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JAMES SIMMONS, MD 

GUEST EDITOR

In the setting of the COVID-19 pandemic, pulmonary medi-
cine has been brought to the forefront in the minds of many 
medical professionals over the past year. However, COVID-
19 is only a small part of the vast array of pulmonary diseases 
that have affected and continue to impact Rhode Islanders.  
In this issue of the Rhode Island Medical Journal, pulmon-
ologists from Rhode Island will review a variety of import-
ant and dynamic issues in pulmonary and sleep medicine, 
including common disease states with complicated man-
agement strategies and rare diseases that many readers are 
exposed to while practicing in Rhode Island and elsewhere. 
Our hope is this issue will improve both the specialist’s and 
the general practitioner’s ability and confidence in identi-
fying, diagnosing, managing, and appropriately referring 
patients affected by these topics, so that we may all improve 
the lives of thousands of Ocean State patients.

Obstructive Sleep Apnea Syndrome
Obstructive Sleep Apnea Syndrome (OSAS) is a common 
and underdiagnosed disorder leading to significant morbid-
ity for a variety of patients worldwide.  Our knowledge of 
the risks of OSAS and benefits of therapy have continued to 
evolve, and ALICE BONITATI, MD, the Associate Director 
of the Lifespan Sleep Disorders Center in Rhode Island, and 
PARVATI SINGH, MD, provide a succinct but comprehensive 
up-to-date guide to the diagnosis and initial management of 
this disorder.

The Clinical Utility of Cardiopulmonary Exercise Testing
Cardiopulmonary exercise testing (CPET) is a functional 
and dynamic way to assess cardiopulmonary function at 
a patient’s personal maximal exercise capacity.  In many 
cases, the plethora of data generated can help differentiate 
complicated and unclear causes of dyspnea and exercise 
intolerance when used by experienced clinicians. EVAN 

SMITH, MD, along with ERIC GARTMAN, MD, Director of 
the Cardiopulmonary Exercise Training Laboratory at the 
Providence Veteran Affairs Medical Center, describe the 
components of CPET, as well as its varied indications to aid 
in evidence-based diagnosis, prognosis, and management of 
cardiopulmonary disease, including, for example, congestive 
heart failure, preoperative evaluation, and evaluation for 
organ transplant.

Updates on Cystic Fibrosis Treatments
Although cystic fibrosis (CF) is a rare disease, it still affects 
more than 70,000 people worldwide and leads to signifi-
cant morbidity and mortality of multiple organ systems 
in many patients.  As the therapies to manage CF have 
advanced and patients’ life expectancies have increased, it 
has become a more chronic but complicated medical prob-
lem that can often be managed over decades with the appro-
priate multidisciplinary care. DEBASREE BANERJEE, MD, 
and MICHAEL BLUNDIN, MD, provide such care for many of 
the cystic fibrosis patients in Rhode Island, and, along with 
CHELSEA BOYD, MD, and ROGER AUTH, MD, they offer a 
review of the exciting recent changes to the management of 
cystic fibrosis in the age of personalized medicine, includ-
ing a review of novel therapeutics that modulate the cystic 
fibrosis transmembrane regulator protein and changes to 
antibiotic management.

Diagnosis and Management of Idiopathic  
Pulmonary Fibrosis
Idiopathic pulmonary fibrosis (IPF) is the most common of 
the idiopathic interstitial pneumonias. Definitive diagnosis 
requires the exclusion of known causes of pulmonary fibro-
sis, aided by the multidisciplinary discussion involving pul-
monologists, radiologists, and pathologists with expertise in 
the diagnosis of IPF and other forms of interstitial lung dis-
ease. JULIA MUNCHEL, MD, and BARRY SHEA, MD, provide 
an excellent review of the current recommendations for the 
diagnosis, prognostication, and management of patients with 
IPF, which focuses on anti-fibrotic therapy and early referral 
to lung transplant centers for those who are candidates.

Diagnosis of Pulmonary Hypertension
Pulmonary hypertension (PH) is a chronic disease of elevated 
pulmonary artery pressure that can result from pulmonary 
vascular diseases or complicate left heart and lung disease, 
while pulmonary arterial hypertension (PAH) is a rare pul-
monary artery vasculopathy that leads to progressive right 
heart failure and death. Timely and accurate diagnosis of PH 
is paramount given the increased morbidity and mortality, 
but can be challenging given the nonspecific nature of the 
presenting symptoms and the many potential causative or 
contributing conditions. Although right heart catheteriza-
tion is required for diagnosis and early referral to a PH expert 
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center, such as the Rhode Island Hospital Pulmonary Hyper-
tension Center, is strongly recommended, it is an import-
ant and increasingly common problem for all RI healthcare 
providers to consider and care for. To that end, NAVNEET 

SINGH, MD, and CHRISTOPHER MULLIN, MD, a pulmonary 
hypertension specialist practicing in RI, provide a review of 
the complicated workup of PH, based on the current medical 
knowledge and significant local experience.

The Evolving Continuum of Diagnosis in the Modern 
Age of Non-Small Cell Lung Cancer
Although lung cancer is the leading cause of cancer-re-
lated death in the United States, there has been significant 
advancement in the diagnosis and treatment of non-small 
cell lung cancer (NSCLC) over the past couple of decades.  
Improvements in diagnostic evaluation and biopsy tech-
niques coupled with advances in targeted therapies with 
newer drug targets are giving patients and their families 

more hope in the face of this challenging disease, but this, in 
turn, leads to new challenges navigating increasingly com-
plex decision-making for the healthcare providers. DANIEL 

DUSTIN, DO, and DOUG MARTIN, MD, provide a concise 
overview of the current best practices for workup and man-
agement of NSCLC from the pulmonary viewpoint, while 
also noting emergent complications based on recent data 
and their personal experiences caring for patients with lung 
cancer in RI.

In conclusion, we hope this compilation will enhance 
your knowledge of and interest in some of the many import-
ant pulmonary diseases seen in Rhode Island patients and 
the world at large.

Guest Editor
James Simmons, MD, Assistant Professor of Medicine, Alpert 

Medical School of Brown University; Pulmonary and Critical Care 

Physician, The Miriam Hospital, Providence, RI.   
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Obstructive Sleep Apnea Syndrome –  
A Review for Primary Care Physicians and Pulmonologists
PARVATI SINGH, MD; ALICE BONITATI, MD  

ABSTRACT 
Obstructive sleep apnea syndrome (OSAS) is a prevalent 
sleep disorder that leads to excessive daytime sleepiness 
and poor quality of life. OSAS is characterized by inter-
mittent hypoxia and sleep fragmentation and is associat-
ed with increased risk of cardiovascular and neurocogni-
tive disorders. The focus of our article is to discuss the 
approach to diagnosis and management. 

KEYWORDS:  obstructive sleep apnea, apnea, 
polysomnography, AHI, positive airway pressure therapy   

EPIDEMIOLOGY AND CLINICAL MANIFESTATIONS
Obstructive sleep apnea (OSA) is a sleep-related breathing 
disorder that is defined by either partial or complete collapse 
of the airway that interrupts ventilation.1 These interrup-
tions in breathing during sleep can result in intermittent 
hypoxia, sleep fragmentation, and lack of restorative sleep.1 
OSAS refers to symptomatic obstructive sleep apnea. 

Fatigue, daytime sleepiness, and poor quality of life are 
hallmark symptoms of OSAS. Other common symptoms 
include headaches, awakenings with gasping or choking 
sensation, concentration and memory problems, irritabil-
ity, and depression.1 Additionally, OSAS is associated with 
increased risk of hypertension, atrial fibrillation, myocardial 
infarction, pulmonary hypertension, insulin resistance, and 
stroke.2 This risk is primarily applicable to patients with 
moderate to severe disease. A 2021 meta-analysis found that 
OSA was associated with an increased risk for cardiac and 
all-cause mortality.3 

There is data suggesting that OSAS increases the risk of 
developing dementia and cancer.2 A cohort study found that 
patients with sleep disordered breathing developed mild cog-
nitive impairment at an earlier age than those who did not 
have self-reported sleep disordered breathing.4 In a prospec-
tive study of 298 women 65 years or older without dementia, 
those with OSA were more likely to develop mild cognitive 
impairment or dementia (45% vs 35%, p=0.02, adj. odds ratio 
1.8).21 With regards to malignancy, the theory is that repet-
itive hypoxic episodes lead to a change in gene expression 
for angiogenesis.2 A study that followed patients from the 
Wisconsin Sleep Cohort for 22 years found that as the sever-
ity of OSA increased the cancer mortality also increased.5 

It is estimated that more than 1 billion people globally have 
some degree of OSA.6 Obesity is a major risk factor, partially 
explaining the increased prevalence of the disorder in our 
society. Weight gain of 10% can lead to a six-fold increase 
in odds of developing OSA.1 Other risk factors include age, 
male gender, tonsillar hypertrophy, and craniofacial abnor-
malities that narrow the upper airway.7 It is important to 
note that approximately 25% of patients with OSA in the 
U.S. are non-obese.16 Ethnicity is one factor implicated in 
OSA in non-obese individuals. In addition, non-obese OSA 
represents its own phenotype, exhibiting some differences in 
clinical characteristics such as lower arousal threshold and 
often lesser tolerance of positive pressure therapy.16

DIAGNOSIS
Patients to consider for testing are those with any of the 
above signs or symptoms. Snoring in conjunction with sug-
gestive OSA symptom(s) or comorbidities is an indication 
for testing. On exam, patients may have a wide neck, large 
tongue, large adenoids/tonsils, and a Mallampati score of 
III-IV.7 Questionnaires can be helpful in identifying patients 
who should be screened for OSAS. A score of >10 on the 
Epworth Sleepiness Scale and/or a score >3 on STOP-BANG 
questionnaire are concerning for possible sleep apnea.7 The 
STOP-BANG screening tool that asks yes or no questions 
about snoring, fatigue, observed apneas, hypertension, BMI, 
age, neck circumference, and gender has ~90–93% sensitiv-
ity for sleep apnea.1 While useful, this and other screening 
tools have not been validated in all populations, such as in 
patients undergoing bariatric surgery, in whom excessive 
daytime sleepiness may be lacking.25 OSA is highly preva-
lent in the bariatric patient population and there is increased 
risk of peri- and postoperative complications if sleep apnea 
is not monitored and treated. Therefore, all patients should 
undergo testing to determine if they have sleep apnea and 
start treatment if the sleep apnea is found to be significant. 

Polysomnography (PSG) or home sleep testing is gener-
ally required to diagnose OSAS. An all-night in-laboratory 
PSG involves use of EEG, EOG (electrooculography), EMG, 
pressure sensors to detect air flow, EKG, and chest/abdo-
men belts to detect respiratory effort.1 Despite PSGs being 
the gold standard test, there are drawbacks of cost, possible 
lack of insurance coverage, and lower patient acceptance  
compared to home testing. 
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Home sleep apnea testing (HSAT) use has been on the rise, 
due to benefits of convenience, lower cost, and increased 
access to evaluation, as well as improved quality of this test-
ing.8 Compared to PSG, HSAT does not utilize EEG or EMG 
and therefore actual sleep time is not known.1 HSAT should 
be used when there is a high pretest probability for OSA, 
there are no severe comorbidities and no concern for addi-
tional sleep disorders.1 HSATs can underestimate severity or 
miss OSA. False negative rate of this test is approximately 
17%.1 Thus, if HSAT is negative then the patient should 
generally complete a formal PSG.1 

One ambulatory sleep study device that is gaining trac-
tion is the WatchPAT, a peripheral arterial tonometer. The 
WatchPAT measures apnea or hypopnea by using an algo-
rithm that utilizes data on the changes in peripheral arterial 
blood volume, desaturations on pulse oximetry, and changes 
in heart rate.9 A meta-analysis showed that WatchPAT’s 
respiratory indexes did correlate with scoring from PSGs.9 
The peripheral arterial tonometry has a positive predic-
tive value of 76% and negative predictive value of 83%.1 
Currently however, a PSG or HSAT is required to initiate 
therapy. 

The tests mentioned determine the apnea-hypopnea index 
(AHI) score and help guide treatment options for OSA.7 AHI 
is the number of hypopnea/apnea events per an hour and is 
used for classification of OSA severity. In adults, AHI 5-14.9 
is mild OSA, AHI 15-29.9 is moderate OSA, and AHI > 30 
is severe OSA. Of note, this classification system does not 
account for other factors that could contribute to severity 
of OSA, such as the level of desaturation, degree of sleep 
fragmentation, or level of sympathetic system activation.17

TREATMENT

Lifestyle changes and conservative measures
Lifestyle changes can improve OSA and in those with mild 
disease and symptoms can sometimes be the primary form 
of management. The following are beneficial:

1. Weight loss lowers severity of OSA,13 but especially  
in moderate to severe disease is often not curative. 

2. Patients should limit alcohol, opiate, and  
benzodiazepine use. 

3. Smoking cessation may help as well. Nicotine is 
thought to increase upper airway muscle collapse due to 
muscle relaxation and increased sleep fragmentation.13 

4. Many patients have worse AHI scores in the supine 
position in part due to airway closure due to tongue relax-
ation. It has been shown that sleeping in the lateral decu-
bitus position can decrease sleepiness and AHI scores.13 
There are many positional devices that can be used to  
help patients sleep off their back.

5. Treatment of nasal congestion to improve upper  
airway patency.

Positive Airway Pressure Therapy (PAP)
The mainstay of OSA treatment is PAP therapy, in which 
positive pressure is applied to keep the upper airway patent 
during sleep, thereby reducing apneas and hypopneas. PAP 
therapy can be either CPAP, APAP (auto-titrating), or BiPAP 
(bilevel). According to the American Academy of Sleep Med-
icine (AASM) clinical practice guidelines, PAP therapy is 
recommended for patients with excessive sleepiness.10 There 
have been 38 randomized control trials that have shown 
that PAP decreases excessive sleepiness with minimal side 
effects.10 Effective PAP pressures can be determined during 
split PSG testing, in which pressures are titrated during the 
second half of the night. Positive pressure titration in the 
sleep center is recommended for patients with CHF, COPD, 
central sleep apnea, and obesity hypoventilation syndrome.1 
Otherwise, APAP can be prescribed. APAP is set over a range 
of PAP pressures and the unit titrates the pressure to achieve 
the lowest AHI score. Once the patient is using APAP for a 
period of time, the patient’s sleep medicine provider reviews 
efficacy of therapy and makes additional adjustments to  
settings if needed. 

Per the AASM guidelines, there is a conditional recom-
mendation of prescribing PAP therapy to patients with diag-
nosed OSA with HTN or impaired sleep-related quality of 
life.10 There have been five randomized control trials show-
ing that PAP therapy can lower blood pressure, though a 
meta-analysis did not support this.10 Similarly, in terms of 
impaired sleep-related quality of life, a meta-analysis did not 
support the positive benefits seen in 19 randomized control 
trials.10 

Additionally, the AASM guidelines list that there is not 
enough evidence on the use of PAP therapy for asympto-
matic OSA patients.10 There is mixed data regarding whether 
implementation of PAP therapy reverses the increased risk 
of cardiovascular disease or mortality. Observational stud-
ies have shown a positive response to PAP therapy for car-
diovascular outcomes, while four randomized control trials 
have not confirmed, but have not excluded benefit in this 
regard.10 Negative results may be related to exclusion of 
patients with more significant cardiovascular disease and 
the relatively low PAP adherence in these randomized trials.1 

A recent study found that the degree of heart rate increase 
in relation to apneas/hypopneas was a predictor of poor car-
diovascular outcomes, and perhaps these patients should be 
included in future randomized trials.22 In a recent subgroup 
analysis of a large RCT, it was found that patients with CAD 
who used CPAP for more than 4 hours a night had lower 
rates of cardiovascular or neurovascular events compared to 
patients who used it for less than 4 hours a night.24 About 
20% of OSA patients have pulmonary hypertension, and 
small studies have shown that CPAP therapy lowers right 
ventricular and pulmonary artery pressures.23

Adherence to PAP therapy is a significant issue for patients 
with OSAS. To improve compliance, finding a well-fitting 
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and comfortable interface and using in-line humidification 
can be helpful.10 Despite these adjustments, PAP adherence 
can still be poor, especially in those who require higher pres-
sures.12 A ramp function with which the starting pressure 
is gradually increased can also help with comfort.12  It has 
been recently shown that remote electronic monitoring of 
PAP use by patients and their providers can lead to improved 
overall compliance with therapy. Over the past one to two 
decades there have been significant improvements in PAP 
technology, leading to improved comfort with therapy. 

Other Therapies for OSA
Other therapies for OSAS include oral appliances, upper air-
way surgery, and hypoglossal nerve stimulation. 

Mandibular Advancement Devices are often a good alter-
native to PAP therapy for mild to moderate OSAS. The man-
dibular device causes the mandible to jut forward, advancing 
the tongue and lifting the palate thereby reducing airway 
collapse.14 One retrospective study of OSA patients with 
mild to severe disease found that a mandibular device led to 
37% of patients having resolution of their OSA and 64% of 
patients having their AHI score cut in half.14 However, the 
response to the mandibular device was not as profound in 
patients with severe OSA.14

Lastly, various surgeries have been used to treat OSA. The 
data for this treatment option is mostly limited to case series 
and a handful of RCTs. There is no RCT comparing PAP 
therapy against surgical interventions for OSA treatment. 
Two RCTs have compared upper airway surgery with con-
servative management in patients who did not tolerate PAP 
or mandibular advancement devices.19,20 The SKUP3 RCT 
trial found that uvolopalatopharyngoplasty (UPPP) reduced 
AHI on average from 53.3 to 21.1, though a few patients had 
an increase in AHI after surgery.19 Similarly, the SAMS RCT 
trial found that those who had UPPP with radiofrequency 
ablation to reduce tongue size had average drop in AHI 
from 47.9 to 20.8.20 Only 28% of patients had resolution of 
OSA.20 Other surgical interventions include tonsillectomy 
(usually performed with UPPP), genioglossus advancement, 
and maxillo-mandibular advancement. Generally, in select 
patients with certain anatomical abnormalities who do not 
tolerate PAP or mandibular devices, surgical intervention 
is an option. Surgery can reduce the severity of OSA and 
in well-selected patients it can sometimes completely treat 
sleep apnea. 

Hypoglossal nerve stimulation (HNS) is a newer therapy 
that stimulates the nerve to act on the genioglossus muscle 
during sleep to help open the upper airway.1 A cohort study 
in 2014 found the hypoglossal nerve stimulator lowered the 
median AHI score by 68% in 12 months and also decreased 
level of daytime sleepiness in OSA patients.15 HNS is con-
sidered if the patient fails or doesn’t tolerate PAP therapy, 
does not have concentric collapse of the upper airway on 
drug-induced sleep endoscopy (DISE), and there is no ana-
tomical obstruction, BMI < 35 kg/m2, and AHI is 15–65.18

CONCLUSION
OSAS is a highly prevalent sleep disorder that can negatively 
affect quality of life and is linked to cardiovascular disorders 
and neurocognitive abnormalities. Diagnosis is generally 
made with PSG or home-sleep testing. Primary treatment 
for symptomatic OSA, especially if moderate or severe, is 
usually with positive airway pressure therapy, but other 
therapies are available and evolving. PAP therapy has been 
shown to improve excessive daytime sleepiness, AHI score, 
and blood pressure. It is likely that there are benefits for 
primary and secondary prevention of cardiovascular events 
including stroke, but results of randomized controlled tri-
als are mixed and there are large ongoing studies examining  
this topic. 
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The Clinical Utility of Cardiopulmonary Exercise Testing
EVAN J. SMITH, MD; ERIC J. GARTMAN, MD
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GLOSSARY 
AT – Anaerobic threshold, the point at which oxygen 
delivery to exercising muscle can no longer meet demands 
and lactic acid begins to accumulate  

VO2 – oxygen consumption per minute, expressed in L/min 
and mL/kg/min 

VO2peak – Highest VO2 obtained during an exercise test. 
If a further increase in workload does not lead to further 
increase in VO2, i.e. there is a plateau in VO2, this is 
referred to as VO2max .  

VO2reserve – Difference between resting VO2 and VO2max.  

VCO2 – Carbon dioxide production, L/min 

VE – Minute ventilation, L/min  

VE/VCO2 – Ratio of minute ventilation to CO2 production 
(how much one is breathing to ventilate off a given amount 
of CO2), a measure of ventilatory efficiency 

INTRODUCTION

Cardiopulmonary exercise testing (CPET) can be con-
ducted in several ways, but most commonly is performed 
as a progressive incremental exercise test that concludes at 
exhaustion at maximal exercise capacity. For several rea-
sons, the most important being safety, the test generally is 
done utilizing a cycle ergometer that has the ability to ramp 
the work rate over time. During the exam, the patient has 
extensive safety monitoring – including continuous elec-
trocardiogram (ECG), pulse oximetry, and frequent blood 
pressure recordings. A physician typically is in attendance 
for the duration of the test. Additionally, the patient has 
all inhaled and exhaled gas analyzed – with the ability to 
determine oxygen consumption (VO2), carbon dioxide elim-
ination (VCO2), tidal volumes, and respiratory flow curves.  
Before and directly after the test serial spirometry is per-
formed to assess baseline pulmonary function and assess for 
exercise-induced airway disorders, respectively. See Figure 1 
for typical CPET laboratory set-up and equipment. 

It is well known that static measures of pulmonary and 
cardiac function (such as pulmonary function testing (PFT) 

and echocardiography) do not always relate well to dynamic 
measures during exertion.1 While other modalities of stress 
testing are well-suited for a limited evaluation (e.g. a car-
diac stress test for ischemia), the extensive cardiopulmo-
nary data obtained by CPET has the potential to determine 
the overriding factor or system limiting maximal exercise 
(e.g. cardiac, ventilatory, systemic vascular, mitochondrial, 
deconditioning or psychological). Further, given that it does 
not have artificial test stopping points (e.g. HR endpoints), 
a full evaluation of the cardiopulmonary system can be 
obtained. Many of performance measures that are obtained 
during the test are able to be reported as percent predicted 
using published equations – such as VO2peak, work rate, and 
certain ventilation parameters. 

While overwhelmingly the most common indication 
for CPET is unexplained dyspnea on exertion, this review 

Figure 1. Typical CPET laboratory set-up using a cycle ergometer. The 

monitoring equipment includes continuous ECG, pulse oximetry, sphyg-

momanometer, flow sensor, and gas analyzer (interface can either be 

facemask or mouthpiece/noseclip). Also, the equipment has the ability 

to perform standalone spirometry.
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will examine the evidence supporting other valuable uses 
for CPET, including in heart failure, evaluation for cardiac 
transplant, and preoperative evaluation (Table 1).

pathologic breathing patterns, obesity, and deconditioning.3 
Assuming a maximal test is performed, the comprehensive 
nature of a CPET can provide reassurance to a patient and 
potentially limit further diagnostic testing. Likewise, when 
a defined etiology of exercise limitation is identified, CPET 
can guide further therapy and investigations – or help deter-
mine which system warrants further therapeutic attention 
or testing in a patient with several known conditions.4

CPET also can be helpful in the evaluation of disability 
due to exertional symptoms. Often, job-related or exertional 
complaints are out of proportion to routine testing results 
used for disability determination (such as PFTs or echocar-
diography), making it difficult for such patients to receive 
compensation.5 Maximal CPET can provide an objective 
measure of work capacity and possesses the ability to dif-
ferentiate poor volitional effort from a true physiologic 
impairment – and may be helpful in select workman’s  
compensation cases.1 

CONGESTIVE HEART FAILURE 

Outside of the evaluation of dyspnea, CPET has been stud-
ied most robustly in the realm of congestive heart failure. 
There are several roles for comprehensive exercise testing 
in therapeutic management of heart failure with or with-
out reduced ejection fraction, including prognostication and 
evaluation for transplant.  

CPET has been studied extensively in the evaluation for 
eligibility for cardiac transplantation. Using CPET to eval-
uate patients prior to transplant is considered a class IA 
indication2, with VO2peak being the variable most often uti-
lized. In one prospective study of patients referred for car-
diac transplant, VO2 peak of 14cc/kg/minute was used as a 
cut-off for transplant surgery. Those who were referred for 
cardiac transplant with VO2 peak > 14cc/kg/min who did not 
receive a transplant had a similar 1- and 2-year survival 
(94% and 84% respectively) to those who underwent trans-
plant. Those with VO2peak less than that cut-off who did not 
receive a transplant due to non-cardiac reasons had a sig-
nificantly lower survival at 1 and 2 years (47% and 32%).6 

While this landmark study was not randomized, and there 
is a question of conditions that prohibited transplant as con-
tributing to mortality, in practice a cut-off of 14cc/kg/min 
VO2peak is used to determine the eligibility for cardiac trans-
plant. Further, those who are re-evaluated while awaiting 
their transplant who are able to increase their VO2peak by at 
least 2cc/kg/min to at least 12cc/kg/minute are able to be 
safely removed from the transplant list and show excellent 
survival (85–100% at 2 years).7 

It follows that those with higher levels of fitness, as mea-
sured by VO2peak, are more likely to have better outcomes. 
This variable has been studied in prognosticating heart 
failure with both preserved and reduced ejection fraction. 
Using an outcome of transplant and mechanical support-free 

Disease state Indication

Dyspnea on Exertion Unexplained dyspnea

Congestive Heart Failure Guide transplant referral 
Prognostication 
Response to medical therapy

Pre-operative, general surgery Predictive of post-operative  
   complications and mortality
Guide post-operative level of care
Inform shared decision making

Pre-operative, lung resection Identify those who will tolerate 
resection

Lung volume reduction 
surgery (LVRS)

Identify those most likely to benefit  
   from LVRS
Measure functional improvement  
   post-operative

Asthma Identification of exercise-induced  
   bronchospasm
Identification of non-ventilatory  
   exercise limitation

Cystic Fibrosis Prognostication

COPD Identification of non-ventilatory  
   exercise limitation
Early identification of group 3  
   pulmonary hypertension

Pulmonary Hypertension Identify Etiology
Prognostication
Evaluate response to treatment

Rehabilitation Determine safety pre-rehabilitation
Determine precise rehabilitation  
   prescription
Evaluate response to rehabilitation

Table 1.  Indications for CPET referral. Adapted from ATS/ACCP State-

ment, 20014

DYSPNEA EVALUATION

The most common indication for CPET is unexplained dys-
pnea or dyspnea out of proportion to disease severity demon-
strated on other testing. Unexplained dyspnea or exercise 
intolerance is considered a Class I indication for CPET refer-
ral.2 Unexplained dyspnea is largely divided into two cate-
gories – patients with no obvious cause on routine testing 
and patients with multiple potential causes. It is most often 
the case that patients are referred for CPET after they have 
had a fairly significant evaluation that has been unrevealing 
– including PFTs, radiographic imaging, echocardiography, 
and/or cardiac stress testing. Common etiologies of symp-
toms that may be suggested through CPET include limits 
on ventilation, exercise-induced bronchoconstriction, car-
diac ischemia, heart failure, pulmonary hypertension, and 
peripheral vascular disease. Additionally, CPET can poten-
tially identify non-cardiopulmonary limitations such as 
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survival, patients can be stratified into groups based on their 
VO2peak, corresponding to Weber class, a functional class 
analogous to NYHA class. The most fit (defined as >20cc/
kg/min) exhibited a 3-year survival of 97%, which was sim-
ilar to those in the next highest quartile (16–20cc/kg/min). 
Three-year survival decreased further as VO2peak declined 
(83% with a VO2peak of 10–16 cc/kg/min and 64% for those 
<10cc/kg/min 8) (Table 2). 

Similar to what has been seen in those awaiting heart 
transplant, patients with systolic heart failure are able to 
improve their risk of mortality and hospitalization by under-
going exercise training programs. In the large HF-ACTION 
trial, those undergoing a supervised exercise program were 
able to increase their VO2peak an average of 4%9; with other 
studies demonstrating that formalized exercise programs 
can increase VO2peak by 10%–18%.10,11 In the HF-ACTION 
trial, VO2peak, percent predicted VO2peak, and exercise dura-
tion had the strongest associations with mortality in both 
systolic and diastolic heart failure.9

from CPET can provide valuable information for appropriate 
patient selection for surgery and when discussing operative 
risk with patients. 

A large systematic review15 of 37 studies, encompassing 
7852 patients, identified which variables were most pre-
dictive of poor outcomes relative to a given operation. For 
hepatic transplant or resection, early anaerobic threshold 
was most predictive of mortality with a value < 9.9cc/kg/
minute predicting 30-day mortality, and < 9.0cc/kg/min 
predicting 90-day mortality.16,17,18,19.20,21 In elective abdomi-
nal aortic aneurysm (AAA) repair, increased 30- and 90-day 
mortality was associated with VE/VCO2>42.22,23,24,25 In elec-
tive colorectal surgery, early anaerobic threshold (<11cc/kg/
min) and low VO2peak (<10.6cc/kg/min) were both associated 
with increased 30-day, 90-day and 2-year mortality, as well 
as increased postoperative length of stay.26,27,28 In pancreatic 
surgery, the predictive value of early anaerobic threshold 
was not as strong, but similar to AAA surgery an increased 
VE/VCO2 portended an increased mortality.29,30,31 In stud-
ies of other surgical procedures (e.g. upper gastrointesti-
nal, renal transplant, bariatric surgery), the data supporting 
CPET’s prognostic ability for operative risk is not as strong – 
potentially resulting from lesser inherent operative risk and 
population differences to the other major surgeries discussed 
above (i.e. the patients undergoing these procedures may be 
younger and with less medical comorbidity).14 

While many small studies have found associations 
between CPET results and operative complications and mor-
tality, the largest study to date evaluating CPET as a preop-
erative risk assessment tool, the METS study (Measurement 
of Exercise Tolerance before Surgery), shows more nuanced 
results beyond mortality prediction alone. The METS study 
was a multicenter prospective cohort study evaluating 1,401 
patients undergoing non-cardiac surgery. Patients with 
low VO2peak and earlier anaerobic threshold had increased 
post-operative complications, including surgical site infec-
tions, respiratory failure, ICU length of stay and need for 
re-operation. Notably, this was in the absence of an increase 
in postoperative cardiac events.32

LUNG RESECTION
Pulmonary function testing performs well in identifying 

those at low risk for postoperative complications 
from anatomic lung resection (e.g. lobectomy). 
However, for those with marginal lung func-
tion, the use of CPET in the preoperative evalu-
ation is suggested to help determine appropriate 
patients for surgery.33,34 Multiple studies have 
demonstrated that postoperative mortality was 
best predicted by VO2peak.

35 For example, in one 
cohort, those with VO2peak > 20cc/kg/min had no 
post-resection deaths, and those with VO2peak < 
10cc/kg/min had highest rates of death (29%) and 
complications (43%).36 In another small cohort, 

VO2peak 3-year event free survival

>20cc/kg/min (Weber Class A) 97%

16–20cc/kg/min (Weber Class B) 94%

10–16cc/kg/min (Weber Class C) 83%

<10cc/kg/min (Weber Class D) 64%

Table 2. Survival in Congestive Heart Failure stratified by VO2peak.  

Adapted from Luiz, et al8

PREOPERATIVE USE OF CPET  
IN GENERAL SURGERY 

The use of CPET in preoperative risk stratification has been 
extensively studied. However, unlike in heart failure, the 
studies in preoperative risk assessment are more heterog-
enous given the different outcome measures used and the 
variability inherent in various surgical populations (Table 3). 

Many studies have demonstrated that low VO2 peak, early 
anaerobic threshold, and elevated ratio of maximal ventila-
tion to CO2 production during exercise (VE/VCO2) can pre-
dict operative complications and mortality.12,13,14 Identifying 
those at higher operative risk via the objective outcomes 

AT VO2peak VE/VCO2

Hepatic Strong Association Equivocal No association

AAA Equivocal Equivocal Limited Association

Colorectal Strong Association Strong Association Equivocal

Pancreatic Limited association Equivocal Strong Association

Bariatric/Upper GI No association No association No association

Renal Transplant No association No association No association

Table 3. Utility of CPET parameters in predicting post-operative complications  

and survival. Adapted from Moran, et al15
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those with VO2peak > 15cc/kg/min but FEV1 < 33% had no 
fatalities after resection, supporting the use of CPET in 
those with otherwise prohibitively low FEV1.37

LUNG VOLUME REDUCTION SURGERY 

Lung volume reduction surgery (LVRS) has been shown to 
be effective in upper lobe predominant emphysema patients. 
In carefully selected patients, LVRS may improve mortal-
ity, quality of life, and exercise capacity.38 In the National 
Emphysema Treatment Trial, over 1,000 patients were ran-
domized to LVRS or maximum medical therapy. CPET was 
used to identify those who may benefit most from resection, 
and found that impaired peak work rate was the best pre-
dictor of who would have the most clinical benefit39 (cut-off 
<25 W in women and <40 W in men). In follow-up studies 
after surgery, those who undergo LVRS have been shown 
to have improvements in VO2peak, work-load achieved, and  
VE/VCO2.40

PULMONARY DISEASE

Asthma
An obvious utility of CPET is the identification of exer-
cise-induced bronchoconstriction. While a specific protocol 
can be used (rapid increase to 90% of peak predicted HR for 
6 minutes while breathing dry air41), usually patients are 
being evaluated as part of a general dyspnea work-up. As 
such, evaluating for declines in serial post-exercise spirom-
etries at multiple intervals can be helpful in this determina-
tion. CPET can also determine other etiologies of exercise 
intolerance that are common in asthma and not related 
to bronchospasm. Asthmatic patients can develop steroid 
myopathies, deconditioning and primary hyperventilation, 
all of which can influence exercise tolerance.42 Identification 
of non-bronchospastic causes of dyspnea may serve to limit 
further steroids and step-ups in therapy.43 Similar to other 
cardio-pulmonary conditions, CPET can be used to assess 
objective responses to therapy, such as an increase in VO2peak 
and reduction in dynamic hyperinflation with exercise.44 

Cystic fibrosis (CF)
Cardiopulmonary exercise testing can provide valuable 
prognostic information in CF. One longitudinal study of CF 
patients over an 8-year period found that VO2peak correlated 
well with overall survival., When stratified into tertiles 
based on pulmonary function, the 8-year survival was 83%, 
51%, and 28% from highest to lowest functional group, 
respectively.45

Chronic Obstructive Pulmonary Disease (COPD)
Patients with COPD often possess multiple other comorbid 
conditions that can affect exercise tolerance (e.g. coronary 
disease, heart failure, pulmonary hypertension, anemia, 

depression) and it can be difficult to ascertain which eti-
ology one should focus additional therapy.46 CPET may be 
able to discriminate the factor most responsible for exercise 
intolerance and enable the clinician to better direct ther-
apy and guidance to their patient.47 For example, in COPD 
patients with similar FEV1, CPET was shown to have the 
ability to detect COPD-CHF overlap, suggested by an ele-
vated VE/VCO2 slope and nadir, as well as a decreased end-
tidal CO2.48

CPET may also provide a non-invasive early measure of 
World Health Organization group 3 pulmonary hypertension 
(PH), a type of pulmonary hypertension due to primary lung 
pathology. In a retrospective analysis of COPD patients with 
available right heart catheterization and CPET data, a more 
significantly elevated VE/VCO2 slope and VE/VCO2 nadir 
suggested co-morbid PH in those with COPD compared 
to those with COPD alone, and exertional hypoxemia was 
more common in those with PH.49 In another study of outpa-
tient COPD patients without a diagnosis of CHF, exertional 
hypoxemia and elevated VE/VCO2 were significantly asso-
ciated with a later finding of PH.50

However, in practice, there can be a large overlap in CPET 
findings between those with COPD alone and COPD associ-
ated with comorbidities, and as such it is recommended that 
CPET utilization should be determined on a case-by-case 
basis for COPD patients with dyspnea.51

Pulmonary Hypertension
While hemodynamic studies generally define the etiology 

of PH, certain patterns on CPET may prove helpful when 
uncertainty exists. Pulmonary hypertension due to left heart 
disease (group 2 PH) is common but it can occasionally be 
difficult to discriminate from pulmonary arterial hyperten-
sion (PAH; group 1 PH). On CPET, it has been demonstrated 
that patients with PAH have higher VE/VCO2 slope and 
lower end-tidal CO2 than those with PH due to left ven-
tricular (LV) dysfunction.52 Additionally, patients with PAH 
are more likely to develop exertional hypoxemia during 
CPET than those with LV failure and those with LV failure 
may also exhibit a unique pattern of oscillatory ventilation 
during exercise that will not be present in PAH patients.53

Prognosis in patients with PAH and chronic thrombo-
embolic PH (CTEPH) is associated with CPET parameters. 
In a study of 86 patients with group 1 PH, peak BP below 
120mmHg at maximal exercise and VO2peak < 10.4cc/kg/min 
were associated with 1-year mortality. Survival was high-
est in those with neither parameter (97%), worse in those 
with both (23%), and intermediate if only one of the two 
applied (79%).54 In a study of patients with PAH or CTEPH, 
low VO2peak (< 11.2cc/kg/min) predicted significantly lower 
1-, 3- and 4-year survival.55  In another study conducted with 
PAH and CTEPH patients, a significantly elevated VE/VCO2 
slope (>60) and VE/VCO2 nadir >55 were associated with a 
high risk of death at 2 years.56
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Few therapeutic trials have used CPET variables as out-
come measures, instead preferring to use the submaximal 
6MWT for its ease of use. However, several small stud-
ies have shown that various PAH treatments improve 
VO2peak.

57,58 Importantly, improvements following treatment 
in multiple CPET parameters have been shown to correlate 
with improvements in RV function and survival – including 
increases in VO2peak, peak heart rate, and oxygen pulse (a sur-
rogate for stroke volume).59

Rehabilitation
Exercise training is an integral part of pulmonary and car-
diac rehabilitation programs. When available, CPET can 
play a role in ensuring safety prior to beginning an exercise 
program and can determine an appropriate training inten-
sity leading to a more personalized exercise prescription.60 
Optimal improvement in cardiopulmonary function during 
a rehabilitation program occurs when consistently targeting 
a VO2 of 40–80% predicted VO2.61 In healthy adults, VO2re-

serve correlates well with heart rate reserve (i.e. amount of 
VO2 or HR remaining from maximal, respectively) and an 
objective determination of VO2reserve would not be necessary 
to guide a rehabilitation prescription.62 However, in those 
with congestive heart failure, objective determination of 
VO2peak and VO2reserve need to be determined, as it has been 
shown that heart rate reserve and VO2reserve do not correlate 
well in this population. Objective determination of VO2reserve 
and the HR at which this occurs enables those undergoing 
cardiac rehabilitation to exercise at an intensity that will 
more reliably lead to improvement in cardiovascular fitness 
and achievement of rehabilitation goals.  

In attempt to improve outcomes following an interven-
tion, there is also an emerging role for “pre-habilitation” 
prior to major surgery. We have discussed elsewhere in this 
review the association between CPET performance and sur-
gical outcomes. If a patient is able to objectively improve 
their cardiopulmonary fitness as evidenced by higher 
VO2peak, improved anaerobic threshold, or improved venti-
latory efficiency, they may be able to improve their candi-
dacy for surgery and reduce the likelihood of postoperative  
complications and mortality.63

CONCLUSIONS
The comprehensive physiologic information provided by 
cardiopulmonary exercise testing enables a clinician to gain 
unique insights into the factors limiting a given patient’s 
maximal exercise and fitness. It is invaluable and most 
commonly utilized in the assessment of dyspnea, but also 
holds prognostic information in the longitudinal assessment 
of cardiac and pulmonary pathologies, as well as guidance 
regarding appropriateness for a given surgery and risks of 
postoperative complications. Despite the wide breadth of  
physiologic information gleaned from this testing, it remains 
under-utilized and should be considered more often in the 
care of our patients.
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INTRODUCTION 

Cystic fibrosis (CF) is a rare autosomal recessive, multi-organ  
disease that affects over seventy thousand people world-
wide. While CF is the most common heritable disease in 
Caucasians, improvements in newborn screening and wider 
availability of genetic testing have shed light on the increas-
ing incidence in non-Caucasian individuals.1 In decades 
past, CF was a disease of childhood that was often fatal 
before adulthood. However, utilization of dedicated multi-
disciplinary care centers and advances in therapeutics have 
led to dramatic improvements in lifespan and quality of life. 
The median life expectancy for persons with cystic fibrosis 
(PwCF) is now approaching fifty years in many countries.1

CF was first characterized in 1938 after the discovery of 
pancreatic fibrosis in individuals with steatorrhea and nutri-
tional deficiencies previously attributed to celiac disease.2 
Several decades later the discovery of increased sweat salin-
ity in this population led to the development of the preferred 
diagnostic study, the sweat chloride test.3,4 While CF was 
believed to be caused by a recessive genetic defect as early 
as the 1940s, the cystic fibrosis transmembrane regulator 
(CFTR) gene was not discovered until 1989.5,6 The genetic 
hallmark of CF is absent or impaired function of the CFTR 
protein and over 2,000 pathogenic variants of the CFTR 
gene have been described.7 The most common pathogenic 
mutation is the deletion of phenylalanine in position 508 
(F508del), which results in misfolding of the CFTR protein.8 

CFTR is present on epithelial membranes in the lungs, 
gastrointestinal tract, and exocrine pancreas, and is respon-
sible for the chloride transport vital to normal mucus 
production, function, and clearance. CFTR also has an 
important role in bicarbonate transport and regulation of 
the epithelial sodium channel (ENaC), two major determi-
nants of mucosal pH and fluid movement across the cellu-
lar membrane. In PwCF, decreased or absent CFTR leads to 
thick mucus, impaired ciliary function, and altered mucosal 
pH, ultimately resulting in decreased ability to clear respira-
tory secretions, recurrent respiratory infections and inflam-
mation, nutrient malabsorption, and exocrine pancreas 

dysfunction. Research has also demonstrated direct and 
indirect effects of the dysfunctional CFTR protein on the 
innate and adaptive immune systems, further predisposing 
to recurrent lung infections, bronchiectasis, and reduced 
lung function. These injuries ultimately lead to respiratory 
failure, the major cause of mortality in PwCF.

The last decade has brought tremendous progress to the 
treatment of CF. Novel therapeutics, particularly medi-
cations designed to improve the production of functional 
CFTR, collectively termed modulators, have the capacity 
to improve lung function, decrease pulmonary infections, 
and improve quality of life. This article will review the 
development and validation of modulator therapies, as well 
as discuss updates on the state of antibiotic therapies, two 
mainstays of modern CF care. 

NOVEL THERAPEUTICS: MODULATORS
Production of functional CFTR protein is a multistep process 
that includes transcription of deoxyribonucleic acid (DNA) 
into messenger ribonucleic acid (mRNA), translation into a 
sequence of amino acids, processing to fold and transport 
the resultant protein to the cell membrane and maintaining 
proper gating and stability to allow sufficient ion conduc-
tance. Mutations in the CFTR gene that prevent any of these 
processes from occurring correctly can result in functional 
protein deficiency and serve as potential therapeutic targets. 
CFTR mutations are classified into six categories based on 
their primary downstream effect, though one mutation may 
cause defects in multiple classes. 

Class I, II, and III mutations involve premature termina-
tion codons, protein processing mutations, and gating muta-
tions, respectively, leading to minimal or no CFTR activity 
and severe clinical phenotypes. These mutations are classi-
fied as minimal function (MF) mutations and are often not 
amenable to targeted therapies. Class IV mutations affect 
ion conductance, class V mutations blunt CFTR protein 
production, and class VI mutations cause instability at the 
cell surface. Class IV, V, and VI mutations are classified as 
residual function (RF) mutations because some functional 
CFTR is formed, typically generating less severe clinical 
phenotypes.9 These mutations have become some of the first 
therapeutic targets for modulator therapies (Figures 1 and 2).
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Figure 2. Timeline of Modulator Therapy Development and Approval
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Figure 1. CFTR Mutation Classification

Ivacaftor
In 2006, ivacaftor (Kalydeco®) was developed and became 
the first modulator to enter clinical trials. Ivacaftor acts 
on CFTR gating, prolonging the duration of CFTR opening. 
This type of therapy is known as a “potentiator,” because it 
prolongs the activity of CFTR already present at the cell sur-
face. In 2007, a pilot clinical trial demonstrated significant 

improvement in clinical outcomes with 
ivacaftor including an 8.7 percent 
increase in percent predicted forced expi-
ratory volume in one second (ppFEV1) 
and median decrease in sweat chloride by 
–59.5 mmol/L.10 Ivacaftor became avail-
able in the United States (US) in 2012 for 
patients six years and older with one spe-
cific CF mutation (G551D). Despite the 
drug’s limited eligibility, this landmark 
discovery demonstrated clinically mean-
ingful improvements in lung function 
and laid the groundwork for future study. 
Additionally, a recent observational study  
that followed US patients starting iva-
caftor within the first years of commer-
cial availability provided evidence that 
the benefits of ivacaftor extend well 

beyond improved lung function. This study demonstrated 
that in the subsequent three years, patients taking ivacaftor 
experienced significantly lower risk of death, transplanta-
tion, hospitalization, pulmonary exacerbations, CF-related 
diabetes, bone or joint complications, and cultures involv-
ing methicillin-resistant Staphylococcus aureus (MRSA),  
Pseudomonas aeruginosa, and Aspergillus species.11
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Throughout the decade following its initial approval, the 
FDA progressively expanded approval for ivacaftor to ulti-
mately include patients four months of age and older with 
38 RF mutations.9 Still, by 2014 only approximately eight 
percent of the US CF population qualified for ivacaftor based 
on their mutations. 

Lumacaftor
The next modulator to be developed was lumacaftor, the first 
member of a class of “correctors.” Correctors are named for 
their ability to restore the shape of poorly processed CFTR 
protein, thereby improving successful transit to and activity 
in the cell membrane. Although in vitro studies suggested 
that lumacaftor increases the density of functional CFTR 
at the cell surface, phase II clinical trials in patients with 
homozygous F508del mutations were only able to demon-
strate a dose-dependent decrease in sweat chloride levels. 
There was no improvement in clinically relevant endpoints 
such as lung function or patient-reported outcomes.12 How-
ever, when combined with the potentiator ivacaftor, the 
combination lumacaftor/ivacaftor (known as Orkambi®) 
was shown in phase II and III clinical trials to improve 
ppFEV1 by 2.6–4.0 percentage points, decrease pulmonary 
exacerbations by 30–39 percent, and decrease events leading 
to hospitalization and use of intravenous antibiotics when 
compared with placebo.13,14 As a result, in 2015 the FDA 
approved lumacaftor/ivacaftor for patients ages 12 and older 
who are homozygous for the F508del mutation, expanding 
availability of modulator therapy to approximately one third 
of US PwCF. Subsequently, studies demonstrated reduced 
pulmonary exacerbations to approximately 0.6 exacerba-
tions per patient per year with lumacaftor/ivacaftor when 
compared with placebo.15 Another study demonstrated sus-
tained benefit in slowing ppFEV1 decline over an extended 
study period of 96 weeks, and two additional clinical tri-
als redemonstrated efficacy and safety in younger popula-
tions.16-18 Together, trials supporting lumacaftor/ivacaftor 
led to FDA approval for patients aged two and older by 2018. 

Tezacaftor
In 2017, another corrector called tezacaftor was developed, 
with a similar structure to lumacaftor but improved pharma-
cokinetics and fewer respiratory side effects.9 It was tested 
alone in phase II clinical trials and in combination with iva-
caftor in phase II and III trials, both in patients homozygous 
for F508del and in patients with one F508del mutation and 
another RF mutation. Phase II clinical trials demonstrated 
decreased sweat chloride levels in higher-dose tezacaftor and 
in most tezacaftor/ivacaftor groups compared with placebo, 
but increased ppFEV1 only in tezacaftor/ivacaftor combina-
tion groups.19 Combination tezacaftor/ivacaftor (Symdeko®) 
was found to increase ppFEV1 in patients homozygous 
and heterozygous for F508del with an additional RF muta-
tion.19,20 Phase III clinical trials demonstrated four percent 

absolute increase in ppFEV1 and 35 percent decrease in pul-
monary exacerbations with tezacaftor/ivacaftor compared to 
placebo.21 In 2018, the FDA approved tezacaftor/ivacaftor for 
patients 12 years and older homozygous for F508del or het-
erozygous F508del with a second RF mutation. This again 
markedly increased the pool of PwCF eligible for modula-
tor therapy. Following publication of a phase III clinical trial 
that demonstrated a similar safety profile with tezacaftor/
ivacaftor in patients ages six through 11, FDA approval was 
extended to this age group in 2019.22

Elexacaftor
Nearly a decade after the introduction of ivacaftor, new mod-
ulators and combinations were undergoing development and 
preclinical trials. Although major advancements had been 
made, improvements in lung function with available modu-
lator treatments remained limited and there were minimal 
options for patients with certain mutations, particularly MF 
mutations.9 However, 2019 proved to be another landmark 
year for the CF community when a triple therapy containing 
two correctors, elexacaftor and tezacaftor, and potentiator 
ivacaftor was released for patients 12 years and older with 
at least one F508del mutation. This extended availability of 
modulator therapy to nearly 90 percent of PwCF. Further, 
phase III clinical trials demonstrated marked improvement 
with 41.8mmol/L decrease in sweat chloride, 14.3 percent 
increase in ppFEV1 over 24 weeks, 63.0 percent decrease in  
pulmonary exacerbations, and a 20.2 point increase in the 
Cystic-Fibrosis Questionnaire-Revised score indicating im- 
proved quality of life with elexacaftor/tezacaftor/ivacaftor 
(Trikafta®) compared with placebo.23 Studies are underway 
evaluating the safety and efficacy of elexacaftor/tezacaftor/
ivacaftor long-term and in younger populations. Additionally,  
an ongoing observational study entitled PROMISE aims to  
assess for broader systemic improvements with triple therapy.

There are several treatments designed to restore CFTR 
function that are currently undergoing phase II clinical trials 
including correctors, potentiators, and a compound designed 
to target premature termination mutations. Others are cur-
rently in phase I clinical trials, including a potentiator and an 
inhaled therapy designed to deliver CFTR mRNA to the lungs.

UPDATES ON ANTIBIOTIC THERAPIES 

PwCF are chronically colonized with bacteria that alter 
the lung microbiome.24 Common pathogens include Staph 
aureus and Hemophilus influenzae in early disease with pro-
gression to resistant organisms that can form biofilms such 
as Pseudomonas aeruginosa and Burkholderia cepacia. Col-
onization with Pseudomonas aeruginosa and Burkholderia 
cepacia is correlated with worsening lung function and as 
such, suppressive therapy with inhaled antibiotics is a cor-
nerstone of CF management.25,26 There is also increased sus-
ceptibility in PwCF for chronic infections with opportunistic 
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pathogens such as mycobacterium avium complex (MAC). 
There are ongoing efforts to develop alternative anti-infec-
tive therapies for chronic use, especially for the resistant and 
diverse pathogens now recognized to colonize the CF lung. 
Additionally, acute CF exacerbations are repeatedly treated 
with short-term oral or intravenous antibiotics. There are 
ongoing investigations to optimize acute antibiotic treat-
ment to minimize exposure and toxicities.

Chronic suppression
Inhaled antibiotics are the primary treatment for chronic 
Pseudomonas infection. Inhaled tobramycin and inhaled 
aztreonam became available in 1997 and 2010 respec-
tively, after studies demonstrated improved lung function, 
decreased Pseudomonas burden in sputum, improved respi-
ratory symptom scores, and decreased risk of pulmonary 
exacerbations and hospitalizations with chronic therapy.27-31 
Inhaled antibiotics are typically cycled every 28 days to 
reduce selective pressure for antibiotic resistance.29 It is 
worthwhile to note that oral azithromycin is also approved 
for chronic pseudomonas suppression after studies demon-
strated improved lung function and decreased risk of exacer-
bations. However, recent studies suggest oral azithromycin 
may decrease the efficacy of tobramycin and therefore should 
be used with caution.32-34

In 2018, inhaled liposomal amikacin became the first ther-
apy approved under the FDA Limited Population Pathway for 
Antibacterial and Antifungal Drugs designed to accelerate 
development of medications for serious infections affecting 
small populations. It was approved for treatment-refractory 
mycobacterium avium complex in adults, although notably 
the primary study leading to its approval excluded PwCF.35 
Recent studies have also suggested inhaled amikacin lipo-
somal suspension to be non-inferior to inhaled tobramycin 
for treatment of chronic Pseudomonas, although results of 
a phase III clinical trial evaluating this have not yet been 
published and it is not FDA-approved for this indication.36

Multiple studies have evaluated the efficacy and safety of 
inhaled levofloxacin, including phase II clinical trials demon-
strating decreased sputum Pseudomonas density, dose-de-
pendent improvements in lung function, and reduced need 
for other inhaled or systemic antipseudomonal antibiotics 
compared with placebo.37 However, phase III clinical trials 
failed to demonstrate a difference in pulmonary exacerba-
tions between inhaled levofloxacin and placebo.38 Inhaled 
levofloxacin is not FDA approved in the US, although it is 
available in the European Union and Canada.

Studies are ongoing to address the diagnosis and treatment 
of other pathogens that colonize the CF lung. For example, 
an ongoing prospective study aims to evaluate a standardized 
approach for diagnosis and management of nontuberculous 
mycobacteria. Additionally, inhaled vancomycin recently 
underwent phase III clinical trials for chronic MRSA, how-
ever it did not improve lung function or reduce pulmonary 

exacerbations and is not currently undergoing further 
development. 

There are also several innovative treatments designed 
to combat chronic infections undergoing phase II trials 
including intravenous gallium, bacteriophage therapy, and 
intravenous nitrous oxide. Gallium is thought to inhibit 
iron-dependent processes and may kill antibiotic-resistant 
Pseudomonas.39 Bacteriophage therapy utilizes viruses tar-
geted to kill specific bacterial sources, and has been shown 
to eliminate more than 80 percent of Pseudomonas strains 
in PwCF.40 Nitrous oxide may help eliminate biofilms and 
nontuberculous mycobacteria.41 Many other anti-infective 
therapies are in phase I trials or pre-clinical development.

Acute exacerbations
Treatment with oral or intravenous antibiotics during pul-
monary exacerbations has long been a pillar of CF man-
agement. However, the optimal antibiotic selection and 
duration for acute exacerbations remains unknown. 

Due to the recurrent need for antibiotics and increasing 
prevalence of antibiotic resistance, standard practice for 
selecting antibiotics during acute CF exacerbations relies 
on in vitro antimicrobial susceptibility testing (AST). How-
ever, a 2019 systematic review demonstrated that 11 out of 
13 studies evaluating AST for acute exacerbations demon-
strated no relationship between AST and clinical response 
to treatment, calling the utility of this practice into ques-
tion.42 As opposed to isolated monomicrobic infections in 
otherwise healthy patients, AST may not accurately capture 
the heterogeneous microbiology of the CF lung or predict 
clinical response to treatment and thus, may not be effective 
in guiding treatment decisions.

Additionally, the recurrent need for nephrotoxic and oto-
toxic antibiotics raises the question of minimum effective 
dosing regimens. A 2017 Cochrane review found once daily 
dosing of aminoglycosides equally as effective as three times 
daily dosing with no difference in lung function or time to 
next exacerbation requiring intravenous antibiotics. There 
was a lower risk of nephrotoxicity in children with once 
daily dosing.43 Additionally, an ongoing randomized con-
trolled trial entitled STOP2 aims to evaluate the efficacy and 
safety of 10-day, 14-day, and 21-day intravenous antibiotic 
regimens during acute exacerbations by comparing improve-
ments in lung function and respiratory symptom scores. 
Altogether, it may be possible in the near future to decrease 
the frequency and duration of intravenous antibiotics admin-
istered during acute exacerbations, an important step in 
minimizing total lifetime antibiotic exposure and toxicity.

CONCLUSIONS
The development of modulator therapies that target the 
underlying pathophysiology of CF has revolutionized care 
for PwCF. Still, ongoing research and development promises 
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upcoming advances in both combination and novel modu-
lator therapies as well as innovative agents for those with 
mutations not currently served by existing therapies. Fur-
ther, optimization of both acute and chronic antibiotic treat-
ments will provide more efficient regimens that maximize 
efficacy and minimize toxicity. 

While substantial progress has been made, there remains 
ample opportunity to improve care for PwCF. Anticipating 
increased longevity, considerations for ongoing CF care must 
be prioritized to optimize quality of life. Efforts include, but 
are not to limited to, improving screening and management 
of CF-related chronic illnesses as well improving opportu-
nities for family planning. Day-to-day quality of life can be 
improved by working to minimize the burden of CF care. To 
this end, an ongoing study entitled SIMPLIFY will examine 
the outcomes of withdrawing adjunctive therapies for those 
on modulator therapy.

With recent advancements and continued efforts toward 
safer, more efficacious, and streamlined treatments, individ-
uals born with CF in 2021 will enjoy quality life years well 
beyond that of their predecessors.
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Diagnosis and Management of Idiopathic Pulmonary Fibrosis
JULIA K. MUNCHEL, MD; BARRY S. SHEA, MD

ABSTRACT  
Idiopathic pulmonary fibrosis (IPF) is the most common 
of the idiopathic interstitial pneumonias. Its signs and 
symptoms are relatively non-specific, and patients often 
present with chronic cough, progressive dyspnea, rest-
ing or exertional hypoxemia, and inspiratory crackles 
on lung auscultation. Definitive diagnosis requires the 
exclusion of known causes of pulmonary fibrosis and 
identification of the usual interstitial pneumonia (UIP) 
pattern of disease either on high-resolution computed to-
mography (HRCT) scan of the chest or on surgical lung 
biopsy. Multidisciplinary discussion involving pulmon-
ologists, radiologists, and pathologists with expertise in 
the diagnosis of IPF and other forms of interstitial lung 
disease is recommended and often required. Management 
focuses on anti-fibrotic therapy and early referral to lung 
transplant centers for those who are candidates. This re-
view will discuss the current recommendations for the 
diagnosis, prognostication, and management of patients 
with IPF.

KEYWORDS:  idiopathic pulmonary fibrosis (IPF), 
cryptogenic fibrosing alveolitis, usual interstitial 
pneumonia (UIP), interstitial lung disease (ILD), idiopathic 
interstitial pneumonia (IIP), diffuse parenchymal lung 
diseases (DPLD)   

INTRODUCTION

History, Epidemiology, and Pathogenesis 
Idiopathic pulmonary fibrosis (IPF) is a progressive, fibrosing 
interstitial lung disease of an uncertain etiology and a poorly 
understood pathogenesis.1 It is the most common of the idio-
pathic interstitial pneumonias (IIPs) and accounts for 20% of 
all interstitial lung disease (ILD).2,3 IPF was first described in 
the modern literature in 1935 as “fulminating diffuse inter-
stitial fibrosis of the lungs” by Louis Hamman and Arnold 
Rich and was subsequently coined “Hamman-Rich Syn-
drome.”4 By the 1960s the term IPF was increasingly being 
used, but it was not until 1998 when Katzenstein and Myers 
proposed a classification scheme of IIPs that the diagnosis of 
IPF was exclusively reserved for those individuals with the 
usual interstitial pneumonia (UIP) pattern on lung biopsy.5  

This classification scheme was formally adopted by inter-
national societies in 1999, resulting in publication of the 
first international consensus statement on the diagnosis and 
management of IPF.6

Precise estimates of the incidence and prevalence of IPF 
are difficult to determine, but appear to vary considerably 
between countries and regions for reasons that remain 
unclear.1,7 In the U.S., recent estimates suggest an incidence 
of 7–17 per 100,000 person years and incidence and mortal-
ity rates appear to be increasing over time worldwide.7,8 

IPF is more common in men, current or former cigarette 
smokers, and in occupations with a high level of inorganic 
dust exposure.1,8 Aging, however, is by far the greatest risk 
factor.8 Although some individuals can be diagnosed as 
young as 50 years old, the median age at the time of diag-
nosis is 66 years old and incidence, prevalence, and mortal-
ity all increase with increasing age.7-9 Genetic factors also 
appear to play an important role, as both common and rare 
genetic variants have been associated with the develop-
ment of IPF, and up to 20% of cases may in fact be famil-
ial.10  Indeed, IPF is increasingly thought of as the result of 
a complex interplay between aging, host susceptibility (i.e. 
genetics and epigenetics), and environmental factors.11 The 
specific relationships between these factors have not been 
fully elucidated, but the end result appears to be the devel-
opment of an aberrant, or over-exuberant, wound healing 
response to repetitive microscopic lung injuries.12,13 Many 
possible causes of microscopic injury have been theorized 
and include viral infections, gastroesophageal reflux, inhaled 
particulates, or other environmental exposures.12,13 

DIAGNOSIS
The presentation of patients with IPF is relatively non-spe-
cific with insidious onset of dyspnea on exertion, non-pro-
ductive cough, and inspiratory crackles on lung exam.2,12,14 
Systemic symptoms that would indicate a multisystem dis-
ease are not common and if present should raise suspicion 
for an alternative diagnosis.15 Clubbing may be present but 
has only been reported in 25–50% of patients.2,12 On pulmo-
nary function testing patients are most commonly found 
to have restriction with a reduced diffusion capacity, but 
these changes can at times be mild, particularly in early dis-
ease.1 In contrast, virtually all patients have abnormal chest 
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imaging on presentation.15 Conventional chest x-ray (CXR) 
shows reticulonodular opacities that are typically bilateral, 
symmetric, and lower lung zone predominant. Occasionally 
the disease can be asymmetric or unilateral or can lack the 
typical apico-basilar gradient.15 

Definitive diagnosis first requires the exclusion of any 
known causes of ILD such as connective tissue disease, 
drug toxicity, or environmental exposures.14 Careful history 
taking is critical with special attention paid to exposures, 
co-morbidities, medication use, environmental exposures, 
and family history in order to exclude other etiologies as men-
tioned above.1,15 Laboratory findings are generally non-spe-
cific, but can be helpful in ruling out alternative diagnoses 
such as connective tissue diseases.15 High resolution com-
puted tomography (HRCT) of the chest plays a central role 
in the diagnosis of IPF. The characteristic pattern on HRCT 
consists of bilateral, lower lung zone predominant reticu-
lar opacities and honeycombing.1 Honeycombing refers to 
aggregates of subpleural, thick-walled cysts typically <1 cm 
in diameter.1,14 Architectural distortion with traction bron-
chiectasis and bronchiolectasis is also frequently seen.14 
When this typical pattern is seen on HRCT it is 90–100% 
specific for histologic UIP and in these cases a lung biopsy is 
generally not required to confirm the diagnosis.14 However, 
in cases where the HRCT lacks honeycombing and/or con-
tains features that are not characteristic of UIP, a histologic 
diagnosis may be required.  A surgical lung biopsy – either 
via thoracotomy or, more commonly, video-assisted thora-
scopic surgery (VATS) – has historically been required for a 
histologic diagnosis. Bronchoscopic transbronchial forceps 
biopsies are currently not recommended because the small 
size of tissue samples obtained does not allow for adequate 
assessment of the heterogenous changes seen in UIP.2,15 The 
emerging technique of bronchoscopic cryobiopsy may pro-
vide a diagnosis of UIP in some cases, but the exact role of 
this technique in the diagnostic algorithm for IPF remains 
unclear.16 If a biopsy is obtained, the typical UIP pattern 
consists of patchy fibrosis in a predominantly subpleural/
paraseptal distribution along with areas of microscopic hon-
eycombing and fibroblastic foci.14 Fibroblastic foci are aggre-
gates of proliferating fibroblasts and active myofibroblasts 
which are felt to be indicative of ongoing lung injury and 
repair that represent the “leading edge” of fibrosis devel-
opment.14  Just as with HRCT, lung biopsy specimens may 
not show all of the typical features of UIP and/or may show 
features suggestive of an alternative diagnosis. Accordingly, 
multidisciplinary discussion is recommended between pul-
monologists, radiologists, and pathologists to determine 
whether or not a diagnosis of IPF can be confirmed based on 
the combination of clinical features, HRCT, and lung biopsy 
findings if obtained.1,14 

PROGNOSIS 
IPF is a progressive disease characterized by gradually wors-
ening shortness of breath and, in most cases, the eventual 
development of respiratory failure.1 The average survival is 
only 3–5 years following diagnosis.13,17,18 At the same time, 
it is a clinically heterogenous disease process with consid-
erable variability in the pace of disease progression between 
both different individuals with the disease and within any 
given individual over time.19 Some patients suffer from rap-
idly progressive disease with a precipitous decline in lung 
function, while others may experience only slow, steady 
decline over many years.20 Accordingly, predicting disease 
progression can be challenging and there is great interest 
in identifying characteristics that can predict an individu-
al’s disease course.19 Although some imaging findings, such 
as presence of traction bronchiectasis, have been found to 
independently predict mortality, changes in pulmonary 
function tests over time have been found to be among the 
most robust predictors.2  A decline as small as 5% in percent 
predicted FVC over the course of 6 months was found to 
be associated with more than a two-fold increase in risk of 
death over the subsequent 12 months.19  Not surprisingly, 
older age and recent respiratory hospitalizations, including 
acute exacerbations of IPF, have also been found to portend 
poorer outcomes.19 

Acute exacerbations of IPF (AE-IPF) can occur and often 
lead to hospitalization for respiratory failure with a precip-
itous decline in lung function. The proposed definition of 
AE-IPF requires: 1) a preexisting or concurrent diagnosis of 
IPF, 2) acute worsening of symptoms (typically <1 month), 3) 
imaging findings of bilateral ground-glass opacification and/
or consolidation superimposed on a background pattern con-
sistent with UIP, and 4) determination that the deterioration 
is not fully explained by congestive heart failure or volume 
overload.21 On histology, although biopsy is not required for 
diagnosis, a pattern of diffuse alveolar damage or organiz-
ing pneumonia can be seen superimposed on a background 
of UIP.1 The mortality of hospitalized cases of AE-IPF is 
approximately 50%.2,22  Even patients who survive hospital-
ization for AE-IPF continue to have a poor prognosis, and 
approximately half of all IPF related mortality occurs after 
a nonelective respiratory hospitalization.19 Currently there 
are no known risk factors for the development of acute exac-
erbations, other than lower FVC and DLCO at baseline, and 
these events can occur at any point in the disease course 
regardless of underlying disease severity.2,21 Unfortunately, 
there are no effective treatments for AE-IPF other than 
supportive care.21 High-dose steroids are currently recom-
mended and are commonly prescribed for AE-IPF, but there 
have been no randomized controlled trials performed to  
support this practice.1 
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TREATMENT
Initially, therapeutics for IPF were focused on modulating 
the inflammatory response on the supposition that fibrosis 
was the end stage manifestation of chronic inflammation in 
the lung. However, over the last decade this treatment par-
adigm has shifted due to several studies that demonstrated 
not only a lack of benefit with immunosuppression, but 
also the possibility for harm.23,24 The most notable of these 
was the PANTHER study published in 2012, which was a 
randomized, placebo-controlled trial of combination ther-
apy with prednisone, azathioprine, and N-acetylcysteine 
(NAC) for the treatment of IPF.23 This study was halted early 
due to an increase in all-cause mortality, hospitalizations, 
and treatment-related serious adverse events.23 It has been 
hypothesized that prior observational data supporting the 
use of immunosuppression for IPF may have been skewed by 
the inclusion of other forms of IIPs that respond more favor-
ably to anti-inflammatory therapy and have more favorable 
prognoses.15

Along with the recognition that anti-inflammatory ther-
apy was ineffective in IPF, there was also growing accep-
tance that IPF was a disease characterized by abnormal 
wound healing responses in the lung.12 Therefore, more 
recent clinical trials have focused on drugs that target these 
wound healing responses rather than inflammation. In 2014 
the U.S. Food and Drug Administration (FDA) approved two 
antifibrotic medications, nintedanib and pirfenidone, for 
the treatment of IPF based on large clinical trials showing 
that both agents slow the decline in lung function by about 
50% per year.25,26 Pirfenidone is a pyridine molecule with an 
unknown mechanism of action, but that is thought to have 
a multitude of anti-fibrotic, anti-inflammatory, and anti-ox-
idant effects.15 It has been shown in vitro to block growth 
factor simulated collagen synthesis, extracellular matrix 
(ECM) secretion, and fibroblast proliferation.13,15 Nintedanib 
is a small molecule inhibitor of several receptor tyrosine 
kinases, including fibroblast growth factor (FGF), plate-
let-derived growth factor (PDGF), and vascular endothelial 
growth factor (VEGF) receptors, and it also appears to inhibit 
fibroblast activation and ECM synthesis.13 Although neither 
of these drugs are curative for IPF, nor have they definitively 
been shown to prolong survival, they are the first therapies 
that have been shown to impact the course of this disease. 
Furthermore, there are a multitude of additional drugs cur-
rently being investigated in late phase clinical trials that 
provide further hope that more effective treatment options 
are on the horizon.27

Non-pharmacologic therapy for IPF patients consists of 
supplemental oxygen administration for those who suf-
fer from clinically significant resting or exertional hypox-
emia and pulmonary rehabilitation to help preserve and 
even improve exercise tolerance.1 Lung transplantation 
is the only treatment option that offers IPF patients with 
advanced disease the opportunity for prolonged survival, as 

it has been shown to reduce the risk of death at 5 years.1,28 
Referral for lung transplant evaluation should be considered 
in all patients with IPF. Unfortunately, many IPF patients 
are ineligible for lung transplant due to advanced age and/or 
co-morbid conditions at the time of presentation.15 

CONCLUSION
IPF is a chronic lung disease characterized by the progressive 
accumulation of scar tissue (fibrosis) in the lungs, leading to 
impaired gas exchange, difficulty breathing, and eventually 
death. IPF symptoms are non-specific and generally con-
sist of insidious onset of dyspnea on exertion and chronic 
coughing. The diagnosis requires the identification of a 
UIP pattern of disease on HRCT scan and/or surgical lung 
biopsy and the exclusion of known causes of pulmonary 
fibrosis. Anti-fibrotic medications, namely pirfenidone and 
nintedanib, have been shown to slow disease progression 
in IPF and are now the mainstays of treatment along with 
nonpharmacologic therapies such as supplemental oxygen 
and pulmonary rehabilitation. Lung transplantation is the 
only intervention that has been shown to reduce mortality 
in IPF, but unfortunately many patients are ineligible due to 
advanced age and co-morbidities. 
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Diagnosis of Pulmonary Hypertension
NAVNEET SINGH, MD; CHRISTOPHER J. MULLIN, MD, MHS

ABSTRACT 
Pulmonary hypertension (PH) is a chronic disease of  
elevated pulmonary artery pressure that can result from 
pulmonary vascular diseases or complicate left heart and 
lung disease. Pulmonary arterial hypertension (PAH) is 
a rare pulmonary artery vasculopathy that leads to pro-
gressive right heart failure and death. Timely and accu-
rate diagnosis of PH is paramount, given the increased 
morbidity and mortality, but can be challenging given 
the nonspecific nature of the presenting symptoms and 
the many potential causative or contributing conditions. 
The diagnosis of PH remains clinical and the initial 
workup uses history, physical exam, and echocardiogra-
phy to evaluate likelihood of disease, followed by char-
acterization of left heart and lung disease and the appro-
priate evaluation for chronic thromboembolic disease. A 
right heart catheterization is requisite for the diagnosis 
and thus early referral to a PH expert center is strongly 
recommended, particularly for patients with high-risk  
features and in high-risk populations.

KEYWORDS:  pulmonary hypertension, pulmonary arterial 
hypertension, right ventricle, right heart catheterization   

INTRODUCTION

Pulmonary hypertension (PH) is defined as a resting mean 
pulmonary artery pressure (mPAP) greater than 20 mmHg1, 
although prior guidelines and consensus statements used a 
definition of mPAP ≥25 mmHg to define the disease.2,3 This 
recent change in definition was based on the observations 
that 20 mmHg is the upper limit of normal in healthy sub-
jects and an mPAP between 21 and 24 mmHg is associated 
with poorer outcomes in certain disease states.1 Pulmonary 
hypertension can often complicate left heart and lung dis-
ease, and when it does is associated with increased mortal-
ity. Pulmonary arterial hypertension (PAH) is a rare disease 
characterized by medial hypertrophy, intimal and adventi-
tial fibrosis, in situ thrombosis, and plexiform lesions of the 
distal muscular pulmonary arteries,4 which result in a rise in 
pulmonary vascular resistance (PVR) and pulmonary artery 
pressures, leading to progressive right heart failure and 
death. PAH is defined by presence of precapillary PH (mPAP 

>20 mmHg, pulmonary artery wedge pressure (PAWP) ≤15 
mmHg and PVR ≥3 WU) in the absence of significant left 
heart, lung, or chronic thromboembolic disease.

A diagnosis of pulmonary hypertension is often suspected 
in the setting of exertional dyspnea and suggestive findings 
on echocardiogram. The diagnostic questions posed in the 
initial evaluation of a patient in whom pulmonary hyper-
tension is suspected are: does the patient have PH?, and if 
so, what is the cause and how severe is the PH? As such, 
an evaluation to correctly diagnose pulmonary hypertension 
requires 1) clinical suspicion based on history and examina-
tion, 2) echocardiography to evaluate for likelihood of PH, 
3) characterization of the extent of any lung and left heart 
disease, 4) thorough evaluation for chronic thromboembolic 
disease and conditions associated with PAH, and 5) referral 
to a center with PH expertise for evaluation that typically 
includes right heart catheterization to define hemodynamics.  
Given the significant morbidity and mortality associated 
with both PH and PAH, seeking PH expertise early in the 
diagnostic evaluation is advised, particularly for patients 
with high-risk features.

CLINICAL CLASSIFICATION

Pulmonary hypertension is classified into five groups, based 
on the World Symposium on Pulmonary Hypertension 
(WSPH) classification scheme, presented in Table 1. The 
purpose of this classification scheme is to group clinical con-
ditions that share similar pathophysiological mechanisms, 
clinical presentation, hemodynamic characteristics, and 
therapeutic management.1 WSPH Group 1 PAH is defined 
as precapillary PH in the absence of significant left heart, 
lung, or chronic thromboembolic disease. WSPH Group 2 
PH is defined by presence of post-capillary PH (mPAP >20 
mmHg and PAWP ≥15 mmHg), and WSPH Group 3 PH is 
defined by mPAP 21–24 mmHg with PVR ≥3 WU, or mPAP 
≥25 mmHg.5 WSPH Group 4 PH consists predominantly 
of chronic thromboembolic PH (CTEPH), which is defined 
by precapillary PH in the presence of chronic or organized 
flow-limiting thrombi/emboli in the elastic pulmonary 
arteries (PAs) after at least 3 months of effective anticoagu-
lation. Finally, WSPH Group 5 PH includes a variety of dis-
eases with unclear or multifactorial mechanisms. Although 
this is a heterogeneous and relatively understudied group 

 30 

 35 

 EN 

30S E P T E M B E R  2 0 2 1   R H O D E  I S L A N D  M E D I C A L  J O U R N A L   R I M J  A R C H I V E S  |  S E P T E M B E R  I S S U E  W E B P A G E  |  R I M S

http://rimed.org/rimedicaljournal-archives.asp
http://www.rimed.org/rimedicaljournal-2021-09.asp
https://www.rimedicalsociety.org


of diseases, it still represents a significant portion of dis-
ease seen in pulmonary hypertension centers. The clinical 
classification scheme provides a framework that allows for 
a comprehensive differential diagnosis in the evaluation of 
pulmonary hypertension. It should be noted that most of 
the WSPH Groups are based upon specific hemodynamic 
definitions, which emphasizes the importance of right heart 
catherization in the diagnosis of pulmonary hypertension. 
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Group 1: Pulmonary arterial hypertension (PAH)

1.1  Idiopathic PAH
1.2  Heritable PAH
1.3  Drug- and Toxin-Induced PAH
1.4  PAH associated with:
 1.4.1  Connective tissue disease
 1.4.2  Human immunodeficiency virus infection
 1.4.3  Portal hypertension
 1.4.4  Congenital heart disease
 1.4.5  Schistosomiasis
1.5  Long-term responders to calcium channel blockers
1.6  PAH with overt features of venous/capillary involvement  
       (pulmonary veno-occlusive disease or pulmonary capillary   
       hemangiomatosis)
1.7  Persistent pulmonary hypertension of the newborn

Group 2: Pulmonary hypertension due to left heart disease

2.1  Heart failure with preserved left ventricular ejection fraction
2.2  Heart failure with reduced left ventricular ejection fraction
2.3  Valvular heart disease
2.4  Congenital/acquired cardiovascular conditions leading to  
       post-capillary PH

Group 3: Pulmonary hypertension due to lung diseases  
and/or hypoxia

3.1  Obstructive lung disease
3.2  Restrictive lung disease
3.3  Other lung diseases with mixed restrictive and  
       obstructive pattern
3.4  Hypoxia without lung disease
3.5  Developmental lung diseases

Group 4: Pulmonary hypertension due to pulmonary arterial 
obstructions

4.1  Chronic thromboembolic pulmonary hypertension
4.2  Other pulmonary artery obstructions: sarcoma, other malignant  
       or non-malignant tumors, arteritis without connective tissue  
       disease, congenital pulmonary artery stenosis, parasites

Group 5: Pulmonary hypertension with unclear and/or  
multifactorial mechanisms

5.1  Hematologic disorders: chronic hemolytic anemia,  
       myeloproliferative disorders
5.2  Systemic and metabolic disorders: sarcoidosis, pulmonary  
       Langerhans cell histiocytosis, glycogen storage disease,  
       Gaucher disease, neurofibromatosis. 
5.3  Others: chronic renal failure with or without hemodialysis,  
       fibrosing mediastinitis
5.4  Complex congenital heart disease

Table 1. World Symposium on Pulmonary Hypertension (WSPH)  

Classification of Pulmonary Hypertension

Adapted from Simonneau, et al. 2019.1

However, the classification of an individual patient’s PH 
combines hemodynamic data with a comprehensive clinical 
evaluation. 

EPIDEMIOLOGY
Pulmonary arterial hypertension (PAH) remains an uncom-
mon disease; however, published estimates of epidemiol-
ogy vary. This is likely due to geographic, racial, ethnic, 
and socioeconomic differences in prevalence, presentation, 
and outcomes, with variations in reporting and tracking 
among countries. Ranges for incidence are 1.5–3.2 persons 
per million per year and for prevalence are 12.4–268 persons 
per million, with a noted greater prevalence in data from 
nationalized systematic registries as compared to non-sys-
tematic registries.6 Pulmonary hypertension (PH) as a whole 
also is relatively uncommon, with an incidence of 28.7 
cases per 100,000 per year. However, the prevalence of the 
disease is reported to be increasing from 99.8 to 127.3 cases 
per 100,000 population from 1993 to 2012.7 This is likely 
due to the increasing awareness of the disease, improvement 
in screening of high-risk populations, and greater availabil-
ity of non-invasive diagnostic and screening tools. Impor-
tantly, WSPH Group 2 PH is the most common form of PH. 
One population-based cohort study found that Group 2 PH 
accounted for 34.2% of PH cases alone and another 29.3% 
of cases when combined with lung disease. PH due to left 
heart disease has contributed most to the increasing preva-
lence in the adult population, accounting for over 75% of all  
new cases.7

The incident population of PAH continues to be predom-
inantly of female sex (62.1%) and younger at index date 
(mean age 65.1 years) as compared to PH (54.1% female sex 
and mean age 72.9 years).7 This follows with the observa-
tion that new PH diagnoses are largely driven by those indi-
viduals with pre-existing left-sided heart and lung disease, 
whereas PAH is a primary pulmonary artery vasculopathy 
with a unique presentation and clinical course.

HISTORY AND PHYSICAL EXAM

Although hemodynamic evaluation via right heart catheter-
ization (RHC) is a crucial part of the evaluation process, the 
diagnosis of pulmonary hypertension remains a clinical one. 
Thus, a thorough history and physical exam is necessary 
prior to diagnostic interventions.

The most common presenting symptom in patients with 
pulmonary hypertension is dyspnea on exertion or a decrease 
in exercise capacity. Given the nonspecific nature of these 
symptoms, it is important to evaluate each patient for alter-
nate etiologies of dyspnea, including obstructive airways 
disease and left ventricular or valvular dysfunction, among 
others. Symptoms including orthopnea and lower extrem-
ity edema are typically signs of advanced disease as they 
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indicate right ventricular dysfunction, which is a known 
late sequela of the disease.8 When identified in a patient 
with lack of echocardiographic evidence of right-ventricu-
lar dysfunction, alternate diagnoses should be considered. 
Concerning symptoms such as dizziness or lightheadedness 
with exertion or syncope are known high-risk features in 
patients with right ventricular failure and should prompt an 
expedited workup.8 

Of importance is the level of clinical suspicion that a 
patient may have WSPH Group 1 PAH or Group 4 PH versus 
Groups 2, 3, or 5 PH. The reason for this distinction is that 
Groups 2, 3, and 5 typically rely on treating the underlying 
disease and supportive therapy, whereas Groups 1 and 4 may 
require additional diagnostic interventions and the main-
stay of treatment remains pulmonary vasodilators. 

The historical factors that may raise suspicion for the 
presence of Group 1 PAH include a family history of PAH, 
history of exposure to particular drugs or toxins known to 
cause pulmonary arterial hypertension, including certain 
chemotherapeutic agents, anorexigens and methamphet-
amine,8 a personal or family history of connective tissue 
disease (particularly scleroderma, lupus, and mixed connec-
tive tissue disease), known history of HIV infection, chronic 
liver disease with portal hypertension, and a history of con-
genital heart disease. A personal or family history of prior 
venous thromboembolism may raise suspicion for Group 
4 PH, particularly CTEPH. However, lack of this history 
should not preclude additional diagnostic workup as the 
incidence of CTEPH following pulmonary embolism varies 
in the literature from 15% to 33% in Japanese cohorts8,9 to 
75% in a European and Canadian cohort.10 Additional his-
torical factors that may inform a diagnosis of Groups 2, 3, 
and 5 PH include general screening for left-sided or valvular  
heart diseases, obstructive airways diseases, sleep-disordered  
breathing, and interstitial lung diseases.

On physical exam, a loud pulmonic component of the 
second heart sound (P2), a tricuspid regurgitation murmur, 
and a palpable right ventricular heave may be identified. An 
increased jugular venous pulsation, hepatojugular reflex, and 
peripheral edema can all be seen with worsening right-ven-
tricular function and failure. Care should be taken to also 
examine the patient for signs of related diagnoses. For exam-
ple, an exam for undiagnosed connective tissue diseases may 
include evaluating for sclerodactyly, skin thickening, digital 
ulceration, telangiectasias, rashes, and joint edema. 

DIAGNOSTIC ALGORITHMS

The recommended diagnostic algorithm for pulmonary 
hypertension (Figure 1) is largely dependent on whether the 
workup is being performed outside a PH expert center, and 
if so, the probability of PH based on available data and thus 
the need for expedited referral. Echocardiographic signs that 
raise suspicion for PH are detailed below and in Table 3.  
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Peak tricuspid regurgitation 
velocity (m/s)

Presence of other 
echo “PH signs”*

Echocardiographic 
probability of PH

≤ 2.8 or not measurable No Low

≤ 2.8 or not measurable Yes
Intermediate

2.9 – 3.4 No

2.9 – 3.4 Yes
High

> 3.4 Not required

Table 2. Echocardiographic probability of Pulmonary Hypertension in 

symptomatic patients with a suspicion of Pulmonary Hypertension

PH = pulmonary hypertension. *See Table 3. Adapted from Galiè, et al. 2015.2

Figure 1. Diagnostic Algorithm for the Diagnosis of Pulmonary  

Hypertension Outside a Pulmonary Hypertension Expert Center

PH= pulmonary hypertension. CTEPH = chronic thromboembolic PH.  
Adapted from Frost, et al. 2019.8

These signs and high-risk symptoms (e.g., exertional diz-
ziness, syncope) should prompt expedited referral to a PH 
expert center.

Transthoracic Echocardiography
Echocardiography is the most important non-invasive 
screening tool in the evaluation for PH. High-risk echocar-
diographic features should be used to expedite workup and 
referral for right heart catheterization (RHC), which remains 
mandatory to establish the diagnosis.

Based on echocardiographic data from healthy individuals 
at rest and expert opinion, the tricuspid regurgitation veloc-
ity (which is used to calculate the pulmonary artery systolic 
pressure or PASP) and the presence or absence of other signs 
of echocardiographic PH are used together to establish the 
echocardiographic probability of PH (Tables 2 and 3). Other 
signs of PH on echocardiography include right ventricular 
enlargement, decreased right ventricular systolic function, 
flattening of the interventricular septum, right atrial enlarge-
ment, lack of respiratory variation in the inferior vena cava, 
and the diameter of the pulmonary artery.11-13 
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Electrocardiography
Though a normal electrocardiograph (ECG) does not exclude 
the diagnosis of PH, changes may provide helpful clues. When 
present, ECG changes are associated with a worse prognosis 
and so may be used with other data to expedite a patient’s 
workup.14,15 Changes typically seen in the ECGs of patients 
with PH include p pulmonale, right ventricular (RV) strain 
pattern, RV hypertrophy, and right bundle branch block.

Laboratory Testing
Routine hematology, biochemical, and thyroid testing are 
required for all patients being evaluated for pulmonary 
hypertension. Routine blood tests may reveal nonspecific 
signs such as hepatic congestion from right ventricular  
failure. An elevated brain natriuretic peptide (BNP) or N- 
terminal pro-BNP is associated with worse outcomes.16 

Serological assessment many be helpful in differentiating 
subtypes of the disease, thus all patients undergoing eval-
uation for PH require screening for connective tissue dis-
ease (CTD), HIV, and hepatitis. Because patients with CTD 
on the scleroderma spectrum are at particularly high risk 
for development of PAH, antinuclear antibodies (ANAs) 
are recommended in the initial workup for PH, although it 
should be noted that low titer positives (1:80) are frequent in 
patients who lack other convincing features of CTD.

Pulmonary Function Testing
Clinical history and symptoms should guide the need 
for pulmonary function tests (PFTs). These tests should 
include total lung capacity and diffusing capacity of the 
lung for carbon monoxide (DLCO). While airways obstruc-
tion or restrictive physiology can be observed in Group 3 
PH, patients with Group 1 PAH may demonstrate a mild 
restrictive component and a mild to moderate reduction in 
DLCO.17 Marked reductions in DLCO may indicate pulmo-
nary veno-occlusive disease (PVOD)/pulmonary capillary 
hemangiomatosis (PCH).18

Ventilation/Perfusion (V/Q) Scan
A V/Q scan to screen for chronic thromboembolic dis-
ease should be performed in all patients being evaluated 
for PH. CTEPH is likely underdiagnosed and remains elu-
sive, in part due to the underutilization of V/Q scanning 

despite guideline recommendations.19,20 A normal V/Q scan 
excludes CTEPH with a sensitivity of 90–100% and a speci-
ficity of 94-100%21,22 and so is the preferred test for CTEPH 
screening.19,23 An abnormal V/Q scan should prompt referral 
to a PH expert center as additional diagnostic interventions 
such as pulmonary angiography may need to be considered 
as part of the diagnostic evaluation.

Chest Computed Tomography (CT)
Chest CT is not a diagnostic tool for PH; however, several 
features may be suggestive. These include an enlarged pul-
monary artery (diameter ≥29mm), right ventricular dilation, 
right atrial dilation, and a main pulmonary artery/ascending 
aorta diameter ratio ≥1.24 An examination of the lung paren-
chyma may also be helpful in identifying parenchymal lung 
diseases responsible for Group 3 PH.

SCREENING IN HIGH-RISK POPULATIONS
Scleroderma (Systemic Sclerosis) and Scleroderma Spectrum
The incidence of PAH in connective tissue diseases on the 
scleroderma spectrum is estimated between 5–12%, which 
is substantially more than the population at large.25,26 Cur-
rent guidelines recommend annual screening for PAH in 
patients with systemic sclerosis (SSc) with an uncorrected 
DLCO < 80% predicted.2,3,27 Recommended screening tools 
include the DETECT algorithm, TTE or FVC/DLCO ratio 
> 1.6, and NT-proBNP greater than 2-fold the upper limit  
of normal.8

Human Immunodeficiency Virus (HIV) 
While the true incidence of PAH in persons infected with 
HIV is not clear, ongoing studies suggest that it may be 
higher than previously reported.8 In order to enrich the popu-
lation that would benefit from routine screening, additional 
concomitant risk factors that increase the risk of develop-
ment of PAH in HIV-positive individuals should be used 
to guide selection of asymptomatic patients for screening. 
These include female sex, intravenous drug or cocaine use, 
hepatitis C virus infection, origin from a high-prevalence 
country, known negative regulatory factor (Nef) or transacti-
vator of transcription (Tat) HIV proteins, and Black ethnicity 
in United States patients.28-33
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The ventricles Pulmonary artery Inferior vena cava and right atrium

Right ventricle/left ventricle basal diameter 
ratio >1.0

Right ventricular outflow Doppler acceleration 
time <105 msec and/or midsystolic notching

Inferior cava diameter >21 mm with decreased 
inspiratory collapse (<50 % with a sniff or <20 
% with quiet inspiration)

Flattening of the interventricular septum (left 
ventricular eccentricity index > 1.1 in systole 
and/or diastole)

Early diastolic pulmonary regurgitation velocity 
>2.2 m/sec

Right atrial area (end-systole) >18 cm2

PA diameter >25 mm

Table 3. Echocardiographic Signs Suggesting Pulmonary Hypertension

PA = pulmonary artery. Adapted from Galiè, et al. 2015.2
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RIGHT HEART CATHETERIZATION 
As the diagnosis and classification of pulmonary hyper-
tension centers on hemodynamic definitions, correct 
performance and interpretation of right heart catheteriza-
tion is essential for the diagnosis of PH. Comprehensive 
descriptions of RHC for the diagnosis of PH are reviewed 
elsewhere.34 Proper set up for RHC requires appropriate cal-
ibration of all equipment, and leveling of transducers to the 
level of the left atrium – the midsagittal line in a supine 
patient.35 Pressure measurements are performed during 
spontaneous respirations, with resting measurements made 
at end expiration. Correct measurement of PAWP during 
RHC is critical, as this is a measure prone to error by under- 
or over-wedging, and is necessary to distinguish between 
pre- and post-capillary PH. PAWP is typically measured 
at end expiration; however, measurements averaged over 
multiple respiratory cycles may be useful in patients with  
obesity or chronic obstructive pulmonary disease. 

Similarly, measurement of cardiac output is critical in the 
diagnosis of PH, to calculate pulmonary vascular resistance 
and assess the severity of PH and any cardiac dysfunction.  
The thermodilution method of cardiac output measurement 
is the recommended technique2 and requires a Swan Ganz 
catheter with a thermistor tip. Although there may be con-
cerns about potential inaccuracy in the setting of low cardiac 
output, and/or significant tricuspid regurgitation, the ther-
modilution method has been shown to be accurate in these 
circumstances in pulmonary hypertension.36 Measurement 
of central venous and pulmonary arterial saturations should 
be performed to evaluate for the presence of a left to right 
cardiac shunt. Vasoreactivity testing is performed by admin-
istration of a pulmonary vasodilator – typically inhaled nitric 
oxide (although intravenous epoprostenol, intravenous ade-
nosine or inhaled iloprost can also be used) during RHC. A 
positive response is defined by a decrease in mPAP by ≥10 
mmHg to mPAP ≤40 mmHg without a decrease in cardiac 
output.1 This should be performed in all patients with sus-
pected or confirmed idiopathic PAH, heritable PAH, or drug- 
and toxin-induced PAH, to identify a subset of patients who 
are likely to benefit from treatment with calcium channel 
blockers. Lastly, provocative challenges such as exercise or 
administration of a fluid bolus may be useful in certain clin-
ical settings but should be performed by operators skilled in 
their performance and interpretation. Given the complexi-
ties of hemodynamic evaluation for the diagnosis and man-
agement of PH, RHC should be performed by an operator 
with skill and experience in pulmonary hypertension.

CONCLUSION

The diagnosis of pulmonary hypertension can be challenging 
given the nonspecific nature of its presentation and multiple 
potential causes. Careful interpretation of history, physical 
exam, and echocardiogram is helpful to define the level of 

PULMONARY MEDICINE UPDATES

suspicion for the disease. Understanding the clinical classifi-
cation and epidemiology of PH provides a framework for the 
differential diagnosis and diagnostic evaluation. Right heart 
catheterization remains mandatory to define hemodynam-
ics and confirm the diagnosis of PH. Early referral to a PH 
center of expertise is necessary, particularly in patients with 
high-risk features and in high-risk populations. 
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The Evolving Continuum of Diagnosis in the  
Modern Age of Non-Small Cell Lung Cancer
DANIEL DUSTIN, DO; DOUGLAS MARTIN, MD

ABSTRACT 
Lung cancer remains the most common cause of can-
cer-related deaths in the United States.  Traditional treat-
ment of non-small cell lung cancer has included surgical 
resection for suitable candidates with early stage (I/II)  
disease and various chemoradiotherapeutic regimens 
used for advanced disease, for which prognosis has been 
poor. Since the early 2000s, there has been a revolution in 
the diagnosis and treatment of non-small cell lung cancer 
driven by improved diagnostic techniques and therapies 
targeted to druggable oncogenic drivers or manipulation 
of the immunologic milieu in the tumor microenviron-
ment. With this has come a need for frequently updated 
comprehensive data regarding response to treatment and 
acquired resistance to targeted therapies. In this article, 
we aim to provide a concise review of the state-of-the-
art in lung cancer workup in 2021, with a focus on how 
molecular data now informs treatment decisions. With 
the burgeoning use of immunotherapeutic approaches, 
we will also discuss some of the complications seen, and 
briefly discuss their management.

KEYWORDS:  Non-Small Cell Lung Cancer (NSCLC), 
Endobronchial Ultrasound (EBUS), Immunotherapy, Driver 
Mutations, Immune Related Adverse Events   

INTRODUCTION

Lung cancer represents 13% of all new cancer diagnoses and 
accounts for 25% of all cancer deaths.1,2 Non-small cell lung 
cancer (including Adenocarcinoma, Squamous Cell, Large 
Cell) comprises approximately 85% of all lung cancers. 
While the introduction of low-dose CT (LDCT) screening 
holds promise in improving rates of early detection, lung 
cancer has traditionally presented at an advanced stage in 
more than 80% of patients. Prognosis for patients with Stage 
III or IV disease treated with chemoradiotherapeutic regi-
mens has traditionally been dismal with five-year survival 
rates <25% in stage IIIA.

DIAGNOSIS AND STAGING

Patients may present with a spectrum of disease from asymp-
tomatic with small nodule(s) to severely ill with widely 

metastatic or bulky intrathoracic disease. For patients with 
small nodules (e.g., ≤ 8mm), validated guidelines are utilized 
to guide radiographic evaluation. The Fleischner Society 
Guidelines apply for incidentally found nodules while the 
Lung-RADS system is used for screen-detected nodules.3,4 
The latter differs due to the generally higher-risk charac-
teristics of patients meeting screening criteria and the fact 
that the default in that population remains one year repeat  
low-dose screening scan.

The Tumor, Node, Metastasis (TNM) staging system is 
utilized in non-small cell lung cancer. Tissue acquisition 
is ideally performed from the area that provides the high-
est overall stage.5 Surgical biopsy and resection are some-
times utilized in appropriate patients with high likelihood of 
early stage (Stages I/II) NSCLC. Fluorodeoxyglucose (FDG) 
Positron Emission Tomography (PET) scan is commonly 
obtained to assess the mediastinum and to assess for the pos-
sibility of distant metastases, including to sites such as the 
adrenal glands or bone. Percutaneous biopsy is commonly 
performed for lung nodules (particularly peripheral ones), 
but bronchoscopic techniques guided by magnetic naviga-
tion, cone-beam computed tomography (CT), radial ultra-
sound, and robotic technology have gained an increasing 
role.6 Endosonographic-based sampling techniques (linear 
endobronchial ultrasound (EBUS) from the tracheobronchial 
tree or endoscopic ultrasound (EUS) from the gastrointesti-
nal tract ) are used in cases of suspected hilar or mediasti-
nal nodal disease and facilitate their fine needle aspiration 
(FNA) guided by real time ultrasound imaging. Endosono-
graphic techniques are also commonly used to exclude nodal 
disease prior to surgical resection or (usually in nonsurgical 
candidates) radiation therapy.6 If imaging is suggestive of 
distant metastases, image-guided biopsy can establish both 
diagnosis and staging. 

In patients without PET-detected extra thoracic disease, 
mediastinal lymph node sampling is commonly performed. 
A study by Um et al. demonstrated similar diagnostic yield 
with EBUS FNA showing a favorable side effect profile com-
pared to mediastinoscopy.7 For these reasons, EBUS is typi-
cally done first with mediastinoscopy reserved for cases of 
negative EBUS results with persistent clinical concern for 
nodal involvement. The lymph nodes targeted should be 
those that will give the highest potential stage.8 Despite the 
excellent sensitivity of PET scan, endosonographic staging 
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studies have generally shown false negative rates for medi-
astinal disease of 5-10%. In one prospective trial of 35 non-
small cell patients who underwent PET and EBUS, 10 had 
discordant results (histologic sampling down-staged six 
patients and upstaged four).9 This study underscores the 
importance of histologic confirmation, as PET imaging also 
may demonstrate false positive findings in setting of active 
infections or noninfectious inflammatory conditions such 
as sarcoidosis.

With the growing use of molecularly targeted therapies, 
acquisition of sufficient cytologic or pathologic material 
to perform such studies has become critically important. 
EBUS has been shown to provide adequate tissue, especially 
when guided by rapid on-site cytologic evaluation (ROSE).10 
A broad array of needle sizes are now available, and studies 
have shown that EBUS-guided transbronchial needle aspira-
tion (TBNA) can provide abundant material for a cell block 
which is subsequently sectioned for indicated studies.10,11 
Immunohistochemical studies remain important to the ini-
tial diagnosis and protein expression studies, but next gen-
eration sequencing (NGS) platforms promise to continue to 
revolutionize the diagnosis of driver mutation oncogenes.

TRADITIONAL TREATMENT

Treatment has traditionally consisted of a combination of 
chemotherapy, radiation, and/or surgery depending on dis-
ease stage and patient factors (age, co-morbidities) (Table 1).12

MODERN ERA
Since the early 2000s, the field has been revolutionized by 
the development and refinement of therapies in the areas of 
driver-mutation targeting, anti-angiogenesis, and immuno-
therapy. In particular, standard-of-care evaluation of newly 
diagnosed advanced NSCLC (particularly nonsquamous his-
tologies) involves testing for at least the most common driver 
mutations with available therapies, as well as the PD-L1 pro-
tein expression as measured by the Tumor Proportion Score 
(TPS). The explosion in biomarker testing performed at one 
institution since 2004 can be seen in Figure 1 in the article  
by VanderLaan PA, et al13 at: https://pubmed.ncbi.nlm.nih.
gov/29413057/.

EPIDERMAL GROWTH FACTOR (EGFR)
The epidermal growth factor receptor is a tyrosine kinase 
receptor and member of the Human Epidermal Receptor 
(HER) family. Binding of this transmembrane protein leads 
to downstream signal transduction pathways that drive 
tumor growth. The first study to enroll NSCLC patients in 
treatment with an EGFR inhibitor began patient enrollment 
in 1998. The landmark I-PASS study later randomized over 
1200 patients in East Asia with pulmonary adenocarcinoma 
to gefitinib or carboplatin with paclitaxel and showed sig-
nificant progression-free survival in the gefitinib treated 
group who harbored an EGFR mutation.14 While first well 
recognized in Asian populations (particularly never smoking 
young women), it is now recognized that 10-17% of patients 
with bronchogenic adenocarcinoma in the United States 
harbor an EGFR driver mutation.15 Oral EGFR inhibition in 
treatment of advanced nonsurgical disease has evolved from 
second-line or maintenance therapy after chemotherapy 
through to first-line treatment.16

Treated EGFR mutant NSCLC typically develop resis-
tance to earlier generation EGFR inhibitors at approximately 
10 months. Most of these patients develop an EGFR T790M 
mutation for which third-generation inhibitors were devel-
oped.15 Osimertinib is the prototypical third-generation ther-
apy and has become the standard of care in EGFR mutant 
NSCLC due to improved systemic and central nervous sys-
tem (CNS) control, as well as favorable side effect profile 
compared to earlier agents. The AURA3 study compared 
osimertinib to standard platinum therapy plus pemetrexed 
in patients previously treated with an earlier generation 
EGFR inhibitor and showed improved efficacy and side effect 
profile.16 Osimertinib has also recently shown improved 
progression-free survival of 19 months vs 10 months versus 
first-generation therapies in the FLAURA trial.17 Even more 
recently, the ADAURA study demonstrated that adjuvant 
osimertinib in surgically resected disease can have signifi-
cant impact on disease-free survival (DFS).18 However, con-
troversy exists as to its role in the adjuvant setting at this 
time, given the uncertainty as to whether routine adjuvant 
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Stage Primary Treatment Adjuvant 
Therapy

5 Year 
Survival 

Rate

NSCLC Stage I Surgical Resection Chemotherapy >60–70%

NSCLC Stage II Surgical Resection Chemotherapy 
with or without 
Radiotherapy

>40–50%

NSCLC Stage IIIA 
(Resectable)

Preoperative 
chemotherapy 
followed by surgical 
resection or surgical 
resection

Radiotherapy 
with 
chemotherapy 
or without 
chemotherapy

15–30%

NSCLC Stage IIIA 
(Unresectable) or 
IIIB (Contralateral 
or supraclavicular 
lymph nodes)

Chemotherapy and 
Radiation either 
concurrent or 
sequentially

None 10–20%

NSCLC Stage IIIB 
(pleural effusion) 
or Stage IV

Chemotherapy None 10–15%

SCLC Limited 
Disease

Chemotherapy with 
radiation therapy

None 15–25%

SCLC Extensive 
Disease

Chemotherapy None <5%

Table 1. Treatment Options for Lung Cancer in 2004.

Adapted from Spira A and Ettinger DS. Multidisciplinary management of lung cancer.12
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use would provide true benefit over initiation at disease 
recurrence in carefully monitored patients and the present 
lack of overall survival data.

Overall, EGFR driver mutation investigation and devel-
opment of therapies to evade resistance have represented a 
landmark strategy and paradigm shift for targeted therapies 
going forward.19  Figure 2 presents a graphical representa-
tion of the EGF Receptor along with existing or potential 
targeted therapies against the receptor or its downstream 
effector pathways.

ANAPLASTIC LYMPHOMA KINASE

The anaplastic lymphoma kinase (ALK) gene is located on 
chromosome 2 and encodes a tyrosine kinase that is nor-
mally found at low levels in the small intestine, nervous 
system, and testis in adults. Activating alterations render 
the gene constitutively active. ALK-EML4 represents a rear-
rangement thus far only identified in NSCLC. ALK driver 
mutations are found in 5% of NSCLC.20 Trials testing the 
first ALK inhibitor (crizotinib) began only three years after 
the recognition of ALK-positive NSCLC.21 Analogous to the 
evolution in EGFR inhibitors, ALK inhibition has improved 
with the newer agent alectinib showing a higher proportion 
of patients achieving overall response, improved CNS disease 
control, and better side-effect profile than crizotinib.22  ALK 
can also form a fusion protein with other druggable onco-
genes, including c-ros oncogene (ROS1) and mesenchymal- 
epithelial transition factor (MET). In terms of relevance to 
clinical practice, NSCLC with ROS1 mutations is respon-
sive to ALK inhibitors.23

OTHER MOLECULARLY  
TARGETED THERAPIES
Since the seminal research on mutant 
EGFR and ALK targeting, many addi-
tional molecular targets have been 
identified including mutations within 
BRAF, RET, and NTRK genes. These 
are found commonly in nonsmokers  
with newly diagnosed NSCLC and 
occur in a smaller proportion of pa- 
tients compared to EGFR mutations. 
Driver mutations in MET occur in 
about 3–4% of NSCLC patients and, in 
contrast to EGFR and ALK, are more  
commonly seen in patients over 70.24 

KRAS is the most common driver 
mutation found in smoking-induced 
NSCLC, but targeted treatment had  
remained elusive until sotorasib,  
which was granted accelerated ap- 
proval by the FDA in May 2021. This  
targets the G12C mutation, which 
is present in approximately 13% of 

all NSCLC.25 In a recent Phase II trial from 2021, partial or 
complete remission was seen in 37.1% of the patients. The 
median progression-free survival was 6.8 months, and the 
median duration of response was 11.1 months. 

ANGIOGENESIS INHIBITION
In 2007, Sandler et al. published a landmark randomized 
control trial of the addition of the angiogenesis inhibitor 
bevacizumab to standard platinum-based therapy in the 
treatment of advanced (IIIB, IV) nonsquamous NSCLC. 
Median survival increased modestly from approximately 
ten to twelve months, but this was one of the first stud-
ies to show a survival advantage in advanced NSCLC with 
the addition of a novel/nonchemotherapy-based medication. 
Importantly, five patients in the bevacizumab treated group 
died of pulmonary hemorrhage, foreshadowing the era of 
novel treatment related adverse effects.26 While angiogenesis 
inhibition has not shown robust benefit as the sole strategy 
in treatment of NSCLC, dual EGFR-VEGF pathway inhibi-
tion has shown significant promise, likely due to cross-talk 
and inhibition between these pathways.27

IMMUNOTHERAPY
Immunotherapeutic approaches in cancer treatment are not 
new, as Interleukin-2 was an established yet radical treat-
ment in attempts to cure renal cell carcinoma.28 Increased 
recognition of the importance of the tumor microenviron-
ment in the pathophysiology of malignant tumors led to 
efforts to utilize T-cell responses in antineoplastic therapy. 
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Figure 2. Current pathways from the EGFR protein and the respective molecular targets, either 

FDA-approved or in clinical trials.

From Yuan, et al. The emerging treatment landscape of targeted therapy in non-small-cell lung cancer.19
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T-cells express the Programmed Cell Death-1 (PD-1) recep-
tor while its ligand, PD-L1, is expressed on the surface of 
tumor cells or other cells in the tumor microenvironment. 
T-cells initially mount cytotoxic efforts towards neoplastic 
cells but the PD-L1/PD-1 interaction downregulates this 
response.29

Not all tumors express high levels of PD-L1. The tumor 
proportion score (TPS) is an immunohistochemical score 
of the percentage of viable cells expressing PD-L1 and has 
been used as a biomarker to select patients for clinical trials. 
Tumor heterogeneity may negatively impact small biopsy 
or cytologic specimens’ abilities to provide a score represen-
tative of the tumor overall, and some studies have shown 
clinical benefit with immunotherapy regardless of PD-L1 
expression.30,31 Besides reflecting heterogeneity in tumor 
expression, this finding may also demonstrate the complex-
ity of molecular pathways including T-cell/tumor inter- 
actions in the tumor microenvironment.

Initial studies demonstrating significant treatment effect 
utilizing immunotherapy in advanced malignancies not har-
boring a druggable oncogene (including NSCLC) were pub-
lished in 2015. This led to the October 2015 FDA approval 
of pembrolizumab for advanced PD-L1 positive NSCLC 
that had progressed after other treatments.30,31  Since that 
time, immunotherapy has revolutionized the approach to 
treatment of most solid-organ malignancies. In 2017, the 
placebo-controlled PACIFIC trial published results of con-
solidative durvalumab in unresectable stage III patients who 
did not have disease progression on concurrent chemora-
diotherapy. There were demonstrated improvements in the 
primary end points of progression-free survival and overall 
survival.32 These trials set the foundation for immunother-
apy to completely change the treatment paradigm in stage 
IV and unresectable stage III disease. 

Combination immunotherapeutic approaches utilizing 
inhibitors to the Cytotoxic T-lymphocyte Associated Anti-
gen 4 (CTLA-4), such as ipilimumab with PD-L1 inhibitors, 
have been used extensively in treatment of metastatic mel-
anoma and studied in NSCLC. Additional novel immuno-
therapeutic agents also hold substantial promise in NSCLC. 
Tiragolumab targets the immunomodulatory receptor 
TIGIT, which is a novel inhibitory immune checkpoint pres-
ent on activated T-cells and NK cells. The CITYSCAPE trial 
is a phase II randomized trial that compared tiragolumab 
with atezolizumab versus atezolizumab alone in chemother-
apy naive patients with high PD-L1 expression who did not 
have EGRF or ALK mutations. The treatment group showed 
improvement in overall response rate at 6 months (37% 
versus 21%) and a 42% reduction in the risk of disease as 
compared to the control arm.33 This led to the approval of 
tiragolumab in conjunction with atezolizumab for NSCLC. 

The burgeoning use of immunotherapy has led to increased 
recognition of immunotherapy-induced adverse events, 
which primarily take the form of autoimmune phenomenon. 

These complications have, in turn, their own important 
diagnostic and treatment considertions. Any organ system 
can be involved but dermatologic, gastrointestinal, hepatic, 
and endocrine systems are the most encountered. Use in 
patients with significant pre-existing autoimmune condi-
tions or interstitial lung disease represents at least a relative 
contraindication.

Of the various immune-related adverse effects, respiratory 
complications are associated with the highest morbidity and 
mortality.  Pneumonitis has an incidence rate of approxi-
mately 5%, and patients typically present with cough and 
dyspnea. Milder cases often improve with medication ces-
sation, but those with higher-grade disease need glucocor-
ticoid therapy. Refractory cases or severe disease are often 
co-treated with steroid sparing agents.34 Empiric therapy is 
usually used without biopsy of affected tissue, though the 
emergence of the novel coronavirus complicated this deci-
sion in some patients due to overlap in patterns of chest 
imaging abnormalities. Patients receiving concomitant che-
motherapy can also pose a more difficult diagnostic dilemma 
as they can remain at risk of a broad array of opportunistic 
infections and drug-induced complications. The CTLA4 
inhibitors have been associated with the development of 
mediastinal and hilar lymphadenopathy, with EBUS FNA 
often demonstrating noncaseating granulomatous inflam-
mation indistinguishable from sarcoidosis.35

LIQUID BIOPSY

Given the known predilection for malignant involvement 
of the peripheral circulation, there has been an increasing 
desire to capture diagnostic and molecular data from periph-
eral blood. The first FDA approval of a “liquid biopsy” test 
occurred in 2016 with approval of a cell free DNA (cfDNA) 
test to identify candidates for erlotinib based on exon 19 
deletions or exon 21 (L858R) mutations in EGFR. Such test-
ing has become routine in testing for mutations in druggable 
oncogenes. Besides cfDNA, currently available specimens 
include circulating tumor DNA (ctDNA), Circulating 
Tumor Cells (CTC), microRNA, exosomes, and tumor-ed-
ucated platelets.36 These “liquid biopsies” hold tantalizing 
promise in lung cancer due to ease of acquisition coupled 
with the explosion in information obtainable from next gen-
eration sequencing platforms. This data will likely guide 
stages from asymptomatic screening to adjuvant treatment 
and through to early detection of relapse, monitoring of 
treatment response and resistance testing.37

The International Association for the Study of Lung Can-
cer (IASLC) recently released an updated consensus state-
ment on the use of liquid biopsy techniques. Amongst other 
recommendations, the IASLC recommended use of NGS 
platforms rather than PCR-based technologies for deter-
mination of oncogene targets. The statement also high-
lights the paradigm shift away from tissue biopsy data as 
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the incontrovertible “gold standard” 
with realization that complemen-
tary genomic information can be 
obtained from plasma ctDNA analysis 
to inform druggable oncogene treat-
ment. From a practical standpoint, 
for patients experiencing disease pro-
gression despite initial therapy, liq-
uid biopsy techniques may represent 
the only feasible or safely accessible 
repository of tumor genomic data.38

Recognizing the value of liquid 
biopsies, the FDA recently published a 
guideline for clinical trials conducted 
as part of the drug approval process 
(Figure 3). The proposal regarding 
potential trial designs incorporates 
liquid biopsy information to stratify 
patients at multiple points throughout the trial.39

CONCLUSION

Over the past 15 years, there has been enormous progress in 
translating patient-specific cancer cell data into more effec-
tive treatment strategies in non-small-cell lung cancer, and 
this should only accelerate. Diagnostic strategies incorpo-
rating “liquid biopsies” will assuredly become more refined 
and important in the management of patients. Therapeutic 
approaches utilizing immunotherapy along with agents tar-
geting druggable oncogenes and angiogenesis inhibitors as 
well as novel agents will continue. These novel therapies 
have unique side effect and adverse effect profiles in con-
trast to standard chemotherapeutics.  An early referral to a 
pulmonologist can help facilitate the workup of pulmonary 
nodules since staging and adequate tissue sampling to assess 
these mutations are key to improving outcomes in NSCLC.
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Figure 3. FDA Perspectives on the use of liquid biopsies in NSCLC trial designs.

SoC = Standard of Care, DFS = Disease Free Survival, OS = Overall Survival
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