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Abstract

Background

Adults with sickle cell anemia (HbSS) are inconsistently treated with hydroxyurea.

Objectives

We retrospectively evaluated the effects of elevating fetal hemoglobin with hydroxyurea on

organ damage and survival in patients enrolled in our screening study between 2001 and

2010.

Methods

An electronic medical record facilitated development of a database for comparison of study

parameters based on hydroxyurea exposure and dose. This study is registered with Clini-

calTrials.gov, number NCT00011648.

Results

Three hundred eighty-three adults with homozygous sickle cell disease were analyzed with

59 deaths during study follow-up. Cox regression analysis revealed deceased subjects had

more hepatic dysfunction (elevated alkaline phosphatase, Hazard Ratio = 1.005, 95% CI

1.003–1.006, p<0.0.0001), kidney dysfunction (elevated creatinine, Hazard Ratio = 1.13,

95% CI 1.00–1.27, p = 0.043), and cardiopulmonary dysfunction (elevated tricuspid jet

velocity on echocardiogram, Hazard Ratio = 2.22, 1.23–4.02, p = 0.0082). Sixty-six percent

of subjects were treated with hydroxyurea, although only 66% of those received a dose

within the recommended therapeutic range. Hydroxyurea use was associated with
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improved survival (Hazard Ratio = 0.58, 95% CI 0.34–0.97, p = 0.040). This effect was most

pronounced in those taking the recommended dose of 15–35 mg/kg/day (Hazard Ratio

0.36, 95% CI 0.17–0.73, p = 0.0050). Hydroxyurea use was not associated with changes in

organ function over time. Further, subjects with higher fetal hemoglobin responses to

hydroxyurea were more likely to survive (p = 0.0004). While alkaline phosphatase was low-

est in patients with the best fetal hemoglobin response (95.4 versus 123.6, p = 0.0065 and

96.1 versus 113.6U/L, p = 0.041 at first and last visits, respectively), other markers of organ

damage were not consistently improved over time in patients with the highest fetal hemoglo-

bin levels.

Conclusions

Our data suggest that adults should be treated with the maximum tolerated hydroxyurea

dose, ideally before organ damage occurs. Prospective studies are indicated to validate

these findings.

Introduction
Homozygous sickle cell disease (HbSS) leads to polymerization of deoxygenated sickle hemo-
globin within rigid red blood cells (RBC) which then occlude microvasculature, resulting in
acute complications, chronic organ damage, and premature death [1]. Many deaths today
occur in young adults. A 1994 adult mortality analysis showed 64% of deaths occurred in
patients without end-organ damage, 18% with organ dysfunction, and 22% during a painful
crisis [2]. This contrasts a four decade observational study, where most deaths were associated
with irreversible end organ damage [3]. Thus, organ dysfunction is an important risk factor for
death, even though it is unclear if detectable organ damage is infrequent or common [4–9].

In the Multicenter Study of Hydroxyurea (MSH), hydroxyurea decreased acute complica-
tions and transfusions [10]. The MSH did not specifically report fetal hemoglobin (HbF)
responses, although other reports have shown that hydroxyurea largely exerts its effect by
increasing HbF and inhibiting RBC sickling [11,12]. While Powars and colleagues did not find
a linear trend between HbF levels and morbidity, the only markers of organ damage that they
evaluated were stroke and avascular necrosis, but not liver, kidney, heart, or pulmonary dys-
function [13]. Long-term hydroxyurea studies suggest improved survival [7,8,14]. Conversely,
studies from the post-hydroxyurea approval era report patients continue to die by the fifth
decade [4–6,9,15,16]. Health database studies have shown no change in mortality since
hydroxyurea approval [9,17], and recent studies have shown no association between current
hydroxyurea use and mortality [16,18,19]. However, the effects of dose and HbF response were
not analyzed in these studies, and only 7–42% of patients were prescribed hydroxyurea at the
time of death [4–6,15,16]. We hypothesized that these conflicting findings are attributable to
dose-dependent effects which have not been previously analyzed. Thus, we performed a single
institution, retrospective analysis to determine the effect of hydroxyurea dose on HbF response,
organ damage, and survival.
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Methods

Patient Population
Subjects enrolled in the screening study between 2001 and 2010 were included; data were col-
lected through 2012. Entry criteria (18 years of age or older and a diagnosis of sickle cell dis-
ease) and recruitment are described elsewhere [19,20]. Clinical, laboratory, and
echocardiographic evaluations were performed during steady state at enrollment and follow-
up visits every two years. The study was approved by the Institutional Review Board of the
National Heart, Lung, and Blood Institute and all subjects gave written informed consent.

Cause of Death Assignment
Mortality data were updated every two years via patient contact or inquiries to the Social Secu-
rity Death Index. All death certificates were requested. A consent waiver was issued by the
Office of Human Subjects Protection, National Institutes of Health to obtain medical records
surrounding the time of death and the three months preceding death from hospitals where sub-
jects died. Cause of death was assigned by two investigators independently (CF and MH).

Clinical, Laboratory, and Echocardiographic Data
Sickle cell disease (SCD) phenotypes were assigned based upon DNA sequencing and/or high
performance liquid chromatography [21]. Age at death was confirmed by death certificate, and
age of living patients was assigned as the age at last follow-up. Outpatient studies were com-
pared between the time of enrollment (first visit) and at most recent follow-up (last visit). Data
obtained from outside hospitals near the time of death were also included. Mean corpuscular
volume (MCV) was evaluated in all patients because it increases in response to hydroxyurea.
For each subject, maximum HbF and MCV were defined as the highest observed values, and
mean maximum HbF and MCV were defined as the mean calculation of these values. In some
analyses, the patients were divided into quartiles based on mean maximum HbF concentration
(HbF�6.5% defined the lowest quartile and HbF>19.9% defined the highest quartile).

Hydroxyurea Exposure and Dose Determination
While hydroxyurea treatment was recommended by NIH investigators for appropriate indica-
tions at enrollment, treatment and dosing decisions were made at the discretion of each sub-
ject’s primary provider. The NIH Biomedical Translational Research Information System
(BTRIS) was used to electronically screen notes for the word “hydroxyurea” and synonyms.
Computer-assisted review facilitated the extraction of doses from over 20,000 records.
Hydroxyurea exposure was positive if the subject had documentation of ever receiving
hydroxyurea and maximum hydroxyurea dose was recorded. Duration of hydroxyurea treat-
ment was not able to be determined using these records, as most subjects did not receive rou-
tine care at NIH. When laboratory data suggested treatment without electronic
documentation, charts were manually reviewed to determine exposure status and dose. The
recommended hydroxyurea dose is between 15 and 35 mg/kg/day [22].

Statistical Analysis
Descriptive statistics compared groups based on survival, hydroxyurea exposure, and maxi-
mum HbF response. Comparisons were performed using t-tests, Wilcoxon rank-sum tests, and
Chi-square tests, where appropriate. Means and standard deviations are reported, if not other-
wise specified. Cox proportional hazard regression using age as the time-scale was used to
relate survival and hydroxyurea exposure with laboratory values and other potential co-
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variates. All analyses were performed using SAS (version 9.1.3; SAS Institute, Cary, NC) and
JMP (version 8.0; SAS Institute, Cary, NC). The significance level was set at p<0.05. All statisti-
cal testing was two-sided and no multiplicity was corrected.

Results

Characteristics of Subjects
The 383 subjects had a median enrollment age of 31.0 (range 18–74) years with equal gender
proportions (184 subjects, 48% male), and sixty-six percent (n = 253) had ever been treated
with hydroxyurea. Median follow-up was 2.6 (0.1–11.7) years. Fifty-nine subjects (15%) were
deceased with a median age at death of 46.0 (18–74) years; 46.0 years for men and 44.5 years
for women.

Causes of Death
Among the entire cohort, 59 deaths occurred at 20 outside hospitals. Medical records for 16
deceased patients were received from 7 hospitals. Death certificates were obtained for 44
(75%), and autopsy reports were available for 19 (32%). The most common identifiable causes
of death were pulmonary (N = 11, Table 1). Other common known causes of death were sickle

Table 1. Causes of Death in Patients with Homozygous Sickle Cell Disease.

Cause of Death Subgroup N Total N (%)

Pulmonary 11 (19%)

Pulmonary Hypertension/Cor Pulmonalea 7

Pulmonary Embolisma 2

Acute Chest Syndrome 2

Sickle Cell Disease Not Otherwise Specified 8 (15%)

Sickle Cell Crisis 7 (12%)

Infection 6 (10%)

Sepsis 3

Pneumonia 2

Endocarditis 1

Cardiac 5 (8%)

Congestive Heart Failurea 3

Hypertensive Cardiovascular Disease 1

Atherosclerotic Cardiovascular Disease 1

Narcotic Toxicitya 4 (7%)

Gastrointestinal 4 (7%)

Bleeding 2

Liver Failure 1

Acute Pancreatitis 1

Cerebrovascular 3 (5%)

Intracranial Hemorrhage 2

Strokea 1

Otherb 6 (10%)

Unknown 9 (15%)

aMore than one cause of death was assigned to 4 patients
bOther: multi-organ failure (1); trauma (1); subglottic stenosis (1); acute myelogenous leukemia (1);

hemolytic transfusion reaction (1); cocaine toxicity (1)

doi:10.1371/journal.pone.0141706.t001
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cell crisis (N = 7), infection (N = 6), and cardiac (N = 5). Cause of death was unknown for nine
and was listed as SCD on the death certificates in another eight.

Deceased HbSS Subjects have More Laboratory Evidence of Organ
Injury
First we compared characteristics at enrollment where deceased subjects (n = 59) were signifi-
cantly older at enrollment (41.8 versus 32.5 years, p = 0.0067), had lower maximum HbF
(p = 0.0044), were less likely to have taken hydroxyurea (56% versus 68%, p = 0.040, hazard
ratio 0.58, 95% confidence interval 0.34, 0.97), and had a lower proportion prescribed hydroxy-
urea within the recommended dosage range (29% versus 46%, p = 0.0039, Table 2). There was
no significant difference in MCV between living and deceased patients. Mean duration between
data collection at enrollment and time of death was 997.0 +/- 935.0 days for the deceased sub-
jects. Univariate comparison of initial evaluation and most recent follow-up showed deceased
patients had significantly worse white blood cell count, hepatic (albumin, alkaline phosphatase,
and direct bilirubin), renal (creatinine, uric acid), and cardiopulmonary (tricuspid regurgitant
velocity, TRV), parameters (p<0.05). There were no differences in hemoglobin or lactate dehy-
drogenase (LDH) between living and deceased subjects at enrollment. At the last visit, while
hemoglobin concentrations remained similar, deceased subjects had significantly lower HbF
(6.1 versus 10.8%, p<0.0001) and higher LDH (530.6 versus 378.1U/L, p = 0.0159).

Multivariable Cox regressions using age as the time-scale were performed to further identify
baseline factors that are associated with survival time. This confirmed an independent associa-
tion between organ dysfunction and survival (Table 3). Higher alkaline phosphatase
(p<0.0001) as well as white blood cells (WBC, p = 0.048) creatinine (p = 0.043), and TRV

Table 2. Characteristics Regarding Hydroxyurea in Living and Deceased Subjects with HbSS.

Variable Alive (N = 324) Deceased (N = 59) P-value

Age at Enrollment (years) 32.5 ± 11.3 41.8 ± 12.1 0.0067a

Follow-up Time (years) 7.1 ± 3.3 3.7 ± 2.7 <0.0001b

Gender [N (%)] 0.25a

Male 169 (52%) 30 (51%)

Female 155 (48%) 29 (49%)

Hydroxyurea Exposure [N (%)] 0.040a

Yes 220 (68%) 33 (56%)

No 104 (32%) 26 (44%)

Hydroxyurea Dosage Class [N (%)] -

None 104 (32%) 26 (44%) -

<15 mg/kg/d 39 (12%) 6 (10%) 0.53

15–35 mg/kg/d 149 (46%) 17 (29%) 0.0039

>35 mg/kg/dc 22 (7%) 3 (5%) 0.97

Yes but Hydroxyurea Dose Unknown 10 (3%) 7 (12%) 0.12a

Mean Maximum HbF (%)d 14.3 ± 9�5 11.3 ± 11�4 0.0044a

Mean Maximum MCV (fL)d 102.7 ± 15�2 104.2 ± 16.5 0.57a

aCox regression with age as the time scale
bt-test
cHydroxyurea doses >35 mg/kg/d are not FDA-approved for the general management of patients with sickle cell anemia and were usually used in patients

in preparation for hematopoietic stem cell transplantation.
dMean maximum HbF and MCV are defined as the mean calculation of the highest values observed for each subject.

doi:10.1371/journal.pone.0141706.t002
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(p = 0.0082) at enrollment were independently associated with death. Subjects who adminis-
tered a dose between 15 and 35 mg/kg/day were more likely to be alive than subjects who never
took hydroxyurea (p = 0.0050, hazard ratio 0.36 with 95% confidence interval (0.17, 0.73)).
Regression models and parameter estimates are given in Table 3.

Hydroxyurea Dose Is Associated with Survival
Because hydroxyurea was associated with living status (Table 2), and because organ damage
was associated with early mortality, we sought to examine the effect of its dosing on survival
and on markers of organ damage. Among 66% of HbSS subjects taking hydroxyurea (N = 253),
only 166 (66%) were on the recommended dose (Table 4). Importantly, another 45 (18%) were
on a dose below 15 mg/kg/day. The mean hydroxyurea dose was 21.5 mg/kg/day. The average
maximum HbF was greater (17.3 versus 7.2, p<0.0001) and maximumMCV higher (109.4 ver-
sus 90.2, p<0.0001) in subjects who took hydroxyurea.

Subjects receiving hydroxyurea had significantly higher HbF (9.2 versus 6.7%, p = 0.0003
and 12.1 versus 6.5%, p<0.0001) and MCV (96.4 versus 88.2fL, p<0.0001, and 99.3 versus
87.4fL, p<0.0001, Table 5) at their initial visit and most recent visit, respectively, as compared
to those not taking hydroxyurea, suggesting prolonged treatment. However, hemoglobin was
not different between groups at either visit (88 versus 90g/L at initial visit, p = 0.36 and 89 ver-
sus 88g/L at most recent follow-up, p = 0.62 in hydroxyurea versus no hydroxyurea groups).
Further, while absolute neutrophil count (ANC) was lower at the last visit with hydroxyurea
(5.6 versus 6.1, p = 0.075 at first visit and 4.9 versus 6.3, p<0.0001 at last visit in subjects taking
versus not taking hydroxyurea), the value was considerably above the ANC of 2,000u/L which
defines the maximum tolerated dose [10].

No Difference in Organ Function over Time Based on Hydroxyurea
Exposure or Hydroxyurea Dose
To assess whether hydroxyurea exposure was associated with decreased organ damage, we next
compared laboratory studies at enrollment to most recent follow-up between patients who had

Table 3. Cox Regression Analysis of Variables Associated with Survival for Subjects with HbSS.

Variablea Hazard Ratio, 95% Confidence Interval P-value

Enrollment Visit

Alkaline Phosphatase 1.005 (1.003, 1.006) <0.0001

White Blood Cell Count 1.08 (1.00, 1.17) 0.048

Creatinine 1.13 (1.00–1.27) 0.043

Tricuspid Regurgitant Velocity 2.22 (1.23–4.02) 0.0082

Hydroxyurea Dose <15 mg/kg/day 0.73 (0.26–2.05) 0.55

Hydroxyurea Dose 15–35 mg/kg/day 0.36 (0.17–0.73) 0.0050

Hydroxyurea Dose >35 mg/kg/day 0.72 (0.20–2.55) 0.61

Hydroxyurea Dose Unknown 2.41 (0.96–6.09) 0.063

aInput variables: age, hydroxyurea exposure, hydroxyurea dose, dose group, maximum fetal hemoglobin,

hemoglobin, white blood cell count, alkaline phosphatase, total bilirubin, albumin, creatinine, ejection

fraction, and tricuspid regurgitant velocity. The input variables were selected based on univariate analysis

results if they were associated either with mortality or hydroxyurea use. The final model is shown in the

table and is obtained through backward stepwise model selection and includes variables associated with

hydroxyurea use if they were significant at the 0.10 level. The hazard ratio units represent increase per one

unit change of the factor. Hydroxyurea dose groups are compared to no hydroxyurea.

doi:10.1371/journal.pone.0141706.t003
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versus had never taken hydroxyurea. At the first visit, total bilirubin was greater (3.3 versus
2.8mg/dL, p = 0.018), creatinine lower (0.8 versus 1.2mg/dL, p = 0.0015), and TRV higher (2.6
versus 2.5m/s, p = 0.025) in patients taking hydroxyurea (Table 5). Conversely, at the last visit,
there were no significant differences in markers of organ function in patients taking versus not
taking hydroxyurea. Therefore, there was no apparent difference in organ dysfunction over
time based solely on whether patients had received hydroxyurea. Subjects were then divided
into groups based on whether their dose was below (0–15 mg/kg/day) versus at or above the
recommended dose (15–35 mg/kg/day). At the first visit, creatinine was lower in patients who
took the recommended dose (0.7 versus 1.2mg/dL, p = 0.002). However, there were no

Table 4. Characteristics at Enrollment and Survival Status Based On Hydroxyurea Status and Fetal Hemoglobin Quartiles in Patients with HbSS.

Variable No Hydroxyurea
(N = 130)

Any Hydroxyurea
(N = 253)

HbF Lower 25%
(N = 99)

HbF Upper 25%
(N = 96)

Age (Years)a 35.6±12.9 33.1±11.3 34.8 ± 13.4 35.4 ± 11.36

Follow-up Time (Years)a 6.3 ± 3.7 6.8 ± 3.3 5.3 ± 3.3 7.4 ± 3.3**

Gender [N (%)]b

Male 72 (55%) 126 (50%) 53 (54%) 47 (49%)

Female 58 (45%) 127 (50%) 46 (46%) 49 (51%)

Survival Status [N (%)]

Alive 104 (80%) 220 (87%) 70 (71%) 82 (85%)*

Deceased 26 (20%) 33 (13%) 29 (29%) 14 (15%)

Hydroxyurea Exposure [N (%)]b

Yes 0 (0%) 253 (100%)N/A 33 (33%) 93 (97%)**

No 130 (100%) 0 (0%) 66 (67%) 3 (3%)

Mean Maximum Hydroxyurea Dose (mg/
kg/d)d

0 21.5 ± 11.9N/A 6.0 ± 10.3 23.0 ± 11.2**

Hydroxyurea Dosage Class [N (%)]b

None 130 (100%) 0 (0%)N/A 66 (67%) 3 (3%)**

<15 mg/kg/d 0 (0%) 45 (18%) 11 (11%) 10 (10%)

15–35 mg/kg/d 0 (0%) 166 (66%) 18 (18%) 72 (75%)

>35 mg/kg/de 0 (0%) 25 (10%) 2 (2%) 8 (8%)

Yes but Hydroxyurea Dose Unknown 0 (0%) 17 (7%) 2 (2%) 3 (3%)

Mean Maximum HbF (%)df 7.2 ± 5.4 17.3 ± 9.9## 3.1 ± 1.7 27.7 ± 6.6N/A

Mean Maximum MCV (fL)af 90.2 ± 9.2 109.4 ± 13.8## 90.7 ± 9.8 118.2 ± 12.3**

Mean HbF (%)a 6.7 ± 5.2 9.2 ± 6.7# 2.8 ± 1.9 12.7 ± 7.8N/A

Mean MCV (fL)a 88.2 ± 9.1 96.4 ± 10.8## 87.5 ± 8.7 97.6 ± 11.3**

at-test
bChi-square test
cCox regression with age as the time-scale
dWilcoxon rank-sum test
N/ANot applicable
eHydroxyurea doses >35 mg/kg/d are not FDA-approved for the general management of patients with sickle cell anemia and were usually used in patients

in preparation for hematopoietic stem cell transplantation.
fMean maximum HbF and MCV are defined as the mean calculation of the highest values observed for each subject.

*p<0.001 when comparing HbF Lower 25% to HbF Upper 25% groups

**p<0.0001 when comparing HbF Lower 25% to HbF Upper 25% groups
#p<0.001 when comparing No Hydroxyurea to Any Hydroxyurea groups
##p<0.0001 when comparing No Hydroxyurea to Any Hydroxyurea groups

doi:10.1371/journal.pone.0141706.t004
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Table 5. Comparison of Hematologic and Organ Function Parameters at Enrollment and Last visits in Patients with HbSS Based on Hydroxyurea
Status and Fetal Hemoglobin Quartile.

Enrollment Visit Last Visit

Variable No HU
(N = 130)

Any HU
(N = 253)

Low HbF
(N = 99)

High HbF
(N = 96)

No HU
(N = 130)

Any HU
(N = 253)

Low HbF
(N = 99)

High HbF
(N = 96)

Hematologic

White Blood Cell Count
(K/uL)

11.4 10.4# 12.2 9.9*** 11.4 8.8### 11.5 7.7***

ANC (K/uL) 6.1 5.6 6.6 5.2* 6.3 4.9### 6.4 4.3***

Hemoglobin (g/L) 90 88 87 90 88 89 86 91*

Hematocrit (%) 26.4 25.6 25.6 25.9 25.9 25.4 25.6 26.1

HbF (%) 6.7 9.2## 2.8 12.7*** 6.5 12.1### 2.9 17.8***

MCV (fL) 88.2 96.4### 87.7 97.6*** 87.4 99.3### 87.9 103.9***

Platelet Count (K/uL) 410.8 400.9 431.2 364.0* 379.7 353.2 400.6 319.2**

Reticulocyte (%) 9.5 10.4 10.1 9.3 9.7 9.3 10.5 8.1*

ARC (K/uL) 259.0 267.2 265.8 236.9 259.4 223.0# 268.1 193.6**

Hepatic

Albumin (g/L) 41 40 40 41 39 39 39 39

Alkaline Phosphatase
(U/L)a, b

112.0 112.2 123.6 95.4* 110.3 109.3 113.6 96.1*

ALT (U//L)a, b 30.8 29.7 33.4 27.0* 34.8 34.3 41.4 32.3

AST (U/L)a, b 45.5 45.2 50.5 42.5* 47.2 45.3 54.6 41.5*

Total Bilirubin (mg/dL)a,
b

2.8 3.3# 3.5 2.9 2.7 2.7 3.2 2.2**

Direct Bilirubin (mg/dL)a,
b

0.5 0.6 0.7 0.5 0.5 0.7 0.6 0.5

Renal

Creatinine (mg/dL)a, b 1.2 0.8# 1.3 0.8* 1.4 1.1 1.3 1.0

Phosphorus (mg/dL)a 4.2 4.1 4.3 4.1 3.9 3.8 4.0 3.8

Uric Acid (mg/dL)a 6.3 6.3 6.6 6.3 6.2 5.9 6.7 5.8*

Cardiopulmonary

Ejection Fractionc (%) 58.4 58.5 57.5 58.9 59.5 59.6 58.4 59.6

TRVc (m/s) 2.5 2.6# 2.6 2.6 2.6 2.7 2.7 2.7

NT-ProBNPd (pg/mL)b 91.9 116.6 114.9 123.9 109.0 173.6 138.5 236.9

Other

Lactate Dehydrogenase
(U/L) a, b

376.9 389.6 399.8 382.5 385.7 408.4 409.3 426.4

Abbreviations: HU, hydroxyurea; Low HbF, maximum fetal hemoglobin within the lowest quartile; High HbF, maximum fetal hemoglobin within the highest

quartile; ANC, absolute neutrophil count; MCV, mean corpuscular volume; ARC, absolute reticulocyte count; ALT, alanine aminotransferase; AST,

aspartate aminotransferase; TRV, tricuspid regurgitant velocity; NT-ProBNP, brain natriuretic peptide
aConversion factor from U/L to μkat/L is 0.017; conversion factor from mg/dL to μmoL/L is 17.1
bWilcoxon rank-sum test, other p-values are from t-tests if not otherwise specified
cEjection fraction and TRV were reported in 345 subjects at first visit and 261 subjects at last visit
dNT-ProBNP levels are only reported in patients with a creatinine <1.0mg/dL, (N = 65 No HU, 165 any HU, 21 low HbF, 12 high HbF)
#p<0.05 when comparing No Hydroxyurea to Any Hydroxyurea groups
##p<0.001 when comparing No Hydroxyurea to Any Hydroxyurea groups
###p<0.0001 when comparing No Hydroxyurea to Any Hydroxyurea groups

*p<0.05 when comparing HbF Lower 25% to HbF Upper 25% groups

**p<0.001 when comparing HbF Lower 25% to HbF Upper 25% groups

***p<0.0001 when comparing HbF Lower 25% to HbF Upper 25% groups

doi:10.1371/journal.pone.0141706.t005
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significant differences in markers of organ function at the last visit. Therefore, hydroxyurea
dose per se did not lead to differences in organ function over time.

Higher HbF Quartiles Are Associated with Improved Survival, Higher
Hydroxyurea Dosing, and Less Organ Injury over Time
To evaluate whether increased hydroxyurea-induced HbF is necessary to prevent organ dam-
age and improve survival, subjects were divided into quartiles based on maximum HbF
(Table 4). While age was similar, subjects with all of the higher HbF quartiles were more likely
to be alive. While 71% of patients in the lowest HbF quartile were living, 90% in the second
quartile, 91% in the third quartile, and 86% in the highest quartile were living (p = 0.0004).
This corresponded to a hazard ratio for the second quartile compared to the lowest quartile of
0.330, 95% CI (0.156, 0.698), p = 0.0037, hazard ratio for the third quartile compared to the
lowest quartile of 0.191, 95% CI (0.077, 0.473), p = 0�0003, and hazard ratio for the highest
quartile compared to the lowest quartile of 0.303, 95% CI (0.151, 0.610), p = 0�0008).

Almost all subjects within the highest HbF group were assigned to the hydroxyurea group
(97%) as compared to 33% in the lowest group (p<0.0001, Table 4). Further, 75% of the high-
est HbF group were treated with recommended doses compared to only 18% in the lowest
group (p<0.0001). In contrast, 67% of patients in the low HbF group were not taking hydroxy-
urea. Median hydroxyurea dosages were 23.0 in the highest quartile, 15.9 in the third quartile,
12.3 in the second quartile, and 5.9 mg/kg/day in the lowest quartile, (p<0.0001), with a mean
maximum HbF of 27.7, 15.7, 9.0, and 3.1% (p<0�0001) and a mean HbF of 12.7, 10.9, 7.1, and
2.8% (p<0.0001) at the time of enrollment, respectively.

Mean HbF at the last visit was 17.8% in the highest HbF quartile, which showed an absolute
increase of 5.1% as compared to the initial visit (Table 5). At first and last visit, alkaline phos-
phatase was significantly lower (95.4 versus 123.6, p = 0.0065 and 96.1 versus 113.6, p = 0.041,
respectively) in patients with the highest HbF. While ALT was also significantly lower at the
first visit (27.0 versus 33.4U/L, p = 0�0086), there was no significant difference at the last visit
(32.3 versus 41.4U/L, p = 0.076). Again while creatinine was also significantly lower at the first
visit (0.8 versus 1.3mg/dL, p = 0.0108), there was no significant difference at the most recent
visit (1.0 versus 1.3mg/dL, p = 0.080) in the highest HbF group. Interestingly, there were no dif-
ferences in ejection fraction, TRV, or brain natriuretic peptide (NT-proBNP) based on HbF
quartile. Therefore, we did not find a clear association between optimized HbF response and
decreased organ damage in this retrospective analysis.

Discussion
Median age at death for SCD has not changed since 1994, with a median age at death of 46
years in our cohort [2]. In our modern cohort, where cause of death was determined for 85% of
subjects, the most prevalent attribution was pulmonary disease, which led us to hypothesize
that organ dysfunction might predict mortality. We have identified parallel determinants of
mortality in this cohort, although neither is associated with specific causes of death. First, labo-
ratory studies indicating a more severe phenotype, including lower HbF and higher WBC and
LDH values, were significantly different prior to death compared to those still living [2,8].
Hemoglobin was not different between groups, suggesting that these parameters might reflect
chronic tissue damage and not increased hemolysis [23]. More importantly, we document
hepatic injury at an initial visit among subjects who later died (Table 3), in contrast to studies
where organ damage was not routinely identified before death [2,5]. Deceased patients also
had a significantly higher TRV, which was not surprising since 132 HbSS patients included in
the study were reported in the original study reporting high TRV as a mortality risk factor [20].
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While organ injury did not correlate with causes of death, this observational cohort study limits
definitive evaluation of these relationships. Overall, laboratory screening may help to identify
candidates for treatment intensification.

This study also demonstrates a 66% treatment rate, although a surprising 18% were treated
below the recommended dose range. This is an improvement over prior reports where less
than 50% of clinicians and only 16% of hematologists prescribed hydroxyurea [24,25]. Further,
while a follow-up study reported a significant increase in HbF from baseline to 2 years after
hydroxyurea treatment [26], the pivotal study which led to hydroxyurea’s FDA-approval did
not report HbF levels. As a result, there has been a shift in the field away from investigation of
HbF induction. This lack of definitive mechanisms by which hydroxyurea exerts its benefit
likely also contributes to its limited use in practice.

Because hydroxyurea could delay end organ damage, we also analyzed its effect upon organ
damage and mortality by both treatment and hydroxyurea dose. Our study shows an associa-
tion between the recommended hydroxyurea dose and survival. To our knowledge, this is the
first study to demonstrate that doses below the recommended starting dose may not confer a
survival benefit (Table 3). Long term studies have shown a similar relationship between lower
mortality and hydroxyurea titration to a maximally tolerated dose [7,8,14]. Contemporary
studies reporting early deaths in the post-hydroxyurea approval era were limited by a small
proportion administered hydroxyurea [4–6,9,15,16]. Recent studies reported no survival differ-
ence based on hydroxyurea use [16,18]; however, dosing was not mentioned. Similar to these
studies, we report a young median age at death. Though the majority had administered
hydroxyurea, mean dose was only 21.5 mg/kg/day. The insufficiently suppressed ANC and a
lack of hemoglobin rise suggest that hydroxyurea dosing could be increased to a maximally tol-
erated dose as is frequently recommended by pediatric hematologists in the United States [27].
Alternatively, patients in all three upper quartiles of HbF were more likely to be alive. There-
fore, our data suggest that even moderate increases, and not necessarily maximum HbF induc-
tion, may improve survival in patients with HbSS. It is also interesting to note that while
patients started on optimal hydroxyurea doses presumably had more severe disease, survival
was actually lower in this patient group.

We next wanted to assess whether optimized hydroxyurea dosing may improve organ func-
tion. Our data do not support improved organ function based solely on hydroxyurea presence.
A randomized study of fixed dose hydroxyurea (20 mg/kg/day versus placebo) in infants with
HbSS showed improvement in markers of splenic function, suggesting that even modest HbF
increases can be beneficial [28]. This fixed dose is comparable to our mean hydroxyurea dose.
However, there was no significant improvement in splenic function by radionuclide scan or in
glomerular filtration rate in the hydroxyurea treated infants. Conversely, two pediatric studies
where patients were treated with maximally tolerated doses of hydroxyurea reported splenic
regeneration [29,30]; one confirming that 25% HbF was more likely to be associated with some
splenic regeneration as compared to 14% HbF [30]. An additional study reported that in chil-
dren on hydroxyurea, those with sickle retinopathy had significantly lower HbF levels as com-
pared to those without retinopathy (HbF 9 versus 16%, p = 0.005, respectively) [31]. These
data suggest that patients might also benefit from further dose escalation to maximize preserva-
tion of organ function.

To further assess whether hydroxyurea-induced HbF reduced organ injury, we compared
laboratory values from the highest and lowest HbF quartiles. While we found a significantly
lower creatinine and ALT at the first visit, the only marker of organ damage that was consis-
tently lower during both visits was alkaline phosphatase. Hydroxyurea decreases deaths associ-
ated with liver dysfunction [8]. While the maximum HbF was 27.7% in the high group, values
measured strictly at enrollment and last follow-up ranged from 12.7 to 17.8%, which may not
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have been sufficient to prevent organ damage or reverse organ dysfunction. It is possible that
HbF approaching 30% may be crucial to prevent organ injury and vascular damage [2].
Because organ dysfunction may limit dosing [15] and hydroxyurea may not reverse severe tis-
sue injury, we recommend treatment before organ damage occurs [7].

Our study has limitations. Subjects were not followed from birth, and thus conclusions are
limited to adults. Treatment duration is unknown, though a significantly higher HbF at first
and last visits in the hydroxyurea group suggests extended treatment. Compliance and individ-
ual response to hydroxyurea were not monitored, and causality is not definitive due to the ret-
rospective design. We are not able to assess whether hydroxyurea doses were lower as a result
of organ damage. However, many patients without organ damage had been started and main-
tained on a dose less than the recommended dose for years. Further, since we are a tertiary
referral center, the amount of observed organ damage could be over-represented. However,
because SCD is an orphan disease, this study provides real world data with conclusions over-
lapping with prospective trials [32]. In summary, HbSS is still characterized by organ damage
and early death despite improved hydroxyurea treatment. A proper hydroxyurea dose is associ-
ated with higher HbF, less organ dysfunction, and improved survival. Prospective trials of new
indications for drugs that induce HbF are indicated to further evaluate beneficial effects on
organ function and survival.

Acknowledgments
The authors would like to thank Jonathan Wilson, Megan Quinn, and Shantal Gupta for assis-
tance with data extraction and Dr. Elizabeth Wright for statistical assistance.

This research was funded by the intramural programs of the Molecular and Clinical Hema-
tology Branch, NHLBI and NIDDK, NIH and the Hematology Branch, NHLBI, NIH
(1ZIAHL006012-04).

Author Contributions
Conceived and designed the experiments: CF MR XZ JGT. Performed the experiments: CF
MH DAWC CSMR XZ CM GR AS JFT JGT. Analyzed the data: CF XZMR JGT. Contributed
reagents/materials/analysis tools: CF XZMR JGT. Wrote the paper: CF MH DAWC CSMR
XZ CM GR AS JFT JGT.

References
1. Bunn HF (1997) Pathogenesis and Treatment of Sickle Cell Disease. N Engl J Med 337: 762–769.

PMID: 9287233

2. Platt OS, Brambilla DJ, RosseWF, Milner PF, Castro O, Steinberg MH, et al. (1994) Mortality in sickle
cell disease. Life expectancy and risk factors for early death [see comments]. N Engl J Med 330:
1639–1644. PMID: 7993409

3. Powars DR, Chan LS, Hiti A, Ramicone E, Johnson C (2005) Outcome of sickle cell anemia: a 4-
decade observational study of 1056 patients. Medicine (Baltimore) 84: 363–376.

4. Fitzhugh CD, Lauder N, Jonassaint JC, Telen MJ, Zhao X, Wright EC, et al. (2010) Cardiopulmonary
complications leading to premature deaths in adult patients with sickle cell disease. Am J Hematol 85:
36–40. doi: 10.1002/ajh.21569 PMID: 20029950

5. Perronne V, Roberts-Harewood M, Bachir D, Roudot-Thoraval F, Delord JM, Thuret I, et al. (2002) Pat-
terns of mortality in sickle cell disease in adults in France and England. The hematology journal: the offi-
cial journal of the European Haematology Association / EHA 3: 56–60.

6. Darbari DS, Kple-Faget P, Kwagyan J, Rana S, Gordeuk VR, Castro O (2006) Circumstances of death
in adult sickle cell disease patients. Am J Hematol 81: 858–863. PMID: 16924640

7. Steinberg MH, McCarthy WF, Castro O, Ballas SK, Armstrong FD, Smith W, et al. (2010) The risks and
benefits of long-term use of hydroxyurea in sickle cell anemia: A 17.5 year follow-up. American Journal
of Hematology 85: 403–408. doi: 10.1002/ajh.21699 PMID: 20513116

Fetal Hemoglobin and Sickle Cell Anemia

PLOS ONE | DOI:10.1371/journal.pone.0141706 November 17, 2015 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/9287233
http://www.ncbi.nlm.nih.gov/pubmed/7993409
http://dx.doi.org/10.1002/ajh.21569
http://www.ncbi.nlm.nih.gov/pubmed/20029950
http://www.ncbi.nlm.nih.gov/pubmed/16924640
http://dx.doi.org/10.1002/ajh.21699
http://www.ncbi.nlm.nih.gov/pubmed/20513116


8. Voskaridou E, Christoulas D, Bilalis A, Plata E, Varvagiannis K, Stamatopoulos G, et al. (2010) The
effect of prolonged administration of hydroxyurea on morbidity and mortality in adult patients with sickle
cell syndromes: results of a 17-year, single-center trial (LaSHS). Blood 115: 2354–2363. doi: 10.1182/
blood-2009-05-221333 PMID: 19903897

9. Lanzkron S, Carroll CP, Haywood C Jr. (2013) Mortality rates and age at death from sickle cell disease:
U.S., 1979–2005. Public Health Reports 128: 110–116. PMID: 23450875

10. Charache S, Terrin ML, Moore RD, Dover GJ, Barton FB, Eckert SV, et al. (1995) Effect of Hydroxyurea
on the Frequency of Painful Crises in Sickle Cell Anemia. N Engl J Med 332: 1317–1322. PMID:
7715639

11. Rodgers GP, Dover GJ, Noguchi CT, Schechter AN, Nienhuis AW (1990) Hematologic responses of
patients with sickle cell disease to treatment with hydroxyurea. N Engl J Med 322: 1037–1045. PMID:
1690857

12. Platt OS, Orkin SH, Dover G, Beardsley GP, Miller B, Nathan DG (1984) Hydroxyurea enhances fetal
hemoglobin production in sickle cell anemia. The Journal of clinical investigation 74: 652–656. PMID:
6205021

13. Powars DR, Weiss JN, Chan LS, Schroeder WA (1984) Is there a threshold level of fetal hemoglobin
that ameliorates morbidity in sickle cell anemia? Blood 63: 921–926. PMID: 6200161

14. Lobo CL, Pinto JF, Nascimento EM, Moura PG, Cardoso GP, Hankins JS (2013) The effect of hydro-
xcarbamide therapy on survival of children with sickle cell disease. British Journal of Haematology
161: 852–860. doi: 10.1111/bjh.12323 PMID: 23590693

15. Bakanay SM, Dainer E, Clair B, Adekile A, Daitch L, Wells L, et al. (2005) Mortality in sickle cell patients
on hydroxyurea therapy. Blood 105: 545–547. PMID: 15454485

16. Elmariah H, Garrett ME, De Castro LM, Jonassaint JC, Ataga KI, Eckman JR, et al. (2014) Factors
associated with survival in a contemporary adult sickle cell disease cohort. American Journal of Hema-
tology 89: 530–535. doi: 10.1002/ajh.23683 PMID: 24478166

17. Steiner CA, Miller JL (2006) Sickle Cell Disease Patients in U.S. Hospitals, 2004. Statistical Brief #21.
Healthcare cost and utilization project (HCUP).

18. Gladwin MT, Barst RJ, Gibbs JS, HildesheimM, Sachdev V, Nouraie M, et al. (2014) Risk factors for
death in 632 patients with sickle cell disease in the United States and United kingdom. PloS one 9:
e99489. doi: 10.1371/journal.pone.0099489 PMID: 24988120

19. Darbari DS, Wang Z, Kwak M, Hildesheim M, Nichols J, Allen D, et al. (2013) Severe painful vaso-
occlusive crises and mortality in a contemporary adult sickle cell anemia cohort study. PLoS ONE 8:
e79923. doi: 10.1371/journal.pone.0079923 PMID: 24224021

20. Gladwin MT, Sachdev V, Jison ML, Shizukuda Y, Plehn JF, Minter K, et al. (2004) Pulmonary hyperten-
sion as a risk factor for death in patients with sickle cell disease. N Engl J Med 350: 886–895. PMID:
14985486

21. Taylor JG, Ackah D, Cobb C, Orr N, Percy MJ, Sachdev V, et al. (2008) Mutations and polymorphisms
in hemoglobin genes and the risk of pulmonary hypertension and death in sickle cell disease. Am J
Hematol 83: 6–14. PMID: 17724704

22. (2012) Hydroxyurea Drug Label. Bristol-Myers Squibb Company. pp. 1–13.

23. Taylor JGt, Nolan VG, Mendelsohn L, Kato GJ, Gladwin MT, Steinberg MH (2008) Chronic hyper-
hemolysis in sickle cell anemia: association of vascular complications and mortality with less frequent
vasoocclusive pain. PLoS One 3: e2095. doi: 10.1371/journal.pone.0002095 PMID: 18461136

24. Lanzkron S, Haywood C Jr, Hassell KL, Rand C(2008) Provider barriers to hydroxyurea use in adults
with sickle cell disease: a survey of the Sickle Cell Disease Adult Provider Network. Journal of the
National Medical Association 100: 968–973. PMID: 18717150

25. Zumberg MS, Reddy S, Boyette RL, Schwartz RJ, Konrad TR, Lottenberg R (2005) Hydroxyurea ther-
apy for sickle cell disease in community-based practices: a survey of Florida and North Carolina hema-
tologists/oncologists. American Journal of Hematology 79: 107–113. PMID: 15929107

26. Steinberg MH, Lu ZH, Barton FB, Terrin ML, Charache S, Dover GJ (1997) Fetal hemoglobin in sickle
cell anemia: determinants of response to hydroxyurea. Multicenter Study of Hydroxyurea. Blood 89:
1078–1088. PMID: 9028341

27. Ware RE (2010) How I use hydroxyurea to treat young patients with sickle cell anemia. Blood 115:
5300–5311. doi: 10.1182/blood-2009-04-146852 PMID: 20223921

28. WangWC,Ware RE, Miller ST, Iyer RV, Casella JF, Minniti CP, et al. (2011) Hydroxycarbamide in very
young children with sickle-cell anaemia: a multicentre, randomised, controlled trial (BABY HUG). Lan-
cet 377: 1663–1672. doi: 10.1016/S0140-6736(11)60355-3 PMID: 21571150

Fetal Hemoglobin and Sickle Cell Anemia

PLOS ONE | DOI:10.1371/journal.pone.0141706 November 17, 2015 12 / 13

http://dx.doi.org/10.1182/blood-2009-05-221333
http://dx.doi.org/10.1182/blood-2009-05-221333
http://www.ncbi.nlm.nih.gov/pubmed/19903897
http://www.ncbi.nlm.nih.gov/pubmed/23450875
http://www.ncbi.nlm.nih.gov/pubmed/7715639
http://www.ncbi.nlm.nih.gov/pubmed/1690857
http://www.ncbi.nlm.nih.gov/pubmed/6205021
http://www.ncbi.nlm.nih.gov/pubmed/6200161
http://dx.doi.org/10.1111/bjh.12323
http://www.ncbi.nlm.nih.gov/pubmed/23590693
http://www.ncbi.nlm.nih.gov/pubmed/15454485
http://dx.doi.org/10.1002/ajh.23683
http://www.ncbi.nlm.nih.gov/pubmed/24478166
http://dx.doi.org/10.1371/journal.pone.0099489
http://www.ncbi.nlm.nih.gov/pubmed/24988120
http://dx.doi.org/10.1371/journal.pone.0079923
http://www.ncbi.nlm.nih.gov/pubmed/24224021
http://www.ncbi.nlm.nih.gov/pubmed/14985486
http://www.ncbi.nlm.nih.gov/pubmed/17724704
http://dx.doi.org/10.1371/journal.pone.0002095
http://www.ncbi.nlm.nih.gov/pubmed/18461136
http://www.ncbi.nlm.nih.gov/pubmed/18717150
http://www.ncbi.nlm.nih.gov/pubmed/15929107
http://www.ncbi.nlm.nih.gov/pubmed/9028341
http://dx.doi.org/10.1182/blood-2009-04-146852
http://www.ncbi.nlm.nih.gov/pubmed/20223921
http://dx.doi.org/10.1016/S0140-6736(11)60355-3
http://www.ncbi.nlm.nih.gov/pubmed/21571150


29. Hankins JS, Helton KJ, McCarville MB, Li CS, WangWC,Ware RE (2008) Preservation of spleen and
brain function in children with sickle cell anemia treated with hydroxyurea. Pediatric blood & cancer 50:
293–297.

30. Nottage K, Ware R, Winter B, Winfred W, Hankins J, Shulkin B, et al. (2013) Hydroxyurea Preserves
Splenic Function Among Children with Sickle Cell Anemia. Pediatric Blood and Cancer 60 Supplement
2: S24–S24.

31. Estepp JH, Smeltzer MP, WangWC, Hoehn ME, Hankins JS, Aygun B (2013) Protection from sickle
cell retinopathy is associated with elevated HbF levels and hydroxycarbamide use in children. British
Journal of Haematology 161: 402–405. doi: 10.1111/bjh.12238 PMID: 23384083

32. Ross JS (2014) Randomized Clinical Trials and Observational Studies Are More Often Alike Than
Unlike. JAMA Intern Med.

Fetal Hemoglobin and Sickle Cell Anemia

PLOS ONE | DOI:10.1371/journal.pone.0141706 November 17, 2015 13 / 13

http://dx.doi.org/10.1111/bjh.12238
http://www.ncbi.nlm.nih.gov/pubmed/23384083

