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Abstract
Background—Children with sickle cell anemia (SCA) often develop hyposthenuria and renal
hyperfiltration at an early age, possibly contributing to the glomerular injury and renal
insufficiency commonly seen later in life. The Phase III randomized double-blinded Clinical Trial
of Hydroxyurea in Infants with SCA (BABY HUG) tested the hypothesis that hydroxyurea can
prevent kidney dysfunction by reducing hyperfiltration.

Procedure—193 infants with SCA (mean age 13.8 months) received hydroxyurea 20 mg/kg/day
or placebo for 24 months. 99mTc diethylenetriaminepentaacetic acid (DTPA) clearance, serum
creatinine, serum cystatin C, urinalysis, serum and urine osmolality after parent-supervised fluid
deprivation, and renal ultrasonography were obtained at baseline and at exit to measure treatment
effects on renal function.

Results—At exit children treated with hydroxyurea had significantly higher urine osmolality
(mean 495 mOsm/kg H2O compared to 452 in the placebo group, p=0.007) and a larger
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percentage of subjects taking hydroxyurea achieved urine osmolality >500 mOsm/kg H2O.
Moreover, children treated with hydroxyurea had smaller renal volumes (p=0.007). DTPA-derived
glomerular filtration rate (GFR) was not significantly different between the two treatment groups,
but was significantly higher than published norms. GFR estimated by the Chronic Kidney Disease
in Children Schwartz formula was the best non-invasive method to estimate GFR in these
children, as it was the closest to the DTPA-derived GFR.

Conclusion—Treatment with hydroxyurea for 24 months did not influence GFR in young
children with SCA. However, hydroxyurea was associated with better urine concentrating ability
and less renal enlargement, suggesting some benefit to renal function.
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INTRODUCTION
Individuals with sickle cell anemia (SCA) are prone to develop dysfunction of multiple
organs, including the kidneys. Young children with SCA often develop impaired urine
concentrating ability leading to dehydration, renal hyperfiltration related to increased plasma
volume, and glomerular enlargement [1]. The current model of sickle cell nephropathy has
been summarized recently [2, 3]. Sickling within the renal medulla with consequent
destruction of vasa recta is central to the onset of renal damage. Ischemia and hypoxia will
also promote the release of vasodilating substances such as prostaglandins and nitric oxide,
which may increase glomerular filtration rate. This pathology can present at an early age,
and may progress to clinically significant nephropathy with the onset of proteinuria due to
changes in glomerular filtration permselectivity [4] over time. Eventually chronic renal
failure occurs in a significant number of patients [5]. Hydroxyurea, a drug that increases
fetal hemoglobin and reduces erythrocyte sickling, might prevent renal dysfunction if started
at an early age [6-9].

BABY HUG was an NHLBI/NICHD-sponsored Phase III double-blinded, placebo-
controlled randomized clinical trial (ClinicalTrials.gov # NCT00006400) designed to test the
hypothesis that hydroxyurea could prevent chronic organ damage in very young children
with SCA. In BABY HUG, the co-primary endpoints were splenic function assessed by
qualitative 99mTc labeled sulfur colloid liver-spleen scan and renal function (glomerular
filtration rate, GFR) assessed by quantitative clearance of technetium-99m (99Tc)-DTPA.
Multiple secondary endpoints were examined, including several measures of renal
pathophysiology. We present the detailed results of the renal assessments after 24 months of
study treatment with hydroxyurea or placebo.

METHODS
Research subjects and study intervention

The study was conducted in 14 centers throughout the United States; study design and
recruitment process have been previously described [10]. Each center contributed a median
of 12 (range 4-35) subjects to the study. Parents or guardians signed a consent document
approved by the local Institutional Review Board at each center. Children with hemoglobin
SS or S-β0 thalassemia between the ages of 9-18 months who met the inclusion criteria were
assigned in a double-blinded fashion to receive either hydroxyurea at 20 mg/kg given daily
as an oral suspension or an equivalent volume of placebo for a total of 24 months. The
children were closely monitored for drug toxicity. Overall study adherence was excellent
[11].
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Blood and urine specimens to assess renal function
At treatment initiation (baseline) [12] and at exit from the study, serum creatinine was
measured centrally at the Georgia Health Sciences University (GHSU) by high performance
liquid chromatography (HPLC) to 0.01 mg/dL precision. The remaining serum was used to
perform cystatin C levels by particle enhanced immune nephelometry (N Latex Cystatin C;
Dade Behring, Deerfield, IL) [13]. This assay has a range of 0.23 to 7.25 mg/L and
interassay coefficients of variation of 5.05% and 4.87% at mean concentrations of 0.97 and
1.90 mg/L, respectively. Serum cystatin C analysis was performed centrally at St Jude
Children’s Research Hospital.

Urine osmolality was measured on urine collected after a scheduled water deprivation.
Parents were instructed to withhold food and fluids from their infants overnight for a period
close to, but not exceeding, 10 hours. Urine collection bags were provided in order to collect
the first morning urine specimen. Serum osmolality was also measured when urine samples
were brought to the clinic the following day. Urine and serum specimens were assayed
centrally at GHSU by the freezing point depression technique using the Model 2430
Automatic Osmometer Precision System [14]. Isosthenuria was defined as urine osmolality
within one standard deviation of mean serum osmolality (280-292 mOsm/kg H2O). Urine
hyperosmolality (>292 mOsm/kg H2O) and hypoosmolality (<280 mOsm/kg H2O) were
urine osmolalities above or below one standard deviation from the mean serum osmolality,
respectively. Urinalysis including specific gravity measurement was performed locally.

Creatinine-based estimation of GFR
Serum creatinine was used to estimate GFR by the original Schwartz formula [15], the
updated “bedside” Schwartz formula [16], and the modified or new CKiD Schwartz formula
[16], which incorporates BUN, serum cystatin C, and gender into the GFR estimation. The
new Schwartz formula was derived from iohexol clearance measured in children enrolled in
the Chronic Kidney Disease in Children (CKiD) cohort [17]. This formula yielded 87.7% of
estimated GFR within 30% of the iohexol GFR, and 45.6% within 10% of the iohexol GFR
[16].

Cystatin C-based estimation of GFR
There are several formulas to estimate GFR from serum cystatin C [18]. We estimated GFR
using a formula previously derived from a comparison between serum cystatin C levels and
DTPA clearance in 536 children with various renal pathologies covering a wide range of
GFR values [19].

99m Tc-DTPA clearance GFR measurement
99mTc diethylenetriaminepentaacetic acid (99mTc-DTPA) clearance (DTPA-GFR) was used
to measure GFR [20, 21]. It was performed at local sites at baseline in all infants and for the
majority of subjects at the study exit. Data were analyzed centrally via a computer program
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at the Data and Statistical Coordinating Center [12]. Briefly, a single dose of 0.05 μCi/kg
(minimum 500 microCuries) of 99mTc-DTPA was administered intravenously and plasma
samples were collected at 1, 2 and 4 hours after injection according to standard methods, as
reported previously [12]. After these specimens were analyzed in duplicate, a plasma DTPA
clearance curve was calculated and the quantitative GFR value was derived using the slope-
intercept method [22, 23]. This result was then normalized to a body surface area of 1.73
m2.

Renal ultrasound
Screening sonograms were performed at the participating institutions using a standard
scanning procedure developed for BABY HUG [24], and were reviewed centrally. Kidneys
were imaged in both supine and prone positions and the maximum longitudinal (L), anterior-
posterior (AP) and transverse (T) dimensions were obtained. Renal volumes were calculated
in milliliters (mL), using the formula for a prolate ellipsoid: [L x AP x T] x 0.523 as
previously described [25]. Kidney length was reported in centimeters. Kidneys were
considered abnormally echogenic if the renal cortex was equal to or more echogenic than
adjacent spleen or liver. Renal corticomedullary differentiation was considered abnormal
when it was difficult to distinguish cortex from medulla visually [26]. Kidneys were also
assessed for renal calculi, cysts or other focal parenchymal abnormalities, including infarcts.

Statistical Analyses
Means and standard deviations were calculated for each parameter used to evaluate renal
function. Some laboratory values were log10 transformed to better approximate the normal
distribution before data analysis. Clinical characteristics and results of laboratory
assessments were compared between hydroxyurea and placebo treatment groups. The
comparisons were performed using one way ANOVA and ANCOVA with adjustment of
baseline values on compared continuous variables. Comparisons of categorical variables
were conducted using either Pearson Chi-square or Fisher’s exact test. The Cochran-
Armitage test was performed to check the DTPA-GFR trend. Mixed models were utilized to
check whether laboratory values were different between DTPA-GFR ≤135 and DTPA-GFR
>135 mL/min/1.73m2 in the hydroxyurea and placebo groups. In order to determine if
DTPA-GFR at exit was different according to age at treatment initiation in the hydroxyurea
group, mixed model regression was also performed. P<0.05 was considered statistically
significant. All analyses used SAS Version 8.2 & 9.2 (SAS Institute, Cary, North Carolina).

RESULTS
Table I presents the baseline demographic, laboratory, and radiological data and Table II
presents the exit data, separated according to treatment assignment. Table III compares
differences between entry and exit by treatment group in those children who had paired
entry and exit values. The study population consisted of 193 infants with SCA with a mean
age of 13.8 months at the start of the study (range 9-18 months); 179 patients (93%)
completed at least 18 months of study treatment and at least one exit assessment, and 167
patients (86%) completed two years of study treatment.

Baseline information has been presented previously [12, 14]. Infants had normal renal
function as assessed by serum creatinine and serum cystatin C. Twenty-two percent of the
children at baseline had hyposthenuria. Of those who concentrated urine, only 38% (N=55
of 144) had urine osmolality >500 mOsm/kg H2O, which is considered meaningful urine
concentration. Only 5% of the children were hyposthenuric at exit.
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After 24 months of study intervention with hydroxyurea or placebo, we found significant
differences related to treatment. Children who received hydroxyurea had higher urine
osmolality after water deprivation than children who received placebo (p=0.007), indicating
a better urine concentrating capacity. Forty-two percent (71/168) of the children had urine
osmolality >500 mOsm/kg H2O; the percent of children with urine osmolality >500 was
higher in the hydroxyurea-treated group (p=0.03). The mean hemoglobin F of children with
urine osmolality >500 mOsm/kg H2O was 5% higher (95% CI 1.83 - 7.2, p-value=0.001)
than that of children with urine osmolality ≤ 500. Similarly, children who were taking
placebo had lower mean urine specific gravity over time, indicating worsened concentrating
ability (p=0.03).

Successful 99mTc-DTPA clearance studies were obtained in 176 infants at entry and 142 at
exit; after an interim analysis, exit DTPA-GFR was halted by the DSMB because of the
statistical conclusion that no difference would be found between the two study groups even
if all remaining examinations were performed. At exit, there was no difference in mean GFR
between the treatment groups. Mean GFR measured by DTPA clearance was elevated:
146±44 mL /min/1.73m2 in the hydroxyurea arm (74-382) and 146±48mL /min/1.73m2

(18-330) in the placebo arm. The proportions of DTPA-GFR values >135 mL/min/1.73 m2

(90th percentile for normal subjects at age 3 years) within the hydroxyurea and the placebo
groups were not different. Age at treatment initiation, total hemoglobin, and hemoglobin F
did not impact DTPA-GFR clearance at exit. Figure 1 shows the baseline and exit values for
DTPA-GFR in the hydroxyurea treatment arm superimposed on reference curves for infants
who received placebo.

We compared the different GFR estimates to DTPA-GFR with the purpose of finding a
suitable GFR formula for future use. The correlation coefficients between all DTPA-GFR
clearance values and the original Schwartz, the bedside Schwartz formulas, and the CKiD
Schwartz estimates were 0.305, 0.305, and 0.299, respectively.

At exit, ultrasound examinations of subjects who received hydroxyurea showed smaller
kidney volumes (less hypertrophy) than did ultrasounds of those who received placebo (p
=0.007). A minority of children (4%) had sonographic findings of “medical renal disease”
either at baseline or at exit (except one child who had persistent findings) with increased
renal echogenicity or loss of cortico-medullary differentiation; these findings were not
affected by hydroxyurea. None of the children had renal infarcts.

DISCUSSION
The primary goal of the BABY HUG Clinical Trial was to determine the effect of
hydroxyurea in preventing organ dysfunction of the spleen and kidney in infants with SCA.
Overall, hydroxyurea was well tolerated. Children assigned to hydroxyurea had
documentation of therapeutic benefit with fewer pain and acute chest episodes, and had
hematological response with increased fetal hemoglobin, total hemoglobin, and MCV, when
compared to placebo [24]. This report discusses the effect of hydroxyurea compared to
placebo on renal function parameters; the effect of hydroxyurea on splenic function, the
other co-endpoint, will be the focus of another report.

There have been no previous studies comprehensively documenting the various parameters
of renal function in young children with SCA. In assessing renal function, several tests were
performed to evaluate urine concentrating ability (tubular function) and GFR (glomerular
function), in addition to examining anatomic changes by renal sonography. Therefore, this
study extends the findings of previously published baseline and overall results of BABY
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HUG data to provide valuable new information on renal function for this very young group
of children with SCA [12, 27].

At baseline, these children had some measures of renal function that were comparable to
those found in normal children. At a mean age of 13 months, the mean serum creatinine was
0.23 mg/dL and serum cystatin 0.9 mg/L, values that are similar to published age norms
[25-28]. DTPA-GFR levels showed hyperfiltration (125 mL/min/1.73 m2) compared with
the age norm for 51Cr-EDTA-GFR of 91.5 ± 17.8 mL/min/1.73 m2 at 1 year of age [32],
and these results are statistically different (p-value <0.001). Although the norms reported in
the literature are for 51Cr-EDTA-GFR, the correlation between 99mTc-DTPA and 51Cr-
EDTA plasma clearances is excellent. DTPA may give slightly higher values than EDTA
(<5% difference), but this difference is not clinically significant [21, 33].

At exit, the mean DTPA-GFR clearance was 146 mL/min/ 1.73 m2 at age 3 years despite
treatment with hydroxyurea [27]. After 2 years of age, normal children have a mean 51Cr-
EDTA-GFR value of 104 ± 19.9 mL/min/1.73 m2 (81 and 135 ml/min/1.73 m2 were the 10th

and 90th percentiles, respectively) [32]. Since there are different ways of calculating GFR
from DTPA, we decided to reanalyze the data after adjusting the results for the unmeasured
fast exponential which may occur within the first 1 hour after DTPA intravenous injection
by using the Bröchner-Mortensen quadratic formula (GFR=1.0019 x C1-0.001258 x C12)
[34]. The adjusted values were lower both at entry (110.08±26.32 and 107.81±22.19 in the
hydroxyurea and placebo arms, respectively), and at exit (117.49±23.24 and 116.62±29.99
mL/min/1.73 m2 in the hydroxyurea and placebo arms, respectively). However, no treatment
effect was observed on GFR (p=0.83). Although lower, the adjusted values were still
significantly higher than the reported norms (p=<0.0001 for the hydroxyurea group and
0.0002 for the placebo group).

We analyzed other methods besides DTPA to estimate GFR, including serum cystatin C and
cystatin C GFR estimates. Cystatin C is a cysteine protease inhibitor that is produced by all
human nucleated cells, and is almost completely filtered by the kidney; therefore, serum
levels correlate well with GFR [35]. Serum cystatin C levels were obtained in BABY HUG
with the goal of establishing reference values in infants with SCA. The mean serum cystatin
C was slightly higher (0.9 mg/L) than expected at age 3, although still within the expected
range (norm for children over age 12 months is 0.72±0.12 mg/L (range 0.51-0.95)) [28].
Alvarez et al found a mean serum cystatin C of 0.78 mg/L in an older population of children
with SCA (youngest child 9 years of age) without albuminuria [36]. Our study population is
the first group of young children with SCA to have serum cystatin C reported. Other factors
such as inflammation might have contributed to a slight elevation in the production of
cystatin C, which could affect GFR estimation [37].

In this study, other methods that estimated GFR were used and correlated to DTPA-GFR. It
is important to underscore that GFR estimates derived from serum creatinine may have been
affected by two considerations: (1) The Schwartz formula, bedside Schwartz formula, and
CKiD Schwartz formula (derived from plasma iohexol clearance) were developed mainly
from patients with poor kidney function, whereas our cohort generally had normal or
elevated GFR, and (2) Serum creatinine overestimates GFR due to its secretion by the renal
tubules and is affected by low muscle mass [38]. Nevertheless, the Schwartz formula,
bedside Schwartz formula and CKiD Schwartz had similar correlation coefficients with the
DTPA-GFR (0.305, 0.305, and 0.299 respectively). As the correlations were quite similar,
using a formula to estimate GFR could be a matter of preference.

The new CKiD formula takes into consideration two measures of kidney function (serum
creatinine and serum cystatin C). The mean value of the difference with the DTPA-GFR was
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22.83 (95% CI 17.4 – 36.2, p-value=0.001). This difference was only 4.36 (95% CI
0.19-8.53, p-value=0.041) if the comparison was made with the adjusted DTPA-GFR by the
Bröchner-Mortensen correction formula. Thus, we favor the CKiD Schwartz formula as a
reasonable non-invasive tool to assess GFR in our patient population without the use of a
more time-consuming and invasive method like DTPA clearance. We do not think that it is
likely that the use of this formula will result in spuriously low GFRs; obtaining both serum
creatinine and serum cystatin may strengthen the evaluation of renal function of these
patients.

This study found significant differences in the renal size between the two treatment groups.
At 3 years of age the expected normal kidney length is 7.36±0.64 cm [39], which is similar
to our reported mean length. Renal volumes correlate to body weight [25]. The expected
50th percentile for body weight of a three-year-old boy is 15 kg, which will correspond to an
expected combined renal volume of 80 mL. Hydroxyurea therapy impacted renal volume,
with treated children having smaller (closer to normal size) kidneys at the end of the study.
Differences were not explained by body weight differences between the treatment groups.
Children who were on hydroxyurea had a mean weight of 14.5 kg at exit and those on
placebo had a mean weight of 14.3 kg [27].

There are few studies reporting norms for urine concentrating ability in children. We
observed an improvement over time in urine concentration for the whole group, which it
may be related to physiologic maturation in the concentrating capacity, or perhaps the
parents were more cautious about water-depriving their children when they were older. A
study by Marild [40] described osmolarity determinations testing after a stringent overnight
fluid deprivation and intranasal desmopressin; that study found a mean urine osmolality of
825 mOsm/kg H2O at age 3. Although our fluid deprivation was much less rigorous, the
BABY HUG data suggest hydroxyurea treatment preserved urine concentrating ability as
evidenced by significant differences in mean urine osmolality and specific gravity and in the
proportion of children achieving a urine osmolality >500 mOsm/kg H2O between treatment
groups.

Our study has several limitations. We did not have simultaneous normal controls;
comparisons were made with the established norms published in the literature. Another
possible limitation is that inulin clearance, which is the gold standard for GFR calculation
and consists of both urinary and plasma samples, was not performed; inulin is not available
in the United States. However, urine sampling would have required unacceptable added
burden of catheterization of our young patients. Furthermore, DTPA clearance correlated
very well with inulin clearance in a study done in adults [41]. Another technical problem
was the rare infiltration of DTPA radionuclide (estimated in about 3% of the studies), which
may have accounted for the few GFRs <81; these were not judged to be clinically relevant
because the results did not correlate with other parameters of renal function. Furthermore,
these low values did not influence the overall results, as confirmed by a sensitivity analysis
that compared the mean values of the coefficient obtained through the regression model for
GFR calculation with and without the suspected outliers.

Although BABY HUG did not meet the primary end-point of finding a difference in GFR
between treatment groups, it provided useful new information about renal function in this
group of patients and demonstrated some benefit on tubular function. A longer follow-up
period will be required in order to assess whether hydroxyurea intervention will continue to
preserve urine concentrating ability, possibly reducing enuresis, a symptom which is
particularly common among children with SCA [42]. Since the natural history of GFR
shows a trend for hyperfiltration with increasing age during childhood [43] but eventually
patients may develop significant sickle cell nephropathy and renal failure, it will be
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important to evaluate the influence of a more extended administration of hydroxyurea on
GFR, on the prevention of albuminuria [44], and on the eventual development of renal
insufficiency. An observational follow-up study of this cohort of children is ongoing
(NCT008903) through 2017 in order to evaluate the long-term effect of hydroxyurea.
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Figure 1.
Scatter Plot of Baseline and Exit DTPA-GFR Results in the Hydroxyurea Arm by Age with
Placebo Percentile Reference Curves.
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