
 MPI. Harris, R.A. and Taylor-Cousar, J 

 
Revised v5.0, 03Mar2022    1 

 

Mechanisms of exercise intolerance in Cystic Fibrosis: Role of PDE5 Inhibition 

 

Protocol Number: Sildenafil Exercise 

Version Date: 03Mar2022 

Investigational Product: Phosphodiesterase type 5 (PDE5) inhibitor (Sildenafil) 

NCT Number:  NCT04039087 

Development Phase: 2b 

Sponsor: Jennifer Taylor, National Jewish Health, Denver, Colorado, USA 
Ryan A Harris, Augusta University, Augusta, Georgia, USA 

Clinical Trial Site:  
 

National Jewish Health 
1400 Jackson St. 
Denver, CO 80206 
303-270- 2764 
 

Institutional Review 
Board:  
 

BRANY (Biomedical Research Alliance of New York) 
445 Broadhollow Road, Suite 405 
Mellville, NY 11747 
516-470-6900 

 

  



 MPI. Harris, R.A. and Taylor-Cousar, J 

 
Revised v5.0, 03Mar2022    2 

RESEARCH PLAN Mechanisms of exercise intolerance in Cystic Fibrosis: Role of PDE5 Inhibition 

A. HYPOTHESES AND SPECIFIC AIMS 
     Cystic Fibrosis (CF) is the most common fatal genetic disease in North America. The predicted median life 
expectancy age for patients with CF is 47.7 years compared to 78.8 years in the general U.S. population.  
Exercise intolerance, evaluated as a reduction in exercise capacity (VO2 peak), has been shown to 
predict mortality in patients with CF independent of lung function.  A critical barrier to improving exercise 
tolerance in CF is our lack of knowledge regarding the different physiological mechanisms which contribute to 
decreased exercise capacity.  The present investigation will not only evaluate the impact that sildenafil has on 
clinically relevant and patient oriented outcomes, it will also provide mechanistic insight.   
      
     Phosphodiesterase type 5 (PDE5) inhibitors reduce inflammation, 
improve vascular health, increase microvascular O2 delivery and improve 
skeletal muscle function.  Accordingly, our central hypothesis is that 
treatment with the PDE5 inhibitor, sildenafil, can improve exercise 
capacity, vascular and cardiac function, and overall quality of life, all of 
which may contribute to improvement in exercise tolerance in people with 
CF (Figure 1).  Drs. Harris and Taylor-Cousar have independently 
conducted small, single center investigations that have demonstrated the 
safety of PDE5 inhibition in patients with CF of varying lung disease 
severity, as well as the efficacy of this novel therapy to improve exercise 
capacity in CF. In addition, our proof-of-concept studies have provided 
compelling preliminary data to support that sildenafil 1) improves clinically 
important measures of exercise tolerance, cardiac function, and quality of 
life, 2) improves vascular endothelial function, 3) reduces both sputum and systemic inflammation, and 4) 
improves oxygen utilization and skeletal muscle function. Thus, the overall goal of this proposal is to evaluate 
the impact that sildenafil has on clinically relevant and patient oriented outcomes and to increase our 
understanding of the potential mechanisms which contribute to improvements in exercise capacity following 
PDE5 inhibition in people with moderate to severe CF lung disease. Using a double blind, placebo controlled 
experimental design; clinically relevant and experimental outcomes will be evaluated at baseline, and following 
6, and 12 weeks of sildenafil therapy (40 mg, thrice daily) in patients with moderate to severe CF lung disease 
regardless of mutation or modulator therapy.  We will test our central hypothesis with the following specific aims: 
 
Aim 1. Test the hypothesis that PDE5 inhibition improves clinically relevant and patient oriented 
outcomes in patients with moderate to severe CF lung disease. Exercise capacity [6MWD and complete 
cardiopulmonary exercise testing (CPET)];  Aim 1A), Pulmonary artery blood flow and right heart structure and 
function (Aim 1B), and the cystic fibrosis related quality of life (QOL)-revised (CFQ-R); Aim 1C) will be assessed 
at baseline and following treatment with sildenafil or placebo.  Based on our preliminary data, we predict that 
sildenafil therapy will improve exercise capacity, cardiac strain (improve cardiac performance), and QOL.  
 
Aim 2. Test the hypothesis that PDE5 inhibition will increase vascular endothelial function and contribute 
to an increase in exercise capacity in patients with moderate to severe CF lung disease. At each 
experimental time point, brachial artery flow-mediated dilation (FMD) will be determined as a bioassay of vascular 
endothelial function. To provide mechanistic insight into the action of sildenafil on exercise intolerance, plasma 
from each patient will be incubated with human aortic endothelial cells to determine the change in ex-vivo 
endothelial cell NOS3 expression following sildenafil or placebo administration.  Based on our preliminary data, 
we predict that 12 weeks of sildenafil therapy will increase FMD through an increase in NOS3 phosphorylation.  
 
Exploratory Aim.  Test the hypothesis that PDE5 inhibition will improve skeletal muscle function and 
decrease pulmonary and systemic inflammation and contribute to an increase in exercise capacity in 
patients with CF.  At each experimental time point, indices of gas exchange (O2 uptake kinetics, expired CO2, 
VE/VO2, VE/VCO2) will be determined and spontaneous or induced sputum will be collected.  NOS2 expression 
will also be determined in nasal epithelial cells.  Based on our preliminary findings, we predict that sildenafil will 
1) improve skeletal muscle function and 2) decrease both lung and systemic inflammation, both of which may 
contribute to improvements in exercise capacity in CF. Furthermore, we predict that sildenafil will decrease NOS2 
expression in nasal epithelial cells. 
  

Figure 1.  Central Hypothesis 
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B. BACKGROUND AND SIGNIFICANCE  
B1. OVERVIEW.  Cystic fibrosis (CF) is the most common, life-shortening, inherited disease in Caucasians, 
affecting approximately 30,000 people in the United States1.  Perhaps most disturbing, the predicted median age 
of survival for patients with CF is 47.7 years compared to 78.8 years in the general U.S. population. Due to the 
ubiquitous expression of the mutated cystic fibrosis transmembrane conductance regulator (CFTR) gene in many 
different tissues, patients with CF not only present with pulmonary dysfunction but with systemic manifestations 
of disease, including those of the gastrointestinal, immune, endocrine, and musculoskeletal systems. In addition, 
a CF community survey performed through research voice demonstrated that 47% of people with CF and their 
families were interested in research related to the manifestation of exercise intolerance.  
 
B2. EXERCISE INTOLERANCE CONTRIBUTES TO EARLY MORTALITY IN CF.    
     Exercise capacity is an objective measure of exercise tolerance. Over 25 years ago, exercise capacity was 
shown to predict mortality in patients with CF, independent of lung function2, and higher exercise capacity is a 
marker for longer survival in this patient population3. Even in the setting of early pulmonary disease, exercise 
intolerance is a prevalent phenotype in patients with CF4.  Thus, it is important to emphasize that decreases in 
lung function (FEV1) do not always explain reductions in VO2 peak5.   
     Due to the prognostic value in CF, routine exercise tests to evaluate exercise capacity are now recommended 
by the European Respiratory Society (ERS) and the Cystic Fibrosis Foundation (CFF)6. Lower exercise 
capacity is associated with greater mortality, steeper decline in pulmonary function, reduced quality of 
life, and an increased number of pulmonary exacerbations7. There are a number of factors that have been 
hypothesized to play a role in exercise intolerance including ventilatory limitation, poor nutritional status, systemic 
inflammation, direct effects of CFTR mutations, decreased muscle mass, and peripheral muscle dysfunction8-10.  
However, a critical barrier to improving exercise capacity in patients with CF is our lack of knowledge regarding 
the different physiological mechanisms that contribute to exercise intolerance. 
 
B3. EVIDENCE FOR CARDIAC AND VASCULAR DYSFUNCTION IN CF. 
     B3.1. Cardiac Dysfunction Is Present In CF And May Lead To Exercise Intolerance.  Despite substantial 
improvements in care, there is a clear link between right heart failure and high mortality in CF11. However, even 
in the setting of mild to moderate pulmonary disease, exercise intolerance is observed in patients with CF4. 
Increasing evidence implicates the contribution of right ventricular (RV) structural changes on diminished 
functional capacity in patients with airway disease12. At autopsy, the pulmonary circulation in patients with CF is 
often characterized by the presence of RV hypertrophy with abnormal muscularization of medium and small 
pulmonary arteries13. Recently, increased right ventricular torsion and strain have been identified in cystic fibrosis 
transmembrane conductance regulator (CFTR) knockout mice14. Characterization of dysfunctional RV 
mechanics and their contribution to exercise intolerance in patients with CF is unexplored, but could be evaluated 
through the proposed combination of exercise testing (CPET) and cardiac magnetic resonance (CMR) imaging. 
     B3.2. Vascular Dysfunction Is Present In CF And May Lead To Exercise Intolerance.  Several studies 
have shown that endogenous production or bioactivity of NO is impaired in the airways of patients with CF.  
Animal and clinical data have shown 1) marked down regulation of inducible NO synthase (NOS) in airway 
epithelium, 2) a strong association between severe lung disease and endothelial NOS polymorphisms, 3) 
increased degradation of NO metabolites, and 4) decreased amounts of NO in exhaled breath condensate of 
patients with CF15-19.  Thus, CF lung disease can be characterized by a relative NO deficiency with down-
regulation of the NO-cGMP signaling cascade. More recently, our group was the first to describe both conduit20 
and microvascular endothelial dysfunction21 in people with CF who exhibit preserved spirometric function. 
Naturally, impaired nutritive blood flow to the working musculature during exercise is suggested to contribute to 
exercise intolerance in several clinical populations22, 23.  In support, we have recently published that patients with 
CF exhibit impaired blood flow regulation compared to controls and this impairment was proportional to exercise 
capacity and inversely related to oxidative stress24. Whether or not changes in endothelial function 
contribute to changes in exercise capacity in CF has yet to be explored.   
 
B4. CLINICAL RELEVANCE OF PATIENT ORIENTED OUTCOMES IN CF.  
     The CFQ-R, the associated scores of which correlate with survival in CF25, is designed to measure CF-
specific patient-reported health-related quality of life. The CFQ-R has been validated in CF, and the minimally 
clinically important difference for the respiratory score has been established as 426, 27. Importantly, the Federal 
Drug Administration expects that benefits of a new therapy including improvement in how a patient survives, 
functions or feels.  A patient reported outcome measure such as the CFQ-R score fulfills this expectation. 
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B5. INFLAMMATION AND SKELETAL MUSCLE DYSFUNCTION ARE COMMON PHENOTYPES IN PEOPLE 
WITH CF. 
     B5.1. Systemic Inflammation Is Present In CF And May Lead To Exercise Intolerance.  Although debate 
exists between the cause or consequence28, it is clear that chronic inflammation contributes significantly to the 
progression of CF disease. Even in patients with mild asymptomatic disease, neutrophil count, active elastase, 
and immunoglobulin levels are substantially higher compared to normal controls29, 30. Elevated systemic 
inflammation increases oxidative stress which can impair blood flow regulation and reduce skeletal muscle 
function31, 32. Consequently, it is reasonable to believe that greater inflammation in CF reduces exercise capacity.  
In fact, a negative relationship between C-reactive protein (CRP) and exercise capacity has been reported in 
CF33 and compelling preliminary data from our group indicates that patients with elevated systemic inflammation 
have lower exercise capacity (Figure 9).   
     B5.2. Skeletal Muscle Dysfunction Is Present In CF And May Lead To Exercise Intolerance.  Numerous 
studies, including published data from our team34, have described that patients with CF exhibit intrinsic skeletal 
muscle defects, including mitochondrial dysfunction35-38, independent of muscle mass, lung function, or physical 
activity status39-44.  The manifestation of these skeletal muscle impairments in patients with CF has been closely 
related to the abnormal function of CFTR in muscle tissue43, 45 that is not observed in other respiratory 
pathologies43, 45, 46.  In addition, we have previously demonstrated that young patients with CF have impaired 
skeletal muscle oxygen uptake kinetics47, which has recently been proposed as a mechanistic link to impaired 
muscle oxygen extraction and utilization48. Unequivocally, mitochondrial dysfunction coupled with impaired 
oxygen extraction and utilization would reduce exercise capacity; a likely scenario in people with CF that will be 
tested in the current proposal. 
 
B6.  PDE5 INHIBITION OFFERS MULTIPLE MECHANISMS TO IMPROVE EXERCISE CAPACITY IN CF. 
  Sildenafil, a commonly used PDE5 inhibitor, increases exercise capacity in Fontan patients49, systolic heart 
failure50 and congestive heart failure51.  However, work using PDE5 inhibitors in patients with CF is scant and a 
recent review on the topic highlights the potential use for PDE5 inhibitors in CF treatment52.   
     B6.1.  PDE5 Inhibition Improves Vascular Function. The majority of studies evaluating sildenafil are 
focused on the vascular system. In fact, chronic PDE5 inhibition is routinely shown to improve endothelial 
function (in as little as 4 weeks) in patients with vascular dysfunction53-55.  A recent publication from our team 
demonstrates that 4 weeks of sildenafil can significantly improve vascular endothelial function in patients with 
CF that exhibit mild to moderate disease severity (Figure 6)56.  In support of our hypothesis, the improvement in 
endothelial function is associated with an increase in exercise capacity (Figure 7). 
     B6.2.  PDE5 Inhibition Decreases Inflammation.  Although the exact role of NO signaling in the CF airway 
is unclear, several studies have suggested that the NO-cGMP cascade plays an important role in airway 
inflammation and bacterial infection57, 58. Pretreatment with sildenafil inhibits LPS-induced airway hyper reactivity, 
white cell influx, and NO dysfunction in two guinea pig models of airway disease59. In addition, the excessive 
pro-inflammatory response to P. aeruginosa exposure in CF respiratory epithelial cells could be reversed by 
treatment with sildenafil57. Preliminary data from our team demonstrates that sildenafil reduces sputum elastase 
(Figure 10), which is a sensitive measure of CF airway inflammation and has been shown to predict lung function 
decline in patients with CF60.  In addition, preliminary data from our team demonstrates that sildenafil can also 
reduce systemic pro-inflammatory cytokines (Figure 11). 
     B6.3. PDE5 Inhibition Improves Skeletal Muscle Function. In otherwise healthy men, daily administration 
of sildenafil increases skeletal muscle protein synthesis and reduces fatigue61. In addition, sildenafil not only 
enhances proliferation of skeletal myoblasts and increases Ca2+ availability in skeletal myotubes62, it improves 
exercise O2 uptake kinetics in patients with heart failure63. For the first time in patients with CF, preliminary data 
from our group demonstrates that 4 weeks of sildenafil improves oxygen uptake kinetics and skeletal muscle O2 
extraction (Figures 12 & 14), improvements that are related to increased exercise capacity. 
 
B7.  INNOVATION AND CLINICAL RELEVANCE 
     An understanding of the etiology of exercise intolerance and its treatment is a significant unmet need in 
people with CF lung disease. Innovation in this proposal is evident in the topic of the research, the concepts and 
hypotheses to be tested, and the approaches to be used.  This proposal: 
 represents a paradigm shift and focuses on non-pulmonary factors related to CF lung disease.   
 provides insight into potential mechanisms that contribute to exercise intolerance in people with CF.  
 is based on the combined concepts and rationale established in cell, animal, and our own pilot studies, and 

therefore demonstrates the true model of translational research.  
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 would be the first study to rigorously investigate the therapeutic potential and offer mechanistic insight of 
PDE5 inhibition to improve exercise capacity in people with CF.   

 incorporates near infrared spectroscopy on the vastus lateralis coupled with the patented technology of the 
Physioflow Enduro provides a state-of-the-art, non-invasive methodology to evaluate skeletal muscle 
function during exercise in people with CF.  

 utilizes oral administration of sildenafil which is mutation agnostic and would not significantly 
increase the therapy burden for patients with CF. Sildenafil offers the advantage of a drug that is already 
FDA-approved. It can be administered, independent of mutation, to people with CF on modulators and even 
more importantly, to the last 7-10% of patients who are unlikely to have access to a highly effective 
modulator in the near future. In addition, given the significant burden of care that impacts the lives of CF 
patients64, 65, and continues to substantially increase over time66, the use of an oral medication, rather than 
an inhaled one, is more desirable to modify disease and/or combat symptoms.  

C. PRELIMINARY STUDIES 
     In this section, we provide the essential proof of concept support for the current proposal followed by strong 
preliminary data that supports the rationale and feasibility of the hypothesis to be tested in each specific aim.   

SILDENAFIL IS SAFE AND EFFECTIVE IN MILD TO SEVERE CF LUNG DISEASE:  Drs. Harris and Taylor-
Cousar each have FDA INDs (INDs #102639 and #119923) for use of sildenafil in people with CF.  Our team 
has published the tolerability and safety of both 20 mg and 40 mg of sildenafil thrice daily67. In Dr. Taylor-
Cousar’s published pilot study, 20 patients with mild-moderate CF were given either 20 or 40 mg of sildenafil 
TID for 6 weeks. Side effects were generally mild and consistent with the product insert. There were no drug-
related SAEs and this study was the first to demonstrate that sildenafil was safe and well tolerable in 
patients with CF.  Importantly, the safety review of Dr. Taylor-Cousar’s completed study in moderate to severe 
CF lung disease presented at NACFC showed no safety concerns. In Dr. Harris’ study, 20 mg of sildenafil TID 
for 4 weeks was given in mild to moderate CF lung disease. Treatment was also tolerated well.  These 2 pilot 
studies provide the foundation for the proposed investigation to provide additional insight into the potential 
mechanisms which contribute to the improvement in exercise capacity following treatment with sildenafil in CF.  

C1.1. SILDENAFIL TREATMENT IMPROVES 
EXERCISE CAPACITY IN PEOPLE WITH CF. 
     New compelling preliminary data from our team 
support the efficacy of sildenafil to improve indices of 
exercise capacity in patients with CF.  In Dr. Taylor-
Cousar’s pilot study of patients with moderate to severe 
CF pulmonary disease (mean ppFEV1 was 59.2 [range 
35-68]), Figure 2 illustrates the 25 m improvement in 
6MWD (25.16 [SD 18.78]) following 12 weeks of 
sildenafil therapy.  Figure 3 illustrates the significant 
improvement in exercise capacity in patients with CF 
following Dr. Harris’ 4 weeks of sildenafil.   
C1.2. SILDENAFIL TREATMENT IMPROVES 
GLOBAL LONGITUDINAL STRAIN (CARDIAC 
FUNCTION). 
    In Dr. Taylor-Cousar’s pilot study of patients with 
moderate to severe CF pulmonary disease cardiac 
function was evaluated using cardiac MRI. Figure 4 
illustrates the cardiac images and the calculated strain 
from those images. (More negative strain corresponds 
with improved cardiac performance.)  Following 12 
weeks of sildenafil, the global cardiac strain decreased (-
4.77±5.5) in the sildenafil group and slightly increased in 
the placebo group (1.44±4.59).   

Aim 1.  Test the hypothesis that PDE5 inhibition improves clinically relevant and patient oriented 
outcomes in patients with moderate to severe CF lung disease. 

Figure 3.  Significant increase 
in VO2 peak following 4 weeks 
of sildenafil in patients with CF. 

Figure 2.  Progressive increase in 
exercise capacity (6MWD) 
throughout 12 weeks of sildenafil in 
patients with CF. Extreme outlier 
removed from placebo. 

Figure 4.  Impact of 12 weeks of placebo or sildenafil on cardiac strain 
in people with moderate to severe CF lung disease.   
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C1.3. SILDENAFIL TREATMENT IMPROVES PATIENT 
REPORTED RESPIRATORY QUALITY OF LIFE DOMAIN. 
     In Dr. Taylor-Cousar’s pilot study of patients with 
moderate to severe CF pulmonary disease the CFQ-R was 
administered during week 1, and 6 weeks and 12 weeks 
following either sildenafil or placebo. Figure 5 illustrates the 
8.6 point improvement in the CFQ-R respiratory domain 
following sildenafil and the -9 point reduction following 
placebo. Importantly, this improvement was greater than 
what was observed during the Orkambi® clinical trial68.  

C2.1. SILDENAFIL TREATMENT IMPROVES VASCULAR ENDOTHELIAL FUNCTION. In Dr. Harris’ 4-week 
open label study, ultrasonic assessment of endothelial function using the FMD test was determined at baseline 
and following treatment.  Figure 6 illustrates a 
significant increase in FMD following 4 weeks of 
sildenafil, data that were recently published56. In 
addition, a positive association between the 
change in endothelial function (FMD) and the 
change in exercise capacity were observed 
controlling for baseline vascular function (Figure 
7).  These data support the role of sildenafil to 
improve vascular health and contribute to an 
increase in exercise capacity in CF.   

C2.2. SILDENAFIL TREATMENT INCREASES ENDOTHELIAL CELL EXPRESSION OF NOS3. As described 
in detail below (section D17), human aortic endothelial cells were incubated with plasma taken from the 15 
patients with CF at baseline and following 4 weeks of open-label sildenafil treatment.  Figure 8 illustrates a 
significant increase in phospho-
NOS3 (panel A) with plasma treated 
with sildenafil and no change in 
NOS3 protein (panel B); resulting in 
a significant increase in the ratio of 
pNOS3:NOS3 (panel C). These 
recently published56 molecular data 
provide mechanistic insight into how 
sildenafil can increase NO 
bioavailability (i.e. increase in NOS 
activation) and impact vascular 
endothelial function and exercise 
capacity in patients with CF. 

Aim 2. Test the hypothesis that PDE5 inhibition will increase vascular endothelial function via greater 
endothelial nitric oxide synthase (NOS3) expression and contribute to an increase in exercise 
capacity in patients with CF. 

Figure 8.  Pre and post 4 weeks of sildenafil for A. representative Western blot and mean phosphorylated 
NOS3 (serine 632), B. representative western blot and NOS3, and C. ratio of phospho-NOS3 and total 
NOS3.  Protein loading was verified by β-actin. *Significant from pre. 

Figure 6.  Significant increase in 
flow-mediated dilation following 4 
weeks of sildenafil therapy. 

Figure 5.  Impact of 12 weeks of placebo or sildenafil on CFQ-R 
respiratory domain in patients with CF.   

Figure 7.  Positive relationship 
between the change in flow-
mediated dilation and the change 
in exercise capacity. 
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C3. PATIENTS WITH ELEVATED INFLAMMATION HAVE 
LOWER EXERCISE CAPACITY. Using between group, cross-
sectional analysis, the impact of exercise capacity level on 
circulating hsCRP was evaluated in 33 patients with mild to 
moderate CF lung disease. Figure 9 illustrates that patients with 
an exercise capacity (VO2 peak) greater than 65% predicted have 
a lower CRP compared to those patients with a VO2 peak  <65% 
predicted.  Although these data cannot confirm a causation, they 
do provide support that inflammation may contribute to exercise 
intolerance in people with CF.   
 
C3.1. SILDENAFIL TREATMENT DECREASES SPUTUM 
ELASTASE IN PATIENTS WITH CF.  In an open label study, 20 
patients with CF were treated with sildenafil (40 mg TID) for 6 
weeks. Spontaneous or induced sputum (as per the CF TDN 
research protocol) expectoration was collected and placed on ice 
and sent overnight to the CF TDN Inflammatory Mediator Core 
Laboratory (Aurora, CO) for batch analysis of active elastase as 
previously described69. Figure 10 illustrates a significant reduction 
in sputum elastase following 6 weeks of sildenafil. 
 
C3.2. SILDENAFIL TREATMENT DECREASES BIOMARKERS OF SYSTEMIC INFLAMMATION IN 
PATIENTS WITH CF.  Using an open-label proof-of-concept design, 15 patients with CF were treated with 
sildenafil (20 mg TID) for 4 weeks.  Circulating concentrations of inflammatory biomarkers were assessed at 
baseline and following treatment. Figure 11 below illustrates the tendency for sildenafil to reduce circulating 
concentrations of TNF-α (panel A), IL-1β (panel B), and IL-6 (panel C).   
 

C3.3. SILDENAFIL IMPROVES MUSCLE OXYGEN EXTRACTION DURING MAXIMAL EXERCISE IN CF.      
     Following 4 weeks of sildenafil therapy in patients with CF, muscle oxygen extraction (mO2 extraction) during 
exercise was determined using a derivation of 
the Fick equation and calculated as mO2EX = 
100- [SpO2 – VO2 / (13.9 x CO x Hb)].  Figure 
12 illustrates the significant increase in mO2 
extraction following sildenafil therapy. 
Additionally, the change in mO2 extraction 
following treatment was significantly associated 
with the change in exercise capacity (Figure 
13). These data not only support the efficacy of 
sildenafil to improve skeletal muscle function, 
they demonstrate that the increase in O2 

extraction may contribute to improvements in 
exercise capacity. 

Figure 11.  Inflammatory response to 4 weeks of sildenafil on A) TNF-α, B) IL-1β, and C) IL-6 in patients with CF.  

Secondary/Exploratory Aim.  Test the hypothesis that PDE5 inhibition will improve skeletal muscle 
function and decrease pulmonary and systemic inflammation and contribute to an increase in 
exercise capacity in patients with CF. 

Figure 12.  Muscle oxygen extraction at 
rest and during maximal exercise at 
baseline and following sildenafil treatment. 
*Significant from baseline; † Significant 
from rest. 

Figure13. Significant relationship 
between the change () in mO2 and 
the change in exercise capacity (VO2 
peak) following sildenafil treatment. 

Figure 10. Significant reduction in sputum elastase 
following 6 weeks of sildenafil in 20 patients with 
CF.   

Figure 9.  Patients with a higher VO2 peak exhibit 
lower CRP compared to those patients with a lower 
exercise capacity.  
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C3.4. SILDENAFIL IMPROVES MUSCLE FUNCTION DURING EXERCISE.  Near infrared spectroscopy (NIRS) 
was placed over the vastus lateralis to measure changes in skeletal muscle O2 concentrations and consumption 
during exercise as previously described70-72.  Figure 14 illustrates an individual representation of the 
concentration changes of oxyhemoglobin (O2Hb) and deoxyhemoglobin (HHb) in the vastus lateralis during a 
maximal cycling exercise test in A) a healthy control, B) a patient with CF, and C) the same patient treated with 
sildenafil for 4 weeks.  

Importantly, 1) despite similar SpO2, resting concentrations of O2Hb are higher in the control (Panel A) compared 
to the patient (Panel B), and 2) the hyperemic reperfusion response during recovery is impaired in the patient 
compared to the control.  Four weeks of sildenafil 1) restores resting concentrations of O2Hb, 2) delays the 
increased concentration change of HHb, and 3) restores the rebound reperfusion response during recovery. 
  
D. Experimental Design and Methods 
D1.  Overview This section is organized to provide a complete 
overview of our experimental design (Figure 15) and the 
particular details for each specific aim. Based on our proof-of-
concept pilot studies using sildenafil in CF, we are proposing a 
randomized, double blind, placebo controlled investigation to 
evaluate the potential of sildenafil to improve exercise tolerance 
and other clinically relevant outcomes in CF and provide 
mechanistic insight into the improvement in exercise capacity. 
Patients will be randomized in a 1:1 (sildenafil:placebo) fashion, 
and exercise capacity, cardiac and vascular health, quality of 
life, inflammation, and skeletal muscle function will be 
investigated at the same time of day during baseline, 6 weeks 
(interim assessment), and 12 weeks following treatment.  The 
length of participation for each patient will be ~16 weeks and 
will consist of a screening visit, dose initiation and escalation 
visits, 3 experimental testing days, and 3 phone call 
evaluations.   
 
 

D3.  Study Participants.  A total of 40 clinically stable patients 
with moderate to severe CF lung disease ≥ 9 years of age will 
be recruited and enrolled from the pediatric and adult outpatient 
CF clinics at Augusta University and National Jewish Health. Both children and adults of any CFTR genotype 
will be included. All patients will be instructed to maintain their daily routine for airway clearance, inhaled 
therapies and exercise. Patient safety is a priority; therefore inclusion/exclusion criteria will be based on disease 
severity, past medical history, microbiology, and current medications.   
 
Inclusion Criteria 
 Confirmed diagnosis of CF based on the following criteria: Positive sweat chloride concentration ≥60mEq/liter (by 

pilocarpine iontophoresis) and/or genotype with two identifiable disease-causing mutations consistent with CF, and 
accompanied by one or more clinical features consistent with the CF phenotype   

 Male or female patients ≥ 9 years of age   
 FEV1 ≥ 30% predicted and ≤ 80% for patients ≥ 18 years of age and ≤ 85% for patients  < 18 years of age 

Figure 14.  An individual representation of the concentration change response of oxyhemoglobin (O2Hb) and deoxyhemoglobin (HHb) throughout 
an incremental cycling exercise test in A) a healthy control, B) a patient with CF, and C) a patient with CF following 4 weeks of sildenafil.  

Figure 15.  Experimental design. 
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 Clinically stable without evidence of acute upper or lower respiratory tract infection or current pulmonary 
exacerbation within the 14 days prior to the screening visit   

 Resting oxygen saturation (room air) >85% 
 Patients with or without CF related diabetes 
 Ability to perform spirometry reproducibly (according to ATS criteria)   
 Willingness to maintain chronic CF medication schedule (e.g. alternating month inhaled antibiotics) 
 
 
Exclusion Criteria: 
 Children 8 yrs. old and younger 
 Subjects who weigh < 20 Kgs 
 History of hypersensitivity to sildenafil   
 Use of an investigational agent within the 4-week period prior to Visit 1 (Day 0)   
 Breastfeeding, pregnant, or verbal expression of unwillingness to practice an acceptable birth control method 

(abstinence, hormonal or barrier methods, partner sterilization or intrauterine device) during participation in 
the study for women of child-bearing potential.  

 History of significant hepatic disease (AST or ALT > 3 times the upper limit of normal at screening, 
documented biliary cirrhosis, or portal hypertension),  

 History of significant cardiovascular disease (history of aortic stenosis, coronary artery disease, or life-
threatening arrhythmia),  

 History of severe neurological disease (e.g. history of stroke),  
 History of severe hematologic disease (e.g. history of bleeding diathesis; current INR > 2.0 
 History of severe ophthalmologic disease (e.g. history of retinal impairment or non-arteritic ischemic optic 

neuritis)  
 History of severe renal impairment (creatinine >1.8 mg/dL.)  
 Inability to swallow pills   
 Previous organ transplantation   
 Use of concomitant nitrates, α-blocker, or Ca channel blocker  (currently or within one month of Visit 1) 
 Use of concomitant medications known to be potent inhibitors of CYP3A4 [e.g. ketoconazole, itraconazole, 

ritonavir, clarithromycin, erythromycin, rifampin (currently or within one month of initiation of study drug)]  
NOTE:  use of azithromycin is NOT a cause for exclusion 

 History of sputum or throat swab culture yielding Burkholderia cepacia or Mycobacteria massiliense within 
2 years of screening 

 History of migraine headaches.  
 Presence of a condition or abnormality that in the opinion of the investigator would compromise the safety of 

the subject or the quality of the data  
 Initiation of CFTR modulator therapy less than 1 month prior to first dose of sildenafil or placebo 
 Use of anticoagulants 
 Frank pulmonary hypertension (RVSP >45 mm Hg by echocardiography) 
 
 

D3.1. Additional Enrollment Considerations. People on CFTR modulators may participate if they have been 
on a stable dose for at least 4 weeks prior to study drug initiation.  It is possible that circulating sildenafil levels 
would be decreased because of the effects of lumacaftor/ivacaftor on sildenafil metabolism; however, we are 
using the 40 mg TID dosing for this study and will check sildenafil levels at the interim and end of study visits.  
There was no impact on outcomes in people with CF who were taking modulators versus those who were not 
taking modulators in Dr. Taylor-Cousar’s study in people with moderate to severe lung disease. Patients who do 
not meet the enrollment criteria at the time of the screening visit may be re-screened at a later date at the 
discretion of the site investigator.   
 

D4. Rationale For 40 mg TID Drug Dose/Frequency. The approved/standard dosing of sildenafil for pulmonary 
vascular disease (marketed as Revatio® for this indication) is 20 mg p.o. TID. In the pivotal study of PH patients 
without CF, doses up to 80 mg p.o. TID were given without improvement in the primary outcome measure 
(6MWD). Our pilot study identified a modest, yet significant increase in exercise capacity following 20 mg TID.  
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However, in our team’s published pilot study evaluating sildenafil as an anti-inflammatory in patients with mild-
moderate CF, 10/12 of the subjects who had a decrease in sputum elastase were in the 40 mg group. 
Although there was more flushing and rhinorrhea in the 40 mg group, there were no drug related serious adverse 
events nor an increased rate of discontinuation in the 40 mg group. There were no study drug related 
discontinuations in Dr.Taylor-Cousar’s study in moderate-severe CF disease. Furthermore, we did estimate an 
increased rate of sildenafil elimination in people with CF compared to healthy controls. Accordingly, based on 
the combined safety, efficacy and pharmacokinetic data from our preliminary investigations, and the likelihood 
of a higher dose having a greater impact, we have chosen to use the 40 mg p.o. TID dosing for this study. Dosing 
in children is described in the Protection of Human Subjects.  
 

D5. Study Medication, Randomization, and Distribution Plan. Subjects will be randomized to treatment or 
placebo groups.  Study statistician, Dr. Doug Everett will generate a random sequence number for each 
participant which he will provide directly to the central pharmacy. Investigators, subjects, and laboratory 
personnel will be blinded to the treatment. Blinded study drug kits will be packaged, labeled and shipped from a 
contracted central pharmacy based on sequence number. The study site pharmacist must receive the study 
drug, record its receipt, and assure that the study drug is handled properly and stored safely. An accurate 
accounting of dispensing and return of the study drug will be maintained by the research pharmacist at each site. 
Subjects will be instructed to return all unused study drug at the End of Study or Early Withdrawal visits.  The 
PIs each hold an IND for the use of sildenafil in CF (IND #102639, IND #119923) and FDA reports will continue 
to be submitted annually.  
 

D6. Exercise Testing and Physical Activity Evaluation.   All participants will perform the six minute walk test73 
and undergo maximal exercise testing on an electronically braked cycle ergometer using the Godfrey protocol 
at baseline, 6 weeks and 12 weeks following treatment with sildenafil or placebo.  In addition, all patients will be 
receive a Fitbit wrist accelerometer and instructed on its use from pre-dose through the end of the study. Fitbit 
data will provide objective assessments of daily physical activity and sleep quantity and efficiency.  Data will be 
used to ensure baseline physical activity is similar between treatment groups as well as the effect that treatment 
may have on daily physical activity, which can impact exercise capacity.  Interestingly, preliminary data from Dr. 
Taylor-Cousar’s randomized pilot study not only observed a statistically significant change (p=0.02) in Fitbit steps 
following 12 weeks of sildenafil when compared to placebo, the participants gave very positive feedback about 
the use of Fitbit during the study.  All testing will be conducted at the same time of day to avoid the impact of 
diurnal variations. 

D7.  Aim 1 Rationale.  Patients with CF exhibit exercise intolerance, independent of lung function. Exercise 
capacity, an objective measurement of exercise tolerance, predicts mortality in patients with CF. The 
mechanisms for exercise intolerance in CF have yet to be fully elucidated and further understanding could 
improve clinical outcomes and survival in CF. Preliminary data from two independent proof-of-concept clinical 
trials support the use of sildenafil to improve exercise capacity, cardiac function, and quality of life in CF.  
 

D7.1. Aim 1 Experimental Design. Exercise capacity, cardiac function, and quality of life will be evaluated in all 
patients prior to treatment and 6 weeks and 12 weeks following treatment with either sildenafil or placebo.  
Exercise capacity will be assessed using 6MWD, whereas cardiac MRI and the CFQ-R will be used to determine 
global cardiac strain and patient quality of life, respectively 

 

D8.  Aim 2 Rationale The mechanisms for exercise intolerance in CF have yet to be fully elucidated.  The ability 
to maintain adequate oxygen delivery to the working musculature is of critical importance, particularly under 
conditions of increased demand, such as during exercise. Our group was the first to describe both conduit and 
microvascular endothelial dysfunction in patients with CF20, 21.  In addition, recent published data from our lab 
indicate that patients with CF exhibit an impairment in blood flow regulation during exercise74  Indeed, impaired 
nutritive flow to the working musculature during exercise is suggested to contribute to exercise intolerance in 
several clinical populations22, 23, and has yet to be investigated as a potential mechanism for exercise intolerance 
in CF. PDE5 inhibition therapy is routinely shown to improve vascular health (in as little as 4 weeks) in patients 

Aim 1. Test the hypothesis that PDE5 inhibition improves clinically relevant and patient oriented 
outcomes in patients with moderate to severe CF lung disease. 

Aim 2. Test the hypothesis that PDE5 inhibition will increase vascular endothelial function and 
contribute to an increase in exercise capacity in patients with moderate to severe CF lung disease. 
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with vascular dysfunction53-55 and we have recently published the efficacy of 4 weeks of sildenafil to improve 
vascular function in patients with CF56.  Therefore, we hypothesize that vascular health plays a role in exercise 
intolerance in CF and sildenafil can improve vascular health. 
 

D8.1. Aim 2 Experimental Design. Endothelial function assessed via brachial artery FMD will be evaluated in 
all patients prior to treatment and 6 weeks and 12 weeks following either sildenafil or placebo.  In addition, 
plasma from each time point will be incubated with human aortic endothelial cells as previously described56.  in 
vitro total NOS3 protein and phosphorylated NOS3 protein expression will be determined from endothelial cells 
incubated with participants’ plasma and used as a surrogate for the underlying mechanisms of the FMD 
response.   

D9.  Aim 3 Rationale. The mechanisms for exercise intolerance in CF have yet to be fully elucidated.  Our group 
and others have reported impairments in both skeletal muscle oxidative capacity34, 40  and oxygen uptake 
kinetics47 in patients with CF, both of which can decrease exercise capacity.  Pulmonary and systemic 
inflammation are also central to the pathophysiology of CF75-77.  Notably, systemic inflammation also negatively 
impacts exercise capacity, mediated in part by deleterious effects on skeletal muscle function31, 32.  In fact, our 
group has identified a link between inflammation and exercise capacity in patients with CF. Sildenafil has anti-
inflammatory effects that may be beneficial in the context of the skeletal muscle function and the CF pro-
inflammatory environment. Improvements in muscle function following PDE5 inhibition have also been 
documented following treatment61, 78.  In addition, the excessive proinflammatory response to P. aeruginosa 
exposure in CF respiratory epithelial cells could be reversed by treatment with sildenafil57. These published 
findings coupled with our preliminary data provide compelling support that sildenafil can reduce inflammation 
and improve skeletal muscle function. 
 

D9.1. Aim 3 Experimental Design.  Under fasting conditions, blood and sputum samples will be obtained from 
all participants prior to treatment and 6 weeks and 12 weeks following treatment. Sputum elastase, IL-8,  
calprotectin, high-mobility group box 1 (HMGB-1), and myeloperoxidase will be determined as well as serum 
assessments of hsCRP, calprotectin, serum amyloid A (SAA), TNF-α, IL-6, IL-8, and IL-1β.  Oxygen uptake 
kinetics, skeletal muscle oxygen extraction and consumption during exercise will be determined as indices of 
skeletal muscle function prior to treatment and 6 weeks and 12 weeks following treatment.   
D10. Overall Power Analysis.  Based on our new double-blind, placebo-controlled pilot study, we have 
calculated power to detect differences in clinically relevant and patient-oriented outcomes.   For each 
Aim, we used our preliminary data to estimate power based on the time-averaged difference between two means 
(PASS 15).  Given the linear mixed model with which we plan to analyze our data, we expect our power estimates 
to be conservative.  Each sample size estimate assumes an independent two-sample t test, a two-sided 
significance level of 0.05, unequal variances in the two groups, and power of 90% (PASS 15).  Power for Aim 
1 is based on the anticipated effect size (see Table 1 below) for the change in 6MWD, cardiac strain, and CFQ-
R respiratory domain.  For each of the proposed outcomes for Aim 1, with placebo control and treatment group 
sizes of 20 (40 subjects total), we expect a conservative 90–100% power to detect a difference between 
treatments.  Power for Aim 2 is based on the anticipated effect size for the change in FMD that we observed in 
our pilot study.  FMD increased by ~2% 
after 4 weeks of sildenafil treatment; FMD 
decreased by ~1% unit (SD 3) in the 
placebo group.  With placebo control and 
treatment group sizes of 20 (40 subjects 
total), we expect a conservative 87% power 
to detect a similar difference.  We have not 
estimated sample size or power for our 
secondary, exploratory aims.   
 
D11.  Overall Statistical Analysis Plan.  Our statistical analysis plan is identical for Aims 1–3. Descriptive 
statistics and graphical methods, including box plots, will be used to examine the distribution of all variables. For 
all analyses, an intent-to-treat analysis will be utilized regardless of any changes to treatment during the course 
of the study. Assumptions for the statistical analysis performed, including normality of residuals and equality of 
variance will be examined.  If violations to the assumptions are found, different transformations will be examined.  

Aim 3.  Secondary/Exploratory Aim.  Test the hypothesis that PDE5 inhibition will improve skeletal 
muscle function and decrease pulmonary and systemic inflammation and contribute to an increase 
in exercise capacity in patients with CF. 
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Imputation of missing values will not be performed. Physical activity accelerometry will be used to control for 
basal cardiovascular conditioning. The impact of site, age, gender, CFRD, pancreatic function status, 
colonization of bacteria, and HbA1c on the change in each outcome (for example, sputum elastase, FMD, and 
oxygen uptake kinetics) will be evaluated. We will analyze each outcome using a longitudinal statistical model—
a linear mixed model—that can incorporate covariates (i.e. change in FEV1,) that may vary at different time points 
of the study (baseline, 6 weeks, and 12 weeks). The linear mixed model will include a random subject effect that 
accounts for the repeated measurements made in each subject.  Moreover, this approach can account for the 
expected result that treatment with sildenafil will impact inflammation, vascular function, and skeletal muscle 
function in addition to exercise capacity: we plan to include metrics of inflammation, vascular function, and 
skeletal muscle function in the statistical model for exercise capacity. We can also look at center as a random 
effect and we can perform a sensitivity analysis as suggested by the reviewer. Nonetheless, this model will allow 
us, for the control and treatment groups, to estimate each outcome at each time point and to compare those 
estimates.  We plan to assess the model with proc mixed (SAS v9.3). 
 
D12. Expected Results and Interpretation.  Based on our preliminary data, we predict that 12 weeks of 
sildenafil treatment will elicit favorable outcomes on exercise capacity, cardiac and vascular function, and quality 
of life; all of which may potentially contribute to improvements in exercise capacity.  All patients will be screened 
for frank PAH and severe pulmonary hypertension that may be observed with echo. Improvements in all the 
proposed mechanisms can be viewed as inter-related and since we predict sildenafil to have a global impact, 
interpretation may be difficult. We will not only statistically control for other mechanistic confounders, we expect 
to identify the proposed mechanisms which contribute to a patient being a responder or non-responder to 
therapy.  For example, we will be able to make sub-group comparisons and determine phenotypical 
characteristics (i.e. pulmonary function, CFRD, pancreatic function, etc.) of patients who exhibit the greatest 
change in exercise capacity.  In addition, the recording of daily physical activity (via Fitbit accelerometry) 
throughout the investigation will be essential and aid in discerning the contribution of daily physical activity on 
the proposed mechanisms for the improvement in exercise capacity. Based on the reviewer’s suggestion, we 
will only include patients with moderate to severe CF lung disease.  Findings from this investigation are critical 
to identify which sub-group of patients will benefit from therapy and to guide the design of large-multicenter 
clinical trials of various therapies to improve exercise tolerance.  It is also noteworthy that recently published 
data from the European CF exercise group, of which Dr. Harris is a part, demonstrates no effect of CFTR 
genotype on exercise capacity in CF, even when comparing class III and V patients with preserved lung 
function79. These data suggest that consequences of CF, and not genetic variants of CFTR, contribute to 
exercise intolerance in CF; data which increase the significance of the present investigation.   
 
D13.  Anticipated Problems and Solutions.  Although safety is always a concern, our team has conducted 
proof-of-concept studies and demonstrated both safety and efficacy of sildenafil treatment in both children and 
adults with mild to moderate to severe CF lung disease. We will utilize standardized guidelines for conducting 
exercise tests (6MWD and CPETs) in patients with CF and assessing cardiac function with MRI, vascular 
endothelial function using the FMD test, and quality of life using the CFQ-R.  Dr. Harris has spearheaded the 
current recommendations of conducting brachial artery FMD in humans80 and will work closely with Dr. Morreau, 
Director of Cardiovascular Imaging at Colorado University (CU), who has expertise and a strong publication 
record using FMD).  Drs. Harris and Taylor-Cousar have developed a strong MPI plan and all specific data for 
individual outcome analyses will be analyzed by a single site. For example, all sputum samples will be analyzed 
at the Colorado CF TDN Center, whereas plasma for evaluation of NOS2, NOS3, and circulating inflammatory 
biomarkers will be sent to Augusta University for analysis. This process will increase rigor and eliminate the 
between-site variability in data analysis. In addition, the REDCap secure (part 11 compliant) web based 
database, will be customized to allow for data entry and sharing between investigators.  We have detailed the 
coordination of data collection and analysis in section D15 below.  We have identified 3 clinically relevant 
outcomes that may make interpretation difficult.  Although the present study cannot determine cause and effect, 
we will be able to tease out the effects of sildenafil on the systems described and provide insight into the role of 
each potential mechanism. We will explore the relative contribution of each potential mechanism using a variety 
of techniques: multiple logistic regression and classification techniques (classification and regression trees) to 
identify responders to therapy and to identify mechanisms (i.e. changes in cardiac function and NOS 
phosphorylation) that may impact clinically relevant outcomes such as exercise capacity. This is a phase IIb 
investigation and therefore we expect that this study will identify potential mechanisms and magnitudes of 
changes to inform larger future studies aimed at improving exercise capacity in patients with CF.  Omitting muscle 
biopsies to evaluate skeletal muscle function may be viewed as a potential problem/weakness. However, our 
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preliminary data using state-of-the-art, non-invasive methods support the sensitivity to detect changes in skeletal 
muscle function following sildenafil treatment without performing muscle biopsies. In addition, the NIRS 
methodology is similar to phosphorous magnetic resonance spectroscopy (31P-MRS)81, 82, which is the gold 
standard for measuring the rate of recovery of phosphocreatine (PCr) during exercise83, 84.  Based on reviewer’s 
concerns, muscle function will only be evaluated in the Augusta cohort.  
 
D15. Coordination of Data Collection and Analysis.  Briefly, we will meet as a complete research team via 
Webex once a month to 1) maintain an open line of communication among the research team, 2) to keep 
everyone motivated and informed of our progress, and 3) provide a forum for discussion of any minor changes 
in direction. All personnel will be invited to give an update on their progress and share their research strengths, 
opportunities, and challenges with the full team.  We will collaborate with the Research Informatics Integrated 
Core at NJH to develop the research database in the Research Electronic Data Capture (REDCap) program. 
REDCap will be customized to accept all study related data (i.e. case report forms, inflammation, vascular 
function, and exercise capacity data).  Because REDCap is a secured database accessible from any computer 
with internet access, use of REDCap will facilitate communication during the study between the investigators, 
research coordinators, and technicians and with statisticians for data analysis at the conclusion of the study.  
 
 
 

D14.  Proposed Timeline.  The proposed testing/assessment timeline is presented in the study timeline and 
table below. 
 

 
 
 
 
 

Screening visit (Day -14-0): Prior to conducting any study-related activities, written informed consent/assent will 
be obtained, signed, and dated by the subject.  A medical history including diagnosis of CF, current medications 
and other relevant past medical history will be obtained, and a complete physical exam will be performed by a 
study investigator.  Height, weight, temperature, blood pressure, respirations and baseline pulse oximetry will be 
recorded.  Participants will be lead through six-minute walk test (6MWT) to prepare for the subsequent visit. Any 
abnormal findings will be documented. An ECG and an ECHO will be done. Routine laboratory studies will be 
performed. Because sildenafil citrate is a class B drug, a urine pregnancy test will be performed for females of 
child-bearing potential.  Female enrollees will be counseled to utilize appropriate contraceptive methods while 
participating in this study. Subjects will undergo spirometry according to ATS criteria.85   
 
Study visit 2 (Day 1):  Subjects meeting entry criteria will be evaluated in the outpatient research unit. CFQ-R 
(see description below) will be administered prior to all other assessments.  Vital signs will be obtained. A 
physical exam will be performed by a study investigator. Routine laboratory studies will be performed. An exhaled 
nitric oxide test will be done prior to any lung function testing. Complete lung function will be performed.  Cardiac 
MRI will be performed to classify subjects’ estimated right heart pressures and right heart function. After 
completing spirometry and baseline MRI examination, a 6MWT and cycle ergometry test will be performed. The 
cycle ergometry will be the last procedure performed (see description of each procedure below).  Additionally, a 
DEXA scan will be done to measure fat free body mass. Fitbits will be distributed, created with the subjects 
personal email account and linked to the participants cellphone. Following setup, the Fitbit account will be 
connected to the Fitabase account, and the subject will be educationed on use. At the completion of the visit, 
each subject will be randomized and instructed to begin daily treatment with sildenafil citrate or placebo (Belmar 
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Day 
-14 

Day 
1 

Day 
7±4 

Day 
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Pharmacy) an oral dose of 20 mg, three times daily. Blood pressure will be checked at 30 minutes, 1 hour, and 
2 hours after the first dose.    

 

Study visit 3 (Day 7±4):  After seven days of therapy, the subject will return to the study site for vital signs, review 
of concomitant medications, and discussion of concerns related to sildenafil therapy.  If tolerated (see Subject 
and Study Stopping Criteria), the oral sildenafil or placebo dose will be increased to 40mg, three times daily.  
If there is evidence of sildenafil intolerance (blood pressure will be checked at 30 minutes, 1 hour, and 2 hours 
after the first increased dose), the dose will be decreased to the previous dose or discontinued.  If sildenafil is 
discontinued, the patient will be removed from the study.  Oral sildenafil therapy will continue at 40mg, three 
times daily for eleven weeks. Study drug will be dispensed for five-weeks.  (Total sildenafil or placebo therapy 
will last twelve weeks.)   
 
Phone contact 1 (Day 15±3):  Phone contact will be made with each subject to review dosing, drug compliance 
and side effect profiles. The study coordinator will call to review adverse events and concomitant medications. 
The visit will be recorded on case report forms. 
 
Study visit 4 (Day 36±3):  The subject will return to the study site for CFQ—R, vital signs, height, weight, safety 
labs, sputum collection, review of concomitant medications, adverse events, and discussion of concerns related 
to sildenafil therapy.  A study investigator will perform a brief physical exam. An exhaled nitric oxide test will be 
done prior to any lung function testing. Complete lung function will be performed and the subject will complete a 
6MWT followed by a cycle ergometry test. Subjects will return any study drug from visit 3 and six-weeks of study 
drug will be dispensed. Dosing at site is not required.  
 
Phone contact 2 (Day 50±3):  Phone contact will be made with each subject to review dosing, drug compliance 
and side effect profiles. The study coordinator will call to review adverse events and concomitant medications. 
The visit will be recorded on case report forms. 
 
Study visit 5 (Day 85±4): Subjects will return to the outpatient research unit, where the CFQ-R (see description 
below) will be administered prior to all other assessments. CFQ-R (see description below) will be administered 
prior to all other assessments.  Vital signs will be obtained. A physical exam will be performed by a study 
investigator. Routine laboratory studies will be performed. An exhaled nitric oxide test will be done prior to any 
lung function testing. Complete lung function will be performed.  Cardiac MRI will be performed to classify 
subjects’ estimated right heart pressures and right heart function. After completing spirometry and the MRI 
examination, a 6MWT and cycle ergometry test will be performed. The cycle ergometry will be the last procedure 
performed (see description of each procedure below). Additionally, a DEXA scan will be done to measure fat 
free body mass. The Fitbit will no longer be tracked through Fitabase but the participant will be allowed to keep 
the wrist accelerometer.. At the conclusion of this visit, subjects will be instructed to return any remaining study 
drug and discontinue sildenafil or placebo therapy. 
 

Phone contact 3 (Day 99±3):  The study coordinator will call to review adverse events and concomitant 
medications. If there are new abnormalities or changes in medication felt to be study-related, these abnormalities 
will be followed up with weekly visits to the study site until resolution. 
 
Exacerbations: During the course of the study, any enrolled subject requiring hospitalization and/or intravenous 
antibiotics for a cystic fibrosis-related pulmonary exacerbation will be withdrawn from the study. 
 
Adverse Events: AEs reported at or between visits will be recorded in source documents. The PI will be notified 
and the site pharmacist may be asked to review. Participant may be encouraged to reach out to their PCP and 
follow up with study team.  
 
Early Withdrawal:  In case of early withdrawal, an Early Withdrawal Visit will be scheduled within 7 days following 
the last dose of study medication. Unless medically contraindicated, CFQR, safety labs, urine pregnancy for all 
women, spirometry, a 6MWT and cycle ergometry test will be performed.  Physical exam will be performed by a 
study investigator including weight, temperature, blood pressure, respirations and pulse oximetry. Any abnormal 
findings will be documented.  All remaining study drug will be collected. 
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Concomitant medications:  All subjects should continue the same medications throughout the study period, as 
medically feasible, with no introduction of new chronic therapies during or <4 weeks prior to enrollment.  If a 
change in concomitant medications is required, the reason(s) for the change(s) will be recorded on the subject’s 
CRF. 
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 x x x x x x x x 
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x         

Randomization x         

CFQ-R  x   x  x  x 

Demographics x         

Medical history x         

Con meds and 
ACT 

x x x x x x x x x 

Bacterial infection 
(historical) 

x         

Vitals signs x x x  x  x  x 
Pulse Oximetry x x   x  x  x 
Spirometry x        x 
Complete lung 
function test 

 x   x  x   

Height x x x  x  x  x 

Weight x x x  x  x  x 
Complete physical 
exam 

x      x  x 

EKG x         

ECHO x         

Limited physical 
examination 
(HEENT, Chest, 
Lungs) 

 x   x     

Vascular function 
(Augusta only) 

 x   x  x  x 

DEXA  x     x   

Inflammatory 
biomarkers and 
sputum samples 

 x   x  x  x 

Circulating 
Sildenafil 

 x   x  x  x 

Exhaled NO  x   x  x  x 
6MWT  x   x  x  x 
CPET  x   x  x  x 

Cardiac MRI  x     x  x 

Laboratory 
serology (CBC, 
liver function, 
chemistry, INR) 

x x   x  x  x 

Pregnancy test x x   x  x  x 

Study drug 
dispensed 

 x x  x     

Study drug bottle 
return 

  x  x  x  x 

Adverse events  x x x x x x x x 
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D17.  Specific Techniques (Primary Methodology). 
     Cardiac MRI: Imaging to evaluate pulmonary artery blood flow and right heart structure and function with MRI 
will be performed using standardized methods.  Following image acquisitions, volumetric and functional analyses 
will be performed using commercially available software [4D V-Function (TomTech, Munich, Germany)]. 
     Clinical laboratory Serology:  Routine clinical serology including CBC with differential, liver function, 
chemistry, and INR will be performed to evaluate safety.  

Clinical laboratory Urology: urine pregnancy test (for females of child-bearing potential) will be performed at 
the screening, pre-drug initiation, interim visit, and end of study visits for safety.   
     Comprehensive Assessment of Lung Function: Spirometry (FVC, FEV1, FEF25-75), MEP, MIP, and MVV will 
be performed according to ATS standards and the National Health and Nutrition Examination Survey (NHANES) 
III spirometric reference standards will be used to determine the % predicted data set.  All values will be 
presented as % predicted and normalized for TLC. 

DEXA Scan: Dual Energy X-ray Absorptiometry, a scan used to measure bone density, the scan 
takes about six and a half minutes. The process requires you to lay flat on an x-ray table completely still so 
your body can be scanned. Females of child-bearing potential will complete urine pregnancy test before DEXA. 
     Inflammatory Biomarkers: Spontaneously expectorated or induced sputum will be collected at the 
screening, interim, and end of treatment visit (at least 1 mL).  Sputum will be labeled, processed and the cell 
count and differential analyzed according to the CF TDN Inflammatory Mediator Core Laboratory.  The remaining 
portion of the sample will be frozen and subsequently shipped in batch on dry ice shipped to the CF TDN 
Inflammatory Mediator Core Laboratory (Aurora, CO) for analysis of inflammatory markers [elastase, IL-8, 
calprotectin, high-mobility group box 1 (HMGB-1), and myeloperoxidase]  If subjects are unable to produce 
sputum spontaneously, sputum induction will be performed by having the subject inhale 3% hypertonic saline 
(as per the CF TDN research SOP for Sputum Induction using the Nouvag Nebulizer or institution specific 
Sputum Induction SOP.) An inflammatory mediator simpleplex will be conducted in plasma samples for 
evaluation of inflammatory biomarkers [hsCRP, calprotectin, serum amyloid A (SAA), TNF-α, IL-6, IL-8, and IL-
1β] using the ELLA assay system (Protein Simple and RnD systems).  Blood will be collected at the screening, 
interim, and end of treatment visits and plasma will be separated and placed in a -80°C freezer until it is shipped 
on dry ice in batches via overnight mail to Augusta University and Dr Harris’ lab for analysis. 
     Circulating Concentrations of Sildenafil:  Plasma samples will be shipped frozen to the advanced diagnostics 
laboratory at NJH and sildenafil levels will be determined by high-performance liquid chromatography as 
previously described86, 87. 
     Health Related Quality of Life: The CFQ-R, which has been shown to correlate with survival in CF25, is 
designed to measure CF-specific patient-reported health-related quality of life.  The 48 questions encompass 
five domains including physical symptoms, role functioning (e.g. school/work), psychological and emotional 
functioning, energy/fatigue, and social functioning. The four domains specific to CF that are measured are: eating 
disturbances, body image, embarrassment caused by symptoms, and treatment burden.  The CFQ-R, which has 
been validated in patients with CF26 and shown to correlate with survival in CF25, will be administered at the first, 
interim, and end of treatment visits. 
     Vascular Endothelial Function: The FMD test will be performed as previously described by our team20, 56, 80. 
(Augusta only) 
     NOS3 and NOS2 expression: Human aortic endothelial cells (HAEC) will be purchased (PromoCell, 
Germany), cultured, and incubated with 20% plasma to evaluate NOS3 as previously described56.  Nasal 
epithelial cells will be collected as previously described. (TDN SOP) NOS2 and NOS3 protein expression and 
phosphorylation will be determined using standard Western blot technique.  
     Echo:  An echocardiogram will be performed at the screening visit to rule out frank pulmonary hypertension. 
     Six Minute Walk Test: 6MWT will be performed according to ATS standards73. 
     Exercise Capacity Testing:  A maximal exercise test on a cycle ergometer using the Godfrey protocol. CPET 
will always be the last procedure of the appointment.  
     Physioflow Enduro:  The Physioflow Enduro device uses the patented technology of signal Morphology-based 
thoracic impedance cardiography and produces reproducible assessments of cardiovascular hemodynamics (i.e. 
HR, SV, CO, SVR, and EF) that have been validated against the invasive thermodilution Swan-Ganz catheter 
technique. Using CPET and Physioflow data together, muscle oxygen extraction during exercise will be 
determined using a derivation of the Fick equation: mO2EX = 100- [SpO2 – VO2 / (13.9 x CO x Hb)]. (Augusta 
only) 
     Near Infrared Spectroscopy:  A NIRS device (Artinis, The Netherlands) will be placed on the vastus lateralis 
to assess skeletal muscle function during exercise as previously described70-72.  (Augusta only) 
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     Accelerometry Monitoring: The Fitbit wrist-based accelerometer will be used to collect information about 
physical activity on a day-to-day basis, even during evenings and weekends.  All data will be downloaded and 
incorporated into Fitabase, a web-based solution that enables participants to upload their individual data on a 
daily or weekly basis so the investigators can keep track. Physical activity status will be used as a covariate in 
the analyses. 

ENO: Exhaled nitric oxide will be completed before any assessments of lung function.  

Subject Reimbursement   

In accordance with TDN recommendations, subjects will receive payment according to the schedule below: 
Visit Visit 1 Visit 2 Visit 3 Call 1 Visit 4 Call 2 Visit 5 Call 3 Total 
Payment $120 $250 $90 $15 $105 $15 $250 $15 $860 

 
Subjects who complete the screening visit (Visit 1), will receive the $120 payment regardless of whether they 
qualify for the study to compensate for their time and effort. 
 
Subjects who live greater than 50 miles from the study site, will be reimbursed at the current standard mileage rate 
for medical purposes. 
 

Mechanism for Monitoring Patient Safety 
Protections of Human Subjects 

1. Risks to Human Subjects 
A. Human Subjects Involvement, Characteristics, and Design 
    Patients with Cystic Fibrosis (CF) will be recruited for the proposed investigations.  Both children (9 
years or older) and adults will be recruited.  The overall goals of this proposal is to evaluate the impact 
that sildenafil has on clinically relevant and patient oriented outcomes and to increase our understanding 
of the potential mechanisms which contribute to improvements in exercise capacity following PDE5 
inhibition in patients with CF. 
 
Following written consent/assent and screening, all eligible subjects (and parents of minors) will come to 
one of the two research sites to complete study visits and procedures.  40 patients with CF will be enrolled 
(both children and adults). Each patient will be enrolled for 12 weeks. Study participation will be 
comprised of 5 study visits and 3 phone calls.  Accordingly, a total of 40 patients will result in 200 study 
visits and 120 phone calls that will be split amongst the 2 centers.   
 

Inclusion Criteria: 
 Confirmed diagnosis of CF based on the following criteria: Positive sweat chloride concentration ≥40mEq/liter 

(by pilocarpine iontophoresis) and/or genotype with two identifiable disease-causing mutations consistent 
with CF, and accompanied by one or more clinical features consistent with the CF phenotype   

 Male or female patients ≥ 9 years of age   
 FEV1 ≥ 30% predicted and ≤ 80% for patients ≥ 18 years of age and ≤ 85% for patients < 18 years of age 
 Clinically stable without evidence of acute upper or lower respiratory tract infection or current pulmonary 

exacerbation within the 14 days prior to the screening visit   
 Resting oxygen saturation (room air) >85% 
 Patients with or without CF related diabetes 
 Ability to perform spirometry reproducibly (according to ATS criteria)   
 Willingness to maintain chronic CF medication schedule (e.g. alternating month inhaled antibiotics) 
 
Exclusion Criteria: 
 Children 8 yrs. old and younger 
 Subjects who weigh < 20 Kgs 
 History of hypersensitivity to sildenafil   
 Use of an investigational agent within the 4-week period prior to Visit 1 (Day 0)   
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 Breastfeeding, pregnant, or verbal expression of unwillingness to practice an acceptable birth control method 
(abstinence, hormonal or barrier methods, partner sterilization or intrauterine device) during participation in 
the study for women of child-bearing potential.  

 History of significant hepatic disease (AST or ALT > 3 times the upper limit of normal at screening, 
documented biliary cirrhosis, or portal hypertension),  

 History of significant cardiovascular disease (history of aortic stenosis, coronary artery disease, or life-
threatening arrhythmia),  

 History of severe neurological disease (e.g. history of stroke),  
 History of severe hematologic disease (e.g. history of bleeding diathesis; current INR > 2.0 
 History of severe ophthalmologic disease (e.g. history of retinal impairment or non-arteritic ischemic optic 

neuritis)  
 History of severe renal impairment (creatinine >1.8 mg/dL.)  
 Inability to swallow pills   
 Previous organ transplantation   
 Use of concomitant nitrates, α-blocker, or Ca channel blocker (currently or within one month of Visit 1) 
 Use of concomitant medications known to be potent inhibitors of CYP3A4 [e.g. ketoconazole, itraconazole, 

ritonavir, clarithromycin, erythromycin, rifampin (currently or within one month of initiation of study drug)]  
NOTE:  use of azithromycin is NOT a cause for exclusion 

 History of sputum or throat swab culture yielding Burkholderia cepacia or Mycobacteria massiliense within 
2 years of screening 

 History of migraine headaches.  
 Presence of a condition or abnormality that in the opinion of the investigator would compromise the safety of 

the subject or the quality of the data  
 Initiation of CFTR modulator therapy less than 1 month prior to first dose of sildenafil or placebo 
 Use of anticoagulants 
 Frank pulmonary hypertension (RVSP >45 mm Hg by echocardiography) 

 
Additional Enrollment Considerations: 
    Patients on cystic fibrosis transmembrane conductance regulator (CFTR) modulators may participate if they 
have been on a stable dose for at least 4 weeks prior to study drug initiation.  Patients who do not meet the 
enrollment criteria at the time of the screening visit may be re-screened at a later date at the discretion of the 
site investigator.  
 
Because many patients who would participate in the proposed trial could be on ivacaftor (Kalydeco®) or 
ivacaftor/lumacaftor (Orkambi®), it is possible that sildenafil levels would be decreased because of the effects 
of ivacaftor and lumacaftor on sildenafil metabolism.  We are using the 40 mg TID dosing for this study, and will 
check sildenafil levels at interim and end of study visits. 

  
Regardless of the findings, the current proposal will shift current understanding and introduce new 
knowledge about the mechanisms associated with exercise intolerance in patients with CF. 

      
B. Sources of Materials 

 
All study procedures will be carried out at Augusta University and National Jewish Health. 

 
Prior to any procedures written informed consent/assent will be obtained from all participants and parents of 
minors.  Health related quality of life data will be obtained by administration of a questionnaire.  The CFQ-R is 
designed to measure CF-specific patient-reported health-related quality of life.  The 48 questions encompass 
five domains including physical symptoms, role functioning (e.g. school/work), psychological and emotional 
functioning, energy/fatigue, and social functioning. The four domains specific to CF that are measured are: eating 
disturbances, body image, embarrassment caused by symptoms, and treatment burden. This questionnaire has 
been validated in CF patients.  The questionnaire will be administered at the first, interim, and end of treatment 
visits. 
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Clinical laboratory Serology:  Routine clinical serology will be performed including complete blood count with 
differential, comprehensive chemistry profile [including sodium, potassium, bicarbonate, blood urea nitrogen, 
creatinine, alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase, and total 
bilirubin) PT/INR  
 
Clinical laboratory Urology: urine pregnancy test (for females of child-bearing potential) will be performed at the 
screening, pre-drug initiation, interim visit, and end of study visits for safety.   

Inflammatory Biomarkers: Spontaneously expectorated or induced sputum will be collected at the screening, 
interim, and end of treatment visit (at least 1 mL).  Sputum will be labeled, processed and the cell count and 
differential analyzed according to the CF TDN Inflammatory Mediator Core Laboratory.  The remaining portion 
of the sample will be frozen and subsequently shipped in batch on dry ice shipped to the CF TDN Inflammatory 
Mediator Core Laboratory (Aurora, CO) for analysis of inflammatory markers [elastase, IL-8, calprotectin, high-
mobility group box 1 (HMGB-1), and myeloperoxidase]  If subjects are unable to produce sputum spontaneously, 
sputum induction will be performed by having the subject inhale 3% hypertonic saline (as per the CF TDN 
research SOP for Sputum Induction using the Nouvag Nebulizer or institution specific Sputum Induction SOP.) 
An inflammatory mediator simpleplex will be conducted in plasma samples for evaluation of inflammatory 
biomarkers [hsCRP, calprotectin, serum amyloid A (SAA), TNF-α, IL-6, IL-8, and IL-1β]  using the ELLA assay 
system (Protein Simple and RnD systems).  Blood will be collected at the screening, interim, and end of treatment 
visits and plasma will be separated and placed in a -80°C freezer until it is shipped on dry ice in batches via 
overnight mail to Augusta University and Dr Harris’ lab for analysis. 

 
Comprehensive Assessment of Lung Function: Spirometry (FVC, FEV1, FEF25-75) will be performed at the 
screening, interim, and end of treatment visits according to ATS standards. The National Health and Nutrition 
Examination Survey (NHANES) III spirometric reference standards will be used to determine the % predicted 
data set.  All values will be presented as % predicted and normalized for TLC and hemoglobin.  Maximum 
inspiratory and expiratory pressures and maximal voluntary ventilation will also be measured. 
 
Vascular Endothelial Function:  The brachial artery FMD test will be performed according to the recent tutorial 
on the ultrasonic assessment of FMD80 and shear rate will be calculated as the stimulus of the vasodilatory 
response.  Cryopreserved human aortic endothelial cells (HAEC) will be purchased from PromoCell (Heidelberg, 
Germany). Cells will be cultured in 24-well plates (100,000 cells per well) coated with 2% gelatin (Corning Inc., 
Corning, NY) at 37 °C in 5% CO2 and 95% humidity and will not be used beyond passage six and allowed to 
reach confluence before experiments.  HAEC will be incubated in ECGM-MV2 medium with 20% plasma at 37 
°C in 5% CO2 environment for 8 h. HAEC cultured without plasma will be used as a negative control. After 
incubation, cells will be prepared for measuring NOS3 expression using Western blot analysis. Specifically, 
HAEC will be homogenized in 50 μl of RIPA buffer containing a protease (Complete Mini EDTA free, Roche, 
Switzerland) and a phosphatase (PhosStop, Roche) inhibitor cocktail with an ultrasonic processor. Samples 
containing 40 μg of protein will be separated by SDS precast gels (Bio-Rad, Hercules, CA) and transferred to 
commercial nitrocellulose-transfer packs using the Trans-Blot Turbo Transfer System (Bio-Rad). Blocking will be 
completed using fluorescent blocking buffer (Odyssey, LI-COR Biotechnology, NE, USA) during 60 min at room 
temperature. Membranes will be incubated overnight at 4°C with specific primary antibodies. Bound primary 
antibody will be detected using IRDye secondary antibody (LI-COR Biotechnology). Membranes will be scanned 
with an infrared imaging system (Odyssey CLx, LI-COR Biotechnology). The blots will subsequently be quantified 
using imaging densitometer (ImageJ, Bethesda, MD, USA). Equal protein loading will be verified by total β-actin 
(1:20,000; Sigma-Aldrich.) 

 
Echo:  Echocardiogram will be performed at the screening visit to insure that the patient does not meet the 
exclusion criterion of frank pulmonary hypertension.  If the subject has undergone echo within 3 months of study 
enrollment, it will not be repeated. 
 
Six Minute Walk Test: 6MWT will be performed according to ATS standards.73  
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Exercise Capacity Testing:  Previous studies of cardiopulmonary exercise testing (CPET) have consistently 
demonstrated decreased maximal work effort, peak oxygen consumption, and ventilatory reserve in patients with 
CF lung disease when compared to healthy, age-matched controls.88, 89 Trained personnel will perform the test.  
Patients will perform a maximal exercise test on an electronically braked cycle ergometer using the Godfrey 
protocol, a standardized incremental protocol validated in CF.  Breath-by-breath respiratory gas exchange will 
be collected.  Expired gasses will be collected using a Parvo Medics True One metabolic cart for determination 
of exercise capacity (VO2 peak), CO2 retention, O2 uptake kinetics, ventilatory equivalents, and AT. Pulse-
oximetry (SpO2), ECG, heart rate, and blood pressure will also be measured throughout the test.  The American 
College of Sports Medicine and the American Thoracic Society/American College of Chest Physicians guidelines 
for contraindications to cardiopulmonary exercise testing and exercise test termination criteria will be used. 90,91   
Patients with an FEV1 <40% predicted will be directly supervised by a physician during the exercise test.  A 
physician will be immediately available for all other tests.   
 
Physioflow Enduro:  The Physioflow Enduro will be utilized to monitor cardiovascular hemodynamics during the 
maximal exercise tests in all patients.  The Physioflow Enduro device uses the patented technology of signal 
Morphology-based impedance cardiography and produces continuous, sensitive, and reproducible assessments 
of cardiovascular hemodynamics (i.e. HR, SV, CO, SVR, and EF) that have been validated against the invasive 
thermodilution Swan-Ganz catheter technique. Measurements will only occur at Dr. Harris’ site.  
 
Near Infrared Spectroscopy (NIRS):  The NIRS will remain on the vastus lateralis during the maximal exercise 
capacity test and will be used to assess skeletal muscle oxidative capacity during exercise as previously 
described70-72.  Real time O2Hb and HHb will be recorded at a frequency of 10 Hz during baseline, warm-up and 
throughout maximal exercise.  Hb difference (Hb difference =O2Hb - HHb), and total blood volume (tHb) (tHb = 
O2Hb + HHb) according to the Beer-Lambert law will be obtained during baseline, warm-up and throughout 
maximal exercise. Since subcutaneous adipose tissue thickness (ATT) influences the NIRS signal92, ATT will be 
measured at the site of the NIRS optode using B-mode ultrasound (LOGIQ 7, GE HealthCare). 
 
Accelerometry monitoring: Participants will be given and asked to wear a Fitbit wrist based accelerometer 
throughout the study period. The Fitbit will be used to collect information about exercise tolerance on a day-to-
day basis, even during evenings and weekends.  All data will be downloaded and incorporated into a fitabase 
database, a web-based solution that enables participants to upload their individual data on a daily or weekly 
basis so the investigators can keep track. Physical activity status will be used as a covariate in the analyses. 
 
Case report forms will be created in conjunction with the CCTSI bioinformatics staff using the Research 
Electronic Data Capture (REDCap) program.  The case report forms, labeled with subject’s study number, will 
contain history (including CF genotype) and physical exam data, laboratory results, inflammatory biomarker data, 
exercise testing information, FMD and spirometry data.  Investigators and coordinators involved in the study will 
have secured passwords to enter information/access the electronic case report forms.  

 
The patient’s name, address and social security numbers will be maintained in a paper-based log at the patient’s 
home site for the length of the study in order to create and make compensation for study participation, and also 
to contact patients in the event of the need for study termination.  Hard copies and links to the online data will 
be kept in a locked file in the PI/study coordinator’s office at each site.  Only investigators and coordinators 
directly involved in the study will have access (through the PIs/site study coordinator) to the linking information. 

 
Research specimens and data are being collected solely for the purpose of this study and will also be de-
identified.  

 
 
 
C. Potential Risks 
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The two main risks associated with these studies include CF exacerbations (spontaneously or associated with 
the study,) and side effects from the medication.  

 
In trials of sildenafil, adverse effects were generally mild to moderate and transient in nature.  The overall 
frequency of discontinuation in Revatio® -treated patients at the recommended dose of 20 mg TID was low (3%) 
and the same as placebo (3%). Side effects that occurred in more than 2%, and more frequently by patients on 
study drug than on placebo included headache (67% vs. 56%) epistaxis (13% vs. 2%) flushing (15% vs. 6%), 
dyspepsia (19% vs. 10%), nasal congestion (6% vs. 0%), insomnia (11% vs. 2%), erythema (9% vs. 2%), 
exacerbation of dyspnea (11% vs. 5%), diarrhea (13% vs. 9%), myalgia (11% vs. 6%), pyrexia (9% vs. 5%), 
gastritis (5% vs. 0%), sinusitis (5% vs. 0%) and paresthesia (5% vs. 0%).   

 
At doses higher than 20 mg TID, incidence of adverse events of some symptoms was increased including 
flushing, diarrhea, myalgia, and visual disturbances (mild and transient color-tinge, sensitivity to light or blurred 
vision.) Incidence of retinal hemorrhage in subjects taking the recommended dose was 1.9% vs. placebo and 
occurred in patients on anti-coagulation.  It is noteworthy that patients in this study will not be on 
anticoagulation. There was no report of priaprism in the placebo controlled trial of Revatio, nor in Dr. Harris and 
Taylor-Cousar’s studies. 

 
Post-marketing experience of Viagra® (dosed once daily as 50-100 mg for erectile dysfunction), has 
demonstrated serious cardiovascular, cerebrovascular and vascular events, as well as priaprism and ischemic 
retinopathy. These adverse events were not seen in the randomized, placebo-controlled trial of Revatio®  for 
pulmonary hypertension. The majority of these events occurred in patients with preexisting cardiovascular risk 
factors.  Patients with cardiovascular risk factors will not be included in the study. Revatio did cause 
transient decreases in supine blood pressure in healthy volunteers (mean maximum decrease in systolic/diastolic 
blood pressure 8.4/5.5mmHg). Subjects in this study will have monitoring of their blood pressure following 
administration of the initial dose of study drug.  Furthermore, they will be instructed not to take more than the 
prescribed dose, and will be excluded from the study if it is determined that they are taking more than the 
prescribed dose. 

 
Cases of sudden decrease or loss of hearing have been reported post-marketing in temporal association with 
the use of phosphodiesterase inhibitors. In some cases, medical and other factors were reported that may also 
have played a role in the otologic adverse events. It was not possible to determine whether these reported events 
are directly related to the use of phosphodiesterase inhibitors, to the patient’s underlying risk factors for hearing 
loss, or a combination of these factors. Hearing was monitored in Dr. Taylor-Cousar’s pilot study of sildenafil as 
an anti-inflammatory; there were no occurrences of study drug related hearing loss. 
 
There is a risk of allergic reaction to the drug. Patients with known history of reaction to this class of drugs will 
not be included in the study. There is a low likelihood of such events. 

 
The study drug is pregnancy category B, thus fetal harm is a risk of the study, although is unlikely to occur.  
Lactation safety is unknown, and therefore caution is advised. Breastfeeding, pregnancy, or verbal expression 
of unwillingness to practice an acceptable birth control method (abstinence, hormonal or barrier methods, partner 
sterilization or intrauterine device) during participation in the study are criteria for exclusion. 
 
Risks from study spirometry and sputum collection (which are routinely performed at quarterly CF clinic 
evaluations) include coughing, breathlessness, chest pain and lightheadedness. There is a moderate chance 
that patients will experience these transient symptoms after performing spirometry or sputum collection. 

 
The risks of drawing blood include temporary pain and discomfort from the needle sticks, occasional bruising, 
sweating, feeling faint or lightheaded and in rare cases infection. It is likely that all patients will experience mild 
discomfort from blood draws. To minimize discomfort from blood draws, for patients with indwelling catheters, 
the catheter will be used for blood draws. For patients who do not have indwelling catheters, a temporary 
intravenous catheter will be placed for multiple timed draws. 

 
Risks from EKG and FMD testing and the required electrode placement are skin irritation and the minor, transient 
discomfort from removal of the leads. 
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There are risks of stress and emotional distress from being asked questions about how one copes with living 
with CF on the questionnaire. It is possible that some subjects may experience mild distress from being 
answering questions on the questionnaire; however, a visit from the CF social worker, who addresses the impact 
of disease on social function, is standard of care for CF patients during quarterly visits. Furthermore, subjects 
will be told that they may skip questions that cause significant distress.  

 
Although maximal exercise tests are routinely conducted, the risk of death during a maximal CPET in adults is 1 
in 10,000 tests. This risk reflects the incidence of coronary artery disease in adults undergoing cardiac stress 
testing. This risk is further minimized in our patient population by excluding patients with possible coronary artery 
disease. The risk of adverse events during maximal CPET in the pediatric population is minimal. 

 
The American College of Sports Medicine and the American Thoracic Society/American College of Chest 
Physicians guidelines for contraindications to cardiopulmonary exercise testing and exercise test termination 
criteria will be used. Patients with an FEV1 <40% predicted will be directly supervised by a physician during the 
exercise test. A physician will be immediately available for all other tests  
 
Loss of privacy is a risk of the study. We will minimize this risk by keeping all study documents, including any 
link between subject name and study number in a locked office in the office of the PI/study coordinator. Sputum 
samples and other biomarker specimens will be de-identified.  Case report forms will contain study numbers 
only. 
 
The only alternative to study participation is not to participate in the study while continuing on standard of care 
therapies for CF lung disease associated (including inhaled antibiotics, inhaled mucolytics, azithromycin, and 
airway clearance therapies). 
 

2. Adequacy of Protection Against Risks 
A. Recruitment and Informed Consent 
     After satisfactorily preparing for active recruitment, we will begin the screening and recruitment 
process of patients with CF.  At Augusta University, Dr. Harris has developed a strong collaboration with 
Drs. McKie and Forseen, the Augusta University CF center directors and both Dr. McKie and Dr. Forseen 
are very enthusiastic about the current proposal (See letters of collaboration from Drs. McKie and 
Foreseen).   The CF center has approximately 95 children and 85 adult patients with CF, majority of 
whom would fit our inclusion criteria.  At National Jewish Health, Dr. Taylor-Cousar is the Co-Director 
and Director of Clinical Research of the Adult CF Program.  The Adult CF Program at NJH has 491 
patients registered in PortCF of whom 377 meet the basic inclusion/exclusion criteria. For Drs. Harris and 
Taylor-Cousar’s pilot studies, we were able to recruit even those patients who traveled 2-3 hours away 
by coordinating some of their research visits with their routine CF clinic visits, and by offering gas mileage 
reimbursement.  In some instances patients spent the night on the inpatient unit at NJH or in local hotels 
so that they can arrive to the research site early the next morning to participate in the studies.   
 
     Only the principal investigators or sub investigators named on the informed consent documents for 
this study will seek consent/assent. The potential participant will have the study explained to them in a 
language that they can understand, be asked to read each page of the documents and initial at the bottom 
of each page after reading it. The burden of participation, potential risks, and any costs that may be 
incurred as a result of their participation will be discussed with the prospective participant. After reading 
the detailed consent documents and explaining all aspects of the study they will be given an opportunity 
to ask questions and have them answered. The participant will acknowledge that participation in the study 
is voluntary and that he/she may withdraw at any time and for any reason.   
 

     We will minimize the possibility of coercion or undue influence by not highlighting reimbursement, and 
by explaining that participation in the study or lack of participation in the study will have no effect on the 
routine care of the patient. 
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     After having all their questions answered, and if the potential participant chooses to participate, then 
they will sign and date the consent form. In the event the subject is under 18, a parental consent will be 
obtained in addition to the child’s written and verbal assent. The consent document(s) will then be signed 
by a witness and signed by the investigator seeking consent.  Each participant will be asked to provide 
their signature, to indicate they agree to release private information and are authorizing us to use their 
test data and perform testing on biological specimens. However, in the event a participant elects to not 
allow certain procedures, all information will be kept confidential utilizing all safeguards to protect their 
information. The location for this authorization will be in the second to last page of the ICD just prior to 
consenting to be involved in the research study. If the environment is perceived by the participant to not 
provide adequate privacy, accommodations will be made to ensure participant feels and knows sensitive 
materials are safeguarded. After signing consent forms, the subjects will undergo the aforementioned 
preliminary visit testing.  Subsequently, subjects will be scheduled for their experimental testing sessions 
to complete the proposed aims (described above). 
 
The consent process will be documented in the medical record with a dated/timed note that describes 
the discussion with the subject/family and questions that were answered.  A copy of the consent will be 
placed in the patient’s medical record, and the patient will be informed of such. 

 
We will use the portCF data base to identify potential subjects.  Medical charts will be reviewed to 
determine if eligibility criteria are met.  If a patient consents to be in the study, his or her medical records 
will also be reviewed to determine CF sputum microbiology as required for study participation.   
 
   At each visit, the plan for the testing procedures will be explained to the participant (continued consent) 
and he/she will have an opportunity to ask questions about the procedure and decline participation. The 
sub-investigator obtaining continuing consent will document this discussion on a continuing consent form 
and sign the form at each testing visit.  During phone screenings, consenting process, and throughout 
the testing process all participants will be spoken to in private or by letter of any details related to the 
study where continued communication was necessary. In this way privacy would be safeguarded.  
      
B. Protections Against Risk 

Co-PI, Dr. Ryan A Harris, PhD, CES, FACSM is a clinical exercise physiologist with extensive 
vascular training.  Co-PI, Dr. Jennifer L. Taylor-Cousar, MD, MSCS is an adult and pediatric trained 
pulmonologist with training in exercise physiology. Drs. Harris and Taylor-Cousar will monitor the 
study on a daily basis at their respective sites. During testing days, Drs. Harris and Dr. Taylor-Cousar, 
or his/her designee, will then decide the course of action, if any, that needs to be taken. In the event 
that Drs. Harris or Taylor-Cousar are not available, their respective on-site study Co-Investigators, 
will be notified immediately, if a serious or potentially serious adverse event or unanticipated problem 
occurs or an injury requiring medical treatment.  

 
Subjects will be receiving regular medical care as outlined in standard texts and the published 

guidelines of the U.S. Cystic Fibrosis Foundation (CF Foundation Center Committee and Guidelines 
Subcommittee 1990.) Subjects will continue all other standard of care therapies during the trial.   

 
All subjects should continue the same medications throughout the study period, as medically feasible, 

with no introduction of new chronic therapies during or <4 weeks prior to enrollment. If a change is 
concomitant medications is required, the reason(s) for the change(s) will be recorded on the subject’s 
CRF. Subjects who require treatment for a pulmonary exacerbation during the course of the trial will be 
withdrawn from the study. 

 
To monitor closely for immediate side effects of the medication (particularly, hypotension,) subjects 

will be monitored following administration of the first dose of sildenafil.  Blood pressure monitoring will 
occur prior to the administration of sildenafil administration, and up to 2 hours after administration. 
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To further assess for medication side effects, and reduce the risk of delaying diagnosis or treatment 
of a respiratory exacerbation, there will be close monitoring and follow-up. Subjects will be monitored for 
safety with the collection and recording of serious adverse events during the course of the study.  

 
All blood draws will be performed by trained personnel using sterile technique.  To minimize risk from blood 

draw, only a nurse or trained and certified research ream member will be allowed to draw blood, and aseptic 
techniques will always be employed. 

 
All women 12 years and older will have a urine pregnancy test prior to study enrollment to rule out pregnancy.  

In the event of a positive test, we will re-test to ensure a false positive was not identified.  If the second test is still 
positive, we will exclude the subject from the study. Efforts will be made to minimize psychological stress from 
anthropometric and other measurements by explaining procedures and protecting participant’s privacy during 
weighing, measuring, testing, and completing questionnaires and forms. 

 
     Sildenafil is safe and FDA approved.  We will educate subjects and parents on the more common side 
effects and associated frequency unwanted stimulated blood flow (i.e. clitoral and penile erections). 
 
     The risks from PFTs, sputum collection and blood drawing are low risks that CF patients encounter in standard 
care for their disease. The side effects associated with sildenafil are generally mild and transient.  Thus, patients 
will agree to participate in a study in which the tests are low risk, and the drug is FDA approved, and associated 
with possible benefits of personal symptomatic improvement as well as benefit from the knowledge that they have 
contributed to the understanding and treatment of CF lung disease, a benefit discussed on the CFF website. 
(http://www.cff.org/research/ClinicalResearch/)       To minimize the risk to participants’ confidentiality, none of 
the participants will be listed by name, SSN, medical record number, or any other identifiable markers. Instead, 
each participant will be assigned a random, but consecutively distributed, identification number. Those unique ID 
numbers will be used in the phenotypic data file.  A list of participants’ names and their ID numbers is kept in a 
separate file and only the Principal Investigator and the project coordinator will have access to this file. 
 

All data collection records will be kept in a locked file cabinet when not in use. Upon completion of the study 
all files will be stored in a locked secured filing room.  All data will be numerically coded and will not contain any 
personal identifiers (i.e. names, addresses, etc.).  The information being collected will not be shared or disclosed to 
any third party, the participant, or their children. The participant will be notified only if tests indicate serious health 
problems that may threaten the health of the participant. All tubes with blood specimens will be coded with unique 
numbers to further protect confidentiality. After all data are collected, the unique ID numbers used as the means of 
initially bringing the phenotypic file together with the genetic information will be erased after the files are merged.   

 
     Datasets will be stored on the secured password protected network drive assigned by GRU IT. Only approved 
sub-investigators who need access to confidential information for the purpose of data entry and participant payment 
will have access to this information and access is further limited by password protected computer access. 
 
      Each risk described has been assessed for threats to confidentiality.  We believe our protective procedures 
currently implemented are adequate to ensure protection of the data both as it is managed, stored, and accessed.  
These methods have been utilized by previous studies without issue.  The system in place is a product of the work 
implemented by institutional IT departments and the protocols put in place at each institution for protecting material 
documents, data, and information.  

 
Additional Protections for Children Involved as Subjects in Research 
Khan et al performed bronchoalveolar lavage (BAL) in infants with CF.  Even in those patients who had 
negative cultures, BAL neutrophil count and IL-8 were elevated; thus, demonstrating that inflammation 
occurs even prior to colonization with pathogenic bacteria in CF lung disease.29  Additionally, Dr. Harris’ 
group showed that even children with CF have endothelial dysfunction20.  Children are being included in 
this study because they are most likely to benefit from early intervention. 
 
Sildenafil dosing in children is suggested to be 1 mg/kg TID.  Accordingly, children between 9-17 years 
old who weigh < 20 Kg will be excluded from the study.  In addition, children who weigh between 20-
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40 Kgs will not have their dose increased from 20-40 mg TID, rather they will remain on 20 mg TID 
for the duration of the study.  Use of sildenafil has been studied in both healthy adults, and in infants, 
children and adults with cardiopulmonary disease, and is generally well tolerated.93-97 Additionally, a case 
report of the use of sildenafil in a patient with severe lung disease described symptomatic improvement 
in the patient with no serious adverse events.10  However, because sildenafil has not been systematically 
studied in patients with CF, it is possible that there would be unanticipated events. Therefore, with respect 
for risk for children, the study falls into category B: it involves greater than minimal risks but presents the 
prospects of direct benefit to the individual subjects. 

 
Because cystic fibrosis patients are generally diagnosed in infancy, parents and patients are usually seen 
simultaneously even through the teenage years because of comfort level of both parent and child.  If 
there are sensitive issues (i.e. sexuality) to be discussed, the parent and child are asked if the patient 
should be interviewed by him/herself.  Parent and child will be asked if they would like explanation of the 
study to occur simultaneously or separately. Consent of both parents and assent of the child will be 
required for study participation.   
 
For subjects who are under 18, one parent will be required to attend all study visits with the participating 
child 
 

3. Potential Benefits of the Propose Research to Human Subjects and Others 
     Exercise intolerance is an independent risk factor for death in patients with CF, independent of lung 
function.   A critical barrier to improving exercise tolerance in patients with CF is our lack of knowledge 
regarding the different mechanisms which contribute to the lower exercise capacity.  Accordingly, the 
overall goal of this proposal is to increase our understanding of the potential mechanisms which 
contribute to improvements in exercise capacity following PDE5 inhibition in patients with CF, and to 
determine if sildenafil therapy increases exercise capacity. This project represents a paradigm shift by 
focusing on systemic complications, rather than pulmonary, as the cause for exercise intolerance in CF. 
In addition, based on our pilot studies, PDE5 inhibition can increase exercise capacity and overall quality 
of life in patients with CF.  Findings from the proposed investigation will provide the essential evidence 
necessary to guide the design of a large, multi-center clinical trial to support sildenafil and other systemic 
targeted therapies to improve exercise capacity, health, and survival in CF. 
 

4. Importance of the Knowledge to be Gained 
     The evaluation of exercise capacity has tremendous prognostic value in patients with CF, recognition 
that has recently prompted the European Respiratory Society and the Cystic Fibrosis Foundation to 
publish a joint statement recommending that routine exercise testing be conducted in all patients with 
CF. There is a desperate need to understand the mechanisms which contribute to exercise intolerance 
in CF, and our preliminary studies offer strong, compelling support for the use of PDE5 inhibitors, 
specifically sildenafil, as a therapeutic option to increase exercise capacity in this patient population.  The 
proposed investigation will identify 3 potential mechanisms which contribute to exercise intolerance in 
CF.  The impact of our research will be to provide mechanistic insight into exercise intolerance in CF 
and the effectiveness of sildenafil in improving exercise capacity. In addition, findings will provide the 
essential evidence necessary to guide the design of a large, multi-center clinical trial to support sildenafil 
and other targeted therapies to improve exercise capacity, health, and survival in CF. 
 

5. Data and Safety Monitoring Plan (DSMP) 
     

The individuals responsible for the data to day safety monitoring will be the PIs, Dr. Ryan Harris and Dr. 
Jennifer Taylor-Cousar.  In addition, Dr. Greg Harshfield, PhD will serve as the outside study monitor.  Dr Doug 
Everett, un-blinded statistician will compile all of the serology and adverse events (if any) and provide an unbiased 
report to Dr. Harshfield every 6 months.  Dr Harshfield will then provide a report to Drs. Harris and Taylor-Cousar 
that will be included in the annual progress report sent to the FDA. If funded, we would also request review by the 
CFFT DMC. 
 

The PIs (Ryan A Harris, PhD and Jennifer Taylor-Cousar, MD, MSCS) will monitor the study on a daily basis. 
If adverse events should arise, Drs. Harris and/or Taylor-Cousar, or his or her designee, will be notified immediately.  
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In order to determine if there are changes needed to the protocol, Drs. Harris and Taylor-Cousar will notify the 
human assurance committee as soon as possible per their policies and procedures.  

 
           The site PIs will monitor adverse event(s) continuously.  Each PI will be responsible for ensuring that any adverse 

events are reported to the Institutional Review Board at each institution in compliance with their requirements. 
Adverse events will be reported to the IRB within 72 hours of any member of the research team becoming aware 
of the event.  Serious adverse events will be reported within 24 hours to the IRB and to the FDA. 
      
     Ongoing Quality Control will include regular data verification and protocol compliance checks to be 
performed by Drs. Harris and Taylor-Cousar.  Required administrative reports that describe study 
progress to include accrual, demographics, and participants’ status will be prepared and reviewed.  These 
reports will also identify adherence to inclusion/exclusion criteria, study protocol, and any adverse events. 
Summary reports that are reviewed will always be void of personal identifiers to protect confidentiality. 

 
An adverse event will be defined as any unfavorable and unintended sign, symptom, or disease temporally 
associated with the use of Revatio® or other protocol-imposed intervention, regardless of attribution. 

 
This definition will include the following: 

•AEs not previously observed in the subject that emerge during the study period, including signs or 
symptoms associated with CF that were not present prior to the study period 
• Complications that occur as a result of protocol-mandate interventions (e.g. sputum induction) 
• Preexisting medical conditions (other than the condition being studied) judged by the investigator to 
have worsened in severity or frequency or changed in character during the protocol-specified AE 
reporting period  

 
Subjects will be questioned and/or examined by the Investigator or her designee for evidence of adverse events. 

 
Subjects having adverse events will be monitored with relevant clinical assessments and laboratory tests as 
determined by the investigator. All adverse events will be followed to satisfactory resolution or stabilization of the 
event(s.)  Any actions taken and follow-up results will be recorded on the appropriate page of the CRF, as well 
as in the subject’s source documentation. Follow-up laboratory results will be filed with the subject’s source 
documentation. 

 
For all adverse events that require the subject to be discontinued from the study, relevant clinical assessments 
and laboratory tests will be repeated until satisfactory resolution or stabilization of the event(s.) 

 
A serious event will be determined as follows: 
 • It results in death 
 • It is life threatening 
 • It requires or prolongs inpatient hospitalization 
 • It results in persistent or significant disability/incapacity 

• It results in a congenital anomaly/birth defect in a neonate/infant born to a mother exposed to the 
investigational product 
• It is considered a significant medical event by the investigator based on medical judgment 

 
Grading of AEs will be as follows: 

• Mild: Transient or mild discomfort (<48 hours); no interference with the subject’s daily activities; no 
medical intervention/therapy required 
• Moderate: Mild to moderate interference with the subject’s daily activities; no or minimal medical 
intervention/therapy required   
• Severe: Considerable interference with the subject’s daily activities; medical intervention/therapy 
required; hospitalization possible 

 
To determine the causality of AE and SAE the follow guidelines will be assessed: 
 • Yes 
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There is a plausible temporal relationship between the onset of the AE and administration of Revatio®, 
and the AE cannot be readily explained by the subject’s clinical state, intercurrent illness, or concomitant 
therapies; and/or the AE abates or resolves upon discontinuation Revatio®. 
• No 
Evidence exists that the AE has an etiology other than administration of Revatio® (e.g., preexisting 
medical condition, underlying disease, intercurrent illness, or concomitant medication); and/or the AE has 
no plausible temporal relationship to administration of Revatio® (e.g., cancer diagnosed 2 days after first 
dose of study drug.) 

 
In this pilot study, it is unlikely that there would be early (i.e. before study completion) demonstration of efficacy 
or futility.  However, unanticipated serious adverse events would result in early termination of the study. 

 
Criteria for Participant Discontinuation: 
 • Decrease in FEV1 of ≥20% from baseline 
 • Severe dyspnea at rest 
 • Two-fold increase in creatinine 
 • Two-fold increase in liver function tests 
 • Pregnancy 
 • Subject refusal to continue in study 

• Development of an adverse event that the investigator feels is a preclusion to continued subject 
participation   
•Development of a pulmonary exacerbation requiring hospitalization and/or intravenous antibiotics. 

 
As per standard consent, emergency care will be provided, but at the cost of the patient/patient’s provider. 

 
Safety and Efficacy Review Personnel 

•The IRB will review enrollment data and individual AE reports. 
•If the study is funded, we will request the use of the CF TDN DSMB. A DMC charter will be created and 
the DMC and the principal investigator, will be responsible for reviewing enrollment data and individual 
AE reports, as well as for periodic safety analysis (every 6 months.)  

6. IND  

Both Drs. Taylor-Cousar and Harris hold INDs for the study of sildenafil in patients with CF:  IND # 102639 and 
IND # 119923. Each will continue to submit annual FDA reports.  

 
7. Clinical Trials.gov Requirements 
The trial will be registered on Clinical Trials.gov prior to study enrollment. 
 
 
 
 



 MPI. Harris, R.A. and Taylor-Cousar, J 

 
Revised v5.0, 03Mar2022    29 

Literature Cited 
1. Gibson RL, Burns JL and Ramsey BW. Pathophysiology and management of pulmonary infections in 
cystic fibrosis. American journal of respiratory and critical care medicine. 2003;168:918-51. 
2. Nixon PA, Orenstein DM, Kelsey SF and Doershuk CF. The prognostic value of exercise testing in 
patients with cystic fibrosis. The New England journal of medicine. 1992;327:1785-8. 
3. Pianosi P, Leblanc J and Almudevar A. Peak oxygen uptake and mortality in children with cystic 
fibrosis. Thorax. 2005;60:50-4. 
4. Orenstein DM and Higgins LW. Update on the role of exercise in cystic fibrosis. Current opinion in 
pulmonary medicine. 2005;11:519-23. 
5. Moorcroft AJ, Dodd ME and Webb AK. Long-term change in exercise capacity, body mass, and 
pulmonary function in adults with cystic fibrosis. Chest. 1997;111:338-43. 
6. Hebestreit H, Arets HG, Aurora P, Boas S, Cerny F, Hulzebos EH, Karila C, Lands LC, Lowman JD, 
Swisher A and Urquhart DS. Statement on Exercise Testing in Cystic Fibrosis. Respiration. 2015;90:332-51. 
7. van de Weert-van Leeuwen PB, Slieker MG, Hulzebos HJ, Kruitwagen CL, van der Ent CK and Arets 
HG. Chronic infection and inflammation affect exercise capacity in cystic fibrosis. Eur Respir J. 2012;39:893-8. 
8. Almajed A and Lands LC. The evolution of exercise capacity and its limiting factors in cystic fibrosis. 
Paediatr Respir Rev. 2012;13:195-9. 
9. Wilkes DL, Schneiderman JE, Nguyen T, Heale L, Moola F, Ratjen F, Coates AL and Wells GD. 
Exercise and physical activity in children with cystic fibrosis. Paediatric respiratory reviews. 2009;10:105-9. 
10. Swisher AK and Erickson M. Perceptions of physical activity in a group of adolescents with cystic 
fibrosis. Cardiopulm Phys Ther J. 2008;19:107-13. 
11. Hayes D, Jr., Tobias JD, Mansour HM, Kirkby S, McCoy KS, Daniels CJ and Whitson BA. Pulmonary 
hypertension in cystic fibrosis with advanced lung disease. American journal of respiratory and critical care 
medicine. 2014;190:898-905. 
12. Hilde JM, Skjorten I, Grotta OJ, Hansteen V, Melsom MN, Hisdal J, Humerfelt S and Steine K. Right 
ventricular dysfunction and remodeling in chronic obstructive pulmonary disease without pulmonary 
hypertension. J Am Coll Cardiol. 2013;62:1103-1111. 
13. Ryland D and Reid L. The pulmonary circulation in cystic fibrosis. Thorax. 1975;30:285-92. 
14. Jiang K, Jiao S, Vitko M, Darrah R, Flask CA, Hodges CA and Yu X. The impact of Cystic Fibrosis 
Transmembrane Regulator Disruption on cardiac function and stress response. J Cyst Fibros. 2016;15:34-42. 
15. Grasemann H, Storm van's Gravesande K, Buscher R, Knauer N, Silverman ES, Palmer LJ, Drazen JM 
and Ratjen F. Endothelial nitric oxide synthase variants in cystic fibrosis lung disease. American journal of 
respiratory and critical care medicine. 2003;167:390-4. 
16. Kelley TJ and Drumm ML. Inducible nitric oxide synthase expression is reduced in cystic fibrosis 
murine and human airway epithelial cells. J Clin Invest. 1998;102:1200-7. 
17. Linnane SJ, Keatings VM, Costello CM, Moynihan JB, O'Connor CM, Fitzgerald MX and McLoughlin 
P. Total sputum nitrate plus nitrite is raised during acute pulmonary infection in cystic fibrosis. American 
journal of respiratory and critical care medicine. 1998;158:207-12. 
18. Balfour-Lynn IM, Laverty A and Dinwiddie R. Reduced upper airway nitric oxide in cystic fibrosis. 
Arch Dis Child. 1996;75:319-22. 
19. Wooldridge JL, Deutsch GH, Sontag MK, Osberg I, Chase DR, Silkoff PE, Wagener JS, Abman SH and 
Accurso FJ. NO pathway in CF and non-CF children. Pediatr Pulmonol. 2004;37:338-50. 
20. Poore S, Berry B, Eidson D, McKie KT and Harris RA. Evidence of Vascular Endothelial Dysfunction 
in Young Patients with Cystic Fibrosis. Chest. 2013;143:939-945. 
21. Rodriguez-Miguelez P, Thomas J, Seigler N, Crandall R, McKie KT, Forseen C and Harris RA. 
Evidence of microvascular dysfunction in patients with cystic fibrosis. Am J Physiol Heart Circ Physiol. 
2016;310:H1479-85. 
22. Bradley JR, Anderson JR, Evans DB and Cowley AJ. Impaired nutritive skeletal muscle blood flow in 
patients with chronic renal failure. Clinical Science. 1990;79:239-245. 
23. Wilson JR, Martin JL, Schwartz D and Ferraro N. Exercise intolerance in patients with chronic heart 
failure: role of impaired nutritive flow to skeletal muscle. Circulation. 1984;69:1079-1087. 



 MPI. Harris, R.A. and Taylor-Cousar, J 

 
Revised v5.0, 03Mar2022    30 

24. Tucker MA, Berry B, Seigler N, Davison GW, Quindry JC, Eidson D, McKie KT and Harris RA. Blood 
flow regulation and oxidative stress during submaximal cycling exercise in patients with cystic fibrosis. Journal 
of Cystic Fibrosis. In Press. 
25. Abbott J, Hart A, Morton AM, Dey P, Conway SP and Webb AK. Can health-related quality of life 
predict survival in adults with cystic fibrosis? Am J Respir Crit Care Med. 2009;179:54-8. 
26. Quittner AL, Buu A, Messer MA, Modi AC and Watrous M. Development and validation of The Cystic 
Fibrosis Questionnaire in the United States: a health-related quality-of-life measure for cystic fibrosis. Chest. 
2005;128:2347-54. 
27. Quittner AL, Modi AC, Wainwright C, Otto K, Kirihara J and Montgomery AB. Determination of the 
minimal clinically important difference scores for the Cystic Fibrosis Questionnaire-Revised respiratory 
symptom scale in two populations of patients with cystic fibrosis and chronic Pseudomonas aeruginosa airway 
infection. Chest. 2009;135:1610-8. 
28. Bonfield TL, Konstan MW and Berger M. Altered respiratory epithelial cell cytokine production in 
cystic fibrosis. J Allergy Clin Immunol. 1999;104:72-8. 
29. Khan TZ, Wagener JS, Bost T, Martinez J, Accurso FJ and Riches DW. Early pulmonary inflammation 
in infants with cystic fibrosis. Am J Respir Crit Care Med. 1995;151:1075-82. 
30. Konstan MW, Hilliard KA, Norvell TM and Berger M. Bronchoalveolar lavage findings in cystic 
fibrosis patients with stable, clinically mild lung disease suggest ongoing infection and inflammation. Am J 
Respir Crit Care Med. 1994;150:448-54. 
31. Tramper-Stranders GA, van der Ent CK and Wolfs TF. Detection of Pseudomonas aeruginosa in patients 
with cystic fibrosis. J Cyst Fibros. 2005;4 Suppl 2:37-43. 
32. Haddad F, Zaldivar F, Cooper DM and Adams GR. IL-6-induced skeletal muscle atrophy. J Appl 
Physiol (1985). 2005;98:911-7. 
33. Bradley J, McAlister O and Elborn S. Pulmonary function, inflammation, exercise capacity and quality 
of life in cystic fibrosis. Eur Respir J. 2001;17:712-5. 
34. Erickson ML, Seigler N, McKie KT, McCully KK and Harris RA. Skeletal muscle oxidative capacity in 
patients with cystic fibrosis. Exp Physiol. 2015;100:545-52. 
35. Shapiro BL, Feigal RJ and Lam LF. Mitrochondrial NADH dehydrogenase in cystic fibrosis. 
Proceedings of the National Academy of Sciences of the United States of America. 1979;76:2979-83. 
36. Feigal RJ and Shapiro BL. Mitochondrial calcium uptake and oxygen consumption in cystic fibrosis. 
Nature. 1979;278:276-7. 
37. Feigal RJ, Tomczyk MS and Shapiro BL. The calcium abnormality in cystic fibrosis mitochondria: 
relative role of respiration and ATP hydrolysis. Life sciences. 1982;30:93-8. 
38. Valdivieso AG, Clauzure M, Marin MC, Taminelli GL, Massip Copiz MM, Sanchez F, Schulman G, 
Teiber ML and Santa-Coloma TA. The mitochondrial complex I activity is reduced in cells with impaired cystic 
fibrosis transmembrane conductance regulator (CFTR) function. PLoS One. 2012;7:e48059. 
39. Rosenthal M, Narang I, Edwards L and Bush A. Non-invasive assessment of exercise performance in 
children with cystic fibrosis (CF) and non-cystic fibrosis bronchiectasis: is there a CF specific muscle defect? 
Pediatr Pulmonol. 2009;44:222-30. 
40. de Meer K, Jeneson JA, Gulmans VA, van der Laag J and Berger R. Efficiency of oxidative work 
performance of skeletal muscle in patients with cystic fibrosis. Thorax. 1995;50:980-3. 
41. Moser C, Tirakitsoontorn P, Nussbaum E, Newcomb R and Cooper DM. Muscle size and 
cardiorespiratory response to exercise in cystic fibrosis. American journal of respiratory and critical care 
medicine. 2000;162:1823-7. 
42. Troosters T, Langer D, Vrijsen B, Segers J, Wouters K, Janssens W, Gosselink R, Decramer M and 
Dupont L. Skeletal muscle weakness, exercise tolerance and physical activity in adults with cystic fibrosis. Eur 
Respir J. 2009;33:99-106. 
43. Lamhonwah AM, Bear CE, Huan LJ, Kim Chiaw P, Ackerley CA and Tein I. Cystic fibrosis 
transmembrane conductance regulator in human muscle: Dysfunction causes abnormal metabolic recovery in 
exercise. Ann Neurol. 2010;67:802-8. 



 MPI. Harris, R.A. and Taylor-Cousar, J 

 
Revised v5.0, 03Mar2022    31 

44. Sahlberg ME, Svantesson U, Thomas EM and Strandvik B. Muscular strength and function in patients 
with cystic fibrosis. Chest. 2005;127:1587-92. 
45. Divangahi M, Balghi H, Danialou G, Comtois AS, Demoule A, Ernest S, Haston C, Robert R, Hanrahan 
JW, Radzioch D and Petrof BJ. Lack of CFTR in skeletal muscle predisposes to muscle wasting and diaphragm 
muscle pump failure in cystic fibrosis mice. PLoS Genet. 2009;5:e1000586. 
46. Wells GD, Wilkes DL, Schneiderman JE, Rayner T, Elmi M, Selvadurai H, Dell SD, Noseworthy MD, 
Ratjen F, Tein I and Coates AL. Skeletal muscle metabolism in cystic fibrosis and primary ciliary dyskinesia. 
Pediatric research. 2011;69:40-5. 
47. Fielding J, Brantley L, Seigler N, McKie KT, Davison GW and Harris RA. Oxygen uptake kinetics and 
exercise capacity in children with cystic fibrosis. Pediatric pulmonology. 2015;50:647-54. 
48. Saynor ZL, Barker AR, Oades PJ and Williams CA. Impaired Pulmonary V O2 Kinetics in Cystic 
Fibrosis Depend on Exercise Intensity. Medicine and science in sports and exercise. 2016;48:2090-2099. 
49. Giardini A, Balducci A, Specchia S, Gargiulo G, Bonvicini M and Picchio FM. Effect of sildenafil on 
haemodynamic response to exercise and exercise capacity in Fontan patients. Eur Heart J. 2008;29:1681-7. 
50. Lewis GD, Shah R, Shahzad K, Camuso JM, Pappagianopoulos PP, Hung J, Tawakol A, Gerszten RE, 
Systrom DM, Bloch KD and Semigran MJ. Sildenafil improves exercise capacity and quality of life in patients 
with systolic heart failure and secondary pulmonary hypertension. Circulation. 2007;116:1555-62. 
51. Bocchi EA, Guimaraes G, Mocelin A, Bacal F, Bellotti G and Ramires JF. Sildenafil effects on exercise, 
neurohormonal activation, and erectile dysfunction in congestive heart failure: a double-blind, placebo-
controlled, randomized study followed by a prospective treatment for erectile dysfunction. Circulation. 
2002;106:1097-103. 
52. Noel S, Dhooghe B and Leal T. PDE5 Inhibitors as Potential Tools in the Treatment of Cystic Fibrosis. 
Front Pharmacol. 2012;3:167. 
53. Rosano GM, Aversa A, Vitale C, Fabbri A, Fini M and Spera G. Chronic treatment with tadalafil 
improves endothelial function in men with increased cardiovascular risk. Eur Urol. 2005;47:214-20; discussion 
220-2. 
54. Deyoung L, Chung E, Kovac JR, Romano W and Brock GB. Daily use of sildenafil improves 
endothelial function in men with type 2 diabetes. J Androl. 2012;33:176-80. 
55. Burnett AL, Strong TD, Trock BJ, Jin L, Bivalacqua TJ and Musicki B. Serum biomarker measurements 
of endothelial function and oxidative stress after daily dosing of sildenafil in type 2 diabetic men with erectile 
dysfunction. J Urol. 2009;181:245-51. 
56. Rodriguez Miguelez P, Seigler N, Tucker MA, Csanyi G, McKie KT, Forseen C and Harris RA. 
Sildenafil Improves Vascular Endothelial Function in Patients with Cystic Fibrosis. Am J Physiol Heart Circ 
Physiol. 2018. 
57. Poschet JF, Fazio JA, Timmins GS, Ornatowski W, Perkett E, Delgado M and Deretic V. Endosomal 
hyperacidification in cystic fibrosis is due to defective nitric oxide-cylic GMP signalling cascade. EMBO Rep. 
2006;7:553-9. 
58. Poschet JF, Timmins GS, Taylor-Cousar JL, Ornatowski W, Fazio J, Perkett E, Wilson KR, Yu HD, de 
Jonge HR and Deretic V. Pharmacological modulation of cGMP levels by phosphodiesterase 5 inhibitors as a 
therapeutic strategy for treatment of respiratory pathology in cystic fibrosis. Am J Physiol Lung Cell Mol 
Physiol. 2007;293:L712-9. 
59. Toward TJ, Smith N and Broadley KJ. Effect of phosphodiesterase-5 inhibitor, sildenafil (Viagra), in 
animal models of airways disease. Am J Respir Crit Care Med. 2004;169:227-34. 
60. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N and Conde JG. Research electronic data capture 
(REDCap)--a metadata-driven methodology and workflow process for providing translational research 
informatics support. Journal of biomedical informatics. 2009;42:377-81. 
61. Sheffield-Moore M, Wiktorowicz JE, Soman KV, Danesi CP, Kinsky MP, Dillon EL, Randolph KM, 
Casperson SL, Gore DC, Horstman AM, Lynch JP, Doucet BM, Mettler JA, Ryder JW, Ploutz-Snyder LL, Hsu 
JW, Jahoor F, Jennings K, White GR, McCammon SD and Durham WJ. Sildenafil increases muscle protein 
synthesis and reduces muscle fatigue. Clin Transl Sci. 2013;6:463-8. 



 MPI. Harris, R.A. and Taylor-Cousar, J 

 
Revised v5.0, 03Mar2022    32 

62. Huang M, Lee KJ, Kim KJ, Ahn MK, Cho CH, Kim DH and Lee EH. The maintenance ability and Ca2+ 
availability of skeletal muscle are enhanced by sildenafil. Exp Mol Med. 2016;48:e278. 
63. Sperandio PA, Oliveira MF, Rodrigues MK, Berton DC, Treptow E, Nery LE, Almeida DR and Neder 
JA. Sildenafil improves microvascular O2 delivery-to-utilization matching and accelerates exercise O2 uptake 
kinetics in chronic heart failure. American Journal of Physiology - Heart and Circulatory Physiology. 
2012;303:H1474-H1480. 
64. Sawicki GS, Sellers DE and Robinson WM. Self-reported physical and psychological symptom burden 
in adults with cystic fibrosis. J Pain Symptom Manage. 2008;35:372-80. 
65. Sawicki GS, Sellers DE and Robinson WM. High treatment burden in adults with cystic fibrosis: 
challenges to disease self-management. J Cyst Fibros. 2009;8:91-6. 
66. Konstan MW, VanDevanter DR, Rasouliyan L, Pasta DJ, Yegin A, Morgan WJ, Wagener JS, Scientific 
Advisory G, Investigators and Coordinators of the Epidemiologic Study of Cystic F. Trends in the use of 
routine therapies in cystic fibrosis: 1995-2005. Pediatric pulmonology. 2010;45:1167-72. 
67. Taylor-Cousar JL, Wiley C, Felton LA, St Clair C, Jones M, Curran-Everett D, Poch K, Nichols DP, 
Solomon GM, Saavedra MT, Accurso FJ and Nick JA. Pharmacokinetics and tolerability of oral sildenafil in 
adults with cystic fibrosis lung disease. J Cyst Fibros. 2015;14:228-36. 
68. Wainwright CE, Elborn JS and Ramsey BW. Lumacaftor-Ivacaftor in Patients with Cystic Fibrosis 
Homozygous for Phe508del CFTR. The New England journal of medicine. 2015;373:1783-4. 
69. Sagel SD, Kapsner R, Osberg I, Sontag MK and Accurso FJ. Airway inflammation in children with 
cystic fibrosis and healthy children assessed by sputum induction. Am J Respir Crit Care Med. 2001;164:1425-
31. 
70. Chance B, Dait MT, Zhang C, Hamaoka T and Hagerman F. Recovery from exercise-induced 
desaturation in the quadriceps muscles of elite competitive rowers. Am J Physiol. 1992;262:C766-75. 
71. Thiel C, Vogt L, Himmelreich H, Hubscher M and Banzer W. Reproducibility of muscle oxygen 
saturation. Int J Sports Med. 2011;32:277-80. 
72. Wolf M, Ferrari M and Quaresima V. Progress of near-infrared spectroscopy and topography for brain 
and muscle clinical applications. J Biomed Opt. 2007;12:062104. 
73. ATS statement: guidelines for the six-minute walk test. Am J Respir Crit Care Med. 2002;166:111-7. 
74. Tucker MA, Berry B, Seigler N, Davison GW, Quindry JC, Eidson D, McKie KT and Harris RA. Blood 
flow regulation and oxidative stress during submaximal cycling exercise in patients with cystic fibrosis. J Cyst 
Fibros. 2017. 
75. Reverri EJ, Morrissey BM, Cross CE and Steinberg FM. Inflammation, oxidative stress, and 
cardiovascular disease risk factors in adults with cystic fibrosis. Free Radic Biol Med. 2014;76:261-77. 
76. Ulrich M, Worlitzsch D, Viglio S, Siegmann N, Iadarola P, Shute JK, Geiser M, Pier GB, Friedel G, 
Barr ML, Schuster A, Meyer KC, Ratjen F, Bjarnsholt T, Gulbins E and Doring G. Alveolar inflammation in 
cystic fibrosis. J Cyst Fibros. 2010;9:217-27. 
77. De Rose V. Mechanisms and markers of airway inflammation in cystic fibrosis. Eur Respir J. 
2002;19:333-40. 
78. Roseguini BT, Hirai DM, Alencar MC, Ramos RP, Silva BM, Wolosker N, Neder JA and Nery LE. 
Sildenafil improves skeletal muscle oxygenation during exercise in men with intermittent claudication. Am J 
Physiol Regul Integr Comp Physiol. 2014;307:R396-404. 
79. Radtke T, Hebestreit H, Gallati S, Schneiderman JE, Braun J, Stevens D, Hulzebos EH, Takken T, Boas 
SR, Urquhart DS, Lands LC, Tejero S, Sovtic A, Dwyer T, Petrovic M, Harris RA, Karila C, Savi D, Usemann 
J, Mei-Zahav M, Hatziagorou E, Ratjen F and Kriemler S. CFTR Genotype and Maximal Exercise Capacity in 
Cystic Fibrosis: A Cross-sectional Study. Ann Am Thorac Soc. 2018;15:209-216. 
80. Harris RA, Nishiyama SK, Wray DW and Richardson RS. Ultrasound assessment of flow-mediated 
dilation. Hypertension. 2010;55:1075-85. 
81. Ryan TE, Southern WM, Reynolds MA and McCully KK. A cross-validation of near-infrared 
spectroscopy measurements of skeletal muscle oxidative capacity with phosphorus magnetic resonance 
spectroscopy. Journal of applied physiology. 2013;115:1757-66. 



 MPI. Harris, R.A. and Taylor-Cousar, J 

 
Revised v5.0, 03Mar2022    33 

82. Yambe M, Tomiyama H, Hirayama Y, Gulniza Z, Takata Y, Koji Y, Motobe K and Yamashina A. 
Arterial stiffening as a possible risk factor for both atherosclerosis and diastolic heart failure. Hypertens Res. 
2004;27:625-31. 
83. McCully KK, Fielding RA, Evans WJ, Leigh JS, Jr. and Posner JD. Relationships between in vivo and 
in vitro measurements of metabolism in young and old human calf muscles. J Appl Physiol. 1993;75:813-9. 
84. Walter G, Vandenborne K, McCully KK and Leigh JS. Noninvasive measurement of phosphocreatine 
recovery kinetics in single human muscles. American Journal of Physiology-Cell Physiology. 1997;272:C525-
C534. 
85. Lung function testing: selection of reference values and interpretative strategies. American Thoracic 
Society. Am Rev Respir Dis. 1991;144:1202-18. 
86. Cooper JD, Muirhead DC, Taylor JE and Baker PR. Development of an assay for the simultaneous 
determination of sildenafil (Viagra) and its metabolite (UK-103,320) using automated sequential trace 
enrichment of dialysates and high-performance liquid chromatography. J Chromatogr B Biomed Sci Appl. 
1997;701:87-95. 
87. Lee M and Min DI. Determination of sildenafil citrate in plasma by high-performance liquid 
chromatography and a case for the potential interaction of grapefruit juice with sildenafil citrate. Ther Drug 
Monit. 2001;23:21-6. 
88. Shah AR, Gozal D and Keens TG. Determinants of aerobic and anaerobic exercise performance in cystic 
fibrosis. American Journal of Respiratory and Critical Care Medicine. 1998;157:1145-1150. 
89. Bradley S, Solin P, Wilson J, Johns D, Walters H and Naughton MT. Hypoxemia and hypercapnia 
during exercise and sleep in patients with cystic fibrosis. Chest. 1999;116:647-654. 
90. The American College of Sports Medicine's Guidelines for Exercise Testing and Prescription. 6th ed. 
Philadelphia: Lippincott Williams & Wilkins; 2000. 
91. American Thoracic Society / American College of Chest Physicians statement on cardiopulmonary 
exercise testing. American Journal of Respiratory and Critical Care Medicine. 2003;167:211-277. 
92. Hamaoka T, McCully KK, Niwayama M and Chance B. The use of muscle near-infrared spectroscopy 
in sport, health and medical sciences: recent developments. Philos Trans A Math Phys Eng Sci. 2011;369:4591-
604. 
93. Galie N, Ghofrani HA, Torbicki A, Barst RJ, Rubin LJ, Badesch D, Fleming T, Parpia T, Burgess G, 
Branzi A, Grimminger F, Kurzyna M and Simonneau G. Sildenafil citrate therapy for pulmonary arterial 
hypertension. N Engl J Med. 2005;353:2148-57. 
94. Leibovitch L, Matok I and Paret G. Therapeutic applications of sildenafil citrate in the management of 
paediatric pulmonary hypertension. Drugs. 2007;67:57-73. 
95. Baquero H, Soliz A, Neira F, Venegas ME and Sola A. Oral sildenafil in infants with persistent 
pulmonary hypertension of the newborn: a pilot randomized blinded study. Pediatrics. 2006;117:1077-83. 
96. Humpl T, Reyes JT, Holtby H, Stephens D and Adatia I. Beneficial effect of oral sildenafil therapy on 
childhood pulmonary arterial hypertension: twelve-month clinical trial of a single-drug, open-label, pilot study. 
Circulation. 2005;111:3274-80. 
97. Mourani PM, Sontag MK, Ivy DD and Abman SH. Effects of Long-Term Sildenafil Treatment for 
Pulmonary Hypertension in Infants with Chronic Lung Disease. J Pediatr. 2008. 
 

 


