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INTRODUCTION 

STATEMENT OF PROBLEM 

Sickle cell disease (SCD) comprises a group of genetic disorders of hemoglobin 

that affect more than 70,000 Americans and is associated with increased 

morbidity and health care cost (1 ). With improved medical management, 
// 

· individuals with SCD are now surviving well into adulthood. However:'' adults with 
.~-:· 

SCD are often sedentary and because of medical conserva~ishl are frequently 

discouraged from exercise for fear of precipitating acute vasoocclusive or painful 

episodes. A review of the literature revealed little baseline data on· perceived 

health status and well-being, physical ~itness (cardiovascular and muscular), and 

body composition in adults with SCD. It is currently unknown whether exercise 

or physical training (PT) will have beneficial, adverse, or no effect in SCD 

patients. As a result, exercise recommendations for adults with SCD are vague, 

and implementation and effectiveness of PT have not been reported. Moreover, 

there are no reports on the effects of controlled PT on perceived health status, 

physical fitne.ss, and ·body composition parameters in patients with SCD. 

The effect of exercise on inflammatory mediators (i.e., tumor necrosis 

factor-alpha [TNF-a], interleukin - 6 [IL-6], and C-reactive protein [CRP]) and 

vasoactive mediators (i.e., nitric oxide metabolites [NOx] and endothelin-1 [ET-1]) 

has not been rep~rted in patients with sickle cell anemia (SCA). Since changes 

in these pa~ameters· may influence the occurrence of vasoocclusi,ve episodes by 

increasi.ng adhesion of , erythrocytes to the endothelium and by other 
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mechanisms, such as vasoconstriction, it is important to clarify changes that may 

occur with exercise. 

Physical training holds the promise of allowing patients with SCD to 

preserve functional capacity and improve their quality of life, as has been 

reported for other chronic diseases. Yet, there are no reported studies assessing 

the implementation and effectiveness of PT in adults with SCD. The study 

reported in this thesis provides new information concfrning the impact of 

controlled PT on fitness and well-being in women with S(?D. It also provides new 

information on the effects of three consecutive days of ,;exercise, which might be . 

used in a standard PT program. this project is a first step in the assessment of 

the role of regular exercise for SCD patients. 

STATEMENT OF HYPOTHESES 

The following hypotheses wete proposed:· 

1. At baseline, women with SCD would be deconditioned as determined by low 

cardiovascular fitness and strength. 

2. Because of a high metabolic rate associated with elevated bone marrow 

erythropoiesis and protein metabolism, SCD patients are normally lean in 

appearance. Therefore, it was expected that they would have a low percent 

of body fat. 

3. Perceived physical functioning would be positively correlated with peak 

oxygen consumption (VO2), strength and percent-body fat. 

4. The patients would derive beneficial effects of regular PT as indicated by 
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■ Improved health status and well-being (RAND SF-36 health status survey) 

■ Increased physical fitness (peak VO2 and muscle strength) 

■ Improved body composition (lower percent body fat, higher fat-free soft 

tissue, and higher bone mineral density). 

5. Because of chronic low-grade inflammation and/or vascular dysfunction 

women with SCA would have an altered response to acute bouts of exercise. 

Specific hypotheses included the following: 

■ Baseline TNF-a, IL-6, CRP, NOx, and ET-1 concentrations would be 

higher in women with SCA tha_n in Controls. 

■ Hepeate~ bo_uts of exercise would lead to progressively higher levels of 

inflammatory mediators (TNF-a, IL-6, and CRP) in wome~ with SCA 

compared to Controls; that is, on Day 2 and Day' 3 the -levels would be 

progressively higher than on Day 1. 

■ After acute bouts of exercise there would be an increase in NOx·and ET-1 

levels for both women with SCA and Controls. 

■ Repeated bouts of exercise would have cumulative effects on NOx levels 

in women with SCA compared to Controls; that is, on Day 2 and Day 3 the 

pre-exercise levels would be progressively higher than on Day 1. 

■ Repeated bouts of exercise would not have a cumulative effect on ET-1 in 

women with SCA or in Controls; that is, the pre-exercise levels wo~ld be 

similar on all three days (Day 1, Day 2, Day 3). 
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REVIEW OF LITERATURE 

Overview of Sickle Cell Disease 

Sickle hemoglobin (HbS) results when thymine is substituted for adenine 

(GAG➔GIG) at codon six of the p-globin gene. This base transversion results in 

valine, a non-polar, hydrophobic amino acid being substituted for glutamic acid, a 

polar, hydrophilic amino acid (Figures 1 and 2). When HbS is fully oxygenated 

there are few structural differences between HbS and normal hemoglobin (HbA). 

However, when HbS becomes deoxygenated a conformational change occurs 

decreasing the solubility of the hemoglobin molecule. The decreased solubility 

allows the HbS molecules to form rigid polymers within the cell. Thus, the shape 

of the erythrocyte is distorted, changing from that of a normal biconcave disc to 

that of a 'sickle' (Figures 3 and 4). Upon reoxygenation the erythrocyte 

containing HbS resumes the normal shape (reversibly sickled cells}. As a 

consequence of ·t~peated cycling between the oxygenated and deoxygenated 

configuration,· there is permanent damage to the cell membrane (irreversibly 

sickled cells) and the cell is destroyed (hemolyzed). This hemolysis shortens the 

lifespan of the erythrocyte (normal erythrocyte lifespan 120 days, sickled 

-eryt_hrocyte lifespan 1_0-14 d~ys) and results in chro·nic.hemolytic anemia (2-4). 

The term SCD comprises a group of HbS disorders, including the four 

most common forms in the United States: sickle cell anemia (HbSS; SCA), 

sickle-C disease (HbSC), HbSp0 thalassemia, and Hbsp+ thalassemia. 

Individuals with SCA are homozygous for the sickle beta globin gene (P8
), 

whereas individuals with sickle-C disease have two mutated beta globin genes . 
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Figure 1.. The intermolecular c_ontact region between the mutant f36va, globin 

and the normal f36
Glu globin. The top panel illustrates that the f36

va, forms a 

hydrophobic poc_/(et with f385
Phe and f388

Leu of an a~jacent hemoglobin molecule 

(Hb) allowing HbS to polymerize. The bottom panel illustrates that the normal 

f36
GJu residue does not permit the same contact geometry as the f36

va,_ Adapted 

from Schechter et al (5). 
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Figure 2. The three-dimensional structures of HbA and HbS molecules. 

The three-dimensional structures for normal adult hemoglobin (HbA) and sickle 

hemoglobin (H_bS) -::were generated from. published x-ray crystallographic 

coordinates using Sybyl molecular .modeling software. The heme molecules are 

colored pink and the amino acids at the sixth position are yellow in color. 

r 
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Figure 3. The polymerization process of hemoglobin S (HbS). When HbS 

becomes deoxygenated the HbS molecules polymerize. The polymers consist of 

14-strand fibers that distorl the shape of the erythrocyte membrane, changing its 

normal biconcave disc shape to a number of other shapes such as granular, 

holly-leaf, and the classic sickle shape. Adapted from Besa.et al (6). 
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Figure 4. Micrographs illustrating morphological differences between 

normal and sickle erythrocytes. Plate 1 shows a blood smear from an 

individual with normal erythrocytes. Plate 2 shows a blood smear from an 

individual with sickle cell anemia. Sickled red blood cells scattered throughout 

the smear are pointed and elongated. 

Plate 1 Plate 2 
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(~
8 and ~c) that produce two different abnormal hemoglobin molecules (HbS and 

HbC). Persons with sickle ~ ·thalassemia· al.so have two mutated beta globin 

genes (~8 and-~ thalassemia). HbS~0 thalassemia results· when the beta glo.bin 

gene does not produce any beta globin. HbS~+ thalassemia occurs if the 

thalassemia gene produces some normal beta globin. 

The most prevalent form of SCD in the United States is sickle cell anemia, 

with an estimated prevalence of 1 in 375 African-American live births (1 ) .. SCD is 

characterized by i) production of HbS, ii). chronic hemolytic anemia, and iii) acute 

and chronic hypoxic tissue damage due tb vasoocclusion. It is known that the 

mechanism of vasoocclusion includes polymerization of HbS, but it is a complex 

process that is not clearly understood. It is thought that vasoocclusion involves a 

number of i~terrelated processes. These processes involve a shift in the balance 

between stimulation and antagonism of blood-borne factors that maintain normal 

vascular integrity. Adhesion proteins and inflammatory and vasoactive mediators 

play an important role in promoting the abnormal adherence of sickle 

erythrocytes to endothelial cells (7-11). Adherence to endothelial cells may lead 

to blockage of blood flow resulting in ischemia. Figure 5 illustrates several 

pathways leading to vascular obstruction. 

The hallmark of SCD is the acute vasoocclusive episode, otherwise known 

as the acute painful crisis. Painful crises are generally caused by the obstruction 

of blood flow to small blood vessels supplying richly innervated, cortical b_one. 
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Figure 5. The interdependence of risk factors for vasoocc/usion. This 

figure illustrates that the processes leading to vasoocclusion are highly 

· dependent on one another and cannot be thought of as exclusive pathways. 

Adapted from Embury et al (9). 
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While pain due to. bone infarction is the most common clinical . manifestation, 

subclinical vasoocclysion can occur in other organs throughout the body (i.e., 

heart, kidney, liver, lungs, spleen, and retina). 

In the United States, SCD most commonly affects African-Americans. 

However, SCD is the most common hemoglobinopathy in the world and is also 

found in persons of African, Arabian, Caribbean, Central and South American, 

Mediterranean, and East Indian ancestry (1 ). There is heterogeneity in the 

clinical course within and between genotypes. SCA and HbSp0 thalassemia tend 

to have more severe clinical manifestations than sickle-C disease and Hbsp+ 

thalassemia (12). Adults with SCD share many characteristics of people with· 

other chronic diseases including: psychosocial problems such as increased 

depression; increased health care utilization; significant . morbidity; and early 

mortality (13, 14). 

The life expectancy for patients with SCD has increased dramatically over 

the past twenty-five years. On. the basis of autopsy reports, in 1973 the median 

life expectancy for persons with SCA was estim·ated · to be. 14.3 years; 20% of 

these deaths· occurred before age 2 yearsj15). Persons ·with SCA are living 
: ', 

longer due to advances in newborn screening, pediatric management, and new 
'· 

drug therapies,_. In 1989, the Cooperative Study of Sickle Cell Disease reported 

that approximately 85% of patients with SCA lived to age 20 years (16). By 

1994; the median life expectancy for patients with SCA was 45 years (42 years 

for males and 48 years for females) (17), and it is even greater for the other 
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sickle diseases. With increasing age, SCA is associated with increased 

morbidity and functional disability due to sickle cell-related complications (17). 

With an increase in life expectancy, enhancing the quality of life and daily 

functioning of adults with SCD has become an important component of patient 

management. These patients have lower scores for perceived well-being on 

standardized surveys when compared to patients with other chronic diseases, 

suggesting that the ·psychological benefits of PT may be important in improving 

health status (18-21 ). In addition, PT may be important in improving physical 

functioning since adults with SCD are often sedentary. their sedentary lifestyle 

may result from sickle cell-related-- complications such as fatigue, avascular 

necrosis, leg ulcers, childhood stroke, and chronic sickle lung disease. 

Furthermore, because of medical conservatism patients with SCA are frequently 

discouraged from exercise for fear of precipitating acute vasoocclusive episodes. 

Pathophysiological abnormalities of SCD that may affect exercise tolerance 

To understand factors that may limit exercise capacity or increase the risk of 

sickle cell-related complications, it is important to examine the pathophysiological 

abnormalities that may occur with SCD. The limitations to exercise in SCD can 

be divided into five major categories: anemia, pulmonary disorders, 

cardiovascular dysfunction, chroni'c inflammation, and vascular dysf4nction. 
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. Anemia 

Anemia results when there is a decreased number of circulatfng erythrocytes or 

hemoglobin in the blood. Due to increased erythrocyte destruction (hemolysis) 

patients with SCD develop chronic anemia. For example, a normal hemoglobin 

level is 12-16 .gm-dl-1
, while those ·with HbSS; HbSC, and HbS~ thalassemia 

have hemoglobin· levels of 6-8 gm-dl-1
, 10-15 gm-dL~\. and 6-12 gm-dL-1

, 

respectively. The reduction in circulating erythrocytes decreases oxygen (02). 

carrying capacity, since > 98% of 02 is transported bound to hemoglobin in the 

erythrocyte. Therefore, to maintain adequate 0 2 delivery to the tissue increased 

02 unloading occurs ·at a given 02 partial pressure (pO2). Increased 02 

unloading is caused by intracellular polymerization of HbS, increased 2,3-

diphosphoglycerol (DPG) concentrations (22), and decreased intracellular pH, all 

of which shift the oxygen disassociation curve to the right (Figure 6). In addition,· 

increased cardiac output and respiratory rate help to maintain 0 2 delivery to the 

tissue. 

During exercise, muscle contractions increase metabolic rate and 02 

consumption. If the delivery of 0 2 to the muscles is insufficient, anaerobic 

metabolism occurs and lactic acid accumulates. Compared to healthy 

individuals, blood lactate concentrations rise· at lower work rates in patients who 

have illnesses characterize~ by inadequate 02 delivery (23, 24) such as SCA . 
. . 

The impaired 0 2 transport capacity in patients with SCA results in a lower peak 

VO2, earlier onset of lactate production in a multi-stage · exercise test, and 

delayed lactate clearance compared to healthy controls (25). 
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Figure 6. Oxygen-hemoglobin (oxy-Hb) dissociation curve. The oxy-Hb 

curve can shift to the right or the left. An increase in 2,3 diphosphoglycerol 

(DPG), temperature, Pco2, or r( ions (decrease pH) will shift the curve to the 

right. A shift in the curve to the right allows mo,re 02 to be liberated for a given 

decrease in P02, which allows more 02 to be freed from hemoglobin. Adapted 

from Sherwood (26). 
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Pulmonary disorders 

Pulmonary complications are the leading cause of morbidity and mortality in SCD 

patients (27). Acute complications include pneumonia, acute chest syndrome, 

pulmonary edema, and bone infarctions to the ribs and sternum (28)~ Acute 

chest syndrome is the most life-threatening of the acute pulmonary complications 

but its etiology remains unclear; it is probably due to a combination of 

vasoocclusion, infection, and fat emboli. Chronic_ pulmonary complications 

include chronic sickle lung disease, pulmonary hypertension, and possibly 

thrombosis of large pulmonary arteries (28). Sickle chronic lung disease is 

characterized by progressive dyspnea, exercise intolerance, and hypoxemia. It 

may result from repeated episodes of both acute and chronic microvascular 

events (27). 

In addition, due to growth abnormalities associated with SCD the lateral 

chest diameter in patients with SCD is often smaller than in healthy subjects (29). 

Since chest shape affects lung volumes, it is not unexpected that pulmonary 

function studies indicate a restrictive ventilatory impairment and lower total lung 

capacity, vital capacity, and functional vital capacity in people with SCD 

compared to healthy subjects (30, 31 ). 

The pulmonary vascular bed usually has a large reserve capacity in order 

to adjust for chan·ges in cardiac output such as those occurring during exercise. 

In SCD patients, much of the_ reserve capacity is already used due to the 

elevated cardiac output, which suggests :exercise may increase pulmonary 

~rterial pressure and right ventricular work in patients with SCD (32). 
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Cardiovascular dysfunction 

To compensate for the chronic anemia of SCD, there is an increase in cardiac 

output (cardiac 'output = heart 'rate * stroke ~~lume) an& respiratory rate at rest 

(33, 34). The increase in cardiac output is associated with a minimal increase in 

heart rate, but a substantial increase in stroke volume (33, 35), due to plasma 

volume expansion. Furthermore, the increase in volume that occurs to 

compensate for chronic anemia leads to alterations in cardiac structu"re and 

function in patients with SCD (35-40). The Cooperative Study of Sickle Cell 

Disease found elevated right ventricular, left ventricular, left atrial chamber 

dimensions, and increased interventricular wall thickness (41 ). These 

investigate.rs also found that left ventricular dilatation was inversely related to 

hemoglobin and left ventricular dimension increased with age (41 ). This finding 

suggests that age may be an important factor in the development of 

cardiovascular changes in SCD (41 ). Studies examining cardiac function in 

adolescents with $CD found decreased ventricular filling as well as a decreased 

heart rate and blood pressure response during exercise compared to age

matched black subjects (36, 37). 

Chronic inflammation 

Inflammation is the local accumulation of fluid, plasma proteins, and leukocytes 

initiated by physical injury, infection, or a local immune response. Pain, redness, 

heat, and swelling characte'rize inflammation. The r~dness, heat, and swelling 

occur due to increases i.n vessel diameter and permeability leading to increased 
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· local blood flow, leakage of fluid, and a reduction in the velocity of flow. The pain 

associated with inflammation is caused by the migration of leukocytes into the 

tissue and their local actions (Figure 7). 

Inflammation affects the vasculature in two ways. First, the increase in 

vessel diameter slows blood flow allowing leukocytes to interact with the vascular 

endothelium (42). Second, inflammatory mediators, released mainly from 

macrophages, upregulate the expression of endothelial adhesion molecules such 

as intercellular adhesion molecules, v~scular cell adhesion molecules, platelet

endothelial cell adf)esion molecules, · and E-sele·ctin .· to allow for more precise 
...... 

trafficking (11 ). Such upregulations enhance the already increased adherence of 

sickle· erythrocytes to microvascular and large vessel endothelial cells. This 

upregulation of. adhesion molecules results in an increased transit time of 

erythrocytes, whi9h may enhan_ce deoxygenation and polyme'rization of HbS (11, 

43, 44). Therefore, the interactions between endothelial cells and erythrocytes 

play an important role in vasoocclusion and end organ ischemia in SCD (44). 

Many cytokines are produced locally in response to tissue injury. For 

example, TNF-a plays an important role in keeping infections localized. TNF-a 

stimulates the expression of adhesion molecules from platelets and .endothelial 

cells resulting ·in local vasoocclusion leading to containment of infection. TNF-a 

also activates neutrophils and stimulates . macrophages to produce other 

cytokines (42). 

IL-6, another cytokine, . is released in response to tissue damage or 

trauma. IL-6 acts· on hepatocytes to stimulate the production of acute phase 
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Figure 7. Interactions between leukocytes and adh~sion molecules 

induced by monokines. The top panel illustrates reversible binding of 

carbohydrate ligands on the leukocytes to selectins on the endothelium. This 

bond is weak, and the shear force of the blood flow will break contact allowing 

the le(!kocyte to roll along the endothelium. The bottom panel il~ustrates stronger 

interactions that occur as a result of the increase in intercellular adhesion 

molecules (ICAM-1) on the endothelium and counter receptors, such as 

lymphocyte function-associated antigen-1 (LFA-1) on leukocytes. Tight binding 

occurs, and the molecules stop rolling and are squeezed between the endothelial 

cells (extravasation). Finally, the leukocyte migrates along. the concentration 

gradient of chemokines to the site of infection. Adapted from Janeway and 

Travers (42). 
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proteins and serves as a growth factor for activated B cells. Some studies have 

found higher TNF-a and IL-6 levels in individuals with SCD compared . with 

healthy controls (8, 45-48). TNF-a and IL-6 are both important in the initiation of 

the acute phase response (APR). 

The APR is a nonspecific and rapid inflammatory response that results 

from· tissue injury and serves t_o remove and repair tissue (49, 50). The APR 

increases the release of acute phase proteins (i.e., · CRP) from the liver. C

reactive protein, which mimics antiboqies, ·is a fast reacting ·acute phase protein 

synthesized by hepatocytes thaf r~~~hes peak levels 24-48 hours after ·injury and 

may increase 3,000-fold during inflammation (50). CRP functions as a 

nonspecific opson_in to increase phagocytosis of bacteria and activate the 

complement cascade (51, 52). 

Studies of CRP levels during steady state, a ti.me of no apparent clinical 

complications, in SCD are conflicting. Several studies have reported normal 

steady state CRP concentrations (53, 54), whereas others have reported that 

CRP levels are significantly elevated during steady state, suggesting that 

patients with SC~ might have chronic lqw~grade inflammation (50, 55-57). All 

these studies have reported elevated CRP levels during painful crises, 

suggesting further that elevated inflammatory mediators may result from 

subclinical vasoocclusion (46). 

No studies in SCA patients have reported the effects of exercise on 

inflammatory mediators. In healthy individuals, reports are conflicting concerning 

t.he response of TNF-a, IL-6, and CRP to exercise (58-65). In general, moderate 
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to high intensity exercise and/or prolonged exercise cause TNF-a, IL-6, and CRP 

concentrations to increase (60-63, 65-68). It is unclear whether exercise may 

also increase inflammatory proteins and initiate vasoocclusion in SGA patients. 

Vascular dysfunction 

Endothelial cells are involved in the control of vascular tone and homeostasis by 

regulating smooth muscle tone. Endothelial cells are important regulators of the 

contractile status· of vascular smooth muscle by constitutive and regulated 

expression of vasodilators (i.e., nitric oxide [NO]) and induced expression of 

vasoconstrictors (i.e., endothelins) (69). At rest, vasodilators and 

vasoconstrictors contribute in producing optimal vessel diameter. The 

interactions between these vasoactive mediators are antagonistic. Perturbations 

in blood flow such as those at the site of inflammation or high dynamic shear 

stres~ may modify the release: of these vasoactive mediators and alter vascular 

tone. 

Sickled erythrocytes affect the vascular endothelium by disrupting local 

vasoregulatory mechanisms, damaging the .endothelial cells lining blood vessels, 

and adhering to blood vessel walls (70). Circulating endothelial cells are 
. . 

elevated in patients with SCD reflecting a state of chronic vascular injury {71). 

Abnormal control of local vascular tone during steady state conditions and during 

sickle cell crises have been reported (70). During steady state, vasodilation is 

elevated and there is low vascular resistance; during a crisis, there is decreased 

·vasodilation and increased vascular resistance (32). f\(laintenance of an 
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appropriate balance between vasodilation and vasoconstriction is important for 

normal vascular function. 

Nitric oxide, an endothelium-derived relaxing factor, is a potent 

vasodilator. Because it has such a short half-life (5-1 O seconds) (72), the stable 

end products of NO catabolism, nitrates and nitrites (NOx), are usually 

measured. NO synthase (NOS) converts L-arginine into NO and L-citrulline 

(Figure 8). Three forms of NOS have been identified-and classified according to 

where they were isolated: neuronal (nNOS or NOS I}, inducible (iNOS or NOS II}, 

and endothelial (eNOS or NOS Ill). Endothelial-derived NOS is upregulated by 

exercise, shear stress, hypoxia, and ischemia (73, 74), whereas cytokines 

upregulate iNOS (75). 
,, 

During steady state, NOx concentrations are significantly higher in SCD 

patients than in control subjects (76). NOx concentrations have been reported to 

vary during vasoocclusive events, with elevated NO levels being associated with 

lower perceived pain scores (77). The production of superoxide inactivates NO 

and causes oxidant damage, both of which may contribute to vasoocclusion in 

SCD patients. In vitro studies revealed that mononuclear cells from individuals 

with SCA release more superoxide than healthy control subjects (78). This 

release may decrease the effects of NO, resulting in an abnormal response to 

exercise . 

. Animal studies have shown that exercise training can increase NOS gene 

expression--in the endothelial cells of conducting arteries (79, 80). Exercise may 

up-regulate NOS gene expression and thereby affect NO production, which 
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Figure 8. A model of the regulation of guanylate cyclase in a smooth. 

muscle cell by nitric oxide formed in a neighboring cell. Receptor and non

receptor mediated mechanisms can increase intracellular calcium concentrations 

(Ca2+) in the endothelial cells. When intracellular Ca2+ is in9reased, it binds with 

calmodulin to form a Ca-calmodulin complex. This complex activates nitric oxide 

synthase {NOS), which converts .L~arginine into L-citrulline and nitric oxide (NO). 

NO can then active guanylate cyclase (GC), which converts GTP to cGMP 

causing the smooth muscle cells to relax. NO can also act on guanylate cyclase 

within the same cell. Adapted from Rang et al (8 7 ). 
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may partially explain the vascular adaptations seen in aerobic training (82). 

However, it has not been determined in humans whether PT will enhance 

endothelium-dependent vasodilation. In addition, these vasodi!ators were only 

increased during the initial phases of exercise training; once adaptations to 
I 

exercise occurred, they returned to resting pretraining levels (83}. 

Hydroxyurea, a cytotoxic agent that inhibits ribonucleotide reductase, is 

the first clinically accepted drug shown to prevent painful crises in adults with 

:sco. · By turning on th~ gamma (y) globin gene, hydroxyurea increases the 

percentage of fetal hemoglobin (HbF; a2v2). . Fe,tal hemoglobin inhibits 

intraerythroid si~kling of HbS ·(84). ·. Treatm~nt with hy~roxyurea · leads to a 

reduction in the number of vasoocclusive episodes (85). In addition, ~ydroxyurea 

metabolism increases methemoglobin. and the releas·e ~f NO, which may have 

beneficial effects and help explain the clinical benefits of hydroxyu.rea before HbF 

increases (86, 87) .. Other. mechanisms of action for hydfoxyurea are also being 

examined. 

Three isoforms of endothelin exist, ET-1 being the most potent 

vasoconstrictor (88). Researchers in several studies have found that patients 

with SCD have higher circulating plasma ET-1 concentrations than controls (89-

91 ). The role of ET-1 in exercise has not been clearly defined. Some 

investigators have found that plasma concentrations of ET-1 levels increase after 

exercise (92-94) peaking 30 minutes after exercise (93, 95), but this increase in 

ET-1 has not been found in all studies (96, 97). These variable findings 

concerning the response of ET-1 to exercise may be influenced by the time the 
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blood was drawn and whether it was drawn from an .exercising or non-exercising 

limb, factors that were not clearly defined in these reports. Fo"r example, ET-1 

does not increas~ in the exercising muscles but does increase in the non

exercising muscles, suggesting that ET-1 plays a role in the redistribution of 

blood flow during exercise (92). 

Effects of PT in related pathophysiologic conditions 

Physical activity is defined as "any bodily movement produced by skeletal 

muscles that results in energy exp_enditure" (98). Because physical activity 

effectively reduces morbidity due to all causes in the general population, it is 

recommended that "every US adult should accumulate 30 minutes or more of 

physical activity on most, preferably all, days of the week" (99). PT for this study 

was defined as regular physical activity periormed for a set duration, frequency, 

and intensity to improve or maintain well-being and physical fitness. 

Although it is clear that regular moderate-intensity exercise enhances 

physical fitness and quality of life in people with various chronic diseases (100), 

there are no studies reported in the ,literature evaluati~g the safety and 

effectiveness of PT in SCD patients. PhysiologicaJ changes associated with 

exe_rcise · in · healthy individuals inc_lude · regional hypoxia~ . laciic acidosis, 

hypertonicity, and hyp.erthermia .. · These changes lead to justifiable concern that 

exercise in individuals with SCD may increase sickle cell-related complications, 

particularly painfµI vasoocclusive episodes (101 ). 
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In a retrospective study, Kark and Ward (102) reported a 28 to 40-fold 

increased risk of exertion-induced sudden death in military basic training recruits 

with sickle cell trait (HbAS),, a condition in whic.h only one HbS gene is inherited. 

In addition, isolated cases of exercise-related sudden death in persons with 

HbAS have occurred with extreme exertion and high· altitude training (102-104). 

In patients· with HbAS, collapse and sudden death during extreme exertion are 

typically associated with rhabdomyolysis (muscle breakdown), heat stroke, and 

cardiac arrhythmia (101, 105, 106). Yet, HbAS does not appear to completely 

preclude participation in competitive sports, as evidenced by the fact that some 

professional athletes have HbAS (107, 108). As of 1996, there were no known 

reports of sudden death during exercise in females with SCD and few reports of 

sudden death beyond basic training and preseason sports training in males with 

HbAS (103). While the military does exclude patients with SCD, it does not 

exclude patients with sickle cell trait. Military training has been altered to limit 

strenuous exercise in extreme conditions (for example, limiting water in untrained 

individuals) in individuals with sickle cell trait. 

Nuss et al. (109) examined physiological and metabolic responses that 

could contribute to sudden death, during exercise in persons with HbAS. They 

did not find differences in resting pulmonary function and maximal 

cardiopulmonary exercise testing in males with HbAS and matched controls. In 

addition, myoglobinuria was not detected, suggesting that more than one bout of 

intense exercise was necessary to cause rhabdomyolysis (109). These 

investigators concluded that chronic exposure to high altitude did not impair 
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cardiopulmonary performance in HbAS compared to healthy control subjects 

(109). However, another study reported that sickling increased significantly 

during maximal exercise at an altitude of 1270 meters (110). At 4000 meters, 

sickling increased dramatically, but did not affect overall performance as 

determined by peak V02 and anaerobic threshold (110). However, there is no 

direct evidence that exercise-related death in persons with HbAS involves the 

pathogenesis of microvascular obstruction, nor is there · evidence that these 

deaths are related to the typical acute lite-threatening· complications of SCD 

(102). 

Research in patients with other debilitating and chronic diseases has 

shown that PT provides important physiological and psychological benefits (111 ). 

, Exercise studies in patients with end-stage renal disease, a chronic debilitating 

condition, showed that patients had poorer exercise tolerance than controls 

(112). Conditions in renal patients that might limit exercise tolerance_ are anemia, 

abnormal peripheral metabolism, ventricular dysfunction~ and physical 

deconditioning (113). These conditions are also found in SCD patients. In renal 

patients, regular exercise increased V02, decreased blood pressure, decreased 

triglycerides, reduced. depression, and increased. erythrocyte mass with no 

char:ige in plasma volume (113-115). Inasmuch as the exercise-tolerance 

limitations may be similar in both groups, regular exercise might also provide 

beneficial changes in SCA patients. 

Fatigue, a symptom of SCD, is also common in patients with cancer (116). 

In cancer patients, low hemoglobin levels may contribute to fatigue, decreased 
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quality of life (117), negative mood (118), and decreased physical functioning 

(119, 120). As PT helps reduce fatigue in patients with cancer (116, 121, 122), it 

may also help to decrease fatigue in patients with SCD. 

A decrease in muscle strength and endurance with aging may be largely 

attributed to a sedentary lifestyle and muscle disuse. Similar responses may 

occur in adults with SCD as they are gene~ally sedentary. Light resistance 

training has been shown to increase muscle strength and improve performance 

in daily Hving activities in elderly women (123). In elderly subjects, strength 

training improved walking endurance and leg strength (124); it also increased fat

free mass (125). In postmenopausal women, high-intensity resistance training 

preserved bone density and improved muscle mass (126). Endurance PT in 

older men and women decreased heart rate, ventilation, respiratory quotient, and 
. . 

' . ' . 

blood lactate concentrations · at similar · absolute work rates (127). . Physical 

training may ·benefit patients with SCA by helping to maintain muscle mass and 

functional capacity, as it does fo_r elderly people. 

Finally, in patients with degenerative disease, . such as · human 

immunodeficiency virus (HIV), it has been ,shown that PT may slow the 

progression of the disease and improve physiological, psychological, and 

immunological measures (19, 128). Both aerobic and resistance training 

increased strength, lean muscle mass, and peak VO2 in pat"ients with HIV (129). 

LaPerriere et al. (128) suggest that integrated exercise· training, which includes 

both aerobic and resistance training, may be beneficial in helping to maintain 

psychological and health status in HIV patients. PT may also aid in combating 
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the wasting process associated with advances in HIV (130, 131). Similarly, 

moderate PT may help maintain physical functioning and well-being in patients 

with SCA. 

OBJECTIVES OF STUDY 

There are no reported studies assessing the effects of PT in SCD patients. Yet, 

SCD affects thousands of African-American females in the United States. 

Women with SCD are living longer, but they have poor perceptions of their health 

status and well-being. Although SCD patients may experience the benefits 

related to PT, possible deleterious effects such as precipitation of painful 

vasoocclusion and subclinical vasoocclusion with resultant end organ damage 

may occur. Despite the potential negative side effects, it is important to 

investigate the potential beneficial effects of PT on the well-being and the 

physical functioning in these individuals. Therefore, the following specific aims 

were proposed for this study: 

• To determine baseline physical fitness and body composition in women 

with SCD. 

• To determine if perceived physical functioning correlates with peak VO2, 

strength, and percent body fat. 

• To determine if implementation of a PT program was possible for women 

with SCD. 

• To determine the beneficial or adverse effects of PT iri women with SCD. 
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• To determine if inflam·matory and/or vasoactive mediators are altered by 

three cons~cutive daily bouts of exercise in women with SCA. 
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METHODS USED TO TEST HYPOTHESES 

This project had two components: i) a 3- to 6-month PT study that examined the 

effects of exercise on health status, physical fitness, and body composition; and 

ii) a 3-day study that examined the acute effects of exercise on selected 

inflammatory and vasoactive mediators. The methods are presented in the order 

in which events occurred. 

THE EFFECTS OF PHYSICAL TRAINING ON PERCEIVED HEALTH STATUS, BODY 

COMPOSITION, AND FITNESS 

Recruitment of subjects 

Study subjects were recruited through the Medical College of Georgia (MCG) 

Sickle Cell Center adult clinic, which prov.ides comprehensive ·medical care to 

approximately 600 adults throug~out · Georgia and adjacent South Carolina. 

Relatively healthy African-American women with $CD residing in the Augusta 

. metropolitan area ·were identified by Sickle Cell Center physicians as potential 

. candidates for the PT study. These patients were mailed letters informing them 

of the study. Those who responded were scheduled for an appointment at the 

Sickle Cell Center for a medical interview and review of the protocol with 

investigators. Follow-up telephone calls were made to non-respondents. 

Recruitment and PT implementation were carried out in two phases over a . 

two~year period. Phase I included 6 months of PT; the duration of PT in Phase II 

was shortened to 3 months to encourage subject compliance and post-testing. 

The inclusion criteria initially limited the study to subjects with SCA. Due to the 
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limited number of women with SCA residing in the Augusta metropolitan area, 

the inclusion criteria were broadened during Phase II to include complex 

heterozygous sickling disorders (HbSC and HbSp thalassemia). 

Twenty-four subjects w!th SCD (22 with SCA, 1 with HbSC, and 1 with 

HbSP thalassemia)" agreed to participate. Informed consent documents were 

s_igned in accordance with the procedures of the MCG Human Assurance 

Committee. · Exclusion criteria are listed in Table I. Significant valvular heart 

disease was defined as any valvular stenosis or regurgitation of greater than 

trace or mild as determined by a cardiologist. Two women were excluded based 

on analysis of baseline data: one had a hemoglobin concentration of 4.4 gm-dr1 

and chronic renal failure, and the other showed echocardiographic findings of 

moderate mitral regurgitation, dilated left atrium and ventricle, and frequent 

ventricular premature contractions. 

Measurements - Subjects served as their ~wn controls, i.e., they were tested 

before and after the PT intervention. Assessments before PT (pre-PT) included 
. . 

· medical history and physical examination, laboratory studies, ~ealth status and 

well-being survey (RAND SF-36),'·echocardiogram, pulmonary function test and 

cardiopulmonary exercise testing, body composition, and strength testing. PT 

lasted for 3 to 6_ months~ Asses.sments after PT (post-Pl) included all of the pre

PT measurements with the exception of the pulmonary function testing and the 

echocardiogram. See Figure 9 for the study design and testing order. 

31 



Table I. Criteria for exclusion from the physical training program. Due to 

the relativeiy high risk of complications in patients with sickle cell disease, the · 

inclusion criteria were strict. 

Exclusion Criteria . 

Age <18 or >60 y 

History of stroke. 

Avascular necrosis with limited physical functioning 

Debilitating leg ulcers 

Pregnancy 

Serious cardiac arrhythmias 

Electrocardiographic changes consistent with ischemia or. infarction 

Echocardiographic evidence of significant valvular heart disease, right 
ventricular dysfunction, pericardia! disease or primary cardiomyopathy 
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Figure 9. Physical training (PT) study design. N represents the number of 

subjects that completed all of the baseline testing and all of the post-testing. 

Baseline testing 6mc er 
► Post-testing Phase I 

(n=10) (n=4) 

Phase II Baseline testing 3mc er 
► Post-testing 

(n=7) (n=4) 
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Medical history and physical exam 

A Sickle Cell Center physician familiar with the study protocof interviewed all 

potential subjects. The pre-PT assessment included baseline demographic 

information and a complete medical examination. The medical history included 

the following information: frequency of painful episodes, pain rate in the 

preceding_ 6 months, sickle cell-related complications, medications, health habits 

(including exercise), and social history. 

Laboratory studies 

Blood samples were obtained at the subject's initial visit and were analyzed by 

the MCG Hematology, Hemoglobinopathy, and Clinical Laboratories. Laboratory 

assessments included a complete blood count, reticulocyte count, hemoglobin 

electrophoresis, chemistry panel, and serum pregnancy test [~ human chorionic 

gonadotropin]. 

Health status and well-being 

The Medical Outcomes Study short form. survey (MOS SF-36), a rei'iable, well

validated, and easily administered survey instrument, has been widely used to 
I 

measure perceived health status and well-being in the general population and in 

patients with chronic medical conditions (18, 132-134). This _survey measures 

eight health concepts: physical functioning, role physical, bodily pain, general 

health perceptions, vitality, social functioning, role emotional, and mental health 

{Table II). The RAND SF-36 survey (RAND, 1992; Santa Monica, CA) is 
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Table II. Health concepts for the eight domains of the RAND SF-36. 

Scale Abbr Description 

Physical 
PF 

Describes the performance of physical activities such as 
Functioning self-care, walking, climbing stairs, and vigorous activities. 

Describes the extent to which physical health interferes 

Role Physical RP 
with work or other daily activities, including accomplishing 
less than wanted and limitations in the kinds of activities 
subjects can perform. 

Bodily Pain BP 
Subjective feelings of bodily distress or discomfort such 
as -headaches or backaches. 

Personal evaluations of health in general, including 
General Health GH current and prior health, health outlook, and resistance to 

illness. 

Vitality VT Describes feelings of energy, pep, fatigue, or tiredness. 

Social Functioning, - SF. Describes functioning in normal social activities with 
family, friends, and neighbors. 

Describes the extent to which emotional problems 

Role Emotional RE 
interfere :with work or other daily activities, ·including 
decreased time spent working, accomplishing less than 
wanted, and working less carefully than usual. 

Mental Health MH 
Describes general mental health, including depression, 
anxi~ty, or behavioral changes. 
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identical in order and content of questions; the distinction between the survey 

relates to the copyright privileges. The RAND SF-36 Health Status Survey was 

·administe~ed by a face-to-face interview to determine perceived health status 

and well-being. 

Echocardiogram 

Echocardiographic studies were performed before cardiopulmonary exercise 

testing by a registered cardiac sonographer. The primary objective of the 

echocardiogram was to exclude valvular heart disease (regurgitation or stenosis 

judged by a cardiologist to be of more than mild degree), left ventricular regional 

or global systolic dysfunction (ejection fraction less than 45%), and other 

structural abnormalities. 

Left ventricular (LV) dimensions were determined noninvasively by 

echocardiogram using a Hewlett-Packard Sones 1500 (Palo Alto, CA). All 

studies were performed when the subjects were at rest in the left lateral 

decubitus position. Two-D, sector guided M-mode, and Doppler images were 

obtained as previously described (135) and read by the sonographer and a 

cardiologist. Measurement of LV internal diameter (LVID), interventricular 

septum (IVS), and posterior wall thickness (PWT) were made in accordance with 

the American Society of Echqcardiography- recommendatjons (136). Relative 

wall thickness (RWT) was calculated at end-diastole as· 2 x PWT/LVID diastole 

and considered abnormal when it exceeded 0.45 (137-139). Left ventricular 

mass was calculated using the American Society of Echocardiography 
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convention (LV mass (grams): = 0.88 [1.04 ((IVS + LVID + PWT)3 - LVID3)] + 

0.6) LV mass divided by height in meters raised to the power of 2.7, and LV 

mass divided by body surface area (140). Left ventricular geometry was divided 

into four categories: normal, concentric remodeling (normal LV mass, elevated 

RWT), eccentric hypertrophy (elevated LV mass, normal RWT}, and concentric 
'' 

hypertrophy (elev~ted LV mass and RWT), Heart rate was recorded during the 

echocardiogram. Three blood pressure measurements were taken using a 

Ciritikon Dinamap (Tampa, FL) and averaged after the echocardiogram while the 

subject was still in the supine position. 

Pulmonary function and aerobic fitness 

Complete pulmonary function testing was performed on the day <?f the 

cardiopulmonary exercise testing. Lung volumes were measured using a 9L 

water sealed spirometer and piethysmography (MedGraphic 1070 Medical 

Graphics Corporation, St. Paul, MN). 

Values from pulmonary function tests were classified using the prediction 

equations for normal individuals based on race, gender, height, and weight. 

Predicted values used equations reported by Crapo et al. (141) for first second of 

forced expired volu.me (FEV1), forced vital capacity (FVC), and total lung capacity 

(TLC). In accordance with the American Thoracic Society recommendations, 

predicted values were reduced 15% to account for the smaller lung volumes of 

African-Americans. Measurements were expressed as a percent of the predicted 

normal values. 
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After completion of pulmonary function tests, a brachia! artery catheter 

(3.0 French, 20 gauge, 8 cm polyethylene catheter, Cook Instruments, 

Indianapolis, ·MN) was inserted for continuous blood pressure monitoring and for 

intermittent arterial blood sampling (every 2 minutes) during and after a peak VO2 

exercise test. The electrocardiogram (ECG) and heart rate were monitored using 

a MAX 1 ECG system (Marquette Electronics, Milwaukee, WI). A 12-lead ECG 

was ~ontinuously monitored, and tracings were obtained every 2 minutes during 

testing and recovery. Blood pressure was monitored continuously and recorded 

every 2 minutes. Arterial oxygen saturation was estimated continuously using 

finger pulse oximetry. 

A nose clip and mouthpiece were placed on the subject, who breathed 

through a low dead-space valve tha~ was connected to a pneumotachometer. 

Subjects performed a symptom-limited, graded cardiopulmonary exercise test on 

an upright, electronically braked cy.cle ergometer. After 3-5 minutes of collecting 

resting data, subjects pedaled for 3 minutes' at 60 revolutions per minute with no 

load, after which the work rate was increa~ed gradually in a ramp protocol (7, 10, 

or 15 watts) until they could no longer continue (approximately 8-12 minutes). 

The work rate increment was determined using the prediction equations of 

Wasserman et al. (24) for peak oxygen consumption based on age, gender, 

weight, and height (Appendix A). To achieve a total exercise time of 7-1 0 

minutes, work rate increments for each subject were adjusted by a physician 

based on hemoglobin, pulmonary function studies, and clinical history. The 

predicted peak · VO2 was determined using the prediction equations of 
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Wasserman et al. (24) based on age, gender, weight, and height (Appendix A). 

Predicted anaerobic threshold is based on age-dependent parameters. 

Expired gases were measured during exercise using a Sensormedics 

metabolic cart (Yorba Linda, CA). Oxyge·n consumption .(standard temperature 

pressure dry [STPD]J, carbon dioxide output (VCO2) (STPD), minute ventilation 

[body temperature pressure saturated [BTPS]), end-tidal tensions of carbon 

dioxide (CO2) and 02 were measured breath by breath~ and related variables 

were averaged over 30-second time periods. At the end of the exercise test, 

each subject was asked the reason she stopped exercising. Subjects were also 

asked if they had any symptoms similar to those experienced at the onset of an 

acute vasoocclusive episode. 

Blood sampling for lactate and arterial blood gases occurred every 2 

minutes during exercise, at peak exercise and 2 minutes after exercise. Blood 

gas samples were obtained over the 30-second time period corresponding to 

periods of respired gas analysis. Samples were maintained on ice until 

measurements were made. Blood gas analysis was performed with 

measurements of pH, partial pressure of CO2 (pCO2), and pO2 percentages, 

using a blood gas analyzer and co-oximeter (CIBA Corning Models 288 and 270, 

Bayer Diagnostics, Medfield, MA). Blood samples for arterial lactic acid levels 

were placed in tubes containing sodium fluoride/potassium oxalate and 

maintained on ice until the entire group of samples could be measured. Lactic 

acid levels were measured using a modification of the Marbach and Weil method 

(142). 
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Body composition 

Body composition was measured using whole body dual-energy x-ray 

absorptiometry (DXA)_ (Hologic QDR - 1000 version -5~67, Waltham, MA). This 

technique is a noninvasive measurement that uses x-ray beam attenuation of the 

entire body giving a small radiation exposure of 1.5 mrem, approximately the 

amount received on a cross-country flight. DXA provides a precise estimate of 

body composition (143) and is sensitive to changes elicited by PT (144-146). 

DXA provides information abo~t three compartments of body composition: fat 

mass, bone mineral cortent, and fat-free soft tissue. The last two terms 

comprise fat-free- mass. · Percent body fat and bone mineral density can be 

derived from these measurements. 

Strength testing 

Before a baseline assessment was made of muscle strength, subjects had one 

week of familiarization training. Su_bjects were given a 5-minute warm-up walking 

on a treadmill before strength testing began. Strength was measured with a 1-

repetition maximum (1 RM) on a bench and leg press multistation weight 

machine, (Paramount SportsTrainer, Paramount Fitness Equipment Corp., Los 

Angeles, CA) with 2.5 pound increments. One repetition maximum was defined 

as the maximum amount of weight the subject could lift one time. A 60-second 

rest interval was used between successive attempts. 

Grip strength was measured with the right hand using a hand -

dynamometer (Takei Scientific Instruments Co., LTD., Japan). Grip size was 
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adjusted so that the subjects' fingers were approximately perpendicular to the 

scale plate. The indicator lever was. zeroed, and the subject stood with her left 

arm raised straight overhead with the scale facing away from her face. While 

squeezing the hand dynamometer, the subject brought her arm down straight in 

front of her body until her arm was at her side. Through this range of motion the 

subjects' arm was straight. The scale reading was recorded and a 30-·second 

rest interval was used before the next trial. The subject was given three trials 

and the highest number was recorded. 

Physical training 

If no contraindications to regular exercise were detected on the baseline 

assessments, subjects were invited to participate_ in the PT program. The 

gymnasium, located in the Georgia Prevention Institute, is a 48-by-42 foot room 

maintained at 22~25°C~ The- gymnasium is equipped with treadmills, cycle 

ergometers, a rowing. ergometer, a stairclimber, free weights, and weight 

machines. Subjects were phased into the PT program, allowing the instructor to 

develop a unique workout program for each woman based upon the results of 

cardiopulmonary exercise:testing and strength testing. 

Monitored exercise was offered four evenings per week, Monday through 

Thursday, ahd subjects were encouraged to participate in at least three sessions 

per week for a period of 6 months (Phase 1; n=10) or 3 months (Phase II; n=12). 

Each exercise session began with a 5-minute warm-up and concluded with a 5-

minute cool-down. An instructor was present and a physician was -on call for 
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each session, which consisted of 30 minutes of aerobic activity followed by 20 

minutes of resistance training. Aerobic activity included walking/jogging on a 

treadmill, cycle ergometry, rowing, and/or aerobic dance. Resistance training 

included lifting free weights and/or using a multistation weight machine (leg 

press, leg extension, leg curl, biceps curl, lat pull-down, bench press, shoulder 

press, and triceps-push-down). 

SCD has not been sufficiently studied to yield specific PT guidelines, so 

we used guidelines suggested by the American College of Sports Medicine 

(ACSM) for healthy individuals (147). Subjects wore heart rate monitors (Polar® 

Vantage, Port Washington, NY) and were encouraged to maintain a heart rate 

greater than 60% of their peak heart rate. Weights were set at approximately 

50% of the one repetition maximum so the subject could perform approximately 

1 O repetitions of the exercise; when the subject was able to do 15 repetitio•ns, the 
. ' ' .. 

weight was increased so that she could perform 1 O repetitions. 

Adverse events occurring dt:iring the sessions were monitored and 

recorded; if.- appropriate, a physician was notified. Following the 5-minute cool-
. } . 

down period, subjects were observed for adverse events; if_ none were present 

subjects were released. To encounige r~gul_ar attendance, women were given a 

monetary incentive for each exercise session attended and small motivational 

awards when a certain attendance goal was achieved. If sickle cell crises or 

other medical complications occurred during the study period, seven days 

without exercise were required before PT resumed. 
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THE EFFECTS OF THREE CONSECUTIVE BOUTS OF EXERCISE ON SELECTED 

INFLAMMATORY AND VASOACTIVE MEDIATORS 

Recruitment of subjects 

Ten African-American women·•with SCA from the PT study, and ten African

American women without SCD (Controls) were recruited for this study. All 

subJects underwent baseline laboratory measurements, physical. examination, 

and peak VO2 testing. Inclusion criteria for SCA patients were the same as 

previously described for the PT study {Table I), and subjects could not have 

diabe~es mellitus, high cholesterol, or hypertension. Control subjects were 

excluded if they were not between the ages of 18 and 60, or had diabetes 

mellitus, high cholesterol, hypertension, or HbS. 

Meas·urements - CRP levels have been reported to peak 24-48 hours after 

exercise {50, 58), whereas TNF-a and IL-6 !eve.ls are elevated 2-24 hours after 

exercise (62, 63, 148), if there is a response. Therefore, TNF-a, IL-6, and CRP 

were measured before exercise each day (Day 1, Day 2, Day 3). The Day 2 (24 

hours) and Day 3 (48 hours) measurements provided information on the degree 

to which the exercise on the previous day(s) produced an inflammatory response 

that was still manifested approximately 24 hours after the bout of ex~rcise. NOx 

and ET-1 were measured before and after exercise each day, since their 

responses are more ·rapid (within seconds to 60 minutes) (72, 95). See Figure 
., 

1 O for study design. 
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Figure 10. Three-Day Study Design. Blood was drawn before· and after 

exercise on three consecutive days. Blood taken before exercise was analyzed 

for inflammatory mediators (interleukin-6 [IL-6], tumor necrosis factor-a [TNF-a], 

and C-reactive protein [CRPJ) and vasoactive mediators (nitrites, nitrates, [NOx] 

and endothelin-1 [ET-1 ]). Blood taken after exercise was analyzed only for 

vasoactive mediators._ 

Day 1, 2, 3 blood draw ► 30 min exercise ► blood draw 
.. 

Variables TNF-a, IL-6, CRP, ET-1, NOx 

Measured ET-1, NOx 
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Aerobic fitness 

SCA - The methods, used we.re the same as previously described for the PT 

study . 

. Controls - The methods used were the same as previously described for the PT 

study, with the exception that arterial blood samples were not collected during · 

cardiopulmonary exercise testing. Arterial blood sampling was performed in 

patients with SCD to detect desaturation and acidosis; these conditions were not 

considered serious threats in the Control subjects. 

Blood collection and analysis 

Subjects refrained from exercise for three days before the exercise protocol. 

Blood samples were taken from the subjects before and after exercise using a 

butterfly catheter inserted to obtain a venous sample. A licensed phlebotomist, 

nurse, or physician obtained blooq samples. Twelve ml of blood was drawn into 

sterile EDTA tubes and 3 ml of blood was drawn into a sterile SST Gel and Clot 

Activator tube before exercise. A 2 ml aliquot from each EDTA tube was put on 

ice until analysis ot hemoglobin and hematocrit was perf9rmed by the MCG 

Clinical Pathology Laboratory. 

The remaining volume was inverted and stored in an ice bath until 

centrifuged for 10 min at 4500 x g to·obtairi serum and plasma.· The serum from 

the SST Gel and Clot Activator_ tubes was stored at -80°C until analysis for CRP 

by the MCG lmmunopathology Laboratory. The plasma was aliquotted into four 

tubes for IL-6, TNF-a, ET-1, and NOx measurements. All tubes were stored at -
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80°C until analysis. The inflammatory variables {IL-6 and TNF-a) were 

measured in the MCG Hemoglobinopathy Laboratory, and the vasoactive 

mediators (NOx and ET-1) were analyzed in collaboration with the MCG Vascular 

Biology Center. 

After exercise, 7 ml of blood was drawn into a sterile EDTA tube. The 

tubes were inverted ·and stored in an ice bath until centrifuged at 4500 x g for 1 O 

min to obtain plasma. The plasma was aliquotted for analysis of ET-1 and NOx. 

Analysis of these variables occurred in collaboration with the MCG Vascular 

Biology Center. 

IL-6 and TNF-a levels were measured by quantitative sandwich enzyme

linked immunosorbent assay (ELISA) using commercially available Quantikine 

Immunoassay kits and Quantikine HS kits, respectively (R & D Systems, 

Minneapolis, MN). CRP concentrations were measured by fluorescence 

polarization immunoassay (FPIA) using the C-reactive Protein kit (Abbott 

Laboratories, Abbott Park, IL). 

Plasma ET-1 concentrations were measured using commercially available 

immunoassay kits (R- & D · Systems). Plasma nitrate and nitrite concentrations 

were measured using the following protocol: In a 96 well plate, 50 µL of diluted, 

deproteininized plasma was incubated with 1 O µL each of 1.0 µ-mL-1 nitrate 

reducta·se (Boeh,ringer Mannheim, Basel, Switzerland), 1.0 mM nicotinaminde 

adenine dinucleotide phosphate (Boehringer Mannheim), 0.1 mM flavine adenine 

dinucleotide (Sigma, St. Louis, MO), in 20 µL phosphate-buffer saline. The 

reaction was incubated at room temperature for 1 hour. A final 10-minute room 
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temperature incubation was carried out with 200 µL of freshly prepared Griess 

reagent [(0.05% N-(1-naphthyl) ethylenediamine) in 0.5% sulfanilamide; Sigma)] 

or 0.5% sulfanilamide (blank). Absorbance was read at 540 nm and corrected on 

each sample using the corresponding blank, and total NOx concentration (in µM) 

was calculated based upon the standard curve, using a 4-parameter equation. 

Exercise for 3-day study 

Subjects attended an exercise session on three consecutive days. Each 

exercise session began with a 5-mi.nute warm-up and lasted a total of 30 

minutes. Two instructors were present and a physician wa~ on call for each 

session. Heart rate was monitored· d.uring all. exercise sessions using a heart 

rate monitor (Polar Vantage). Since there are no PT guidelines available for 

patients with SCA, we encouraged a heart rate of 65 - 75% of peak heart rate 

(moderate intensity). To ensure an adequate stimulus, the subjects walked on a 

treadmill, and their heart rates were monitored throughout the exercise sessions. 

Any adverse events occurring during the session were monitored and recorded; if 

appropriate, a physician was notified. To encourage attendance, women were 

given a monetary incentive. for each of the three exercise sessions attended. 

DATA MANAGEMENT AND STATISTICAL ANALYSES 

A hard copy of the data was kept and maintained in a central file and 

electronically in computer files. Baseline well-being (RAND SF-36), peak VO2, 

muscle strength, and percent body fat were reported- as descriptive data. RAND 
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SF-36 scores were computed by summing items in the same domain to create 

the eight-scale score, and transforming the raw scores to a 0-to-100 scale. A 

higher score represents better perceived health and well-being. 

Health status scores and physiological parameters were correlated using 

Spearman's rank order correlations for n_on-parametric variables; a p-value of 

0.05 was considered·· s_tatistically significant. We hypothesized that physical 

functioning would correlate with fitness variabJes. 

P~ir~d t-tests were used to assess pre-PT to post-PT changes _in well-being 

(RAND SF-3'6), fitness, and body composition. It was hypothesized that. with PT 
' . 

well-being would improve, peak V02 and muscle strength would increase, and 

body composition would improve (lpwer percent body fat, and higher fat-free soft 

tissue and bone mineral density). 

Baseline data for the SCA and Control groups in the 3-day _ study were 

compared using t-t~sts. It-was hypothesized that baseline TNF-a, IL-6, CRP, 

NOx, and ET-1 levels would b~ higher in the women with·SCA than in the Control 

subjects. 

Two-way analyses of variance (ANOVA) with repeated measures (factors 

group and day) were used to compare TNF-a, IL-6, and CRP levels between 

groups and across days. If any interactions were significant (p< 0.05), post-hoc 

t-tests were used to compare specific means. It was hypothesized that repeated 

bouts of exercise would lead to progressively higher levels of inflammatory 

mediators (TNF-a, IL-6, and CRP) in women with SCA compared to the Control 
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group, i.e., on Days 2 and 3 the,_ levels would be progressively higher than on Day 

1. 

Three-way ANOVA, with repeated measures on the last two factors 

(factors: group, day, pre-post) were used to test for differences between before 

and after exercis'e hemoglobin and hematocrit and to compare differences 

between groups across days. 

Three-way repeated measures ANOVA (factors: group, day, pre-post) 

were used to compare differences in NOx and ET-1 levels· between groups, 

across days, and pre- and post-exercise each day. If any interactions were 

significant (p< 0.05), post-hoc t-tests were used to compare specific means. It 

was hypothesized that NOx and ET-1 levels would increase after exercise for 

both the SCA women and the Controls. It was also hypothesized that repeated 

bouts of exercise would have cumulative effects on NOx levels in the women with 

SCA compared to the Control group, i.e., on Day 2 and 3 pre-exercise levels 

would be higher than on Day 1. It was hypothesized that repeated bouts of 

exercise would not have a cumulative effect on ET-1 in women with SCA or 

Control subjects, i.e., the pre-exercise levels would be similar on all three days . 
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RESULTS 

THE EFFECTS OF PHYSICAL TRAINING ON PERCEIVED HEALTH STATUS, BODY 

COMPOSITION, AND 'FITNESS 

Baseline Measurements 

Medical history and physical examination 

The medical histories revealed that seventeen subjects had . a history of 

pneumonia, nine had cholecystectomies, two had a history of recurrent leg 

ulcers, and four had mild avascular necrosis of the hips or shoulder joints. 

Descriptive and blood chemistry data 

Descriptive and baselin·e laboratory data are presented in Table Ill. All subjects, 

with one exception (#312), had lower than normal hemoglobin concentrations as 

reported for healthy women (12-16 g-dL-1
). Reticulocyte count was elevated 

compared to normal values (0.5-2.0%). White blood cell count was also higher 

than normal values (4.5-11 thous-mm-3
). Eight of the 22 subjects were on 

hydroxyurea therapy at variable doses and durations; their hemoglobin and fetal 
II 

hemoglobin concentrations (mean ± SE; 8.04 ± 1.23 g-dL-1 and 12.9 ± 2.67%, 

respectively) were not significantly different from those not taking hydroxyurea 

(9.18 ± 1.94 g-dL-1 arid 13.7 ± 2.38%, respectively). Therefore, the differences 

between those taking or not taking hydroxyurea were not considered for further 

analyses. 

50 



Table Ill. Baseline descriptive data for subjects vvith sickle cell disease. 

The following abbreviations are used: SS, sickle cell anemia; SC, sickle-C 

disease; S~, sickle ~ thalassemia; HbF, fetal hemoglobin; WBC, white blood cell 

count; HU, hydroxyurea. Shading indicates subjects excluded from participation 

in the PT study. Subject ID 302 was excluded due to a hemoglobin (Hb) 

concentration less than 5 gm-dL-1 and end stage renal disease. Subject ID 303 

was excluded due to severe cardiomyopathy. Subject ID 309 was excluded due 

to lack of transportation to the PT sessions. 

Subject Hb Age Height Weight Hb HbF Retie WBC 
ID t~ee !}2 !cm} !kg} !em-dL"1l !%} !%} !thous-mm-3

} HU 
201 ss 20 159.0 53.6 · 9.7 20.5 5.1 9.3 NO 
202 ss 34 165.0 78.5 7.8 5.0 18.7 11.1 NO 
203 ss 33 168.0 49.4 8.7 17.5 5.7 7.1 YES 
204 -ss 20 154.0 49.0. 7.3 5.9 16.2 14.0- YES 
205 ss 29 - 170.q 73.0 8.4 14.8- 8.3 9.5 NO 
207 ss 36 171.0 57.2 7.0 6:3 13.9_ 10.0 YES 
208 ss 45 168.0 56.2 9.0 22;3 12.4 · 7.4 NO 
209 ss 27 165.0 61.2 8.7 9.0 6.7 8.1 NO 
210 ss 20 163.0 55.3 8.8 17.3 11.4 8.4 YES 
211 ss 26 157.0 57.0 7.7 16.5 12.7 8.8 YES 
301 ss 43 158.0 60.0 8.6 12.0 4.50 7.5 NO 

304 SC 46 166.0 99.0 11.3 3.1 4.1 8.7 NO 
306 ss 25 171.0 57.0 10.0 15.6 10.3 14.2 NO 
307 ss 31 167.6 54.9 10.5 26.0 2.7 9.2 YES 
308 ss 29 157.0 65.0 10.8 23.0 9.0 11.2 NO 

310 ss 31 202.0 92.0 9.1 15.9 11.8 11.3 NO 
311 ss 24 175_.o 69.0 7.0 4.9 11.2 16.4 YES 
312 s~ 32 163.0 63.0 12.8 31.4 2.8 7.7 NO 
315 ss 20 166.0 53.0 a.o 2.6 94.7 12.0 NO 

mean 30.8 166.1 62.4 8.8 13.4 13.6 10.2 
normal 12-16 <1.0 0.5-2.0 4.5-11.0 
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Echocardiogram 

Baseline echocardiographic data are presented in Table IV. Twelve of the 

twenty-two subjects had eccentric left ventricular hypertrophy based on ASE 

criteria. Left ventricular concentric hypertrophy or concentric remodeling was not 

observed in any subject. One subject (#303) was excluded because of mitral 

valve regurgltation, frequent ventricular premature contractions, and left atrial 

(LA) and ventricular dilatation (LVID diastole 6.14 cm; LA 4.21 cm, respectively). 

Left ventricular internal diameter during diastole was positively correlated with 

white blood cell . count (r = 0.50; p<0.05) and negatively correlated with 

hemoglobin (r = -0.435; p<0.05). 

Pulmonary function and aerobic fitness 

The results of pulmonary function testing· are shown in. Table V. FEV1 was less 

than 80% of predicted in five subjects and FVC was less than 80% of predicted in 

four subjects. One subject had a FEV1/FVC less than 75% of predicted. This 

subject (#208) showed evidence of a mild obstructive impairment as determined 

by the low FEV 1'FVC and a normal TLC. This subject had a mild clinical course 

with no reported history of acute chest syndrome, pneumonia, or smoking. Only 

one subject (#207) had a TLC of less than 80% of predicted; this subject showed 

evidence of restrictive ventilatory impairment as indic_ated by a low FEV 1, FVC 

and a normal FEV 1'FVC. She had a history of acute chest syndrome and 

episodes of pneumonia that may have resulted in fibrosis. 
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Table IV. Baseline echocardiographic data. The following abbreviations are used: bpm, beats per minute; SBP, 

systolic blood pressure; DBP, diastolic blood pressure; RWT, relative wall thickness; LVIDd, left ventricular internal 
I 

diameter diastole; LV, left ventricular; BSA, body surface area. Subject ID 303 was excluded due to left atrial and· 

ventricular dilatation. *Un indexed L V mass (> 166 g) and RWT ( <0.45) were used to determine eccentric hypertrophy; an 

X indicates eccentric hypertrophy. Data are presented as means ± standard error. 

LV LV 
Subject Heart Rate SBP DBP Un indexed mass/BSA mass/ht2·7 . Eccentric 

ID (beml (mm Hg} {mm Hg} LVIDd {cm} RWT LV mass {gl {g•m-2} {g•m•2.1l H~eertroeh~_* 
201 84 -- -- 4.70 0.38 132.32 85.92 37.83 
202 88 -- -- 5.55 0.31 196.88 104.72 50.93 X 
203 86 -- -- 4.41 0.37 127.53 80.72 31.43 
204 99 102 4.80 0.38 -170.19 117.38 53.04 X 
205 83 96 5.20 0.38 :181A0 97.52 43.29 X 
207 88 121 5.10 0.38 185.51 113.11 43.58.'. X 
208 68 103 · 5.00 0.38 167.55 100.33 41.29 x. 
209 71 110 5.30 0.42 227.73 136.37 58.91 X 
210 65 118 4.68 0.33 127.34 81.11 34.05 
211 59 96 5.78 0.31 195.17 122.75 57.74 X 

94· 4.78 0.31 110.91 32.26 

80 4.38 0.39 129.27 63.06 
306 82 5.15 0.29 143.29 87.91 33.66 

·308 68 5.39 0.26 137.50 83.84 40.68 
309 74 5.76 0.24 156.83 103.18 43.35 
310 66 5.89 0.29 - 194.67 91.82 29.16 X 
311 94 5.29 0.33 168.85 91.27 37.26 X 
312 72 -- 4.31 0.36 102.27 61.24 27.34 
313 83 114 52.6 6.44 0.29 249.14 137.65 70.04 X 
314 64 102 62 4.89 0.38 174.03 113.00 48.92 X 
315 73 103 54.6 5.20 0.30 123.79 78.35 31.51 

Mean± SE 76.2 ± 2.5 108.2 ± 3.0 59.2 ± 1.9 5.19 ± 0.12 0.34 ± 0.00 167.76 98.97 42.82 · 
Normal . < 140 <90 4.0-_5.6 <0.45 < 166 < 110 <47 
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Table V. Results from pulmonary function testing for subjects with sickle cell disease. The following abbreviations 

·were used: FEV 1, first second forced expired volume; FVC, forced vital capacity. Percent predicted (%Pred) values were 

calculated based upon those published by Crapo et al. (141 ). Subject ID 207 showed evidence of restrictive ventilatory 

impairment. Subject ID 208 showed evidence of obstructive impairment. 

Subject TLC TLC FEV1 FEV1 FVC FVC FEV1/FVC FEVi/FVC 
'ID {q (% e_red2 {q . (%.e_red2 {Ll (% e_red2 {%} (% e_red2 
201 4.02 98 2.30 81 2.50 78 92 114 
202 3.84 87 2.25 83 2.61 81 86 110 
203 4.12 91 2.41 85 2.91 87 83 114 
204 3.29 85 2.51 93 2.61 87 96 119 
205 4.40 94 2.55 86' 3.03 86 84 108 

209 4.09 93 2.47 86 2.64 79 93 118 
210 4.56 106 2.46 83 2.81 83 88 112 
211 4.41 109 2.61 98 2.86 94 91 116 
301 3.88 95 1.75 75 2.26 81 78 110 
304 4.14 92 2.49 100 2.78 91 89 120· 
306 4.17 88 2.41 78 2.92 80 83 108 
308 4.35 108 2.33 89 2.96 99 79 110 
309 3.67 87 2.17 84 2 . .72 90 80 102 
310 5.88 116 3.57 113 4.42 116 81 102 
311 4.59 92 2.75 84 3.44 88 80 103. 
312 - 4.60 106 2.53 94 3.33 105 76 99 
315 4.40 98 2.40 78 2.80 79 86 108 

Mean 4.25 96 2.40 86 2.87 87 84.05 109 
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Arterial cannulation was used in all subjects but one, for whom attempts at 

catheter insertion were unsuccessful. Baseline and post-exercise arterial blood 

gases were obtained in this subject via an arterial s~ick. Although subjects 

experienced bruising around the insertion site and complained of mild soreness 

at the site of insertion, there were no significant complications related to arterial 

cannulation. 

At rest, hyperventilation occurred in seven subjects as defined by a pC02 

less than 35 mmHg (average pC02 = 35.0 ± 1.0 mmHg). Resting blood pH 

averaged 7.42 ± 0.00 (range 7.36 - 7.54), and lactate levels averaged 0.8 ± 0.1 

mEq-L·1 (range 0.3 - 2.2 mEq-L-1
). 

Results from cardiopulmonary testing are shown in Table VI. The 

increase in heart rate was relatively steep for the increase in V02 _during a multi

stage exercise test. The women were ;deconditioned as evidenced by a low peak 

V02, 51. 7 ± 2.1 % of their predicted V02, and none of the subjects reached their 

predicted peak V02. V02 at anaerobic. threshold (AT) was also low and 

averaged 72.7 -± 2.1 % of peak V02~ Only five subjects reached the lower limit 

(lower 95% confidence limit) of their predicted anaerobic threshold. Anaerobic 

threshold in SCD patients was similar to those reported by Wasserman and 

Whipp (23) for patients with heart disease (0.5 - 1.0 ml-min-1
). 

With increasing work rate, the pH decreased and lactate levels increased 

(Figure 11 ). Lactate levels were the highest at 2 minutes after exercise and 

averaged 6.8 ± 0.5 mEq-L·1 (range 3.5 - 10.7 mEq-L-1
). Arterial lactate levels 
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Subject 
ID 

201 
202 
203 
204 
205 
207 
208 
209 
210 
211 
301 
304 
306 
308 
309 
310 
311 
312 
315 

mean 

Table VI. Cardiopulmonary exercise testing results for subjects with sickle 

cell disease. The following abbreviations were used: Pred, predicted; bpm, 

beats per minute; VO2; oxygen consumption; AT, anaerobic threshold; w, watts. 

Predicted peak heart rate was calculated using the following equation: 220-age 

(y). The lower limit predicted AT is reported. As there is no equation to calculate 

predicted peak work rate it could not be included in the Table. 

Peak HR Pred Peak VO2 at Pred V02 at PeakVO2 Pred Peak Peak Work 
{bem} HR (be,m2. AT{L•min-1

} AT {L•min·12 {L-min-1
} V02 (b•min·12 Rate {w} 

168 200 0.51 0.84 0.79 1.93 64.0 
184 186 0.63 0.79 1.06 1.93 93.0 
179 187 0.52 0.70 0.64 1.73 45.0 
157 200 0.48 0.81 0.73 1.86 48.0 
172 191 0.77, 0.81- 1.27 2.00 91.0 
139 183 .0.55 0.81 0.68 1.74 45.0 
161 175 0.75 0.73 1.01 1.57 74.0 
182 193 0.76 0.78. 0.97 1.92 75.0 
168 200 0.81 0.87 0.99 1.98 78.0 
163 194 0.63 0.75 0.88 1.85 64.0 
164 177 0.61 0.80 0.81 1.71 62.0 
155 174 0.93 . 0.88 1.29 · 1.81 97.0 
178 195. 0.83 0.85 1.23 1.94 101.0 
191 1~1 0.91 _. 0.75 1.05 1.85 72.0 
188 185 0.64. 0.69' 0.85 1.69 71.0 
168 189 0.96 0.'87 1.48 2.14 100.0 
168 196 1.04 0.92 1.16 2.11 86.0 
156 188 0.75 0.75 1.29 1.83 . 105.0 
179 200 0.64 0.86 0.92 1.97 84.0 

169.5 190 0.72 0.80 1.01 1.87 76.6 
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Figure 11. Influence of exercise on lactate levels and pH. The hash-marks 

indicate that tim$. to peak exercise was variable (6 to 12 minutes); three subjects 

reached peak before 6 minutes. Peak lactate and pH levels represent all 

subjects at peak V02. Serum lactate levels increased significantly at each 2-

minute interval (p<0.05), whereas pH decreased significantly at the 4•to 6 minute 

time interval and the peak to 2 minutes po~t- exercise time interva((p<0.05). The 

data are plotted as mean ± standard error_for each serum lactate and pH. 
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were significantly elevated during recovery, but arterial pH remained relatively 

stable.. The lowest pH measured pre-PT was 7 .33 with a lactate level of 8.50 

mEq-L-1
, 2 minutes into the post-exercise phase (#210). The highest lactate level 

measured . was 10.7 mEq-L-1
, 2 minutes into recovery, and the pH was 

maintained at 7.35 (#202). This subject was not allowed to continue in the PT 

study after 3 months due to digital·: paresthesia and . lightheadedness that 

developed during exercise. During post-PT testing, she developed lactic acidosis 

(pH 7.25; lactate 12.7 mEq-L-1
). 

Hypocapnia, which was . p~~sent at baseline, persisted throughout 

exercise; thus,. all subjects exhibited an abnormal ventilatory -response to 

exercise (ventilatory rate did not match 02 consumption or CO2 production).. Gas 

exchange was classified as abnormal if one .or more of the following criteria was 

present: peak exercise alveolar to arterial PO2 difference (P[A-a]02) was greater 

than or equal to 30 mmHg; arterial to end-tidal PCO2 difference (P[a-ET]CO2) 

was greater than or equal to Oat peak exercise; there was a decrease in PaO2 at 

peak exercise compared to baseline; rest dead space/tidal volume (V0/Vr) 

greater than or equal to 0.4; peak exercise Vo/Vr greater than or equal to rest 

V0Nr; rest VoNr minus peak exercise VoNr less than or equal to 0.1. Fifteen of 

18 subjects exhibited one or more of the gas exchange abnormalities (Table VII) .. 

During exercise, mean VoNr decreased from 0.32 at rest to 0.22 at AT; it did not 

decrease further at peak exercise. One subject had an increased V0Nr with 

peak exercise testing. 

58 



Table VII. Gas exchange results from the cardiopulmonary exercise testing 

for subjects with sickle cell disease. The following abQreviations were used: 

VoNT, dead space/tidal volume; P[A-a]02, alveolar to arterial P02 difference; P[a

ET]C02, arterial to end-tidal PC02 difference; n/a, not applicable. Shading 

represents an abnormal response. 

Subject 
ID 

201 

209 

211 . 

mean 
Normal 

Vo/VT 
(rest) 
0.33 

0.36 

0.32 

0.32 
0.29 

VoNT 
(peak) 
0.22 

0.22 

0.21 

0.22 
0.16 

Peak Peak 
P(A-a)02 P(a-ET)C02 
(mmHg) (mmHg) 

24.0 -2.9 

16.8 

8.2 

26.5 
15.0 

-1.5 

-1.0 

-0.53 
-4.0 
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During cardiopulmonary exercise testing, the main effect was significant 

· (p<0.01 }, such that oxygen saturation was higher using arterial blood gas 

measurements than using pulse oximetry measurements (Figure 12). As 

measured with arterial blood gases none of the subj~cts desaturated (as defined 

by a PaO2 less than 90%} during cardiopulmonary exercise testing; however, 

using pulse oximetry pO2 was less than 90% in 13 subjects· at peak exercise. 

No serious complications resulted from symptom-limited ·cardiopulmonary 

exercise testing. Leg discomfort was the most common reason for stopping 

exercise (17 of 19}. The second most common reason was ~hortness of breath, 

which was cited by seven of 19 subjects· as the· primary or an additional reason 

for stopping the exercise test. None of the subjects developed a painful episode 

in the 24 hours· after exercise. Two subjects experienced back pain similar to an 

acute vasoocclusive episode after the testing, but these symptoms resolved 

spontaneously within 24 hours. Several subjects had isolated ventricular 

premature contractions at rest and during the recovery period; however, the· 

frequency of ventricular premature contractions did not appear to increase during 

exercise. One subject (#203) developed an irregular rhythm with frequent 

premature atrial contractions and a short self-limited run of atrial fibrillation with a 

rapid ventricular response. 

Body composition and strength 

Table VIII shows that the mean body fat of our subjects was greater than 30%, 

which is considered obese. Subjects also had low fat-free mass, implying that 
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Figure 12.. Discrepancy between arterial blood gas and pulse oximetry 

measurements. The hash-marks indicate that time to peak exercise was 

variable (6 to12 minutes); three subjects reached peak before 6 minutes. Peak 

SaO2 and SpO2 levels represent all subjects at peak VO2. Desaturation was 

defined as an 02 saturation less than 90%. · · The main effect was significant 

(p<0.01 ), such that oxygen saturation was higher using arterial blood gas 

measurements than using pulse oximetry· measurements. The data are shown 

as the mean percent 02 saturation ± standard error for both groups. 
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Table VIII. Body composition data for women with sickle cell disease. 

Values are presented as mean ± standard error, and the range is provided to 

show subject variability. 

Parameter N Mean ±SE Range 

BMI (kg•m-2
) 22 22.6 ± 3.9 7.7-46.9 

Body Fat.(%) 22 32.6 ± 1.6 15.7-47.6 

BMD (gm) 22 1.1 ± 0.0 0.8-1.5 

Fat Mass (kg) 22 . 20.7 ± 1.9 7.7-46.9 

Fat-Free Soft Tissue (kg) 22 38.5 ±1.1 30.8 ---52.2 

Bone Mineral Content (kg) 22 2.2 ±0.5 1.2-3.2 

Fat-Free Mass (kg) 22 40.7 ± 1.2 32.7 - 55.3 
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they had low fat-free soft tissue and/or bone mineral content. As seen in Figure 

13, only three subjects were marginally or clearly overweight according to BMI, 

wh~reas 19 subjects were classified as obese or borderline obese according to 

percent body fat. 

Relative leg press strength (weight lifted/body weight) was above the 50th 

percentile (1 _.44 ±_ 0.11, range 0.91~2.49; 50th percentile _1.27-1.44 for 20-39 

years). Relative bench press strength was lower than the 50th percentile (0.37 ± 

0.00, range 0.14-0.63; 50th percentile 0.57-0.65 for 20-39 years) (147). Absolute 

values are shown in Table IX. Grip strength for the right hand was greater than 

the 50th percentile (50th percentile 24-25 kgf for 20-39 years). 

Health status and well-being 

Baseline RAND SF-36 health status survey scores are listed in Table X. Health 

status scores were highest in the domains of social and physical functioning and 

lowest in vitality. Some subjects had the lowest possible score (score·= 0), in ~he 

domains of role physical (7 subjects), vitality (1 subject),· and role emotional (1 

• subject). Some subjects had the highest possible score (score = 100), in the 

domains of physical functioning (2 ~ubjects), . role physical (13 subjects), bodily 

pain (6 subjects), social functioning (1 O subjects), role emotional (14 subjects), 

and mental health (2 subjects). Our subjects' scores appear comparable to 

subje'cts with other chronic conditions such as chronic low back pain·, congestive 

heart failure, and diabetes (Table XI). 
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Figure 13. Relationship between body mass index (BM/) and percent body 

fat in women with sickle cell disease. The scatter plot represents the 

relationship between BM/ and percent · body fat with standard classification 

schemes superimposed. The limits and designations of BM/ and DXA 

classifications are indicated on the respective axes. Doxely et al (149). 
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Table IX. Summary of strength testing data for women with sickle cell 

disease. Values are ·shown as mean ± standard error, and the range is provided 

to demonstrate subject variations. 

Parameter n Mean ± SE 

Bench Press (kg) 12 24.4 ± 7.4 

Leg Press (kg)_ . 12 93.4 ± 22.1 

Grip Strength (kgf) 9 30.5 ± 2.2 

Range.· 

6.8-35.9 

60.2-141.8 

24.5-46.0 
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Table X. RAND SF-36 health status scores for subjects with sickle cell 

disease. Twenty-two women took the RAND SF-36 survey, which measures 

perceived health status in the eight domains _listed. Scores ranged from 0 to 100. 

A higher score represents an unfavorable level in bodily pain. In all othe~ 

domains a higher score indicates better-perceived well-being. A floor value 

means that the subject scored the lowest score possible in that domain (0). A 

ceiling value means that the subject scored the highest possible score in that 

domain (100). Ranges are provideq· to indicate subject variability. Values are 

presented as mean ± standard deviation. 
·- -

Patients with Patients with 
Domains Score Range 

Floor Value Ceiling Value 

Physical Functi9ning 80.2 ± 13.2 55-100 0 2 

Role Physical 63.6 ± 47.4 0-100 7 13 

Bodily Pain 64.9 ± 26.2 31-100 0 6 

General Health 62.6 ± 20.1 30-92 0 0 

Vitality 49.8 ± 22.5 0-80 1 0 

Social Functioning 85.8 ± 18.2 25-100 0 10 

Role Emotional 78.8 ± 31.8 0-100 1 14 

Mental Health 74.0 ± 23.6 9-100 0 2 
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Table XI. Health status scores for study subjects, healthy individuals, patients with other chronic conditions, and 

patients with sickle cell disease. Perceived health status scores were measured using the RAND SF-36 survey and 

are shown with published RAND SF-36 scores for healthy individuals and patients with chronic conditions. For 

comparison, role physical, vitality, and role emotional were excluded because these domains were not reported by 

Stewart et al. (132). Data are presented as means only. *From Stewart et al. (132) °From Woods et al. (18). 

Patient Physical Social Mental General Bodily 
Poeulation n Functioning Functioning Health Health Pain 

Healthy* 2595 86.0 92.3 77.6 72.6 74.2 

Diabetic* 844 78.4 87.0 77.7 59.8 73.6. 

Low back problem * 486 76.5 · 90.2 76.6 68.3 63.8 

Congestive heart failure* 297 63.5 80.9 73.3 59.2 73.1 

Sickle cell disease 0 143 63.7 65.1 70.0 42.4 44.8 

Study subjects 22 80.2 85.8 74.0 62.6 64.9 
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· Total hemoglobin was positively correlated with general health perception 

and physical functioning (Table XII). · T~e reticulocyte count and the white blood 

cell count were inversely correlated with social functioning and general health 

perception. Fetal hemoglobin was correlated with general health perception. No 

significant correlations were found between scores for any domains of health 

status and age, peak V02, strength, body mass index, and percent body fat. 

Physical training 

Over the 2-year period, a total of seventeen subjects enrolled in PT. Six subjects 

withdrew during the first month of ~training and two subjects withdrew befora 

completing the required 3 months of training. Of the nine subjects remaining, 

eight completed post-PT testing (seven with SCA and one with HbSC). Thus, 

program attrition was 47% with nine of the seventeen subjects completing 3 to 6 

months of PT. Reasons for noncompliance or discontinuation of the study 

primarily included socioeconomic factors such as domestic, childcare, or 

transportation-related issues. Subjects exercised at 74% of their peak heart rate 

with variable compliance (29-57 total days of PT participation) (Table XIII). 

Attendance was affected by adverse medical events with subjects missing 

between O and 38 total days of exercise. Training sessions were discontinued 

for seven days following an acute vasoocclusive episode or other medical 

complication. To account for missed days, additional training days were offered 

at the end of the s~to 6-month PT periods; all ·subjects trained_ for two consecutive 

weeks before post-testing. 
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Table XII. Correlations between physiological parameters and health status. An asterisk (*) represents a p-value 

less than 0.05. The following abbreviations are used: Hb, hemoglobin; HbF, fetal hemoglobin; retie, reticulocyte; WBC, 

white blood cell count; VO2, oxygen consumption; BMI, body mass; %BF, percent body fat. 

Total Hb 

HbF 

Retie 

WBC 

Age 

PeakVO2 

Leg Press 

Bench Press 
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Table XIII. Physical training (PT) participation, duration, and mean exercise 

heart rate (HR). Nine subjects completed 3 to 6 months of exercise training and 

qualified for post-PT assessment. Phase I consisted of 6 months of PT; the 

duration of pT in Phase II was sh~rtened to 3 months to encourage subject 

compliance and post-testing. A target HR greater than 60% of maximum HR was 

encouraged during exercise. Subject ID 205 had partial post-PT assessment; 

she did not participate in cardiopulmonary exercise testing or body composition 

measurements. 

Subject Daily Participation PT Duration Mean Exercise HR 

ID .Days(%) · months (% peak HR) 

Phase/ 

202 38 (97) 3 149 (81) 

203. 52 (63) 6 125 (70) 

204 57 (64) 6 129 (82) 

205 35 (35) 5 138 (80) 

208 38 (57) 6 112 (70) 

Phase II 

304 47 (98) 3 118 (76) 

306 34 (72) 3 122 (69) 

308 29 (63) 3 128 (67) 

311 33 (51) 3 119 (70) 

Mean 40 (66) 127 (74) 

t;; 
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Although most subjects did not experience untoward events with exercise, 

several subjects developed symptoms during the course of PT. Table XIV lists 

adverse complications. Several subjects developed palpitations not associated 

with changes in blood pressure or heart rate. The palpitations usually resolved 

spontaneously and did not recur with further exercise. However, one subject 

(#204) complained of sternal pain and developed palpitations, lightheadedness, 

and shortness of breath after 10 minutes of walking on the treadmill. Exercise 

was discontinued and symptoms worsened, resulting in an emergency room 

consultation~ There were no focal ·neurological findings and ECG did not reveal 

cardiac arrhythmia; the subject was treated for an uncomplicated vasoocclusive 

episode. Physical training was discontinued for 7 days, and she resumed 

training without further complications. 

One subject (#203) with a history of recu·rrent leg ulcers developed a new 

ulcer during the study. Her PT program was adjusted to exclude dependency on 

the lower extremities (recumbent cycle ergometer) and the ulcer healed within 

one month.. After approximately 3 months of training, another subject (#202) 

developed lightheadedness and digital paresthesia during exercise. She was 

evaluated with an ECG, echocardiogram, cardiopulmonary exercise testing, 

transcranial Doppler at, rest and during exercise, and routine laboratory tests 

(complete blood count, reticulocyte count, and chemistry panel). Because her 

symptoms recurred with cardiopulmonary exercise testing, this subject was 

advised to withdraw from further participation. Table XV presents the rate of 
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Table XIV. Adverse events during exercise in women with sickle cell di~ease. Three subjects developed adverse 

events during the study period. Upon development of complications, the subject ceased exercise and was seen by a 

physician when necessary. The conclusion and outcome was determined by consulting with a physician. *Leg ulcers are 

a common sickle cell related complication. ECG, electrocardiogram; VOE, vasoocclusive episode. 

Subje Complication Diagnostic Tests Conclusion Outcome 
ct ID 

202 Lightheaded . ECG, echocardiogram, cardiopulmonary Enigmatic Discontinued PT 
exercise testing, transcranial Dopplers at rest 

Digital and exercise, routine chemistry lab 
Paresthesia 

203 Palpitations Physician consultation Benign Arrhythmia; Exercise altered to 
Recurrent leg ulcer* exclude dependency 

Leg Ulcer on lower extremities 
· (recurrent)* 

204 Palpitations, Emergency room consultation Benign Arrhythmia; Continued PT 
Sternal Pain VOE 
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Table XV. Reported pain rate in women with sickle cell anemia {SCA)· 

enrolled in a controlled physical training (PT) program: pre-PT, during PT, 

and post-PT. Values represent the number of vasoocclusi~e episodes reported 

6-months before (Pre-PT), during, and 6-months after (Post-PT) the 3- to 6-

month PT program. These data include visits to the Medical College of Georgia 

Sickle Cell Clinic adult center or hospitalization. 

Subject 6 mo During 6mo 

ID Pre-PT PT Post-PT 

202 1 1 3 

203 1 3 4 

204 2 3· 3 

205 1 0 2 

208 1 0 0 

304 0 0 1 

306 2 0 0 

308 1 0 1 

311 4 2 4 
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vasoocclusive episodes (painful episodes) 6 months before PT, during, and 6 

months after PT. 

RAND SF-36 post-PT scores did not change significantly (Table XVI). 

Post-PT scores were highest in the domains of physical functioning and mental 

health and the lowest in domains of role physical and vitality. A floor effect was 

evident after PT for role emotional (2 subjects) and role physical (3 subjects). A 

ceiling effect occurred for physical functioning (3 subjects), role physical (2 

subjects), bodily pain (2 subjects), general health perception (1 subject}, social 

functioning .(3 subjects), and role emotional (5 subjects). 
-~~ 

Comparisons of pre- and post-PT data are presented in Table XVII. A 

significant increase occurred in leg strength. Although the mean changes in 

peak VO2, arni strength, and percent fat were in favorable directions, they did not 

, achieve statistical significance. Average percent body fat, bone mineral density, 

and fat mass decreased during the study, whereas mean weight, BMI, and fat

free mass increased. However, none of these changes achieved significance. 

Table XVIII shows the number of subjects who experienced a change in percent 

body fat, bone mineral density, fat mass, fat-free mass, and BMI. 
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Table XVI. Effects of 3 to 6 months of physical training (PT) on perceived 

well-being in women with sickle cell disease. Nine women completed the 

HAND SF-36 survey pre- and post-PT. Data are presented as means ± st_andard 

error. A p-value of less than 0.05 was considered significant. 

Domain Pre-PT Post-PT p-value 

Physical Functioning 80.0 ± 4.72 83.1 ± 7.1 0.60 

Role Physical 59.4 ± 17.6 43.8 ± 15.5 0.28 

· Bodily Pain 62;6 ± 10.0 62.4 ± 9i2 0.98 

General Health Perception 63.4 ± 6.3 62.1 ±"8.5 0.75 

Vitality · 42;5 ± 7.5 53.1 ± 6.0 0.19 

Social Functioning 85.9 ± 5.0 78.1 ± 7.7 0.18 

Role Social 66.7 ± 14.1 66.7.± 15.4 1.00 

Mental Health 76.5 ± 3.7 75.5 ± 5.8 0.76 
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Table XVII. The effects of 3 to 6 months of physical training {PT) on body 

composition and fitness in women with sickle cell disease. The values 

shown are the means ± standard error. A § indicates only five subjects had 

complete data on grip strength .. A p~value of less than 0.05 was considered 

significant. 

Parameter Pre-PT Post-PT p-value 

· Weight (kg) 65.4 ± 6.0 65.6 ± 5.3 0.85 

BMI (kg•m-2) 23.9 ± 2.2 24.1 ± 1.9 0.46 

Body Fat(%) 33.3 ± 2.8 32.9 ± 2.4 0.50 

Bone Mineral Density (g) 1.1 ± 0.0 1.1 ± 0.0 0.96. 

Fat Mass (kg) 22.4±4.1 21.8 ± 3.5 0.44 

Fat-Free Soft Tissue (kg) 39.6 ± 2.0 39.9 ± 1.9 0.37 

Bone Mineral Content (kg) 2.24 ± 0.1 2.24 ± 0.1 0.80 

Fat-Free Mass (kg) 41.8 ± 2.1 42.2 ± 2.1 0.36 

Peak V02 (ml-min-1
) 1.02 ± 0.t 1.04 ± 0.1 0.65 

Bench Press (kg) 25.1 ± 3.2 28.7 ± 2.0 0.14 

Leg Press (kg) 93.2 ± 8.1 · 117.7±6.4* <0.01 

-Grip strength (kgf)§ 30.7 ± 2.08 31.4 ± 1.29 0.74 
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Table XVIII. Directionality of body composition changes after 3 to 6 months 

of physical training in women with sickle cell disease. The values represent · 

the number of subjects that exhibited either an increase or decrease in the 

respective body composition parameter as compared to the measurement 

collected during the baseline evaluation. * One subject showed no change. 

Increased Decreased 

Body Mass Index 3 5 

Percent -Body Fat 3 5 

Bone Mineral Density 4 4 

Fat Mass 3 5 

Fat-Free Soft Tiss~e 6 2 

Bone Mineral Content* 5 2 

Fat-Free Mass 7 1 

\ 
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THE EFFECTS OF THREE CONSECUTIVE BOUTS OF EXERCISE ON SELECTED 

INFLAMMATORY AND VASOACTIVE MEDIATORS 

Descriptive data for SCA subjects and, Control subjects are presented in Table 

XIX. Age, weight, and baseline heart rate were not significantly different between 

the two groups. Total hemoglobin and peak VO2 were significantly lower in the 

SCA subjects (p~0.05). Subjects exercised for 30 minutes on the treadmill for 

three consecutive days. The average heart rate (70% max HR) during exercise 

was similar for the groups (SCA = 122 ± 6 bpm, Control = 122· ± 7 bpm). 

Hemoglobin and hematocrit did not change significantly pre- to post-
... _ 

exercise (p>0.05). Therefore, there was no need to correct NOx and ET-1 

concentrations for plasma volume shifts with exercise. TNF-a levels were 

significantly higher in the SCA group compared to the Control group (p<0.01 ), 

and there was a significant difference in this parameter across the three days 

(p<0.05) (Figure 14). There was no change from Day' 1 to Day 2 in either group, 

but there was a s.ignificant decrease in TNF-a levels from Day 2 to Day 3 in both 

groups. C-reac.tive protein (Figure 15) and IL-6 (Figure 16) levels were not 

significantly different between the groups (p>0.05), nor were they significantly 

different across the three exercise days (p>0.05). IL-6 · levels appear to be 

different between groups on Day 2; however, due to the iarge vari~nce there is 

not a significant difference. 
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Table XIX. Baseline descriptive data for the women with sickle cell anemia 

(SCA) and controls participating in the 3-day study. The data are 

represented as the mean ± standard error.· A p-value less than 0.05 was 

considered statistically significant. The following abbreviations are used: bpm, 

beats per minute; HR, heart rate; NS, not significant. 

Variable· SCA Control p-value 

Age (y) 29.5 ± 4.7 33.4 ± 8.0 NS 

Weight (kg) 67.7 ± 13.9 68.0 ± 12.0 NS 

Heart Rate (bpm) 86.7 ± 3.1 86.2 ± 4.6 NS 

Hemoglobin (g-dL-1
) 8.9 ±0.8 12.1 ± 1.0 <0.01 

Peak V02 (mL-min-1
) 1.0 ± 0.0 1.5 ± 0.0 <0.01 

Peak HR (bpm) 175.0 ± 11.0 175.0 ± 9.0 NS 
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Figure 14. The effects of three consecutive bouts of exercise on serum 

tumor necrosis factor-a (TNF-a) levels in women with sickle cell anemia 

(SCA). Data are present as means ± standard error. Mean TNF-a levels were 

significantly different between groups (p<0.01), and between Days 2 and 3 

(p<0.05). 
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Figure 15. The effects of three consecutive bouts of exercise on ·serum C

reactive protein (CRP) levels in women with ·sickle cell anemia (SCA). 

The solid (SCA) and stripe (Controls) bars represent the means ± standard error. 

Mean CRP levels were not significantly different between the groups (p>0.05), or 

across days (p>0.05). 
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Figure 16. The effects of three consecutive bouts of exercise on serum 

interleukin-6 (IL-6) levels in. women with sickle cell anemia (SCA). The solid 

(SCA) and stripe (Controls) bars represent· the mean levels ± standard error. 

Mean IL-6 levels were not significantly different between the groups (p>0.05) or 

across days (p>0.05). 
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A significant three-way interaction (p<0.05) occurred among group, day, 

and pre- to post-exercise NOx levels (Figure 17). In the SCA group, there was a 
. ' ' 

significant difference in pre-to·. post-exercise NOx levels on all three· days. In the 

Control group, there was a significant pre- to post-exercise difference in NOx 

levels on Day 1 but not on Day 2 or Day 3. In addition, the main effect was 

significant (p<0.05), such that NOx levels were generally higher in the SCA group 

than the Control group. 

No significant interactions occurred with ET-1 (p>0.05). The main effect of 

group was significant (p<0.05), such that ET-1 levels were significantly higher in 

the SCA group than the Control group (Figure 18). 

The number of pain crises during the 6 months preceding and following 

each SCA individual's participation in the study are presented in Table XX. In 

this study, pain crises were defined as those pain episodes requiring medical 

treatment as documented in medical charts at the adult Sickle Cell Clinic. With 

the exception of one subject, there was no increase in the number of pain crises 

or crises requiring hospitalization. 



Figure 17. Serum nitrate and nitrite (NOx) levels before to and after three 

consecutive bouts •Of exercise in women with sickle cell anemia (SCA). The 

bars (solid, SCA; striped, Controls) represent the mean ± standard error NOx 

levels for pre- and post-exercise. Pre- to post-exercise NOx levels changed 

significantly (p<0.01), and the pattern of change across days was significant 

between groups (p<0.05). Statistical significance (p < 0.05) is noted by an 

asterisk(*). 
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Figure 18. Serum endothelin-1 {ET-1) levels before and after three 

consecutive bouts of exercise in women with sickle cell anemia (SCA). The 

solid (SCA) and stripe (Controls) bars represent the mean ET-1 levels ± standard 

error before and after exercise. The main effect of group was significant 

(p<0.05). 
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Table XX. Pain rate in sickle cell anemia subjects 6 months before and · 

after 3 days of acute exercise. 'Pain' represents number of visits to a 

physician's office for painful episodes. 'Hospitalization' indicates the number of 

painful episodes requiring the subject to be hospitalized. 

6 mo Pre-Study 6 mo Post-Study 

Subject Pain Hospitalization Pain Hospitalization 

202 6 1 3 0 

203 6 t 3 0 

204 1 1 1 0 

205 3 1 2 2 

211 1 0 2 0 

304 1 1 5 2 

306 2 0 0 0 

308 0 0 0 0 

309 .1 0 1 0 

311 2 1 3 1 
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DISCUSSION 

THE EFFECTS OF PHYSICAL TRAINING ON PERCEIVED HEALTH STATUS, BODY 

COMPOSITION, AND FITNESS 

With improved medical management, individuals with SCD are now surviving into 

adulthood. Yet, adults with SCD are often sedentary and because of medical 

conservatism are frequently discouraged from exercise for fear of precipitating 

acute vasoocclusive episodes. The benefits of exercise in other chronic illnesses 

have been reported extensively. Therefore, it is important tb determine whether 

PT results in beneficial, adverse, or no change in this population. 

Baseline Measurements 

Cardiopulmonary testing 

Cardiopulmonary exercise testing was performed to determine fitness levels and 

limitations to exercise in our subjects. Baseline peak V02 and V02 at anaerobic 

threshold were low compared to those of normal healthy women (147). This 

finding is in agreement with other studies showing a reduced work capacity in 

SCD patients (150-153). One explanation for the low fitness levels was a 

sedentary lifestyle. A more likely explan_ation for the low peak V02 was the 

anemia, since decreased hemoglobin levels are related to decreased 0 2 carrying 

capacity. Charache et al. (151) reported that blood transfusions improved 

exercise capacity in children with SCD. However, Miller et al. (150) reported 

improved exercise. performance _, in SCD patients with partial exchange 

transfusion, in which HbA level increases but total hemoglobin level is not 
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changed. This observation suggests that sickled erythrocytes (%HbS) may 

directly contribute to the low exercise capacity because of sickling (154), 

decreased,deformability (155), and/or decreased viscosity. 

In healthy individuals, VoNT typically decreases with exercise due to 

increased pulmonary ventilation and increased blood flow to the upper regions of 

the lung. Eleven Qf nineteen su_bjects ·had an abnormal VoNT response with 
. . 

exercise, which may have contributed to a low peak VO2. One of these subjects 

had an increased VoNT ratio at peak exercise. This increase with exercise 

suggests she was using most of her· ventilatory capacity. at -.rest. Pianosi et al. 

(156) found_ VoNT to be significantly higher in children with SCA than in healthy 

controls when exercising at a constant work rate (50% peak VO2). Weisman et 

al. (157)· found Vo/VT to be significantly higher in adults with HbAS compared to 

healthy controls during exercise. The abnormal ventilatory response in 

individuals with SCD is primarily due a relatively large dead space (156). The 

large dead space may result from sickled cells impairing capillary perfusion to 

ventilated alveoli. In patients with SCD, the increased transit time of the blood 

through the lungs at peak exercise may ~ot allow for adequate diffusion~ This 

diffusion impairment may be because of fibrosis from chronic lung disease and/or 

microvascular occlusions. 

The abnormal ventilatory response could also be due to the low CO2 set 

point in our subjects compared to healthy individuals. The low CO2 values are 

similar to those reported in other individuals with SCD (25, 156). The reason 

SCD patients have a low CO2 set point is unknown, but it implies increased 
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ventilation at a given work load (158). Although PaCO2 was low, pH was normal 

indicating that a lower CO2 was necessary to maintain a normal pH. 

Cardiovascular limitations may also contribute to the low fitness level. 

Srivasan (159) found that SCD patients with a mild clinical course were limited by 

cardiovascular mechanisms during exercise testing, whereas those with frequent 

crises or a history of acute chest syndrome were limited by pulmonary 

mechanisms. Since we had a rela~ively healthy subset of SCD patients, this 

suggests cardiovascular limitations to exercise. For example, in SCD patients 

cardiac output is increased to compensate for reduced oxygen carrying capacity. 

' 
At rest, patients with SCD demonstrate about a 50% increase in. ·cardiac output 

(34). This· increase is primarily due to increases in stroke volume (41) with 

minimal increases in ~eart rate (33,· 35).: This response is similar to that of PT in 

which stroke volume increases and heart rate decreases. However, in SCD 

patients cardiac output is increased at rest. Therefore, the proportional increase 

needed to reach increased work capacity cannot be achieved, resulting in a 

decreased fitness level (38). 

Ga~ exchange was relatively normal in our subjects at rest. However, 

during exercise gas exchange was suggestive of pulmonary circulatory 

abnormalities. Nine subjects had a P(A-a)O2 equal to ·or greater than 30 mmHg 

at peak VO2. This high level represents underventilation relative to perfusion and 

may be due to pulmonary fibrosis with a decreased pulmonary capillary bed or 

pulmonary vascular disease (24). Smoking can also impair gas exchange, but it 
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did not appear to be a primary factor contributing to the increased P(A-a)O2 in 

our study, since most of the women with an abnormal response did not smoke. 

Seventy-two percent (13 of 18) of our subjects had negative P(a-ET)CO2 

values at rest suggesting they were hyperventilating. During exerqise they 

generally had a normal P(a-ET)CO2 level with a decrease in P(a-ET)CO2 due to 

increased CO2 production. However, four subjects had a positive P(a-ET)CO2 

difference with exercise. This finding suggests decreased perfusion to ventilation 

of the alveoli. The abnormal gas exchange may have been related to problems 

with peripheral circulation. For example, SCA patients have endothelial damage 

and altered blood rheology, which may lead to abnormal regulation of peripheral 

blood flow (43, 160). Endothelial damage in patients with SCD may result from 

the repeated episodes of microvascular occlusion. 

Our subjects had an earlier rise in lactic acid levels during the multi-stage 

test than reported for sedentary individuals (24). This early rise supports the 

findings of Miller et al. (150) who found anaerobic threshold in SCA patients to be 

similar to that of cardiac patients. Wasserman and Whipp (23) reported that 

patients with poor 0 2 transport had increased lactate levels at relatively low work 
. ' . .' . 

rates (23). Early accumulation of lactate may be associated with metabolic 

acidosis, hyperventilation, and exercise intolerance. 

We cannot make any conclusive statements regarding the peak lactate 

levels attained other than lactate appeared higher 2-minutes after exercise 

compared to peak exerdse. It is possible that higher plasma lactate levels 

occurred after the 2-minute sample into the recovery phase. The reason for 
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taking a single blood sample 2-minutes into the recovery phase was based on 

reports that lactate levels ·generally reach their highest levels at peak exercise or 

within the five minutes after exercise (25, 161 ). However, research in untrained 

individuals suggests lactate levels may not peak until 6-9 minutes post-exercise 
' 

(162). It appears that training level influences lactate metabolism by increasing 

capillary density, which allows lactate to diffuse from the muscles to the blood 

more rapidly. The increase in diffusion allows lactate to be metabolized by the 

tissues faster (25, 163, 164). We took blood samples at 13, 24, 34, and 45 

minutes into the recovery phase on one subject (#202) who was advised to 

withdraw from the exercise. After 45 minutes of passive recovery, lactate levels 

were still elevated above baseline values. Future research in this area may be to 

collect blood samples for a longer period into the recovery phase or until lactate 

levels decline. These studies might also examine whether active ( exercising) or 

passive (non-exercising) recovery results in faster metabolism of lactic acid, 

thereby decreasing the conditions which promote sickling. 

While low oxygen tension can promote polymerization of sickled 

hemoglobin in vitro, there are no controlled clinica_l trials demonstrating an 

association between hypoxemia and acute vasoocclusive episodes in SCD 

patients. Y~t~ .beciaus.e- exercise promotes· desaturation of hemoglobin it has 

been discouraged in SCD patients. We simultaneously performed arterial blood 

sampling and pulse oximetry reading.s during peak cardiopulmonary exercise 

testing~ •.· Pulse oximetry significantly underestimated pO2 .compared to arterial 

blood sampling:· . Had ·we: only used pulse oximetry We may have stopped the 
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tests in some subjects when it appeared they were desaturating. However, 

subjects who desaturated as indicated by pulse oximetry were observed to have 

a normal 02 saturation as measured by arterial blood gases throughout exercise. 

A number of factors may have contributed to the observed di_screpancy between 

pulse oximetry and arterial blood gas measurements. Ortiz et al. (165) reported 

pulse oximetry to be an accurate and reliable method. for estimating arterial 

oxygen saturation in adults with SCA during vasoocclusive crises providing 

strong photoplet_hysmographic waves are present. Weston Smith et al. (166) 

reported similar findings, but their study only consisted of four subjects. 

Conversely, results of a study by· Comber and Lopez (167) suggests that pulse 

oximetry underestimates oxygenation in SCA patients during painful crises. Our 

findings also suggest that pulse ·oximetry is not ·accurate for determining 0 2 

saturation in SCD patients. 

During the exercise, because the oximeter was placed on a finger 

contralateral to the arm having the arterial line, subjects may have held the 

bicycle handle more firmly with the oximeter hand, especially when blood was 

being drawn. The tension that resulted could have caused irregular 

photoplethysmographic waves, interpreted as lower pulse oximetry readings. In 

addition, there is disagreement ori whether skin pigmentation affects pulse 

oximetry readings. In some studies lower 02 saturation readings have been 

reported in subjects with darker skin (168), whereas in others skin pigmentation 

did not affect the readings (169, 170). The . location of the pulse oximeter 

transducer (ear versus finger) and whether it was on a working or no~-working 
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limb may have also resulted in discrepancies. Nail polish not removed before 

exercise could have interfered with oximeter reading (171 ). 

Numerous reports exist ·of sudden death after extreme exertion in 

individuals with sickle cell trait (101, 104, 105, 172). Strenuous exercise can 

induce hypoxemia, acidosis, dehydration, and increase body temperature, whi~h 

are favorable conditions for polymerization of HbS (173). In the present study, 

no acute SCD-related complications were observed during the cardiopulmonary 

exercis~ testing. However,· tw? subjects complained of mild. back pain after the 

exercise testing. The pain resolv_ed spontaneously, in less than 24 hours, and 

was not determined to be a vas-oocclusive episode. One subject (#204) 

developed a vasoocclusive episode 4 days after exercise, and though unclear, 

we cannot exclude the possibility that it was precipitated by the testing. 

Compared to the larger SCD population, the subjects in this study were relatively 

healthy; it is possible that complications may have occurred had we tested a 

broader spectrum of SCD patients. In addition, the present study was performed 

under controlled conditions in a hospital exercise laboratory for a short time 

period (about 1 O minutes) without excess heat or fluid restriction. Thus, the 

same environmental conditions, duration, and level of exercise as in the army 

recruits or other cases in which significant numbers of deaths have been 

reported were not simulated. 
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Echocardiogram 

Echocardiograms were performed to exclude subjects with cardiomyopathies 

because exercise places increased demands on the heart. Over half our 

subjects had eccentric LV hypertrophy, a relatively common condition in adults 

with SCD caused by chronic volu~e overload (174). Significant anemia 

predisposes patients to LV hypertrophy in the absence of hypertension, valvular 

heart disease or other evidence of hemodynamic overload. Additional reasons 

for increased LV mass in patients with SCD include the rightward shift in the 

oxygen-hemoglobin disassociation curve, high blood viscosity (175), and the 

tendency of the sickled erythrocytes to occlude small vessels in the systemic and 

coronary circulation (176). 

Our results agree with those of Covitz et al. (41) who reported LV 

dilatation to be inversely correlated with the hemoglobin level. These findings 

suggest that individuals with higher· hemoglobin levels are less likely to have LV 

dilatation. 

Body composition and strength 

Body mass rndex was· low to normal in our subjects. This finding agrees with· 

· research reporting a low weight to height ratio in children with SCD, perhaps 

because they are in a hypermeta~olic state (177, 178, 179) .. The elevated 

metabolic rate may be due to a combination of cardiovascular compensation for 

a reduced hemoglobin level, elevated bone marrow erythropoiesis, and elevated 

whole body protein metabolism (177, 178). Furthermore, acute illness and SCD-
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related complications may lead to poor appetite and low nutritional intake. The 

combination of these factors may le.ad to a reduction in physical activity to 

conserve energy. Because BMI· is unable to distinguish between fat-free mass 

and fat mass, patients with SCD may be underweight by BMI criteria, yet have an · 

elevated percent body fat. 

No studies have been ·reported on· body habitus or body composition in 

SCD patients beyond the second decade of life. We found a high fat mass and a 

low fat-free mass as measured by DXA in our subjects. The metabolic rate in 

adult SCD patients has not been reported to our knowledge. As people age, 

their metabolic rates decline (180). The elevated fat mass in our subjects was 

probably due to aging in combination with a sedentary lifestyle. 

Although DXA is considered a valid measurement of percent body fat in 

healthy individuals, we cannot exclude the possibility that it may qverestimate 

percent body fat in SCD patients. For example, in children, the Hologic DXA has 

been shown to overestimate percent body fat partly because it 'assumes that the 
. . 

fat-free mass is 73.2% water (181 ). This ratio of water to fat-free mass is altered 

in various chronic diseases in which there is a loss of cell mass and an increase 

in extracellular water (130, l82, 183), such as SCD. We did not measure 

percent body fat by other techniques such as underwater weighing, and therefore 

cannot compare DXA ·measurements with other methods. Future studies might 

examine body composition using other techniques such as skinfolds, 

hydrodensitometry, and bioelectrical impedance analysis. 
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Mean total bone mineral density of the women with SCD in this study, 

wh~se mean age was 30.8 years, was similar to that of 50-59 year old 

postmenopausal white females (184). This finding was unexpected, since black 

women typically. have greater bone mineral density than white women (185, 186). 

Our findings were in agreement with reports of low bone mineral density and 

regional osteoporosis in children with SCD (187, 188). Soliman et al. (187) 

reported low body bone mineral den~ity in children with SCD despite normal 

serum calcium, · suggesting that other factors related to SCD, such as bone 

marrow expansion might be involved (189; 190) . 
. ,.,. 

Despite our subjects' low fat-free mass, baseline leg strength was average 

based on ACSM guidelines; however, arm strength was very poor (147). The 

average leg strength may reflect a selection bias for a healthy adult sickle cell 

population that is capable of walking and performing 3 to 6 months of PT. The 

low arm strength in our subjects may be due to disuse of their arms and/or the 

degenerative nature of the disease. Low muscle strength in sedentary 

individuals has been shown to .be due to a decrease in muscle mass and a 

reduction of neuromuscular function (191 ). 

In summary, we found excess fatness (low fat-free mass and high fat 

mass), low bone _mineral density, and low arm strength in women of normal 

weight with SCD. Because patients with sickle cell disease are aging and new 

therapeutic agents are now available, characterization of fitness and body 

habitus is mandated in order to develop effective management of patients with 

SCD. As obesity may adversely effect cardiovascular health, fitness, and 
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perceptions of health, .further investigation is needed to clarify the implications of 

obesity in adults With SCD. Similarly, the: impacf of low arm strength and low 

bone mineral density on osteoporosis and other related medical complications in 

this population remains unclear. Data from the present study suggest that 

standard anthropometric measurements such as BMI may underestimate the 

problem of obesity in SCD .. Therefore, dual-energy x-ray absorptiometry may be 

a better choice for assessing body composition in patients with chronic disease. 

Health status and we/I-being 

Identification of factors that contribute to poor health status (i.e., deconditioning, 

obesity, depression, etc.) is critical in the development of intervention programs 

to improve quality of .life for individuals with chronic conditions such as SCD. In 

addition, low scores on health status surveys have been correlated with higher 

health care and hospital utilization (13). Although health status scores for the 

study subjects were lower than for the general population, their scores appeared 

higher than expected in all domains (18}. This may reflect that we selected 

relatively healthy adult patients with SCD who appeared Gapable of performing 3 

to 6 months _of PT. For example, women with limited physical capacity or chronic 

debilitating complications were excluded from participation in our study. Had we 

included these individuals it is possible our health status scores would have been 

in line with those of Woods et al. (18). In addition, study subjects might have had 

higher scores because they received continuous medical care, whereas patients 
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in other studies might not have had access to consistent care or an established 

physician. 

Of the eight domains, scores were .highest in physical functioning,- social 

fu~ctioning, mental health, and role emotion~!. Woods et al.. (18) · also reported 

these domains to be the highest in the ·scD patients in their study. These results 

suggests that overall the social and psychological components of well-being are 

not as affected by SCD as the physical components. Some subjects had ceiling 

effects, the highest possible scores, for the domains of physical functioning, role 

physical, social functioning, role emot'ional, and mental health. This indicates the 

RAND SF-36 could not discriminate within these domains. We did not expect 

that our subjects would have ceiling effects in these domains, since patients with 

more severe conditions typically show floor effects. Because of our strict 

inclusion criteria, and the clinical heterogeneity among SCD patients, we may 

have selected a relatively healthy sample of patients with SCD. The ceiling 

scores observed in our subjects suggest that they were coping with the disease 

such that it did not interfere with their quality of life. 

Some subjects had ceiling effects for bodily pain; a higher score in this 

domain is unfavorable. The higher score may have been the result of a recent 

painful crisis. This finding was not unexpected because the RAND SF-36 is 

primarily based on the preceding four weeks. This time frame is generally used 

to avoid daily fluctuations and capture a stable sample of recent health (134, 

, 192). For example, in a normal population, a one-year time period can be used 
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to monitor relatively rare events like hospitalizations. However, SCD patients 

have intermittent painful episodes and are hospitalized more frequently. 

A few subjects reported floor effects, the lowest possible score, for role 

physical, role emotional, and vitality. A low score for role physical and role 

emotional may reflect the impact of having an inherited chronic disease that limits 

subjects' activities and roles in society. Vitality was expected to be low due to 

the anemia associated with the SCD. Ceiling and floor effects suggest that 

subjects perceived their well-being to either be very good or very poor in certain 

areas or that the survey cannot discriminate levels well at the higher and lower 

scales in each domain. 

The association between various physiological parameters and the eight 

domains may lend insight into which physiological parameter has the greatest 

impact on the subjects' quality of life. We hypothesized that age, low hemoglobin 

level, . deconditioning, and/or chronic pain would influence the subjects' health 

perceptions. As expected hemoglobin levels were positively correlated with the · 

domains of general health perception and physical functioning. This was 

expected since higher hemoglobin levels increase oxygen carrying capacity and 

should increase the ease of performing everyday activities. The reticulocyte 

count and the white blood cell count · were negatively correlated with social 

functioning and general health perception. In other words, higher reticulocyte 

count and white blood cell count were ass.ociated with lower health perception. 
', . 

The reticulocyte count and white blood cell count may contribute to the 

mechanisms of vasoocclusion, with higher levels indicating a more severe clinical 
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manifestation (9, 17). Elevated fetal hemoglobin correlated with general health 

perception. Generally, higher fetal hemoglobin is associated with a less severe 

clinical course due to reduced sickling. Physical functioning did not correlate 

significantly with age, V02, percent body fat, or strength measurements. These 

findings were unexpected because in the normal population decreased fitness is 

a significant contributor to decreased quality of life (116, · 193, 194). Age, 

adiposity, and poor physical fitness did not correlate with perceived health status 

and functioning. Our results suggest that the severe chronic anemia in SCD 

outweigh age and other physiological parameters that might be expected to 

impair physical functioning. Future studies might include a larger sample size to 

gain a clearer picture of the relationship among physiological variables and 

perceived well-being .. 

Physical Training 

Complications 

During the study, exercise did not precipitat~ acute painful episodes, and 
. . . . . ., ' . 

subjects did not appear to experience any exercise related increases in pain rate. 

Physical training was often interrupted because of medicc:tl complications 

consistent with the clinical course of the disease and probably unrelated to 

exercise. For example, complications included cholecystitis and pneumonia, as 

well as vasoocclu'sive episodes. Adverse events occurring. during exercise were 

minimal. Only one subject {#202) was not allowed to continue in the study for a 

suspected exercise-related event. She was evaluated using transcranial Doppler 
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during peak exercise testing; it did not suggest a .cerebral cause for her 

symptoms, which remained enigmatic; no other adverse events were noted. 

Overall, PT did not appear to worsen the clinical course. Although no clear 

relationship between PT and adverse medical complications was determin~d, 

precipitation of subclinical vasoocclusion cannot be excluded. 

Compliance 

The compliance rate, based on the number of subj.acts completing the PT 

program, was 53% . (9 of · 17); eight st.Jbje·cts compl.~ted post-PT testing; one 

subject finished partial post-PT testing. _ This compliance rate is consistent with 

published data suggesting that adhe.rence to PT programs is usually poor among 

the populations most likely to benefit from training. A review of controlled PT in 

patients with and without chronic disease. conducted by Martin et al. (195), 

suggests that after 3 to 6 months less than half of the initial participants 

remai'ned. In a study examining high and low intensity PT in patients wit_h HIV, 

only 24% compliance was achieved after 6 months (196). · The primary reasons 

for noncompliance in our subjects were similar to those reported in HIV study 

subjects; i.e., socioeconomic factors such as domestic, childcare, and 

transportation-related issues (196). 

The exclusion of subjects with an inability to exercise resulted in our 

having recruited a relatively healthy subset of women with SGD. Therefore, our 

subjects may have been more active than the general adult sickle cell population. 

However, 8 of 17 subjects were being treated with hydroxyurea at variable doses 
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and for various treatment periods. Therefore, at some point they might have a 

higher level of sickle cell-related complications· than those not receiving 

hydroxyurea ( e.g. higher pain rate, lower hemoglobin level, and incidence of 

acute chest syndrome). 

Optimal exercising conditions were maintained for the PT; i.e., the 

temperature of the exercise gym was maintained at approximately 22° - 25°C, 

and subjects had access to ice and water during exercise. Therefore, our results 

may not be generalizable to ·sickle c~II patients exercising in . suboptimal 

environments. 

Subjects begai:, the exercise program slowly (i.e., for short duration and 

low intensity) in order to minimize muscle soreness. Although we anticipated that 

the subjects' rate of progression would be slow, within 1-2 weeks all subjects 

were participating for the full SO-minute exercise session. With the strength 

training, we did not encourage patients to lift until fatigue because we did not 

want to increase the risk of muscle damage and a possible inflammatory 

response. 

The quick acceptance of the PT by those who maintained a high rate of 

attendance may represent the subjects' willingness to participate, as they had 

typically been sedentary previously for fear of developing medical complications. 

One problem we encountered was keeping those who attended from 

overexertion, rather than having to encourage them to do more. 
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Post-Physical Training 

Cardiopulmonary · 

Generally, peak VO2 increases 15-20% following 6 months of PT (197). 

However, we did not observe an increase in cardiovascular fitness after 3 to 6 . 

months of PT. This lack of increase may have been due to a combination of 

factors, including those inherent in subjects with chronic conditions, the nature of 

SCD, and the study design. 

Over the course of the study, PT was often interrupted because of sickle 

cell-related complications. Some of these complications resulted in 

hospitalization and/or bed rest. If subjects had a painful· crisis requiring 

hospitalization, they were excused from PT for 7 days after dismissal from the 

hospital to allow for complete recovery. It has been reported in healthy males 

that 3 weeks of bed rest results in a significant decrease in cardiorespiratory 

fitness (198). One study reported a 15% decrease in VO2 with 10 days of bed 

rest (199). Therefore, the potential positive effect.s of physical training may have 

been diminished by missed days due to sickle cell-related medical illness. 

The complex nature. of SCD makes it difficult to attribute the lack of 

improvement in fitness to one physiological mechanism. Most likely, the lack of 

response was due to multiple systems interacting. For example, anemia may 

have limited improvements in fitness due to a reduced oxygen-carrying capacity. 

Blood transfusions, which increase total hemoglobin concentration, have been 

shown to improve exercise capacity ,in children with SCD (151 ). The increase in 

exercise capacity supports the role of anemia in limiting improvements in VO2. 
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To compensate for the chronic anemia of SCD, there is an increase in 

cardiac output at rest (33, 35). This increase is primarily due to elevated stroke 

volume rather than elevated heart rate (33, 35). Since stroke volume is elevated 

at rest it may not be able to increase with exercise, limiting improve,ments in VO2• 

Therefore, during exercise the proportionate increase in cardiac output needed to 

reach higher work rates cannot be achieved (36). 

The lack of improvement in peak VO2 may also. have been due to 

ventilatory impairments resulting from chronic lung disease and/or microvascular 

occlusions causing fibrosis. These impairments include gas exchange 

abnormalities, which could have limited diffusion between the lungs and the 

blood. For example, in healthy individuals VoNr typically decreases with 

exercise due to increased blood flow to the up·per regions of the lungs .. In SCD 

patients, this may occur at rest. Therefore, when blood flow increases with 

exercise, an insufficient number of additional blood vessels are available 

resulting in inadequate ventilation to perfusion. 

The women exercised primarily on treadmills and by aerobic dance. None 

of the subjects regularly exercised on a cycle ergometer. However, VO2 testing 

was performed on an upright cycle ergometer. Future studies might have the 

subjects perform the same mode of exercise for the cardiopulmonary testing and 

the PT. Another possible reason VO2 did not increase was that the intensity, 

duration, or frequency of exercise maintained during PT . might h.ave been 

insufficient to elicit favorable changes in cardiovascular fitness·. Physical training 

was only offered 4 days a week (Mon - Thurs) and the average attendance for 
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the subjects who returned for post-testing was 78.9%, i.e., around 3 of the 4 days 

offered. If additional training days were offered (Fri - Sun) and the frequency of 

training were higher, cardiorespiratory fitness may have increased. 

Although cardiovascular fitness did not improve with PT this does not 

exclude the possibility that PT had an effect. For example, subjects could only 

exercise 1 0 - 15 minutes during the first week of the PT. After 1 month of PT, all

subjects actively involved could exercise for 50 minutes. This improvement may 

be important in improving daily functioning. A study in patients with chronic 

obstructive ·lung disease also found that exercise time increased without an 

improvement in peak VO2 when training at a constant work rate (247). 

· Preventing a decline in cardiovascular fitness might .be a more appropriate 

outcome to use when .evaluating PT programs for SCD patients. There are no 

longitudinal studies evaluating these indices in adults with SCD, and this study 

did not have a nonexercising control. group to test the hypothesis that the PT may 

have prevented a decline in fitness. 

Body composition· and strength 

Leg strength, which was within normal limits initially, increased 

significantly pre- to post-PT. Arm strength, which was low initially, did not 

change significantly. Increases in strength with resistance training have been 

demonstrated in other chronic disease.. For example, in hemodialysis patients, 

PT has been shown to reverse degenerative changes in skeletal muscle fibers, 

mitochondria, and capillaries (200). In patients with rheumatoid arthritis, hand 
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grip ~trength has been shown to increase after 12 weeks of PT (201 ). In elderly 

individuals, strength training has been reported to increase muscle strength and 

muscle hypertrophy (130). Since subjects' arm strength in our -study did not 

increase significantly, the exercise stimulus may not have been sufficient to elicit 

a change. Suzuki et al. (191) have shown in healthy subjects that twenty days of 

bed rest leads to a significant decrease in muscle mass. We required seven 

days of rest before subjects could return to the PT program after a vasoocclusive 

episode. Also, PT included both aerobic and resistance exercises. Subjects 

might have demonstrated greater increases in strength had resistance training 

been the sole form of exercise. In addition, the illnesses· experienced by the 

subjects were intermittent and prevented them from exercising continuously 

during the training period. The combination of bed rest and discontinuous 

participation may have cont~ibuted to the lack of improve~ arm strength. We 

cannot exclude the possible unmeasured benefits of exercise on functional 

capacity (i.e., indices such as joint range of motion and gait stability). 

Finally, SCD patients are known to have elevated steady-state TNF-a (8), 

which can induce cachexia. Therefore, these individuals have anabolic and 

catabolic processes occurring simultaneously, and the catabolic effect may occur 

at a faster rate than the anabolic effect. Thus, SCD patients may have an 

underlying condition that limits strength increases. 

Bone mineral density is dependent on multiple factors, including 

mechanical (e.g., gravity, muscle contraction), hormonal (e.g., estrogens), and 

nutritional mechanisms (e.g., dietary calcium). Animal studies have shown that 
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bone can adapt to mechanical strains (202-204), and human studies have shown 

that weight-bearing exercise can increase bone density {20~-207). Despite an 

increase in leg strength with 3 to 6 months of aerobic and resistance training, we 

did not find a sigDificant increase in bone mineral density. One year of resistance 

training in middle~aged (36-67 years) women also .failed to show significant 
. . 

· increases in bone mineral density (208). In contrast,· heavy resistance training 

programs have reported increases in bone mineral density after 6 months (209) 

and 12 months of training {126). These discrepancies may have been due to 

different intensities of the exercises performed. Therefore, it is probable that the 

intensity of our resistance training was not sufficient to elicit the minimal essential 

strain required to stimulate new bone formation. In addition, our subjects 

exercised for 3 to 6 months, which was probably. not sufficient time to see 

changes in bone remodeling; it may take longer for the bones of the SCD 

subjects to respond. 

Health status and we/I-being 

RAND SF-36 scores did not change significantly post-PT. We expected scores 

to increase, since physical activity is associated with improving the quality of life 

and reducing depression (21, 210, 211 ). The complications inflicted by chronic 

disease, such as SCD, may obscure the possible beneficial psychological effects 

of PT. This possibility is reinforced by the fact that fitn.ess parameters did not 

correlate with RAND scores at baseline. In addition, RAND scores are based on 

the four weeks preceding its administration. Since the clinical and subclinical 
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course of sickle cell disease varies, events occurring within the preceding four 

week may have overshadowed the benefits of PT. Significant changes might 

have been seen · if the questions had been rephrased to cover a shorter time 

period. Although the scores did not reflect significant improvements the subjects 

appeared to have fun with the PT and enjoyed the companionship of working out 

with other· SCD patients.·. Future studies might ~ompare perceived well-being 

among those patients undergoing and not undergoing hydroxyurea therapy and 

add additional questions for patients with chronic disease or acute intermittent 

· illness. 
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THE EFFECTS OF THREE CONSECUTIVE BOUTS OF EXERCISE ON SELECTED 

INFLAMMATORY AND VASOACTIVE MEDIATORS 

The aim of this part of the dissertation was to examine whether acute bouts of 

repeated exercise would result in changes in inflammatory and vasoactive 

mediators that might precipitate subclinical vasoocclusion in patients with SCA. 

Inflammatory and vasoactive mediators that were felt to play a major role in both 

SCD and exercise were selected. 

Inflammatory Mediators 

Mean baseline TNF-a levels were higher in the women with SCA than in the 

Controls. There are inconsistencies in reported baseline levels of TNF-a in SCA 

patients. Some studies· have reported higher TNF-a levels in individuals with 

SCA than in control subjects (8, 212), whereas others have reported· no 

difference (46, 47, 89). These conflicting reports may be due to differences in 

inclusion criteria (heterozygous vs.· hornozygous), laboratory variations, and/or 

assay specificity. For example, it is probable that subjects with a severe clinical 

course would. have higher TNF-a levels. In addition, patients who have recently 

experienced a vasoocclusive episode or a subclinical event may have elevated 
i 

TNF-a levels compared to patients in steady state. The elevated TNF-a levels in 

our subjects could be due to the subclinical events associated with SCA, a more 

severe form of SCD. 

Acute exercise has been shown to induce an inflammatory response 

similar to that accompanying infections or mild trauma (213); yet, we did not see 

a change in TNF-a levels from Day 1 to Day 2 in either group. This finding 
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agrees with results of other studies that found no significant change in TNF-a 

levels after exercise (62, 65, 182, 214). However, other investigators have 

reported an increase in TNF-a levels after a 5-km run (148), prolonged running 

(63, 215), and downhill running (62). We may have failed to detect an increase 

in TNF-a because we collected blood samples 24 hours after exercise. 

Esparsen et al. (148) and Dufaux et al. (63) did not observe an increase in TNF-a 

levels 24 hours after exercise, but they did observe an increase in TNF-a levels 2 

hours after exercise. However, Cannon et al. (62) reported that TNF-a levels 

were increased significantly the day_ after exercise. Other possible reasons for 

the discrepancy are that the mode, intensity and duration of. exercise used in our 

project were insufficient to eiicit tissue damage. On Day 3, TN F-a levels 

decreased significantly in both groups. The reason for this de_cline is unknown. 

A possible- ·explanation is that anti_-inflammatory cytokines increased, inhibiting 

the production of TNF-a. 

At baseline there was not a significant difference between IL-6 levels in 

the Control and SCD subjects. Our finding is in agreement with only one study, 

in which IL-6 levels were not elevated in patients with SCD (89). These results 

conflict with other reports in which IL-6 levels are elevated in patients with SCD 

(46-48). The failure to detect a difference in Control and SCD subjects in our 

study may be because we chose subjects with a mild clinical course who wete 

not representative of the larger SCD population. It is generally thought that the 

release of TNF-a and IL-6 parallel one another {TNF-a precedes and stimulat~s 

the production of IL-6); however, we found that TNF-a was elevated and IL-6 was 
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not, which suggests an alternative mechanism of induction. Like TNF-a release, 

there are a number of blood-born~ factors that can alter the· release of IL-6. 

These factors are tightly regulated, complex, and redundant. · It is impractical to· 

measure all the cytokines to characte~ize the ones that may or may not be 

involved. 

With three consecutive days of exercise IL-6 levels did not change 

significantly in either group. A possible· explanation is that the intensity of the 

exercise was. insufficient to elicit tissue d~mage that would increase IL-6 levels. 

Bruunsgaard et al -(216) found that IL-6 levels were ·increased more with 

eccentric ·exercise than with concentric exercise, supporting the hypothesis that 

IL-6 release during exercise is related to skeletal muscle damage. Ostwoski et 

al. (217) drew the same conclusion from blood samples collected from marathon 

runners. 

It has been suggested that early events in exercise trigger the release of 

IL-6 (217). Therefore, the kinetics of IL-6 most likely depend on the intensity and 

duration of the exercise stimulus. IL-6 levels have been reported to increase 24 

hours after a 20 km run (65); however, another study reported plasma and urine 

IL-6 levels to increase 2 hours after 1 hour of cycle ergometry at 75% V02 max 

(61 ). The failure to detect a change in IL-6 levels in the present study may have 

been· a result of the time the samples were taken. IL-6 measurements were from 

blood collected before exercise or 24-hours post-exercise on Day 2 and Day 3. 

Therefore, it is possible that the exercise-induced increase in IL-6 levels was 
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missed in this study. (Note: A downstream acute phase protein, CRP, did not 

change with exercise in this study, either). 

At baseline there was not a significant group difference in CR~ levels. 

Previous reports of CRP _levels in SCA patients are conflicting. Some authors 

have reported normal CRP levels at steady state (56), whereas other authors 

have reported higher CRP levels thah controls (55, 89). The differences in 

circulating CRP levels are probably related to the severity of the disease. In 

addition, the occurrence of subclinical episodes would increase CRP levels. A 

possible reason that CRP levels were not elevated in our subjects may be 

because we chose relatively healthy subjects with SCD. 

With three consecutive days of exercise, CRP levels did not increase 

significantly in either group. In the SCD subjects, CRP levels tended to increase 

after three days of exercise but the change failed to achieve significance. 

Previous research ha·s shown that CRP in both trained and untrained individuals 

(58, 59, 68) was elevated 24 hours after exercise, which is the same sampling 

time that was used ir:, the present study. It is unclear why CRP levels did not 

increase with exercise. One possible reason was that the. intensity, duration, and 

type of the exercise stimulus were low compared to previous exercise studies 

(58-60, 68). The lack ~f CRP response is consistent with our finding that IL-6 

levels did not increase. 

The purpose of examining inflammatory mediators was to determine 

whether repeated bouts of exercise would have harmful effects in individuals with · 

SCA. Numerous cytokines and other variables can be measured to assess 
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activation of the immune response or acute phase response. There is sufficient 

evidence in the literature to support the parameters selected. The various 

components of the acute phase reaction usually increase together. However, 

variations occur among individuals with the same illness, and due to the severity 

and chronic ·i_nflammation in SCD, the inflammatory response may not be 

sensitive to small changes in cytokines. We did not see an increase in TNF-a, 

IL-6, or CRP with 30 minutes of moderate intensity exercise. Although TNF-a, 

IL-6, and . CRP did not increase significantly, we canne>t excl~de. the possibility 

that a h.igher intensity exercise, longer duration, a_nd/or ·different mode of exercise 

may increase these variables. In addition, considering that these cytokines may 

act synergistically, we cannot exclude the possibility that the trend for these 

cytokines to increase with exercise might contribute to enhancing subclinical 

vasoocclusion. However, the absence of clear increases suggests that exercise 

of the type that might typically be used in a PT program will not elicit a substantial 

inflammatory response. 

Vasoactive Mediators 

Few studies have examined vasoactive mediators in SCD patients. We chose to 

focus on two vasoactive mediators: NO, a vasodilator, and ET-1, a 

vasoconstrictor. The inability to measure NO production rates directly, due to 

their short half-life, presents a problem in interpreting the effects of NO on 

·vasodilation. s·aseline NOx levels were higher .in subjects with SCA when 

compared to Control subjects. This finding agrees with a study by Rees and 
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colleagues (76), which found that NOx levels in SCA subjects V\(ere higher during 

steady state and during acute painful crises than in healthy control subjects. 

During painful episodes, Lopez et al. (77) reported that higher NOx levels were 

associated with lower p·erceived pain. 

Tissue infarction may contribute :to the elevated NOx in SCA patients, 

since patients with similar conditions such as· anemia, hemolysis, 

dyserythropoiesis, or other .hemoglobinopathies without tissue infarction do not 

have elevated NOx levels compared to healthy controls (76). During ischemia, 

NO plays a protective role by enhancing vasodilation to increase localized blood 

flow. NO also attenuates ischemia by inhibiting neutrophil activation, adhesion, 

accumulation, and platelet aggregation (218). Therefore, the elevated NOx 

levels in our subjects might reflect an increase in vasodilation to better 

accommodate the passage of sickled erythrocytes. This hypothesis is consistent 

with a report by Lopez et al. (77). that demonstrates an inverse relationship 
~ 

between NOx levels and perceived pain during vasoocclusion. 

It has been reported that blacks typically have higher NOx levels than 

whites (219, 220). The reason for the racial differences in NOx levels is not 

clearly understood. Ethnic differences would offer an explanation for the higher 

NOx concentrations found by Rees et al. (76) in their study than we found in our 

study. These differences may have evolved from geographical, environmental, 

and dietary influences between individuals of African, Afro-Caribbean, and 

African-American descent. NOx levels reported from an American sickle cell 

clinic were similar to those we reported in our SCA subjects (220). However, 
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neither report takes into account other factors that may affect NO levels, such as 

hydroxyurea therapy, which increases NO production in vitro (221 ). Despite 

differences in NOx levels between the studies, the relationship of NOx levels 

between the SCA and Control groups exist. 

The baseline elevation in NOx levels in SCA subjects may suggest a shift 

in the balance of vasoactive tone to increase vessel diameter. A number of 

clinical and mechanical factors may contribute ·to maintaining an elevated basal 

level of NO in SCA patients compared to Controls. Possible factors include 

increased shear stress, erythrocyte membrane damage, and increased 

expression of adhesion molecules. Elevated NOx levels might explain why 

individuals with SCA have a lower incidence of hypertension than the average 

African-American population (222). 

The elevated NOx levels may be due to increased metabolism of NO, 

without the expected vasodilation. Therefore, the elevated NO may not 

represent a_n increase in vasodilation . because SCA patients release more 

superoxide than healthy normal controls (78).· Jn addition, NO levels may be 

elevated to balance an increase in steady state vasoconstrictors. 

NOx increased significantly after the first bout of exercise in both the SCA 

and Co_ntrol groups but returned to baseline levels 24 h~~rs after exercise. This 

increase suggests that· the change in NOx levels after exercise was in response 

to the acute exercise stimulus and was not a chronic adaptation. Our 

observation that NOx levels increased with exercise agrees with other human 

studies in which NOx levels increased in response to exercise (223, 224). 
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The source of the NO was not investigated, but since TNF-a, IL-6, and 

CRP did not increase in either group after exercise it is unlikely that NOx levels 

were elevated due to an increase in the cytokine-responsive iNOS. One possible 

mechanism for exercise induced synthesis of NO is based on the fact that 

exercise increases blood flow and shear stress on the vascular endothelium. 

Therefore, NO production by endothelial cells could-decrease peripheral vascular 

resistance by increasing the vessel diameter and consequently eliminating or 

reducing shear stress. Laughlin (83) suggests that at the onset of exercise the 

increase in blood flow may increase shear stress, which produces signals within 

the endothelial cells to increase eNOS expression _and NO release. Physical 

training has been demonstrated by a number of groups to upregulate eNOS gene 

expression (80, 82). Resting nitrate levels in marathon runners have been found 

to be twice that of control subjects (225). Rodriguez-Plaza et al. (226) found that 

highly trained athletes had higher resting NOx levels than trained individuals, 

trained individuals· had higher resting NOx levels than sedentary individuals, and 

sedentary individuals had higher NOx levels than individuals with coronary artery 

disease. This same group of researchers found that after 12 weeks of cardiac 

rehabilitation NOx levels were increased from baseline levels (226). Studies 

have reported that patients with congestive heart failure who · underwent PT 

increased NO production (227, 228). These reports support the notion that, NO 

may play a role in regulating a decrease in vascular resistance as a result of 

exercise (225-228). 
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However, exercise studies using NG-monomethyl-L-arginine (L-NMMA), a 

NOS antagonist,_. found NO is n9t essential for vasodilatation to occur (229). 

Brett et al. (230) confirmed the importance of other vasodilators by administering 

L-NMMA and finding no change in. total systemic vascular resistance. In their 

review of the literature, Green et·a1. (231) found many inconsistendes concerning 

the role of NO in exercise'."induced vasodilation. The overall conclusion was that 

due to intra- and.inter-species variability in endothelial cell function it is difficult to 

compare the results from different studies (231 ). It appears that NO is not 

essential for vasodilation at the onset of exercise, but that NO plays a role in J 

-,-

regulating vascular blood flow during exercise (232). However, there are multiple 

regulatory mechanisms that control resistance vessels during exercise. Since 

there are other relaxing factors, the increase in NOx may not be necessary for 

the increase in vasodilation, but it may contribute to the vasodilation. 

NOx levels increased significantly after exercise on all 3 days in the SCA 

group and only on the first day in the Control group. The increase in NOx levels 

in the SCA patients after each bout of exercise may have resulted from increased 

shear stress with exercise.. The leveling off of NOx experienced by the Control 

group -has been shown in. hypertensive rat studies, which found an increase in 

NOx up to 36 hours after exercise; however, after 7 days of exercise the 

response decreased (233). The plateau effect experienced in the Control group 

might reflect habituation to the exercise stimulus. 

The intensity of the exercise may also have affected NOx levels. Two 

studies that used static wrist flexion or handgrip exerci_se did not show an 
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increase in NOx (234, 235).. One possible reason these studies did not elicit an 

increase may have been because a small muscle group was used, whereas our 

subjects were walking on a treadmill using large muscle groups. 

To maintain vascular tone the vasodilatory effects of exercise are 

counterbalanced by vasoconstrictors such as ET-1, the most potent 

vasoconstrictor identified to date. Baseline ET-1 levels were significantly higher 

in subjects with the SCA than in the Controls. This finding agrees with results of 

other studies that found elevated circulating ET-1 levels in SCD patients (89-91) 

as well as other chronic diseases such_· as chronic renal failure (236) and 

·-
congestive heart failure (237). Subjects with SCA may have elevated circulating 

ET-1 levels due to ,hypoxia and shear stress (238, 239). SCA patients 

experience ch~onic tissue hypoxia due to low hemoglobin levels and sickling of 

erythrocytes (160). 

Another possible reason SCA subjects have elevated ET-1 levels might be 

because of endothelial damage. It has been reported that SCA patients have an 

increase in the number of circulating endothelial cells, indicating damage to the 

vascular endothelium (71 ). In vitro studies have shown that when the 

endothelium is exposed to sickled erythrocytes, ET-1 transcription and protein 

production are elevated (240). 

ET-1 levels did not change pre- to post-exercise in either group on any of 

the 3 days, which is in agreement with s.~udies in normal subjects that show 

exercise does not affect the· release of ET-1 (96, 97, 236, 241, 242). However, 

there are conflicting reports in the literature. Maeda et al. (93) found that ET-1 
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levels peaked 30 minutes after exercise and increased as the intensity of the 

exercise increased. Kullmer and colleagues (243) found that ET-1 levels 

increased with exhaustive exercise, and Hocker et al. (244) reported that ET-1 

levels increased immediately after a short bout of high intensity exercise. 

Ishikawa et al. (245) al.so found that after a bout of exercise, ET-1 levels were 

elevated in normal subjects but did not increase in patients with congestive heart 

failure. Like SCA patients, heart failure patients exhibit chronically elevated 

levels of ET-1. These chronic levels of circulating ET-1 may cause a 

desensitization to further increases that might occur with exercise. The lack of 

increase in ET-1 might be a protective mechanism to prevent excessive 

vasoconstriction. 

The timing interval, location (arm or leg) of the blood draw, and intensity of 

exercise are all factors that can affect ET-1 levels. Maeda et al. (.93, 95) 

performed several studies in which blood was drawn from the arm immediately, 

30 minutes, an_d 60 minutes after exercise, but they only found changes in ET-1 

levels 30 minutes after exercise. Since the optimal time· to draw blood after 

exercise has not been established, we may have collected our samples too early 

or too late to detect a response. 

The intensity of the exercise also affects the ET-1 concentration (93). For 

example, Maeda and colleagues (93) found that ET-1 levels increased 

significantly immediately after exercise if the subjects exercised at 130% of their 

VT, whereas there was no change in ET-1 levels if the -subjects exercised as 
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90% of their VT. Therefore, our subjects might not have exercised at an intensity 

high enough to elicit an increase in circulating ET-1 levels. 

Other evidence suggests that ET-1 levels vary depending on the tissue 

from which the blood was drawn. One study that measured ET-1 after 30 

minutes of one-legged exercise on a cycle ergometer found no change in ET-1 

levels in the working leg, but an increase in ET-1 levels in the non-working leg

(92). The increased ET-1 production in the non-working muscles suggests 

vasoconstriction~ which redirects arid increases blood flow to working muscles 
' . 

(92). The difference in the present observations may have been the blood draw 
. . ·.,~-

site. In the present study the arms may have been used in the treadmill exercise 

movement, thereby preventing an increase in ET-1 levels. In addition, only 

venous plasma ET-1 levels were measured in the present study. An additional 

possibility is that exercising muscles release more vasodilating substances such 

as NO which can inhibit ET-1 production (246). Therefore, the release of 

vasodilating factors may interfere with the release of ET-1 . 

SUMMARY 

This report is the first of a controlled PT program in women with SCD. The 

overall aim of this study was to determine the effectiveness and safety of 

exercise in women with SCD. The effectiveness of a moderate intensity exercise 

program for patients with SCD is still unclear. After 3 to 6 months of PT, there 

were no measured improvements in health status, cardiovascular fitness, or body 

compositiOJl. This finding suggests that the exercise stimulus used was not 
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sufficient to elicit significant changes· in body composition and cardiovascular 

fitness. Although cardiovascular fitness did not improve with. PT this does not 

exclude the possibility that PT had not effect. We cannot exclude the possible 

unmeasured benefits of exercise on functional capacity (i.e., indices such as joint 

range of motion and gait stability). Likewise for SCD, stability in health status, 

fitness, and body composition may indicate a benefit in itself, compared to the 

normal clinical course, which may be a decline in these parameters. The safety 

of · PT in these women was supported by the lack of: vasoocclusive episodes 

during peak exercise testing, change in number of vasoocclusive crises with PT, 

change in inflammatory mediators or vasoconstrictors associated with 

vasoocclusive crises. Further controlled studies are needed to explore the role of 

exercise in improving functional status, health status, fitness, and precipitating 

subclinical vasoocclusion in adult SCD populations: 
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Selecting a Work Rate Increment for Sedentary Women 

Step 1. Measure ·woman's weight (kg) and height (cm) light clothes without shoes and 

record age (y) 

Step 2. V02 unloaded (mL-min-1
) = 150 + (6 * weight) 

Step 3. Peak V02 (mL-min-1
) =(height-age)* 14 

$tep 4. Work Rate (mL--~in-1
) = peak V02 - V02 unloaded/100 

Adapted from Wasserman et al. (25). 
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Calculation of Predicted Peak .V02 mUmin for Sedentary Women 

Cycle factor = 22. 78 - 0.17 * age (y) 

Step 1. Measure woman's weight (kg) and height ( cm) light clothes without shoes and 

record age (y) 

Step 2. Calculated woman's normal (predicted) weight in kg as follows: 

Weight = 0.65 * height - 42.8 

Step 3a. If woman's actual weight equal normal weight: 

Predicte_d peak V02 (mL-min-1
) = (actual weight+ 43) * cycle factor 

Step 3b. If woman's weight is less than normal weight: 

Predicted peak V02 (mL-min-1
) = [(normal weight+ actual weight+ 86)/2] * 

cycle factor 

Step 3c. If woman's weight exceeds normal weight: 

Predicted peak V02 (mL-min-1
) = [(normal weight+ 43) * cycle factor]+ 6 * 

(actual weight - normal weight) 

Adapted from Wasserman et al. (25). 

158 




