al. 2013, Rodriguez-
Miguelez 2016, Tucker et al. 2019). However, a higher 
risk of CVD in CF has not been clearly recognized (Cross 
et al. 2013). Oxidative stress has been investigated in 
relation to endothelial dysfunction (ED) in CF in recent 
years by Olveira (Olveira et al. 2013) and Tucker (Tucker 
et al. 2019), playing an important role in the pathogenesis 
of lung impairment in CF patients at an early age (Hector 
et al. 2014, Kettle et al. 2014). Pancreatic insufficiency 
has also been associated with an imbalance of oxidants 
and antioxidants. Collectively, several studies support 
that airway colonization might interfere with 
microvascular function. The importance of the 
relationship between colonization, systemic inflammatory 
response and oxidative stress with gradual development 
into ED was reported by Reverri et al. (2014) who 
showed a possible development of ED in patients with 
CF from localized inflammatory airway process to 
systemic vascular dysfunction. Subsequently, 
consideration of CFTR dysregulation may shed light on 
consequent impairment of mucociliary clearance leading 
to airway colonization. The authors reported that the 
progression of CF is responsible for chronic airway 
infection and especially acute exacerbation of CF with 
activation of inflammatory immune processes, in which 
there is a massive infiltration of polymorphonuclear 
neutrophils into the airways, followed by overproduction 
of proinflammatory cytokines, reactive oxygen species 
and nitrogen (Reverri et al. 2014). 

With prolonged life expectancy of CF patients, 
CF can be expected to be co-morbid in adults, 
compounded by a chronic systemic inflammatory process 
in a combination with a prothrombotic state and oxidative 
stress. What causes the risk of CVD in CF is not fully 
understood. One possible explanation could be a number 
of major pro-atherogenic CVD risk factors in CF adults 
(Reverri et al. 2014) including systemic inflammatory 
process and oxidative stress. The oxidative stress is the 
main pathophysiologic mechanism leading to impaired 
nitric oxide bioavailability and to ED, as the vascular 
endothelium is a major target for oxidative stress, 
prothrombogenic factors, dyslipidemia, high fat intake, 
low physical activity and CF-linked diabetes. To our 
knowledge, however, there is not enough published 
pediatric data on the preclinical stage of atherosclerosis 
and CVD in CF, so most conclusions regarding CVD 

have so far been based on cohort observations for adults 
only (Poore et al. 2013, Rodriguez-Miguelez 2016, Cross 
et al. 2013, Reverri et al. 2014, Hull et al. 2009). 

ED is a well-established systemic disorder that 
represents an early marker of CVD and precedes the 
development of atherosclerosis (Vrablík 2017). Most 
commonly, the impaired endothelium-dependent 
vasodilatation is defined as a hallmark of ED (Widlansky 
et al. 2003, Donato et al. 2018). In the earliest stages, it is 
a merely functional damage of the endothelial lining due 
to mechanical, physicochemical and immunological 
factors. ED is characterized by a reduced vasodilatory 
response to a suitable ischemic stimulus as well as  
a procoagulant and proinflammatory state becoming  
a proatherosclerotic structure (Hamburg et al. 2008). The 
reversibility of ED may be a primary target in the effort 
to optimize therapeutic strategies and to decrease CVD 
risk in CF. Early detection of ED may have therapeutic 
and prognostic implications (Widlansky et al. 2003, Slíva 
et al. 2019). Unfortunately, ED in childhood has received 
a little attention from researchers, and studies on ED in 
comparable pediatric CF populations are lacking. Thus, 
knowledge of ED in this disease is indispensable for 
diagnostic and therapeutic strategies. Consequently, there 
is a need for novel non-invasive diagnostic tools for the 
detection of ED (Bonneti et al. 2003).  

Therefore, the primary objective of the study 
was to determine (a) whether there is a significant 
difference in the reactive hyperemia index (RHI) in  
CF patients compared to healthy controls (HC) already in 
childhood, and (b) whether there is a correlation between 
RHI and specific biomarkers. We hypothesize that  
a combination of RHI and biomarkers could be used to 
detect ED in children and young adults with CF. 

 
Methods 
 
Study design and data source  

This prospective observational cohort study was 
conducted at the CF unit at our tertiary referral center (the 
Department of Pediatrics and Pediatric Pulmonology, 
Charles University in Prague, Faculty Hospital Pilsen). 
A total of 22 patients with CF were enrolled in the study 
regardless of airway colonization, nutritional status and 
lung function. Diagnosis CF was confirmed by a positive 
sweat test and molecular genetic testing. All CF subjects 
were treated symptomatically according to valid 
standards of the European Society for CF (Castellani  
et al. 2018). The median age of patients was 16.07 years 
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vs 17.28 years in HC. All CF subjects had undergone 
a standard cardiology examination and had normal both 
systolic and diastolic heart function throughout the 
follow-up. None had known vascular disease. 

The control group consisted of 22 healthy 
subjects with no clinical signs of CF, without a history of 
heart, inflammatory, metabolic, neoplastic or peripheral 
vascular disease and without antibiotic, anti-
inflammatory, and vasoactive medications affecting 
endothelial function, or any chronic disease known to 
affect microvascular function. Exclusion criteria for both 
groups were dyslipidemia, obesity, smoking, positive 
family history of premature cardiovascular events, 
abnormal left-ventricular function. 

  
Reactive hyperemia index measurements 

Non-invasive measurement of RHI is based on 
the principle of plethysmographic evaluation of the post-
occlusive endothelium-dependent changes in peripheral 
arterial tone (PAT) using an EndoPAT2000 recorder 
(Itamar Caesarea®, Israel). Initially, body mass index and 
blood pressure in the non-dominant arm were measured. 
During the first phase in the supping position in the 
temperature-controlled room with uniform biosensors 
located on the fingertips, the PAT input values were 
recorded on upper limbs. This was followed by  
a five-minute occlusion of the brachial artery on the  
non-dominant limb with a pressure cuff inflated  
60 mm Hg above the systolic pressure, at least 200 mm 
Hg. The post-occlusive endothelium-induced dilation 
with reactive hyperemia was captured as an increase of 
the PAT signal amplitude. The EndoPAT index (RHI) is 
calculated automatically from the ratio of the occlusive 
and pre-occlusive arterial flow (PAT) relative to the 
values of the simultaneously measured, non-closed 
contralateral limbs. Insufficient increase in PAT 

amplitude during the third post-occlusive phase is 
associated with ED (Fig. 1). The RHI cut-off is set to 
1.67 in adults. According to literature data, the average 
RHI in healthy adults is 2.06 (Domsic et al. 2014).  
 
Laboratory measurements 

We evaluated biochemical parameters related to 
ED to determine the subclinical stage of atherosclerosis. 
After overnight fasting, blood samples were obtained 
from all the subjects in a standard clinical setting. All 
tests were performed in a blinded fashion. We included 
asymmetric dimethylarginine (ADMA) as a competitive 
NO-synthase inhibitor, E-selectin and VCAM-1 vascular 
cells adhesive molecules, all measured by Elisa method 
(OLD Diagnostica®, BioVendor®), as well as high 
sensitive C-reactive protein (hsCRP) measured by 
a particle-enhanced immuno-turbidimetric assay 
technique (Orion Diagnostica®). In relation to ED, we 
evaluated the plasma lipid panel in all subjects. Serum 
levels of total cholesterol, triglycerides, HDL and LDL 
were determined in a clinical laboratory using an auto-
analyzer (GTP Human® and CHOD-PAP Dialab®).  

 
Statistics 

The statistical analysis was performed using 
SAS software (SAS Institute Inc., Cary®, NC, USA). 
Values obtained from individual measurements were 
expressed using descriptive statistics. Statistical 
differences were calculated using a non-parametric 
Wilcoxon two-sample test or its generalized variant of the 
Kruskal-Wallis test. Correlations among RHI and 
biochemical parameters were assessed using Spearman's 
and Kendall's rank correlation. For all analyses, a p-value 
of 0.05 or less was accepted as being statistically 
significant. 

  
 
 

Fig. 1. RHI measurement. 
Comparison of healthy controls 
curves with normal endothelial 
function and CF patients with 
endothelial dysfunction. Upper 
curve with PAT amplitude 
recorded on control arm. Lower 
curve with PAT amplitude 
recorded on the examined arm 
with occlusion during the 
second phase and subsequent 
reactive hyperemia during the 
third phase of the examination. 
https://level1diagnostics.com/te
sting/ 
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Ethics 

Our study was conducted in accordance with the 
principles of the Declaration of Helsinki. The local Ethics 
Committee approved the study protocol (No. 438/2015). 
An informed consent was obtained from each patient or 
their parents. 
 
Results 

 
Demographics of the study sample 

During the study period, a total of 44 consecutive 
subjects were eligible for inclusion. For an overview of the 
baseline demographic and clinical characteristics of  
CF patients and HC, see Table 1. No significant differences 
were observed between groups in terms of age, gender ratio, 
ethnicity or BMI. Eligible study participants were Czech 
nationality (Caucasian). 27.3 % of CF patients were treated 
for chronic Pseudomonas aeruginosa infection, others had 
intermittent or chronic Staphylococcus aureus infection. 

36.4 % of patients were F508del homozygous and 50 % 
were heterozygous for F508del mutation. 27.3 % of patients 
were treated for hepatic complications of CF, 22.7 % of 
patients had impaired glucose tolerance or already treated 
CF-associated diabetes mellitus. Pulmonary function was 
normal in 68.2 % of patients. Poor nutritional status has not 
been demonstrated in CF subjects.  

 
RHI and biochemical parameters 

There was no significant difference in RHI 
between CF and HC up to 18 years of age, however in the 
group of patients over 15 years (adolescents and young 
adults), there was a significant correlation of RHI with 
age (r=-0.60, p<0.05). A statistically significant 
difference was confirmed in the age group 15-18 years 
compared to over 18 years (1.80 vs 1.34; p<0.05),  
as shown in Fig. 2. The dynamics of RHI with age is also 
demonstrated by the RHI result in young CF adults  
(1.34 vs 2.19; p<0.05), as shown in Fig. 3.  

 
 

Table 1. Demographic data 
 

Data 
CF 

median  
(min; max) 

Controls 
median (min; max) p-value 

Statistical 
Significance 

Number 22 22   
Gender (male/female) 6/16 5/17 0.025 equivalency 

Age (y) 16.07 (10.68; 35.58) 17.28 (12.64; 25.40) 0.006 equivalency 
(±5) 

BMI (kg/m2) 19.25 (14.84; 27.20) 20.52 (16.72; 27.16) 0.3 NS 
Systolic blood pressure (mmHg) 111 (90; 136) 116 (104; 135) 0.09 NS 
Diastolic blood pressure 
(mmHg) 60 (50; 86) 69 (55; 88) 0.13 NS 

Total cholesterol (mmol/l) 3.26 (2.40; 4.70) 4.41 (2.10; 6.06) 0.002 p<0.005 
LDL cholesterol (mmol/l) 1.78 (1.09; 3.01) 2.42 (1.14; 3.63) 0.01 p<0.01 
HDL cholesterol (mmol/l) 1.15 (0.75; 1.81) 1.60 (1.14; 2.20) 0.0003 p<0.001 
TG (mmol/l) 1.00 (0.54; 1.72) 0.85 (0.57; 1.36) 0.17 NS 

 
Values are expressed as the median with minimum and maximum values in parentheses; CF - cystic fibrosis; BMI - body mass index; 
HDL - high density lipoprotein cholesterol; LDL - low density lipoprotein cholesterol; TG - triglycerides; NS - non-significant 

Fig. 2. RHI in CF children 15-18 years vs CF adults. Boxes 
indicate the inter-quartile range. Horizontal lines within 
boxes indicate medians. Whiskers extend to the highest or 
lowest values; RHI - reactive hyperemic index; CF - cystic 
fibrosis 
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Fig. 3. RHI in CF adults vs HC. Boxes indicate the 
inter-quartile range. Horizontal lines within boxes 
indicate medians. Whiskers extend to the highest or 
lowest values; RHI - reactive hyperemic index; CF - 
cystic fibrosis; HC - healthy controls 
 
 
 

 
 
 
 
 
 
 

 
 
Table 2. RHI and biomarker values. 
 

Data 
CF 

median (min; max) 
Controls 

median (min; max) 
p-value 

Statistical 
Significance 

RHI 1.38 (1.07; 2.91) 1.81 (1.40; 3.46) 0.003 p<0.005 
hsCRP 
(mg/l) 

2.04 (0.03; 35.00) 0.31 (0.02; 1.64) 0.002 p<0.005 

VCAM-1 
(μg/l) 

1112.00 (849.00; 1669.00) 939.95 (556.00; 1137.50) 0.001 p<0.001 

E-selectin 
(μg/l) 

98.50 (36.10; 179.70) 46.10 (20.80; 106.10) 0.0002 p<0.001 

ADMA 
(μmol/l) 

0.47 (0.27; 0.65) 0.56 (0.31; 0.73) 0.07 NS 

 
Values are expressed as the median with minimum and maximum values in parentheses; RHI - reactive hyperemic index; hsCRP - high 
sensitive C-reactive protein; VCAM-1 - vascular cell adhesive molecule; ADMA - asymmetric dimethylarginine; NS - non-significant 
 
 

Fig. 4. RHI in CF children and adults vs HC. Boxes 
indicate the inter-quartile range. Horizontal lines 
within boxes indicate medians. Whiskers extend to 
the highest or lowest values; RHI - reactive 
hyperemic index; CF - cystic fibrosis; HC - healthy 
controls 
 
 
 
 
 
 

 
 

 
Nutritional status did not correlate with RHI, but 

a moderate negative correlation was found with VCAM-1 
(r=-0.565; p<0.05). A strong negative correlation of RHI 
with ADMA was found (r=-0.694; p<0.01). We showed 
a moderately positive correlation of RHI with hsCRP 
(r=0.592; p<0.05) and a moderately negative correlation 

of RHI with E-selectin (r=-0.541; p<0.05). No 
correlations were found between RHI and biomarkers in 
CF patients in relation to genetic mutations, airway 
colonization, pulmonary function, and complications of 
CF. In the HC group under 18 years of age, no correlation 
was found between RHI and biomarkers. 
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Plasma hsCRP levels were significantly higher 
in CF children (p<0.01) as well as in CF adults 
(p<0.005) compared to HC. Plasma VCAM-1 levels 
were significantly higher in CF children (p<0.01) and in 
CF adults (p<0.001). E-selectin levels in CF children 
were significantly higher compared to HC (p<0.05) as 
well as in CF adults (p<0.001). No significant difference 
in ADMA levels was observed between CF patients and 
the HC. The results of the determined biomarkers in the 
total CF group are summarized in Table 2. RHI was 
statistically significantly lower in the overall CF patient 
group compared to HC (1.38 vs 1.81; p<0.005). The 
results are shown in Fig. 4. A statistically significant 
difference (p<0.05) with a specificity of 77.27 % and 
a sensitivity of 63.64 % was found at the RHI cut-off 
point 1.67. 

Total cholesterol, high-density lipoproteins 
(HDL) and low-density lipoproteins (LDL) levels were 
significantly lower in CF patients (cholesterol: p<0.005, 
LDL: p<0.01, HDL: p<0.001). Triacylglycerol levels 
were not statistically significant between groups. In  
CF patients, nutritional status did not correlate with RHI. 
A moderate negative correlation of BMI with VCAM-1 
was demonstrated (r=-0.601; p<0.005). In CF patients, 
a slightly negative correlation of RHI with E-selectin was 
found (r=-0.472; p<0.05). A slightly negative correlation 
between RHI and ADMA was confirmed in HC 
(r=-0.471, p<0.05). 

 
Discussion  
 

CVD in CF patients are usually attributed to the 
secondary effects of progressive pulmonary disease. With 
the introduction of CFTR modulator therapy into 
practice, a further improvement in the quality of life and 
prolonged life expectancy can be expected, and thus an 
increase in the prevalence of vascular diseases. Due to the 
localization of CFTR in the vascular endothelium and 
smooth muscle, CFTR dysfunction can directly affect 
cardiovascular function (Poore et al. 2021).  

To the best of our knowledge, this is the first 
published report on ED in children and young adults with 
CF using a combined diagnostic approach by assessing 
RHI by endoPAT® plethysmography and specific 
biochemical parameters to assess the dynamics of 
changes of ED with age. In our study, we have shown 
that the patients with CF are at the risk of progression to 
CVD. The results can be summarized in three main 
findings. First, we found significantly different ED values 

in CF patients compared to the normal response in HC 
and significant correlations with biochemical markers. 
Second, these findings of an attenuated, post-occlusion 
hyperemic microvascular response may imply a possible 
association with premature ED in young CF adults 
confirming the progressive development of vascular 
dysfunction since childhood, making them further at risk 
of advanced vascular disease. Third, there is an ample 
evidence to suggest that the differences in ED, as seen in 
our targeted group of children, implicate some 
pathophysiological mechanisms responsible for the 
progression of CVD in CF over time. We suggest that 
these findings may facilitate efficient resource utilization 
and direct appropriate care to high-risk CF patients. 

Considering the relationship between ED and 
atherosclerosis, it is likely that the status of an individual 
endothelial function may reflect the propensity to develop 
atherosclerotic disease and thus may serve as a marker of 
an unfavorable cardiovascular prognosis (Hadi et al. 
2005). In most patients with CF, there are no symptoms 
of CVD complications. This makes the need for 
introducing minimally invasive measures which would 
allow early detection of ED, however, early detection of 
microvascular dysfunction seems to be particularly 
difficult. Attempts to detect vascular disease early are 
associated with evidence of morphological changes as 
early as childhood (Morrison et al. 2010), when the 
clinical course is still quite inconspicuous and reversible. 
A few published studies in the literature have reported 
a link between chronic inflammatory diseases activating 
systemic inflammatory biomarkers and increased 
incidence of CVD (Domsic et al. 2014, Jehlička et al. 
2014, Čejková et al. 2017, Masopustová et al. 2018a).  

The glycocalyx/endothelial surface layer (ESL), 
coating the luminal surface of vascular endothelium is the 
main regulator of vascular wall homeostasis and 
contributes to a variety of pathologies (Yamaoka-Tojo  
et al. 2020, Nieuwdorp et al. 2005). ESL derangement 
plays an important role in the formation of ED (Yilmaz  
et al 2019), leading to NO dysregulation, excessive 
reactive oxygen species (ROS), cytokine elaboration, loss 
of coagulation control, and an increase in platelet and 
leucocyte adhesion, which impair the capacity of the 
vascular endothelium to perform its many functions. ESL 
damage is triggered by inflammatory processes through 
the activation of specific enzymes (matrix 
metalloproteinases, heparanase, and hyaluronidase) 
which are mainly activated by proinflammatory factors 
such as ROS and cytokines (TNF- α and IL-1β) (Masola 



2021  Measurements of Nicrovascular Dysfunction in CF   899  
 

et al. 2021, Yilmaz et al 2019, Becker et al 2015). The 
findings of the study performed by Johansson (Johansson 
et al. 2011) are also impressive; they reported that a high 
syndecan-1 level, as a circulating component of ESL 
degradation, is associated with inflammation, protein C 
depletion, and fibrinolysis and levels of syndecan-1 might 
correlate with E-selectin. 

A study of Poore et al. (2013) investigated ED in 
young fairly healthy CF patients with a four-fold higher 
hsCRP level, detected ED sonographically by the Flow-
Mediated Dilation (FMD) method as well as confirmed 
that ED is related to pulmonary function and exercise 
capacity. Fox et al. (2013) declared the effects of 
restoring endothelial function by oral using of  
an antioxidant cocktail of vitamins C, E and alpha-lipoic 
acid by assessment brachial artery FMD in young  
CF patients. Hull et al. demonstrated increased 
augmentation index (AI), as a parameter of ED, 
expressed of artery vascular stiffness relating to both age 
and atherosclerotic processes (Hull et al. 2009). Hull  
et al. (2013) also measured AI in CF patients and 
confirmed the significant reductions in vascular stiffness 
due to antibiotic treatment.  

There are relevant methods for assessing ED, 
most notably being Sidestream Dark Field imaging (SDF) 
as well as the orthogonal polarization spectral (OPS) 
imaging, photoacoustic imaging (PAI) and optical 
coherence tomography (OCT) (Goedhart et al. 2007, 
Nieuwdorp et al. 2005, Hashimoto et al. 2018), each with 
distinct advantages and disadvantages. From the SDF 
images of vessels, some physical quantities such as vessel 
length, sharpness, vessel diameter, and velocity of red 
blood cells (RBCs) can be estimated (Dobbe et al. 2008). 
Oxygen supplies insufficient in microcirculation may 
lead to tissue hypoxia which is considered to be one of 
the factors of serious diseases, such as CF and chronic 
bronchitis (Airley et al. 2000). Hashimoto et al. (2018) 
confirmed that SDF oximetry can observe oxygen 
saturation (SO2) changes that occur in accordance with 
alteration of the microcirculation and is effective for 
understanding disease dynamics. Other studies have dealt 
with the evaluation of vascular changes in CF (Buehler 
et al. 2012, Henno et al. 2009).  

Biomarker hsCRP is associated with  
an atherogenic process and its elevated levels are 
a predictive factor of morbidity and mortality in 
cardiovascular events and in apparently healthy 
individuals, regardless of commonly known risk factors 
(Morrison et al. 2010). Looking at the results of our 

research, we demonstrated significantly increased levels 
of hsCRP in CF patients since childhood, as a sign of 
endothelial pro-inflammatory activity associated with 
a chronic systemic inflammatory process (Masopustová 
et al. 2018b), consistent with our previously reported data 
in children with Crohn's disease (Jehlička et al. 2014) and 
acute lymphoblastic leukemia (Masopustová et al. 
2018a).  

Higher levels of vasoadhesive molecules 
(VCAM-1) and E-selectin are an expression of 
endothelial activation in CF patients. Nowak 
demonstrated higher VCAM-1 levels in CF patients 
(Nowak et al. 2017) as opposed to De Rose (De Rose  
et al. 1998). 

Current evidence suggests that a higher level of 
ADMA is an indication of ED and may be a potential 
causal factor for ED in CF, as the synthesis of nitric oxide 
triggering vasodilation is impaired. However, we did not 
find a significant change of this biomarker in CF patients. 
We did not expect these results, as we assumed that the 
role of ADMA is often highlighted in the pathogenesis of 
microvascular changes. These findings suggest that the 
importance of this biomarker for ED detection could be 
reduced and the advantage of a combined measurements 
has been increased. Based on these findings, it seems 
obvious that to assess microvascular function in CF, 
stronger emphasis should be put on the combined 
diagnostic approach. These data underline the need of 
caution when using single ADMA values as markers of 
ED.  

In the present study, we demonstrated significant 
lipoprotein abnormalities that may be caused by 
peroxidative stress due to chronic progressive non-
infectious inflammation in CF. Lower HDL levels are 
considered a significant risk factor for atherogenesis in 
CF confirming conclusions in previously published 
studies (Poore et al. 2013, Cross et al. 2013). 

To date, no previous studies have evaluated the 
relationship between ED and the increasing age in CF. In 
addition, the study subjects have been children and young 
adults, and the findings variable. One of the most 
important outcomes of the present research is the gradual 
development of RHI with age of young CF patients. In 
the present study, with increasing age, patients with CF 
developed the changes of microvascular function over 
time. There was no statistically significant difference in 
RHI compared to HC in pediatric CF patients. On the 
contrary, we observed the above-mentioned changes in 
young adults with CF. We revealed statistically 
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significant differences in RHI compared to HC. In the 
group of patients over 15 years of age, we demonstrated 
a statistically significant correlation of RHI with age. 
Comparison of RHI in the group of 15-18 years with the 
group of patients over 18 years showed a statistically 
significant difference in RHI values (median 1.80 vs 
1.34) with substantial tendency to decrease RHI in 
adulthood to pathological values, confirming our 
hypothesis about the effect of chronic inflammatory,  
age-progressing process on microvascular function. To 
address this issue, the results of our study confirmed the 
ongoing process of CVD with gradual progression with 
age, while confirming the worsening of ED in CF adults 
compared to adolescents. An increase in three 
biochemical markers in CF patients as early as childhood 
with as yet unchanged RHI but with significantly reduced 
RHI in adulthood and changes in lipid metabolism 
indicate the possible occurrence of ED with specific risk 
factors in CF patients and gradual progression of 
endothelial changes with age.  

We suggest that the progression of ED is related 
to the intensity and duration of risk factors in CF. The 
method of non-invasive determination of ED by 
combination of RHI measurements and determination of 
specific biomarkers could become a suitable method 
enabling the early detection of cardiovascular risk in all 
CF patients with regard to the severity of the disease, 
limited therapy options and often therapeutically difficult 
to affect disease progression. 

  
Strengths and limitations  

The most remarkable strength of the present 
study is a search strategy to minimize the potential for 
bias, detailed, prospectively collected data, evaluating the 
dynamics of change with age and a combined approach. 
Controls were recruited in the same period from the same 
community, thereby avoiding problems of bias resulting 
from inappropriate controls. All patients were treated in 
a single central unit and followed up in a uniform 
manner. Moreover, the study is strengthened by the use of 
validated automatic RHI analysis which substantially 
reduces a human factor. Simultaneous measurement of 
the contralateral non-occluded arm allows the elimination 
of unintended exogenous changes during examination. 
The close relationship between decreased RHI and 
coronary dysfunction was confirmed by several invasive 
methods (Selamet Tierney et al. 2009). Czech children 
and young adults with CF represent clinical and ethnic 
homogeneity that is a clear advantage in such studies.  

However, the following limitations need to be 
discussed. Limitation is a smaller sample size compared 
to adult studies. However, this is the case with most 
previous comparable studies in children. As described 
elsewhere, strengths and limitations of an absence of 
a precise cut-off limit for RHI in children and uniform 
sensors with no definition of the minimum finger 
thickness (Hamburg et al. 2008, Selamet Tierney et al. 
2009, Kelly et al. 2014) have already been extensively 
discussed. Although there is an imminent danger of over-
interpretation of findings in observational studies, our 
results offer new insight into the vascular disease of  
CF patients. To avoid inaccurate results caused by 
measuring younger children with fingers too small for 
sensors, we selected participants of age 10.5 and higher. 
Kelly demonstrated that younger age is associated with 
lower RHI but not lower FMD among adolescents and 
results of their study suggest that age is associated with 
RHI (Kelly et al. 2014). Therefore, we selected the 
control group with age comparable to CF patients. 
Hamburg demonstrated an increased baseline pulse 
amplitude (PAT) in obese persons with metabolic 
syndrome and an inverse relationship between baseline 
and response PAT to hyperemia (Hamburg et al. 2008). 
Some studies have not found a correlation between FMD 
and RHI with respect to ED (Allan et al. 2013) which 
may be explained by different properties of large 
conductive brachial arteries and the peripheral resistive 
artery bed.  

Although we have to take a cautious approach 
when interpreting these findings, we believe our data is 
relevant as it reflects the correlations with the observed 
parameters and covers significant differences between the 
groups, and several potential limitations did not 
compromise our extrapolations related to the risk of 
vascular disease in this high-risk population.  
 
Conclusions  
 

Our study is the first to assess CVD risk in 
patients with CF in childhood and young adulthood using 
a combined diagnostic approach of plethysmographic 
RHI and biochemical markers. Significantly attenuated 
RHI, elevated plasma levels of hsCRP, VCAM-1 and  
E-selectin support a hypothesis of increased risk of 
premature ED in CF patients. Of note, the risk of CVD in 
CF patients has been significantly increasing with the 
age. These data provide evidence that vascular ED occurs 
in a high-risk cohort of young patients with CF, and the 
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combined approach seems to be a promising method for 
the assessment of microvascular dysfunction. As the 
measures of ED become clinically applicable, we suggest 
that all subjects deserve a great attention in the effort to 
lower the risk of CVD for the majority of pediatric high-
risk CF patients. It is conceivable that comprehensive 
diagnostic assessments allowing early identification, 
targeted management and therapeutic correction of ED 
may lead to improved prognosis in high-risk CF patients. 
We suggest that the current approaches are important 
avenues for future research and may have far-reaching 

clinical implications. These studies might help to develop 
unique therapeutic targets and management strategies for 
control of CVD and can lead to sustained improvements 
in ED in the high- risks patients with CF.  
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