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Abstract

Background—The purpose of this study was to compare longitudinal trajectories of maximal
aerobic capacity in children with sickle cell anemia (SCA) and matched healthy controls, and
explore whether these trajectories were associated with selected physiologic variables.

Procedures—Children with SCA (n=33) and healthy controls (n=30) matched at baseline for
race, sex, Tanner stage, height, and weight completed three consecutive annual fitness assessments
(VO2peak)- Data were compared between the groups at each time point and within groups over
time. Change in VOppeak between the two groups over time was assessed using a linear mixed
model with age, sex, fat-free mass (FFM), Tanner stage, and hemoglobin (Hgb) concentration as
covariates.

Results—At baseline, children with SCA had significantly lower Hgb concentration (8.9 vs. 13.7
g/dL, p<0.001) and relative VOppeak (24.2 vs. 27.9 ml/kg/min, p=0.006) than healthy controls.
Over time, children with SCA had smaller increases than healthy controls in VOgpeqx (0.1 and
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+4.9 ml/kg/min, p<0.001), Tanner stage at year 2 (15% and 66% Tanner 4, p<0.001), and FFM
(+4.0 and +6.8 kg, p=0.02). Changes in Hgb concentration did not differ between groups (+0.03
and +0.09 g/dL, p=1.0). After adjusting for age, sex, Tanner stage, FFM, and Hgb concentration
the differences in change in VOgpeak OVer time remained significant (p<0.001).

Conclusion—Children with SCA demonstrate lower relative VOgpeqax compared to healthy
children and the difference increases over time. The difference in VOgpea trajectories between the
two groups during puberty remains significant after adjusting for age, sex, FFM, Tanner stage, and
Hgb concentration.
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INTRODUCTION

The clinical manifestations of sickle cell anemia (SCA) have a tremendous impact on an
affected child’s overall health and quality of life.(1) Complications of SCA range from
hemolytic anemia, acute chest syndrome, and stroke to end-organ damage affecting lung,
cardiac and renal function over time.(1) The impact of the disease on physical functioning
and fitness may also be significant; previous studies have demonstrated that exercise
limitation is prevalent among adults with SCA and presumed secondary to anemia or
cardiopulmonary disease.(2, 3) In cross-sectional studies, fitness levels defined as peak
aerobic capacity (VOzpeak), measured as the maximum amount of oxygen that can be
utilized by the body per unit of time during incremental exercise, are lower in children with
SCA compared to healthy control children.(4, 5) In a single study of longitudinal fitness
changes in children with SCA, relative work capacity (W/kg/min) was found to decrease
over time, but was not compared to healthy children.(6)

There is a paucity of research that explores the determinants of physical activity limitations
in children with SCA.(7) Among the physiologic correlates of VOypeak in healthy
populations, fat free mass (FFM) is increasingly recognized as an important factor in both
adults and children.(8-11) FFM may influence aerobic capacity through augmentation of the
skeletal muscle pump and venous return, and it has been suggested that FFM may account
for observed sex differences in VOgpeak-(12-14) Among children, the relationship between
FFM and VOgpeak may be dependent on pubertal maturity, as both increase during
adolescence.(15, 16) It has also been shown that FFM is reduced and pubertal development
is delayed in children with SCA.(17-19) Although FFM and pubertal development are
correlated with fitness in healthy children, their association with overall fitness or change in
fitness over time in children with SCA has not been reported.

Identifying longitudinal differences in fitness between children with SCA and healthy
controls, as well as the physiologic predictors of these differences, may provide
opportunities for interventions aimed at improving overall fitness and quality of life. We are
not aware of any studies, however, which have prospectively compared the longitudinal
changes in fitness in children with SCA to healthy controls. Thus, the primary objective of
this study was to compare baseline and 2-year change in VOapeak between pubertal children
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with SCA and matched healthy controls. The secondary objective was to explore the

associations of FFM, Tanner stage, and hemoglobin concentration with changes in VOppeak
over a 2-year period in this study population.

Study Participants

Procedures

Thirty-four African-American children with Hgb SS disease (19 males, 15 females, age
10-13 years old) were identified for participation in the study at the Pediatric Sickle Cell
Clinic at Vanderbilt in Nashville, TN and at the MidSouth Sickle Cell Clinic in Memphis,
TN from June 2001 to January 2006. Additionally, 34 African-American children from
Nashville who did not carry the sickle cell (Hgb S) trait or any other hemoglobin (Hgb)
variants were matched for sex, Tanner stage, and approximate height, weight, and fat mass
to serve as a control group for the study. The presence or absence of Hgb SS disease was
confirmed through Hgb electrophoresis in all participants. Exclusion criteria included vaso-
occlusive pain within the two months prior to screening, chronic transfusion therapy,
hydroxyurea therapy at baseline, pregnancy, or the presence of any apparent metabolic,
skeletal, hepatic, or renal dysfunction based on prior laboratory or radiological evaluation.
Given the exclusion of patients on hydroxyurea or chronic transfusion therapy, there were
no children with disease characterized by stroke, multiple episodes of acute chest syndrome,
or greater than 3 hospitalizations per year due to acute pain. Self-reported complications
occurring between the study visits were recorded. Children and their parents or guardians
received written information, verbal explanation about the nature and purpose of the study,
and signed informed assent or consent according to the Declaration of Helsinki. The form
was approved by the Vanderbilt University School of Medicine and Meharry Medical
College Institutional Review Boards for procedures to be performed at the Clinical Research
Center (CRC) at Vanderbilt University.

Children were evaluated at baseline and annually for 2 years. Prior to participation in the
study, children gave a medical history and underwent a complete physical examination.
Pubertal development (Tanner stage) was assessed on physical examination at baseline, then
by self-assessment questionnaire at year 1 and year 2.(20-22)

Anthropometrics and Body Composition

Body weight was measured to the nearest 0.05 kg with a monthly calibrated digital scale
(Detecto-Medic, Detecto Scales, Inc., Northbrook, IL) with the participants wearing minimal
clothing and no shoes. Height was measured using a wall-mounted stadiometer that was
calibrated upon wall installation and recalibrated yearly (Perspective Enterprises, Portage,
MI). Fat mass, FFM, and bone mineral density (BMD) were determined by dual energy X-
ray absorptiometry (DXA, Lunar Prodigy, GE Medical Systems, Madison WI, children
software, version 9.15) as previously described.(23) Our laboratory’s intraassay coefficient
of variation for percent of FM using DXA is 0.79 + 0.49%.
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Aerobic(VOzpeak) Testing

Peak aerobic capacity was measured using a modified treadmill exercise testing protocol in
which participating children were asked to complete 2-minute stages of walking or running
with increasing treadmill speed without incline, starting at 2 mph and increasing by 1 mph
with each stage until volitional fatigue.(24) Participants were asked to avoid vigorous
physical activity for 24 hours prior to exercise testing. Each participant received a full
description of the exercise test procedure and was familiarized with Borg’s rating of
perceived exertion (RPE) 20 point category ratio scale (0-20) using a visual scale.® During
the test, heart rate (HR) was measured using electrocardiography. Children received verbal
encouragement throughout the test. Breath-by-breath oxygen consumption and carbon
dioxide production were measured using a Med-Graphics Ultima Series system (Medical
Graphics Corp., St. Paul, MN, USA), and processed and analyzed with the BreezeSuite
software Version 6.4.023 (St. Paul, MN, USA). Ten seconds before the end of the 2"d
minute of each stage, HR and rate of perceived exertion (RPE) were recorded. Upon
completion of the exercise test, HR, BP, and RPE were recorded, and the participant
continued to walk at a 2 mph for 2 minutes. After the cool-down, HR and BP were assessed
to ensure these values returned to near-baseline levels.

Blood Collection and Analytical Procedures

Blood was drawn by venipuncture into EDTA tubes and used for measurements of
hematological parameters that included whole blood Hgb concentration, packed cell volume,
white blood cell count, reticulocyte count, and platelet count. The measurements were
performed at Vanderbilt University Hospital Laboratory, while plasma albumin was
measured at Vanderbilt’s Clinical Research Center Core Laboratory. All assays were
performed using standard methodologies.

Statistical Analysis

Baseline anthropometric and physiologic data were grouped by disease (SCA, healthy
controls). Continuous and categorical variables were compared between groups using a
Wilcoxon Rank-Sum test and a Pearson chi-square test, respectively. VOppeak, FFM, and
Hgb concentration were compared between groups at baseline, year 1, and year 2 using a
Wilcoxon Rank-Sum test and within disease groups across time (baseline vs. year 2) using a
Wilcoxon Signed-Rank test. The differences in change over time (baseline vs. year 2)
between groups for VOypeax, FFM, and Hgb were compared using a Wilcoxon Rank-Sum
test. Tanner stage was compared between groups (SCA, healthy controls) at baseline, year 1
and year 2 and within groups across time (baseline vs. year 2) using a Pearson chi-square
test. P values less than 0.05 were considered statistically significant, and all tests were two-
tailed.

To determine if there were any longitudinal differences in the VOypeqx OVer the 2-year study
period between the SCA and control groups, we used a linear mixed model to regress
VOgpeak 0N Visits (baseline, year 1, and year 2), group (SCA or control), and the interaction
between visits and group. The linear mixed model is essentially a linear regression model
that uses random effects (intercepts) to account for correlation due to repeated measures. A
second linear mixed model was developed to evaluate longitudinal differences in VO;peak
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after adjusting for selected physiologic and demographic variables. The model included
effects for group, visits, visits and group interaction, age, sex, Tanner stage, FFM, and Hgb
concentration. A third linear model evaluated interactions of selected variables with group
and visits to determine whether differences in VOypeak between groups varied by sex, FFM,
Tanner stage, or Hgb concentration.

Baseline characteristics

One female participant from the SCA group and 4 males from the healthy control group
dropped out of the study before the baseline visit, yielding groups of 33 (19 male, 14
female) and 30 (15 male, 15 female) participants, respectively. Baseline characteristics for
children with SCA and healthy controls, and differences between the groups are shown in
Table 1. At baseline, children with SCA were significantly older, had significantly lower
Hgb concentration and higher resting heart rate than healthy controls. No significant
differences between the groups were found in Tanner stage, height, weight or FFM.
Children with SCA had significantly lower relative VOopeqx than healthy controls (24.2+4.5
vs. 27.945.6 ml/kg/min, p=0.006).

Longitudinal changes in Tanner stage, FFM, and Hgb concentration

All children with SCA (n=33) and healthy controls (n=30) completed the 3 separate yearly
evaluations. The changes in Tanner stage, FFM, and Hgb concentration over time are shown
in Figures 1, 2, and 3, respectively. Children from both groups demonstrated increases in
Tanner stage over time, but a significantly smaller percentage of children with SCA
transitioned to Tanner stage 4 by year 2 than healthy controls (15% v. 66%, p<0.001; Figure
1). FFM increased significantly between baseline and year 2 in both the SCA group
(29.6£5.3 and 33.6+5.7 kg, p<0.001), and healthy control group (29.9+4.8 v. 36.8+6.8 kg,
p<0.001), but children with SCA had a significantly smaller change in FFM over time
compared to healthy controls (+3.99 kg and +6.81 kg, respectively, p=0.02). Children with
SCA continued to have significantly lower Hgb concentration at year 2 compared to controls
(8.9 vs. 13.7 g/dL, p<0.001). No differences in Hgb were found over time in either group
and the change over time did not differ between groups (+0.089 and +0.029 g/dL, p=1.0;
Figure 3).

Longitudinal changes in VO 7peax

Absolute VOgpeqk increased significantly over time in healthy controls from 1.07 to 1.64
L/min (p<0.001) and in children with SCA from 0.92 to 1.15 L/min (p<0.001). However, the
mean increase among children with SCA was significantly smaller than in healthy controls
(+0.23 and +0.56 L/min, respectively, p<0.001).

Unadjusted changes in relative VOppeak OVer time for both groups are shown in Figure 4.
Children with SCA did not show any significant change in VOgpeak OVer the 2-year study
period (24.2+1.8 to 24.1+1.9 ml/kg/min, p=0.78). In contrast, healthy control children
demonstrated a significant increase in VOapeak during the same period (27.9+1.9 to 32.8+2.0
ml/kg/min, p<0.001). The difference in relative VOopeqk Change over time between the SCA
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and healthy control groups was significant (-0.11 and +4.92 ml/kg/min, respectively,
p=0.001).

Determinants of VO2peak

After adjusting for, sex, age, Tanner stage, FFM, and Hgb concentration, baseline VO3peak
in children with SCA and healthy controls was no longer significant (27.1+3.1 vs. 27.1+2.9
ml/kg/min, p = 0.99), but controls still demonstrated significantly greater VOgpeqk at year 2
(32.5£3.9 vs. 26.8+3.7 ml/kg/min, p = 0.032; Figure 5). Further analysis demonstrated that
the adjusted differences in relative VOopeak Changes over time between the groups remained
significant (-0.24 and +5.35 ml/kg/min, respectively, p<0.001; Figure 5). No significant
interactions of sex, FFM, Tanner stage, or Hgb concentration with change in relative
VOypeak OVer time were noted (p>0.05 for all).

DISCUSSION

The major finding of this study is that during a 2-year period of pubertal development,
children with SCA demonstrated significantly smaller change in VO3peak than healthy
control children matched at baseline for sex, race, height, weight, Tanner stage, and FFM.
While our study confirms previous findings that prepubertal children with SCA have
significantly lower VOgpeak level than healthy control children, we report that during
puberty children with SCA showed no change in relative VOgpeak (MI/kg/min) while healthy
controls demonstrated significant increases over the 2-year period.

Our results in healthy controls are in agreement with studies reporting increases in relative
VO2peak in pubertal children until mid-adolescence, with a plateau or decrease thereafter.
(25-30) However, other studies have suggested that relative VOgpeqk Values remain stable
during adolescence.(10, 16, 31) Nevertheless, despite being matched for Tanner stage,
weight, FFM, and height children with SCA demonstrated a significantly different VOypeax
trajectory characterized by unchanged relative VOopeqx Values throughout the study period.

In this study we also evaluated differences in Tanner stage, FFM, and Hgb concentration
over time between the groups. Although the majority of children in both groups were
initially at Tanner 2 stage, only 15% of children with SCA progressed to Tanner 4 by year 2,
compared to 66% of healthy control children. These results are in line with previous findings
reported by our group and others showing that a delay in pubertal development in children
with SCA is associated with the degree of anemia.(17, 19) Similarly, while by design no
significant differences in FFM between the groups were present at baseline, children with
SCA demonstrated significantly smaller FFM increases during the study course compared to
healthy controls. For example, Zemel et al(17) clearly demonstrated that attenuated FFM
gains among children with SCA over time are a function of delayed pubertal development.

Previous studies in healthy children found significant associations between VO,peai increase
and pubertal development and suggested that changes in muscle mass may drive increases in
VOgzpeak throughout adolescence by augmenting venous return.(9, 32, 33) Although our
results demonstrate that Tanner stage transition and FFM increased more rapidly among
healthy adolescents than those with SCA, the differences in the change in VOypeak OVer time
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between groups persisted after including these variables in the adjusted model. It is possible
that the persistent between-group difference in VOopeak change was due to clinical disease
progression in children with SCA that we did not identify and account for during the study
(e.g., cardiopulmonary disease). It is also possible that the sample size did not yield
sufficient power to identify significant associations among the included variables. Thus,
studies designed to explain mechanisms that underlie the longitudinal differences in VOjpeax
trajectory between children with and without SCA are warranted.

Anemia has been consistently suggested as a likely contributor to decreased VOzpeax among
adults and children with SCA.(4, 5, 7, 34, 35) In prior evaluations of maximal aerobic
capacity, children with SCA had increased pulmonary blood flow and decreased maximal
arteriovenous oxygen difference compared to healthy children, both of which were
attributed to anemia.(4, 36) In several cross-sectional studies, anemia has been associated
with decreased VOypeax as well as weight-adjusted 6-minute walk time in children with
SCA undergoing cardiopulmonary testing.(5, 7) Finally, anemia has been suggested as a
causative factor in exercise intolerance in adults with SCA, although it has not been fully
distinguished from the contributions of cumulative myocardial dysfunction, pulmonary
parenchymal disease, or pulmonary vascular disease.(3, 35, 37, 38) In this study, Hgb
concentration was lower in children with SCA than in healthy control children at all 3 time
points, as expected, but did not change during the study period while the difference in
VO2peak between groups increased significantly.

The secondary objective of this study was to compare changes in VO3peak OVer time before
and after adjusting for age, sex, Tanner stage, FFM, and Hgb concentration. We found that
while the significant baseline difference in VOopeak between the groups that was present in
our unadjusted model was no longer evident after the model adjustment, the magnitude of
the longitudinal differences remained unchanged.

This study has several limitations. First, the study was powered to characterize predictors of
longitudinal changes in VOpeax in SCA rather than fully elucidate the physiologic causes of
exercise limitation in children with SCA. Thus, the study sample did not provide statistical
power to test all clinical variables tested in the study or other variables previously shown to
be associated with VOypeak in children, such as cardiac output, blood volume, or ventilatory
efficiency. In addition, we did not evaluate the potential contribution of red blood cell
sickling during exercise as a potential limiting factor, nor did we account for differences in
habitual physical activity between the groups. We did not examine the impact of SCA-
related complications after the initial screening, which may have affected subsequent fitness
and exercise performance of participating children. Tanner staging in year 1 and 2 was self-
reported; however, we did not note any regress in the Tanner staging trajectory. In addition,
the staging results were in line with our previous studies of children with SCA and other
studies reporting the relationship between Tanner stage and age in both children with SCA
and healthy children. Another limitation is that we followed our participants for only 2
years. Including the entire pubertal development period would have provided additional
results. Finally, we conducted the study at one site with a regional referral base and the
results may not be generalizable to other SCA populations.
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CONCLUSIONS

Children with SCA demonstrated lower VOpeqk coOmpared to sex, gender, race, Tanner
stage, and FFM matched healthy controls. During a 2-year follow-up period, VOapea in
children with SCA remained unchanged but it significantly increased in healthy controls.
The differences in change in VOppeak between the groups over time were not explained by
sex, Tanner stage, FFM, or Hgb concentration. Further research to identify the etiological
factors responsible for lower VOgpeq in SCA may guide interventions designed to improve
both functional capacity and quality of life in children with SCA.
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Figure 1. Changesin Tanner stage during the study (2 years) among children with and without

sickle cell anemia (SCA)

The results are expressed as percentage of participants in each group at Tanner stages (2, 3,
or 4) at each time point. More healthy control children progressed to Tanner stage 4 by year

2 than children with SCA.
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Figure 2. Changesin fat-free mass (FFM) during the study (2 years) among children with and
without sickle cell anemia

Both groups demonstrated significant increases in FFM over time. Children with SCA show
significantly smaller increases over time compared to healthy controls.
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Figure 3. Changesin hemoglobin over time among children with and without sickle cell anemia
Children with SCA have significantly lower hemoglobin concentration at each time point

and no differences are noted over time within either group.
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Figure 4. Unadjusted changesin VO2zpeak Over time among children with and without sickle cell

anemia

Children with sickle cell anemia have significantly lower baseline VO;peqx and significantly

reduced change in VOpeqk OVer time compared to controls.
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Figure5. Changesin Vozgeak over time among children with and without sickle cell anemia

adjusted for age, gender, FFM, Tanner stage, and hemoglobin

Baseline differences in VOppeak between children with and without sickle cell anemia are no
longer evident, but children with SCA continue to have significantly reduced VOpeqk OVer

time.
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Table |

Baseline characteristics of children with sickle cell anemia and healthy control children matched for race, sex,
Tanner stage, weight, and height.2

Healthy Control ~ Sickle Cell Anemia

(n=30) (n=33)
Age (years) 10.2+1.0 114+14 <0.001¢
Sex 0.55P
Male (n, percent) 15 (50) 19 (58)
Female (n, percent) 15 (50) 14 (42)
Tanner Stage 0.280
2 (n, percent) 28 (93) 28 (85)
3 (n, percent) 2(7) 5 (15)
Height (cm) 144 +7 145+ 12 0.78C
Weight (kg) 389+75 38.1+84 0.61€
FFM (kg) 299+48 29.7+53 0.84C
Hemoglobin (g/dL) 13.7+13 89+12 <0.001€
White blood cell count (103/ul) 56+1.4 12.1+4.8 <0.001¢
Platelet count (103/ul) 293 £ 63 440 + 164 < 0.001€
Reticulocyte count (%) 13+05 11.3+7.3 <0.001€
Albumin (g/dL) 42+0.23 4.37 £0.37 0.058C
Resting heart rate (beats/min) 845+6.3 89.4+6.1 0.001¢

a o
Data are presented as mean and standard deviation or percentage and number

b_. . . .
Difference between children with SCA and healthy control group (Pearson chi-square test)

CDifference between children with SCA and healthy control group (Wilcoxon Rank-Sum test)

Pediatr Blood Cancer. Author manuscript; available in PMC 2016 April 01.



