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ABSTRACT 

Background: Pulmonary hypertension (PH) is observed in 30% of adult sickle cell disease 

(SCD) patients and is associated with poor prognosis. Reduced exercise capacity is one of many 

manifestations of PH. In SCD, however, several disease specific factors may contribute to a 

reduced exercise capacity. We assessed to what extent PH contributes to exercise intolerance in 

SCD patients. 

Methods: 41 unselected consecutive adult SCD patients, routinely screened for PH by 

echocardiography, underwent pulmonary function testing and a cardiopulmonary exercise 

test. 

Results: Ten patients (24%) had evidence of mild PH at rest with tricuspid regurgitation jet 

flow velocity (TRV) ranging from 2.5 to 2.8 m·sec-1. Exercise capacity was decreased in 34(83%) 

patients. After correction for haemoglobin concentration, peak oxygen uptake (V’O2-peak) 

and physiological responses to exercise did not differ between patients with and without PH. 

Multivariate linear regression analysis showed haemoglobin concentration and vital capacity to 

be independently associated with V’O2-peak. No relation was found between TRV and exercise 

performance. According to criteria for exercise limitation, in only one patient the exercise 

limitation could be related to pulmonary vascular exercise limitation. 

Conclusion: We demonstrate that reduced exercise capacity is prevalent in unselected patients 

with SCD and related to anemia and pulmonary function impairment. In contrast to primary 

pulmonary hypertension, reduced exercise capacity in SCD is not explained by pulmonary 

vascular exercise limitation. 
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INTRODUCTION

Sickle cell disease (SCD) is an inherited disorder in which a single DNA point mutation results 

in the production of abnormal hemoglobin. Signs and symptoms are found in homozygous 

(HbSS) patients, as well as in heterozygous patients if the mutation is accompanied by another 

heterozygous hemoglobin disorder, such as haemoglobin C (HbSC) or β-thalassemia (HbSβ0 

or HbSβ+). SCD is characterized by chronic haemolytic anaemia and (micro)vascular occlusion, 

resulting in accumulating organ damage, reduced exercise capacity, a decreased quality of life 

and reduced life expectancy. In the course of the disease, changes in the pulmonary vascular 

bed may lead to the occurrence of secondary pulmonary hypertension (PH) (1). PH is reported 

to be present in approximately 30% of adult sickle cell anaemia patients; and even mild PH has 

been identified as an independent risk factor for early death (2;3). 

  A reduction in exercise capacity is one of the main symptoms of PH; and exercise capacity, 

reflected by peak oxygen consumption (V’O2-peak) in a symptom limited cardiopulmonary 

exercise test (CPET) was shown to be an important predictor of survival (4;5). In PH, exercise 

is limited by the inability of the heart to sufficiently increase pulmonary blood flow, due to 

increased pulmonary vascular resistance (6;7). 

  In SCD, however, anaemia, restrictive and obstructive pulmonary disease (8;9), 

cardiomyopathy and skeletal damage due to chronic anaemia may all contribute to a reduced 

exercise capacity (10). The contribution of (mild) PH to reduced exercise capacity in SCD has not 

been systematically studied. Upon analysis with CPET, pulmonary vascular limitation is reflected 

by a typical pattern of physiological changes. This pattern is well described and validated 

and has prognostic significance in patients with primary pulmonary hypertension (4;11-14). 

Recognition of this typical pattern can discriminate exercise intolerance due to pulmonary 

vascular limitation from that due to other, above mentioned, factors.

  The aim of this study was to assess the prevalence and underlying pathophysiology of a 

reduced exercise tolerance in a non-selected group of clinically stable outpatients with SCD and 

to relate this to the presence of PH diagnosed by echocardiography. 

METHODS

Patients

Adult SCD patients (HbSS, HbSC, HbSβ+-thalassemia or HbSβ0-thalassemia, confirmed by high 

performance liquid chromatography), who visited the outpatient SCD clinic of the Department 

of Haematology of the Academic Medical Centre for routine scheduled evaluation were 

considered eligible for this study. Inclusion criteria were: age 18 years or older and the physical 

capacity for CPET. Exclusion criteria were: pregnancy, a recent vaso-occlusive crisis (<2 weeks 

before) or acute chest syndrome (<4 weeks before). 
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Study design

The cross-sectional study design included two visits. Trans-thoracic echocardiography, 

laboratory testing (complete blood count, Hb-electrophoresis, creatinine, urea, LDH, bilirubin, 

NT-pro BNP) and pulmonary function testing was routinely performed during scheduled 

evaluation. During a second visit, within 2 weeks after the first, a symptom limited CPET was 

performed. 

  The research protocol for this study was approved by the local Institutional Review Board 

and the study was conducted in accordance with the principles of the Declaration of Helsinki. 

All patients gave written informed consent before enrolment in the study.

Trans-thoracic echocardiography

Transthoracic echocardiography was performed as described before (15;16). According to the 

generally used SCD-specific criteria, PH was defined as a peak tricuspid regurgitation jet flow 

velocity (TRV) of at least 2.5 m·sec-1, corresponding to an estimated systolic pulmonary artery 

pressure (sPAP) of 30 mmHg. TRV has been reported to correlate with sPAP in the absence of 

right ventricular outflow obstruction and pulmonary stenosis (17) and this has been validated 

in patients with SCD (2). The sPAP can be calculated from TRV, with 5 mmHg assigned for right 

arterial pressure, using the equation: sPAP=TRV2x4+5 mmHg. Patients with trace or no tricuspid 

regurgitant were considered to have normal sPAP with the TRV assigned a value of 1.3 m·sec-1 

(17).

Pulmonary function testing

Spirometry was performed by pneumotachography (Jaeger MS diffusion, Wuerzburg, 

Germany) and included forced vital capacity (FVC), forced expiratory volume in one second 

(FEV1) and inspiratory slow vital capacity (IVC). Total lung capacity (TLC) was determined 

by plethysmography (Jaeger MS Body, Wuerzburg, Germany). Transfer factor for carbon 

monoxide (TL,CO), was determined using the single breath technique (18). TL,CO was corrected for 

haemoglobin concentration according to ATS/ERS criteria (19). Spirometry, plethysmography 

and TL,CO were measured according to ATS/ERS guidelines (19-21).

Cardiopulmonary exercise testing 

Symptom limited CPET was performed and assessed according to the guidelines of the 

American Thoracic Society (22). Briefly, patients were placed on a cycle ergometer in the 

upright position and continuous measurements were made of minute ventilation (V’E), oxygen 

consumption (V’O2), carbon dioxide production (V’CO2), heart rate (HR), blood pressure and 

electrocardiography. Work load was increased by 5-15 Watt, depending on the predicted 

maximum exercise capacity and in such a way that maximal effort was attained within 10-15 

minutes. Peak oxygen consumption (V’O2-peak) was defined as the highest attained value 

averaged over 8 breaths. Oxygen pulse (O2-pulse) was calculated as V’O2 divided by HR. 
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Anaerobic threshold was determined using the V-slope method (14). 

  The PH specific pattern of physiological changes during CPET is characterized by reduced 

peak V’O2 (<84% of the predicted value), low V’O2 at the anaerobic threshold (V’O2@AT; <40% 

of the predicted value), normal to high ventilatory reserve (pre-assessed maximal ventilation 

minus actual peak-ventilation; >11 L or >15% of maximal ventilation), a high ventilatory 

equivalent for CO2 (V’E/V’CO2) at the anaerobic threshold (>34); and a decreased oxygen-pulse 

(O2-pulse (V’O2/HR)) which reflects an impaired stroke volume response (6;11-14).

Statistical analysis

Results are expressed as mean±SD. All analyses were performed with the SPSS 17.0 statistical 

software (SPSS; Chicago, IL). Pearson’s correlation coefficient was calculated for correlation 

studies, and was tested for two-sided significance. Multivariate linear regression analysis of 

all individual parameters that correlated significantly with either TRV or exercise capacity was 

performed to calculate their predictive value in relation to TRV or exercise capacity. An unpaired 

t-test was used to analyze differences between the patient groups with and without evidence of 

PH. In case of differences in baseline characteristics, a subgroup analysis was planned between 

patients with PH and matched controls. A Chi-squared test was used to compare increased TRV 

prevalence between the genotypes associated with more severe disease (HbSS and HbSβ0-

thalassemia) and the relatively milder disease genotypes (HbSC and HbSβ+-thalassemia). A 

value of p<0.05 was considered statistically significant.

RESULTS

Forty-one consecutive adult SCD patients (35 females; mean age 31 yrs (range 17-68)) from 

the outpatient haematology clinic of the AMC participated in this study. Patients were either 

homozygous (HbSS, n=30) or heterozygous combined with haemoglobin C (HbSC, n=12) or 

β-thalassemia (HbSβ0, n=4 or HbSβ+, n=5). Overall, haemoglobin concentration was 6.0±1.1 

mmol/l. In our cohort of 41 unselected patients, ten patients (24%) had evidence for mild PH 

at rest with TRV ranging from 2.5 to 2.8 m·sec-1. Of the 31 patients without evidence for PH, 8 

had an undetectable TRV. Except for haemoglobin concentration (5.3±1.1 vs. 6.2±1.1 mmol/l; 

p<0.05), there was no difference in baseline characteristics or laboratory parameters between 

patients with or without PH (Table 1). The prevalence of PH did not differ between the relatively 

milder (HbSC/HbSβ+) and more severe (HbSS/HbSβ0) genotype group (3 out of 15 HbSC/HbSβ+ 

patients versus 7 out of 26 HbSS/HbSβ0 patients; p=0.62). 
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Table 1  Patient characteristics and laboratory parameters for patients with (TRV ≥2.5 m·sec-1) and without 
(TRV < 2.5 m·sec-1) pulmonary hypertension. 

TRV < 2.5
(n= 31)

TRV ≥2.5
(n= 10) p-value

Age, yrs 29 ± 11 32 ± 12 ns

Gender, M/F 8/23 5/5

HbSS 15 7

HbSC 10 2

HbSβ+ 2 1

HbSβ0 4 0

Hemoglobin, mmol/l 6.2 ± 1.0 5.3 ± 1.1 <0.05

Fetal Hb, % 8.3 ± 8.6 8.7 ± 6.6 ns

Kreatinin, umol/l 54.1 ± 14.3 130.1 ± 220.7 ns

Direct Bilirubin, umol/l 11.8 ± 26.7 9.8 ± 11.0 ns

Total Bilirubin, umol/l 55.9 ± 53.5 56.8 ± 44.3 ns

Urea, mmol/l 2.88 ± 0.79 4.81 ± 4.88 ns

LDH, u/l 346.8 ± 147.2 355.0 ± 204.0 ns

NT-Pro BNP, ng/l 82.3 ± 111.3 135.8 ± 131.8 ns

A p-value <0.05 was considered statistically significant. ns stands for not significant

Table 2 Pulmonary function and CPET variables

Variables % predicted

FVC, l 3.35 ± 0.81 83.3 ± 14.7

FEV1, l 2.76 ± 0.68 81.8 ± 15.6

FEV1/VC 0.82 ± 0.08 99.6 ± 8.4

TL,CO 7.2 ± 1.7 74.5 ± 13.1

TL,CO/VA 1.8 ± 0.38 100.8 ± 20.2

Peak work rate, Watt 109.7 ± 41.9 69.7 ± 15.7

V’O2-peak, ml/min/kg 24.3 ± 6.9 71.0 ± 16.4

Peak HR, beats/min 163.0 ± 21.8 85.4 ± 9.1

O2-pulse, ml 9.5 ± 2.8 82.2 ± 17.7

Peak V’E, l/min 62.5 ± 22.1 62.7 ± 18.3

V’E/V’CO2 @AT 28.3 ± 3.8

RER at peak 1.13 ± 0.11

FVC = force vital capacity; FEV1 = forced expiratory volume in one second; TL,CO = transfer factor for carbon 
monoxide TL,CO/VA = transfer factor for carbon monoxide corrected for alveolar volume; V’O2-peak = peak 

oxygen consumption; HR = heart rate (HR); O2-pulse = oxygen pulse; V’E = minute ventilation; V’E/V’CO2 = 

ventilatory equivalent for CO2; RER = respiratory exchange ratio.
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Pulmonary function

Results of pulmonary function testing are shown in Table 2. On average, FVC, FEV1 and TLC 

appeared slightly reduced. A restrictive ventilatory defect, i.e. a TLC below the 5th percentile of 

the predicted value, was present in 22 patients, while in 3 patients a mild obstructive ventilatory 

defect was observed. Average TL,CO was decreased, but normal if TL,CO was corrected for the 

concomitant level of restriction. Patients with PH had significantly lower FVC, FEV1 and TLC as 

compared to patients without (Figure 1). In addition, FVC and FEV1 were significantly correlated 

with the haemoglobin concentration (FVC r=0.41; FEV1 r=0.48; both p<0.05). Matched for the 

haemoglobin concentration, no significant difference in pulmonary function parameters was 

found between the patients with and without PH. 

Cardiopulmonary exercise testing 

The CPET variables are presented in Table 2. Thirty-four of the 41 studied patients (83%) had 

by definition a reduced exercise capacity with a decreased V’O2-peak, i.e. below 84% of the 

predicted value. On average, V’O2-peak, W-max, HR-max and V’E-max were decreased; while RER 

at top was 1.13±0.11, indicating maximal effort. Reduced exercise capacity met the accepted 

criteria for exercise limitation by pulmonary vascular limitation in one patient only (HbSS with 
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Figure 1. a) Forced expiratory volume in one second (FEV1); b) Total lung capacity 

(TLC); c) ventilatory equivalent for CO2 at anaerobic threshold (V’E/V’CO2@AT) and 

d) Oxygen pulse (O2-pulse) for SCD patients with (TRV ≥ 2.5 m⋅sec-1) and without 

(TRV < 2.5 m⋅sec-1) evidence for pulmonary hypertension.  
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Figure 1. a) Forced expiratory volume in one second (FEV1); b) Total lung capacity 

(TLC); c) ventilatory equivalent for CO2 at anaerobic threshold (V’E/V’CO2@AT) and 

d) Oxygen pulse (O2-pulse) for SCD patients with (TRV ≥ 2.5 m⋅sec-1) and without 

(TRV < 2.5 m⋅sec-1) evidence for pulmonary hypertension.  

Figure 1  a) Forced expiratory volume in one second (FEV1); b) Total lung capacity (TLC); c) ventilatory 
equivalent for CO2 at anaerobic threshold (V’E/V’CO2@AT) and d) Oxygen pulse (O2-pulse) for 
SCD patients with (TRV ≥ 2.5 m·sec-1) and without (TRV < 2.5 m·sec-1) evidence for pulmonary 
hypertension. 
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increased TRV). Based on CPET criteria (14), the other patients were limited in exercise capacity 

due to anaemia (n=17), cardiovascular dysfunction (n=2), impaired musculoskeletal function 

(n=10), pulmonary function abnormalities (n=1), and poor effort (n=3). 

  No significant correlation was found between TRV and V’O2-peak (Figure 2), or any of the 

other exercise parameters. Although mean V’O2-peak and mean oxygen uptake at the anaerobic 

threshold (V’O2@AT) were lower in the group of patients with PH, these differences did not 

reach statistical significance (p=0.097). Moreover, as there was a significant correlation between 

V’O2-peak and haemoglobin concentration (r=0.46, p<0.005), matching for haemoglobin 

concentration fully levelled out these small differences. In addition, O2-pulse as well as V’E/V’CO2 

at the anaerobic threshold, both reported to be deviant in various forms of PH (11-13;23) did 

not differ between SCD patients with or without echocardiographic evidence of PH (Figure 1). 

Multivariate linear regression analysis demonstrated V’O2-peak to be independently associated 

with both the haemoglobin concentration and the FVC (Model: r2=0.45, p<0.001; standardized 

β=0.48, p<0.001 and 0.31, p<0.05 respectively). When included in the model, genotype did not 

predict V’O2-peak. 

DISCUSSION

In this study, we assessed the prevalence and underlying pathophysiology of reduced exercise 

capacity in non-selected adult sickle cell patients; and studied to what extent pulmonary 

hypertension (as suspected by echocardiography) contributed to the observed decreased 

exercise capacity. Exercise capacity was reduced in 83% of the studied SCD patients. Multivariate 

linear regression analysis showed anaemia and pulmonary function impairment to be the most 

predominant factors contributing to the reduction in exercise capacity in these patients. We 

found, however, no significant association between any CPET parameter and the TRV. 

Figure 2  Relation between peak oxygen uptake (V’O2-peak) and peak tricuspid regurgitation jet flow 
velocity (TRV)
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Figure 2.  Relation between peak oxygen uptake (V’O2-peak) and peak tricuspid 

regurgitation jet flow velocity (TRV) 
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  According to the generally accepted criteria for interpretation of clinical exercise testing, 

pulmonary vascular limitation is likely when V’O2-peak and V’O2 at the anaerobic threshold 

are reduced, breathing reserve is normal or high, V’E/V’CO2 at anaerobic threshold is increased 

and O2-pulse is decreased (6;11-14). Individual interpretation of all exercise tests in our study 

showed a pulmonary vascular limitation in one SCD patient only. This finding is in contrast with 

a previous study by Callahan and co-workers, showing a pulmonary vascular limitation in 11 

out of 19 selected female SCD patients. Anaemia, the most common cause of exercise limitation 

in our patients, was the sole cause of exercise limitation in only 3 out of 19 patients (24). Since 

Callahan and co-workers reported neither the prevalence nor the severity of PH, it remains 

unclear whether the pulmonary vascular limitations were PH-related. 

  As anaemia was the most common cause of exercise limitation in our patients, it is not 

surprising that V’O2-peak was significantly related to haemoglobin concentration. TRV and 

CPET parameters, on the other hand, were found to be poorly correlated. Even more, when 

divided into groups with and without echocardiographic evidence for PH, bases on the TRV 

cut-off value of 2.5 m·sec-1, no differences between groups were found in exercise capacity 

or any other exercise parameter. Anthi and co-workers recently reported a significantly lower 

exercise capacity in SCD patients with PH as opposed to patients without PH matched for 

haemoglobin concentration (25). In our view, this apparent discrepancy with our findings may 

be explained, at least in part, by the fact that a highly selected and older patient population 

was studied, characterized by moderate-to-severe PH, whereas patients in our study were 

almost exclusively characterized by evidence for mild PH at the most. Interestingly, Anthi et 

al. also reported that 50% of their PH patients appeared to have an elevated TRV secondary to 

pulmonary venous hypertension (25). In SCD, left ventricular hypertrophy is inversely related 

to the degree of anaemia, and an increased left ventricular mass was demonstrated to be 

positively correlated with right ventricular pressures (26). Taken together, it might be suggested 

that, at least in some of the SCD patients, PH is secondary to anaemia-induced left ventricular 

hypertrophy caused by high cardiac output. In the line with this observation, recently a large 

prospective multicenter study was performed, in which 403 patients with SCD were analysed 

for PH by echocardiography. Although 96 patients appeared to have an elevated TRV (≥2,5 

m/s) in only 24 patients pulmonary arterial hypertension was confirmed by angiography. In all 

other patients the elevated TRV was explained by post capillary PH or hyperdynamic circulation 

(27). As both heart and lung are trapped in the narrow space of the thorax, an increase in heart 

size by anaemia-induced left ventricular hypertrophy may lead to a decrease in lung volume. 

This mechanism might explain the relation between the pulmonary function parameters and 

exercise capacity, as well as the decreased lung volumes in patients with increased TRV in the 

present study. 

  As in our study, PH in SCD is usually mild and closely related to the severity of anemia (3). 

At the same time, the increased mortality observed in SCD patients with PH does not seem to 

be related to the severity of PH (3). As death of SCD patients with mild PH often occurs as the 
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result of other SCD-related complications rather than right heart failure or sudden death, it 

might be hypothesized that mild PH merely reflects the severity of the systemic vasculopathy 

and as such predicts an increased risk of death, rather than being causatively linked (3;28). As 

such, a restrictive pulmonary function defect, reduced exercise capacity, evidence for PH and 

anaemia may all represent related markers of severity of disease in SCD patients. 

  A few methodological aspects of our study need comment. Firstly, the relatively small 

number of patients needs to be taken into account and therefore our findings need to be 

confirmed in a larger cohort. Secondly, right heart catheterization remains the gold standard 

diagnostic test for PH and is indeed recommended in SCD patients with moderate-to-severe 

PH. The criteria used in this study to define the presence of PH are generally used and validated 

in SCD patients. However, in view of the relatively low specificity of the used cut-off level (29-

31), by doing so we may have included patients without pulmonary hypertension. Since we 

wished to study whether exercise limitation during CPET in SCD patients could be attributed to 

a pulmonary vascular limitation related to the presence of pulmonary hypertension, we do not 

feel that the lack of right heart catheterization would significantly affect our results.

  In conclusion, in the present study we demonstrate that anemia and pulmonary function 

impairment, rather than pulmonary hypertension are responsible for the reduced exercise 

tolerance observed in unselected SCD patients. There was no relation found between an 

increased TRV and any CPET parameter. As such, CPET was unable to discriminate between 

SCD patient with and without PH, which questions the usefulness of CPET as a tool for early 

detection of PH in SCD. Our findings underline that reduced exercise capacity is prevalent in 

patients with SCD and is related to anemia and pulmonary function. In contrast to primary 

pulmonary hypertension, reduced exercise capacity in SCD is not explained by pulmonary 

vascular exercise limitation. 
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