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Abstract

Objective: We evaluated the safety of maximal cardiopulmonary exercise testing (CPET) in 

individuals with sickle cell disease (SCD). Maximal CPET using gas exchange analysis is the 
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gold standard for measuring cardiopulmonary fitness in the laboratory, yet its safety in the SCD 

population is unclear.

Design: Systematic review.

Data sources: Systematic search of Medline (PubMed), EMBASE, Cochrane, ClinicalTrials.gov 

and professional society websites for all published studies and abstracts through December 2020.

Eligibility criteria for selecting studies: Two reviewers independently extracted data of 

interest from studies that assessed safety outcomes of maximal CPET in children and adults with 

SCD. A modified version of the Newcastle-Ottawa Scale (NOS) was used to assess for risk of bias 

in studies included.

Results: In total, 24 studies met inclusion/exclusion criteria. Adverse events were reported 

separately or as part of study results in 36/939 (3.8%) of participants with SCD undergoing 

maximal CPET in studies included. Most adverse events were related to transient ischemic 

changes on electrocardiogram (ECG) monitoring or oxygen desaturation during testing that did 

not result in arrhythmias or other complications. Only 4/939 (0.43%) participants experienced pain 

events due to maximal CPET.

Conclusion: Maximal CPET appears to be a safe testing modality in children and adults with 

SCD and can be used to better understand the physiologic basis of reduced exercise capacity as 

well as guide exercise prescription in this population. Some studies did not focus on reporting 

adverse events related to exercise testing or failed to mention safety monitoring, which contributed 

to risk of bias.
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INTRODUCTION

Sickle cell disease (SCD) affects approximately 100,000 individuals in the United States 

and millions more worldwide.(1, 2) SCD refers to a group of inherited blood disorders 

characterized by the production of sickle hemoglobin (HbS). The polymerization of Hb 

S results in red blood cell sickling, vaso-occlusion and hemolysis. Such pathophysiology 

leads to complications such as chronic anemia, severe pain episodes and end organ 

damage like cardiopulmonary disease, which are important causes of increased morbidity 

and mortality in SCD. In addition to these complications, physical limitations from 

stroke and avascular necrosis, decreased physical activity, and reduced cardiopulmonary 

fitness are common findings in individuals with SCD.(3-5) Although the exact etiology 

of reduced cardiopulmonary fitness in individuals with SCD is not clear, chronic anemia, 

cardiopulmonary disease and low physical activity levels from a sedentary lifestyle represent 

contributing factors.(6-8)

Reduced cardiopulmonary fitness represents one of the most important predictors of all-

cause mortality in the general population.(9-11) Although the benefits of regular physical 

activity and exercise in individuals who are healthy or have chronic medical conditions 

are well-accepted, evidence-based exercise guidelines do not exist for children and adults 
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with SCD.(12) The absence of exercise guidelines in SCD may in part be explained by 

the paucity of data that establish safety of moderate to high intensity physical activity and 

exercise in this population. Several pathophysiologic consequences of moderate to vigorous 

exercise, including the pro-inflammatory response, oxygen desaturation, dehydration and 

metabolic acidosis, could in theory trigger sickling and cause disease-related complications 

such as vaso-occlusive pain crises.(13, 14) Such unsubstantiated concerns in SCD, however, 

may lead to unnecessary restrictions on regular exercise placed by parents, healthcare 

providers or patients themselves.

Cardiopulmonary exercise testing (CPET) with gas exchange measurements is considered 

the gold standard for assessing cardiopulmonary fitness and is widely used in both 

healthcare and non-healthcare settings. Maximal CPET protocols using cycle ergometry 

or treadmill exercise include incremental increases in exercise workload until volitional 

exhaustion and as such, expose individuals to exercise at moderate to high intensities. Data 

derived from exercise testing can also provide useful prognostic information and guide 

exercise prescription. Although some studies have relied on maximal CPET to evaluate 

cardiopulmonary fitness in children and adults with SCD, its safety in the SCD population 

has not been well studied. The purpose of this systematic review is to determine the safety 

of maximal CPET in individuals with SCD and evaluate the association between maximal 

CPET and potential CPET-related adverse events.

METHODS

Search Strategy

This systematic review was conducted following standard procedures and exempt from 

review by the Institutional Review Board. Per PRISMA (Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses) guidelines, the review was registered with 

PROSPERO [CRD42020157218] and confirmed to be a novel project. A medical librarian 

developed a search strategy to identify all studies involving maximal intensity exercise 

testing in individuals of all ages with SCD, including all genotypes. Databases including 

EMBASE, Cochrane, Medline (PubMed), ProQuest, and ClinicalTrials.gov, as well as 

relevant conference abstracts and professional society websites, were initially searched for 

studies written in English and published to date through December 2020 using relevant 

keywords and Medical Subject Headings (MeSH) (Supplemental Table 1). Given the 

worldwide distribution of SCD, we also searched the Brazilian database SCIELO, which 

did not reveal additional relevant studies.

Study Selection

Studies were selected based on predetermined inclusion and exclusion criteria. Two 

reviewers independently screened the titles and abstracts of the studies and excluded studies 

from consideration if they were written in a language other than English, included animals 

or only patients with sickle cell trait (SCT), or used sub-maximal or functional exercise 

testing to predict aerobic fitness, including the 6-minute walk test. Maximal CPET was 

defined as exercise testing by either cycle ergometry or treadmill using a ramp protocol 

(i.e., incremental increase in workload) until either volitional exhaustion occurred or other 
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pre-defined criteria of maximal or peak effort (e.g., using heart rate or respiratory exchange 

ratio) were met. For studies that met criteria for potential inclusion for analysis, full articles 

were pulled and reviewed.

Data Analysis

The two reviewers independently collected information on study type, year of publication, 

sample size, SCD genotype of participants, age of participants, exercise protocol, 

documentation of adverse event (AE) monitoring, and description of any adverse events 

(AEs). Any discrepancies in data extraction were resolved by discussion between the 

reviewers. AEs were defined as any unintended or unfavorable symptoms or events 

temporarily associated with undergoing maximal CPET, including but not limited to 

vaso-occlusive pain episodes, acute chest syndrome or major changes in signs/symptoms 

observed during CPET monitoring (e.g., ECG changes, oxygen saturation, etc.). Serious AEs 

were defined as AEs that resulted in hospitalization, a persistent incapacitated state or death. 

We considered AE monitoring to be documented if specified in the study methodology 

or presumed if authors reported the absence of specific AEs. The two reviewers also 

independently assessed for risk of bias in the included studies using a modified version 

of the Newcastle-Ottawa Scale (NOS) (http://www.ohri.ca/programs/clinical_epidemiology/

oxford.asp). With this scale, the reviewers assigned a composite star rating to each study 

based on selection, comparability, and outcome (Table 1). Details of the breakdown of 

composite scores for each study are also presented elsewhere (Supplemental Table 2).

RESULTS

Study Characteristics

Initial searches yielded 278,533 results, of which only 195 were potentially applicable to 

this systematic review. Of these 195 studies, reviewers removed 40 duplicates and then 

screened titles and abstracts of the remaining 155 studies. An additional 133 studies were 

removed for the following reasons: animals, participants with sickle cell trait, or a mode 

of exercise testing other than maximal CPET. With the addition of 2 studies that were 

found independent of the initial search, a total of 24 studies were included in the final 

dataset (Figure 1).(4, 5, 8, 15-35) With the exception of 1 interventional study, all of the 

studies included were observational in design. These studies included a total of 939 unique 

individuals with SCD who underwent maximal CPET. Half of the studies included only 

adult patients (N=12), while one-third included children (N=7), and 5 studies included both 

children and adults. The majority of studies included subjects with either Hb SS or Hb S/β0 

thalassemia only (N=14), while the rest included subjects with Hb SC only (N=2), Hb SS or 

SC only (N=3) or all genotypes (N=4) or did not specify the genotype of participants (N=1). 

Cycle ergometry was the most commonly used exercise protocol (N=19), while 4 studies 

used a treadmill and 1 did not specify the type of protocol. NOS ratings, together with key 

characteristics of included studies, are shown in the Table 1.

Adverse Events

Of the studies included in this review, the majority of the studies (N=16) included 

documentation of AE monitoring or reported findings that could be classified as AEs.(4, 5, 
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15-20, 22, 23, 26, 27, 30-32, 34) In 6 of these studies, AEs were described in 36 participants 

with SCD undergoing maximal CPET and included the following study findings, incidents 

or events: ischemic changes on ECG (N=22), pain not requiring hospitalization (N=3), 

pain requiring hospitalization (N=1) or reductions in oxygen saturation during maximal 

CPET (N=10) (Figure 2).(5, 17, 18, 20, 23, 26) The other 8 studies included neither 

documentation of AE monitoring nor documentation of AEs as part of study findings.(8, 

21, 24, 25, 28, 29, 33, 35) In total, AEs were reported in 36/939 (3.8%) of participants with 

SCD undergoing maximal CPET in all of the studies included, with only 4/939 (0.43%) 

participants experiencing pain events.

DISCUSSION

The gold standard for evaluating cardiopulmonary fitness is graded CPET with indirect 

calorimetry, which allows for gas exchange analysis and the direct measurement of peak or 

maximal oxygen consumption. Despite its widespread use in the general population in both 

clinical and research settings, maximal CPET is underutilized in children and adults with 

SCD, which in part may be explained by concerns about its safety in the SCD population. 

This systematic review of the literature supports the safety of maximal CPET in the SCD 

population. Among 24 studies that utilized maximal CPET in 939 participants with SCD, 

AEs were reported in less than 5% of tests. The majority of reported AEs were related 

to ischemic changes on ECG monitoring or oxygen desaturation that did not result in 

arrhythmias or other cardiopulmonary complications during or after testing. Sickle cell 

related pain events, however, were reported in less than 1% of tests.

The ability to evaluate individuals with SCD by maximal CPET is important for several 

reasons. Throughout the lifespan of individuals with SCD, complications like chronic 

anemia and cardiopulmonary disease may impair physical functioning and result in reduced 

cardiopulmonary fitness. Routine diagnostic tests such as echocardiography or pulmonary 

function testing offer static views of the cardiopulmonary system, while the widely used 

6-minute walk distance is a submaximal field test that reflects a unidimensional view of 

exercise capacity. In contrast, CPET with gas exchange analysis is a laboratory-based, 

reproducible testing modality that allows for a more comprehensive and dynamic assessment 

of the cardiopulmonary system and exercise capacity.(36, 37) In the clinical setting, the 

reliance on maximal CPET to directly and accurately measure cardiopulmonary fitness is 

also useful for the development exercise prescription and physical activity guidelines, which 

currently do not exist for individuals with SCD. Individualizing and implementing exercise 

prescription based on data gathered from CPET may translate to short and longterm benefits 

associated with improved fitness and less sedentary lifestyles for this population. Moreover, 

adverse events or safety signals observed during testing may help better delineate exercise 

intensity thresholds below which patients with SCA should stay to maintain safe exercise 

programming. Finally, maximal CPET is a useful tool by which to measure the benefits 

of existing and novel treatments on fitness as well as on the individual metabolic and 

cardiopulmonary factors that lead to improvements in fitness.

Despite the known health benefits of regular exercise in healthy individuals and individuals 

with chronic medical conditions, concerns about the potential harms of moderate to 
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vigorous physical activity and exercise persist for children and adults with SCD. These 

unsubstantiated concerns arise because SCD is characterized by a pro-inflammatory state, 

which could be exacerbated by the potential pro-inflammatory response associated with 

acute intense exercise and result in SCD-related complications such as pain.(38) In this 

review, however, the incidence of pain during or after maximal CPET in individuals with 

SCD was low. Moreover, the inflammatory response to maximal intensity exercise has 

been previously demonstrated to be comparable in children with or without SCD.(39) 

Nonetheless, whether or not the low incidence of pain associated with maximal CPET in 

our systematic review was expected cannot be determined since the incidence of pain during 

moderate to vigorous intensity exercise or physical activity has not been prospectively 

studied in the SCD population.

Given the known presence of cardiopulmonary disease among adolescents and adults 

with SCD, the finding of abnormal cardiopulmonary responses during exercise (e.g., ECG 

changes or oxygen desaturation) in some of the studies reviewed was not surprising.(5, 17, 

18, 26) However, these findings should be considered with caution and do not preclude the 

use of maximal CPET in individuals with SCD for several reasons. The criteria used to 

define abnormalities observed during routine monitoring of exercise testing, such as ECG 

changes that suggest myocardial ischemia or reductions in oxygen saturation (SpO2), may 

vary among studies. These findings may not be reproducible and do not necessarily suggest 

more serious consequences, as evidenced by the absence of subsequent complications in 

subjects who experienced them during exercise testing in the studies. Finally, these findings 

were considered outcomes that were part of the evaluation or aims of the studies. Although 

we included them as AEs in this systematic review, others might instead consider these 

findings a reflection of the utility of CPET to elucidate the physiological impact and 

significance of cardiopulmonary disease in this population. Similarly, the utility and safety 

of maximal CPET has been established for other high-risk clinical populations, including 

adults with high-risk cardiovascular disease, pulmonary hypertension and cystic fibrosis, in 

whom the incidence of oxygen desaturation or cardiac arrhythmias during exercise testing 

may be even higher than that reported for patients with SCD in our systematic review.

(40-43)

This study is not without its limitations. First, the literature search was limited to articles 

published in English, although very few studies published in languages other than English 

were available. A second limitation and contributor to risk of bias is that many of the 

included studies were not solely focused on evaluating or reporting AEs associated with 

maximal CPET, with some studies failing to mention safety monitoring at all. With such 

studies, it was reasonable to assume that subjects in a study had not experienced any AEs 

related to maximal CPET even if the study did not specifically include a statement that 

AEs were not observed. A third limitation, which also contributed to risk of bias for study 

selection, is that many studies did not report if and how maximal effort was determined 

during exercise testing despite the reported maximal nature of the CPET protocol. A fourth 

limitation that might have affected sample representativeness is that some studies included 

participants of a specific genotype only (e.g., hemoglobin SC disease). Moreover, some 

studies might have excluded participants with known cardiopulmonary disease or other 

co-morbidities of SCD, so individuals tested in those studies might have been the least likely 
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to have adverse events. For this reason, our findings may not be generalizable to all patients 

with SCD, especially those with severe disease-related complications. Lastly, the exercise 

associated with maximal CPET is generally no longer than 8 to 12 minutes in duration and 

given the ramping nature of the protocol, the highest intensity of exercise occurs only in 

the last part of the test. Thus, any insight into the safety of maximal CPET gleaned from 

this review cannot be extrapolated to other forms of exercise or exercise training, including 

moderate to high intensity exercise sustained at longer durations.

In summary, maximal CPET appears to be a safe modality by which to measure 

cardiopulmonary fitness in individuals with SCD. More widespread adoption of maximal 

CPET in children and adults with SCD may allow clinicians and researchers to use CPET 

as a diagnostic and prognostic tool in this population. As such, establishing the safety of 

maximal CPET in SCD and leveraging data obtained from testing could also help providers 

better understand the impact of established and new therapies on physical functioning and 

develop appropriate exercise prescription programs. Future research to determine the safety 

and benefits of moderate to vigorous exercise performed for longer durations is warranted.
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SUMMARY BOX

What is already known:

1. Sickle cell disease and its complications have a major impact on 

cardiopulmonary fitness and lead to exercise limitations in affected 

individuals.

2. The safety of high intensity exercise and maximal cardiopulmonary exercise 

testing in sickle cell disease have not been well studied, which hampers the 

development of exercise prescription guidelines in this population.

What are the new findings:

1. Less than 1% of children and adults with sickle cell disease undergoing 

maximal cardiopulmonary exercise testing experience sickle cell related pain 

episodes.

2. Maximal cardiopulmonary exercise testing appears to be a safe modality 

for evaluating cardiopulmonary fitness and the physiological contributors to 

exercise limitation in individuals with sickle cell disease.
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Figure 1. 
PRISMA diagram of final studies included in this systematic review (CPET, 

cardiopulmonary exercise test)
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Figure 2. 
Total percent of adverse events and types of adverse events experienced during maximal 

cardiopulmonary exercise testing (ECG, electrocardiogram)
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