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Abstract

BACKGROUND—Chronic transfusion therapy (CTT) for sickle cell anemia (SCA) reduces 

disease complications by diluting sickle-erythrocytes with hemoglobin A (HbA)-containing 

erythrocytes and suppressing erythropoiesis. Minor antigen mismatches may result in 

alloimmunization, but it is unknown if antigen mismatches or recipient characteristics influence 

HbA clearance post-transfusion.

STUDY DESIGN AND METHODS—Children with SCA on CTT were followed prospectively 

for 12 months. All patients received units serologically matched for C/c, E/e, and K; patients with 

prior red blood cell (RBC) antibodies had additional matching for Fya, Jkb, and any previous 

alloantibodies. Patients’ RBC antigen genotypes, determined by PreciseType Human Erythrocyte 

Antigen (HEA), RHCE and RHD BeadChip assays, were compared to genotypes of transfused 

RBC units to assess for antigen mismatches. Decline in HbA (ΔHbA) from post-transfusion to the 

next transfusion was calculated for each transfusion episode.

RESULTS—Sixty patients received 789 transfusions, 740 with ∆HbA estimations, and 630 with 

donor HEA genotyping. In univariate mixed model analysis, ΔHbA was higher in patients with 

past RBC antibodies or splenomegaly and lower with in patients with splenectomy. RBC antigen 

mismatches were not associated with ∆HbA. In multivariate linear mixed effects modeling, ΔHbA 

was associated with RBC antibodies (2.70 vs. 2.45 g/dL/28 days, p=0.0028), splenomegaly (2.87 

vs. 2.28 g/dL/28 days, p=0.019), and negatively associated with splenectomy (2.46 vs. 2.70 

g/dL/28 days, p=0.011). CONCLUSIONS: HbA decline was increased among SCA patients with 
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prior immunologic response to RBC antigens and decreased among those with prior splenectomy, 

demonstrating that recipient immunologic characteristics influenced the clearance of transfused 

RBC.
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INTRODUCTION

Chronic transfusion therapy (CTT) for sickle cell anemia (SCA) is an essential treatment for 

the prevention of severe sickle complications such as stroke.1–3 CTT is effective at 

preventing red blood cell (RBC) sickling by two mechanisms: 1) with frequent transfusions, 

non-sickle hemoglobin A (HbA)-containing erythrocytes predominate in the circulation 

compared to endogenous RBC, and 2) by maintaining higher hemoglobin (Hb) levels, 

endogenous erythropoiesis of sickle erythrocytes is suppressed. The effectiveness of CTT is 

monitored by measuring the percentage of sickle Hb (HbS), total Hb, and reticulocytes prior 

to each transfusion.4

HbS level is influenced by several factors, including erythopoietic drive, hemolysis of 

endogenous sickle erythrocytes, and the clearance of transfused RBCs. Individual variation 

in HbS suppression exists. Some patients achieve desired Hb and HbS goals with simple 

transfusions monthly, while others have poor suppression of HbS, necessitating either an 

increase in transfusion volume or frequency or implementation of exchange transfusion 

therapy.5,6 Better understanding of factors that influence the kinetics of transfused RBC 

clearance in CTT patients could facilitate development of transfusion practices that more 

effectively suppress HbS.

Patients with SCA have a high prevalence of RBC alloimmunization ranging from 18 to over 

45%.7–10 Alloimmunization can result in hemolytic transfusion reactions (HTRs) and limits 

the supply of compatible RBC units for future transfusions.10–12 Although antigen matching 

for C/c, E/e, K, and potentially other antigens has been shown to reduce the rate of 

alloimmunization in SCA,13 both alloimmunization and HTRs remain prevalent problems 

among patients with SCA.14 RBC genotyping of recipients and donors offers several 

advantages over serologic antigen typing in attempts to minimize alloimmunization, 

including the identification of a greater number of antigens for which anti-sera are not 

available (e.g. Jsa/Jsb, Kpa/Kpb, V, VS), and the ability to obtain accurate antigen typing in 

patients with recent RBC transfusion or with RBC alloantibodies or autoantibodies.15

HTRs are an extreme example of rapid clearance of transfused RBCs, mediated by antibody 

production and complement activation. Although HTRs and alloimmunization events result 

in increased HbA clearance, it is not known if RBC antigen mismatches independently 

influence HbA clearance in the absence of serologically-detected RBC antibodies. 

Retrospective analysis of transfusion requirements during myeloablative bone marrow 

transplantation in SCD have suggested that increased antigen matching was associated with 

decreased transfusion volumes, suggesting improved RBC survival with antigen matching.16 

The aims of this study were to: (1) determine the rate of clearance of donor HbA-containing 
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erythrocytes following transfusions in children with SCA on CTT, and (2) determine the 

associations of HbA clearance with RBC minor antigen mismatches (determined by patient 

and donor RBC genotyping), recipient immunologic characteristics, and donor unit 

characteristics.

METHODS

A prospective observational study of children ages 3 – 20 years with SCA (HbSS) on CTT 

for at least 6 months was conducted at Children’s Healthcare of Atlanta (CHOA) and 

Children’s National Medical Center (CNMC). Written, informed consent and assent were 

obtained, and the study was approved by the Institutional Review Boards of CHOA and 

CNMC. Participants who were receiving monthly CTT were followed for a 12 – 17 month 

period to observe sequential hemoglobin (including HbA and HbS) and reticulocyte values 

as well as to observe characteristics of the transfused units, including RBC genotype and age 

of the blood units. Patients were included if they were receiving simple transfusions (ST) or 

partial manual exchange (PME), defined as removal of up to 10 mL/kg of whole blood 

immediately prior to a simple RBC transfusion. Patients were excluded if they received 

erythrocytapheresis (chronic or emergent) or had poor adherence to transfusion 

appointments (defined as delay in transfusion by ≥7 days on ≥3 occasions prior to or during 

study). Patients were also excluded if they received transfusion outside of the study 

institution during the study period, as determined by patient-reported history and pre-

transfusion laboratory values compared to transfusion interval.

RBC genotyping of patients was performed with PreciseType Human Erythocyte Antigen 

(HEA) Molecular BeadChip assay and with RHCE and RHD BeadChip assays (Immucor, 

Norcross, GA) to identify single nucleotide polymorphisms (SNPs) associated with 35 

minor antigens, >35 RHCE variants, and >80 RHD variants. For donor unit genotyping, 

genomic DNA was extracted from segments of leukoreduced (LR) RBC units and tested 

using the prototype HEA-LR BeadChip assay (Immucor, Norcross, GA) to detect the same 

profile of RBC antigens as the PreciseType HEA assay, as previously described.17,18 An 

antigen mismatch was defined as a recipient exposure to a RBC minor antigen that the 

recipient does not express, i.e. transfusion of an antigen-positive unit to an antigen-negative 

patient. RH genotypes were categorized as either conventional (homozygous or simple 

heterozygous) or variant (homozygous or compound heterozygous for variant alleles). 

Transfused units were assumed to have conventional Rh antigen expression unless denoted 

as homozygous for ce(733G) with/without 1006T by the HEA-LR assay.

Electronic medical records and the blood bank Laboratory Information Systems of CHOA 

and CNMC were reviewed to identify subjects’ CTT start date, history of splenectomy, 

splenomegaly present on physical exam at the time of transfusion, and RBC antibody 

histories including antibodies detected at either the current or previous institutions. At 

CHOA and CNMC, all RBC units for SCD patients were HbS negative, pre-storage 

leukoreduced, and serologically matched for C/c, E/e, and K antigens (category 1 matching). 

For patients with ≥1 clinically significant alloantibody or some cases of warm 

autoantibodies, RBC units were selected by extended serological matching for Fya and Jkb 

in addition to being antigen-negative for the putative antibodies (category 2 matching). 
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Transfusion volume and frequency were determined by local institutional protocol, in which 

patients receive 10 – 15 mL/kg of packed RBC (1 – 3 RBC units) per transfusion, based on 

patient body weight and pre-transfusion Hb, for both ST and PME transfusions.

Post-Transfusion Donor Hemoglobin A calculation

Pre-transfusion Hb electrophoresis, including the percentage of HbA1 and any donor variant 

Hb (HbV) (e.g. HbC or others) was recorded for all transfusion episodes. The total amount 

of donor Hb was calculated as the sum of HbA1 and HbV; for simplicity, donor Hb was 

expressed as “HbA” where HbA (g/dL) = Hb (g/dL) × (HbA1% + HbV%). In a subset 

(approximately 20%) of the transfusion episodes, Hb electrophoresis was obtained at 15-30 

minutes post-transfusion in order to directly measure the post-transfusion HbA. For 

transfusion episodes in which post-transfusion Hb electrophoresis was not measured, post-

transfusion HbA was calculated based on the volume of transfusion (VolT, mL), estimated 

unit hematocrit (unit Hct, %), body weight (Wt, kg), phlebotomy volume (VolPh, mL, if 

applicable) and total blood volume (TBV, mL), using the following equation:

Post HbA g/dL = Pre HbA g/dL + unit Hct × VolT/ 3 × Wt − Pre HbA%/100 ×
Pre Hb g/dL × VolPh / 3 × TBV .

19,20HbA decline (ΔHbA, g/dL/28 days) was calculated as the difference between the 

estimated post-transfusion HbA and the pre-transfusion HbA of the subsequent transfusion 

episode, divided by the transfusion interval (number of days between HbA measurements), 

then multiplied by 28 to normalize all values to the change in HbA per 4 weeks. The unit 

Hct was estimated based on quality analysis data from each blood supplier for the unit’s 

preservative solution (citrate-phosphate-dextrose-adenine (CPDA), additive solution (AS), or 

frozen/deglycerized). If the blood supplier range of estimated unit Hct had a range of >10%, 

the post-transfusion HbA and thus ∆HbA were not estimated, and those units were excluded 

from analysis due to potentially high inaccuracy of the ∆HbA estimation.

Antigen Mismatches—For each transfusion episode, an antigen mismatch was defined as 

the number of units mismatched divided by the total number of units transfused (e.g. in a 

transfusion episode of 3 units, if an antigen was mismatched in 1 unit, the mismatch for that 

transfusion episode was 0.33 or 33% of the transfused RBC were mismatched for that 

antigen). In addition to individual antigens, mismatches were examined per blood group, in 

which the mismatch per group was the sum of the individual antigen mismatches (e.g. Rh 

mismatches were the sum of V, VS, D, C/c, E/e mismatches per transfusion). Antigen groups 

were excluded from analysis if the frequency of mismatch for all of antigens in that group 

was <2% (e.g. Diego, Landsteiner-Weiner, Sciana)

Statistical Analysis

For transfusions in which post-transfusion laboratory measurements were done, measured 

post-HbA was compared to estimated post-HbA by Bland-Altman limits of agreement and 

intraclass correlation coefficient (ICC). Bias was assessed as the median difference between 

measured and estimated HbA, and precision was assessed as the interquartile range (IQR) of 
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the bias. Accuracy was assessed as the percentage of HbA estimates that were within 10% 

(P10) and 15% (P15) of the measured HbA. Intra-patient variance in ∆HbA was assessed as 

the IQR of ∆HbA per patient; due to non-normality of the data, the IQR of ∆HbA was 

compared to RBC antibody status by Wilcoxon-Rank-Sum test.

At the patient level, univariate comparisons of RBC antibody status were made by Student’s 

t-test for continuous variables or by chi-squared test for categorical variables. At the 

transfusion episode level, univariate comparisons of RBC antibody status with transfusion 

characteristics and pre-transfusion laboratory values were done by linear mixed modeling to 

account for repeated measures on identical patients. Mixed effects modeling was used in all 

analyses of transfusion episodes to account for both random effects (individual patients and 

transfusion episodes) and the fixed effects of interest (patient and transfusion 

characteristics). Thus, mixed effects modeling can account for repeated measures (i.e. 

multiple transfusions) per patient, allowing for generalizability of the analysis. Least-squares 

means (ls-means) were used to compare continuous variables with repeated measures.

Univariate associations of ∆HbA with categorical variables (splenectomy, splenomegaly, and 

prior RBC antibodies) and with continuous variables (age, unit age, transfusion volume, 

total antigen mismatches, and the Hb, HbS, and reticulocyte values prior to the next 

transfusion) were determined by linear mixed modeling. The effects of individual blood 

group mismatches on ∆HbA also were assessed by linear mixed modeling, stratifying by 

category 1 vs. 2 to account for the inherent differences in antigen matching between these 2 

groups of transfusion populations. Variables with p≤0.20 in univariate analysis were 

introducted into multivariable linear mixed modeling to examine the effect of patient and 

transfusion characteristics on ∆HbA; additionally, variables with potential interaction were 

introduced into the model.

RESULTS

There were 60 SCA patients (24 with past RBC alloimmunization or RBC autoantibodies) 

who received 789 transfusions during the study. Of these, 49 transfusions were excluded for 

the inability to estimate ∆HbA (due to either lack of pre-transfusion HbA measurement or 

estimated unit Hct), and 110 transfusions in which ≥1 unit was missing RBC genotyping. 

Thus 630 transfusions (395 category 1 antigen matching, 235 category 2) were available to 

assess the relationships between ∆HbA and antigen mismatches (Figure 1).

Characteristics of the 60 patients and 789 transfusion episodes are shown in Table 1. Patients 

with past RBC antibody response (category 2 antigen matching) were significantly older 

(12.5 years vs. 10.2 years, p=0.017), and received units with a younger mean age (17.6 days 

vs. 20.5 days, p=0.0018), but did not have differences in splenectomy or splenomegaly 

frequencies. The median age of RBC units was 18 days (range 3 – 42 days), with 65% of 

units exceeding 14 days, 32% exceeding 21 days, and 13% exceeding 28 days.

Post-Transfusion HbA Estimation

There were 217 (27.5%) transfusions (183 simple, 34 PME) in which post-transfusion HbA 

was both measured and estimated. The mean post-transfusion HbA was 9.64 g/dL (range 
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6.28 – 13.1 g/dL) by direct measurements vs. 9.32 g/dL (range 5.65 – 12.8 g/dL) by 

estimation. Estimated HbA had a negative bias of 0.32 g/dL (95% C.I. 0.23, 0.41), with a 

precision of 0.81 g/dL (95% C.I. 0.61, 1.09). The intraclass correlation coefficient between 

estimated and measured HbA was 0.75, indicating that the proportion of between-cluster 

(i.e. patient) variance to the total variance was high. Accuracy of the estimated HbA within 

10% of measured HbA was 82.5% (P10) and within 15% of measured HbA was 93.6% (P15). 

Bland-Altman limit of agreement plot for measured vs. estimated post-transfusion HbA is 

shown in Figure 2.

HbA Decline (ΔHbA)

There were 740 transfusion episodes with ∆HbA estimations. Intra-patient variability in 

∆HbA, demonstrated by the IQR of ∆HbA, is shown in figure 3. The ∆HbA IQR for all 

patients ranged 0.36 to 2.12 g/dL/28 days, with a median IQR of 0.80 g/dL/28 days. Intra-

patient variability in ∆HbA was not different for patients with and without past antibody 

response (median IQR 0.86 vs. 0.73 g/dL/28 days, p=0.37).

In univariate mixed effects analyses, ∆HbA was significantly lower in patients with 

splenectomy than those without splenectomy (ls-means 2.14 vs. 2.40 g/dL/28 days, p=0.014) 

and was higher in those with splenomegaly (ls-means 3.01 vs. 2.33 g/dL/28 days, p=0.010). 

The ls-mean ∆HbA was 2.45 mg/dL/28 days for patients with past RBC antibodies vs. 2.28 

g/dL/28 days for those without RBC antibodies (p=0.06). ∆HbA was not associated with the 

mean age of blood per transfusion (p=0.37) nor the maximum age of a unit in a transfusion 

(p=0.70).

Increased ∆HbA was associated with lower total Hb (p<0.0001), higher HbS percentage 

(p<0.0001), and higher reticulocyte count (p<0.0001) prior to the next transfusion episode, 

demonstrating the association of ΔHbA with suppression of erythropoiesis.

Antigen Mismatches

For the 630 transfusions with donor antigen genotyping, the mean number of antigen 

mismatches was 3.3 (range 0 – 9 mismatches), with a mean of 3.7 mismatches for category 1 

and 2.6 mismatches for category 2 transfusions (p<0.0001). The frequency of individual 

antigen mismatches per transfusion episode has been previously described.21 In univariate 

mixed effects analyses, stratified by antigen-matching category, the total number of antigen 

mismatches was not associated with ∆HbA for category 1 transfusions (p=0.097) or category 

2 transfusions (p=0.39). There were no significant associations between specific antigen 

mismatches or blood group mismatches (Rh, Kell, Duffy, Kidd, M/N and S/s/U, Lutheran, 

Colton, and Dombrock groups) and ∆HbA while clustering on each patient, as assessed by 

linear mixed models and also accounting for patients’ RBC antibody status (Table 2).

New Alloimmunization Events

There were 5 new alloantibodies detected after 4 transfusion episodes during the study 

period: 1 with anti-Jsa and anti-Wra detected after the same transfusion, 1 with anti-Jsa, 1 

with anti-Goa, and 1 with antibody of undetermined specificity (Table 3). There was no 

difference in median ΔHbA for transfusions with new RBC antibodies vs. transfusions 
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without new alloimmunization (median 2.31 vs. 2.36 g/dL/28 days, p=0.91). Although there 

were no delayed hemolytic transfusion reactions identified during the study, the ΔHbA for 

the transfusion associated with 2 new alloantibodies was high, representing the 96th 

percentile for the range of ΔHbA for all transfusions in the study.

Multivariate Mixed-Effects Modeling

Since the age of blood was significantly lower in patients with past RBC antibodies, both 

RBC antibodies and age of blood were jointly assessed in a multivariable linear mixed 

model. There was a significant effect of RBC antibodies on ∆HbA (p=0.021) but no 

significant effects observed among either the mean unit age per transfusion (p=0.10) or the 

maximum age of any unit per transfusion (p=0.20). Thus, when controlling for age of the 

units, patients with past RBC antibody response had significantly higher ∆HbA. In 

multivariate linear mixed modeling (Table 4), past RBC antibody response (p=0.0028) and 

splenomegaly (p=0.019) were positively associated with ∆HbA, while splenectomy 

(p=0.011) was negatively associated with ∆HbA.

DISCUSSION

The ability of CTT to prevent complications of SCA is dependent upon maintaining a low 

percentage of circulating HbS-containing erythrocytes, which in turn is dependent on the 

rates of clearance of both endogenous and transfused RBC from circulation. As 

demonstrated within this study, the clearance of transfused RBC (reflected by ∆HbA) is 

highly variable, both among different patients and among sequential transfusions within the 

same patient. Elucidating the factors that influence clearance of transfused RBC is important 

to ultimately determine if certain characteristics of RBC units can be selected to minimize 

HbA decline and therefore optimize transfusion therapy to SCA patients.

In this study we showed significantly greater decline in HbA in patients with prior antibody 

response to RBC antigens, while controlling for the age of the transfused units. Although 

patients with past RBC antibodies received transfusions that were matched for both the 

existing antibodies and for a greater number of RBC antigens (to prevent induction of more 

RBC alloantibodies), neither the total number of antigen mismatches nor specific groups of 

antigen mismatches showed significant association with ∆HbA. Thus the increased ∆HbA in 

patients with prior RBC antibodies does not appear to be related to the specific antigen 

matches, but rather to the existence of a prior immune response to transfused erythrocytes. 

Patients with SCA with alloimmunization are known to have an increased risk for future 

alloimmunization,22 even with more stringent antigen matching.18 These findings strongly 

suggest that these “responder” patients have different immunologic responses to RBC 

antigens than “non-responder” patients who have not yet demonstrated RBC antibodies.

Patients with a history of RBC alloimmunization are at risk for HTR, an immune-mediated 

event in which transfused RBC (and sometimes bystander, autologous RBC) are rapidly 

cleared. While the consequences of antibody interactions with RBCs are beginning to be 

characterized,23–27 less is known about possible other mediators of donor RBC clearance in 

the absence of detectable HTR. In patients with decreased survival of transfused RBC, it is 

possible that non-humoral immune responses or evanescent antibodies that are undetected by 
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antibody-screening techniques have a role in facilitating RBC clearance, as evidenced by 

high proportions of delayed HTR with undetectable antibodies.28–31 We found that ∆HbA 

was higher in the patients with splenomegaly while lower in patients with splenectomy, 

demonstrating variability in the rate of RBC clearance by the reticuloendothelial system 

during CTT.32–34 Further, we demonstrated that ∆HbA does directly impact CTT outcomes, 

as increased HbA clearance leads to lower pre-transfusion Hb, higher HbS, and higher 

reticulocytes. Although the factors that dictate RBC alloimmunization continue to be an area 

of active investigation35–40, as patients with RBC antibodies have increased HbA clearance, 

it is possible that increased removal of transfused RBC may reflect increased RBC uptake by 

immune cells that are uniquely poised to facilitate RBC alloimmunization.41 Conversely, in 

a murine model of alloimmunization, donor RBC that were subjected to pre-transfusion 

oxidant stress to cause rapid post-transfusion clearance by the RES were significantly more 

immunogenic than donor RBC with longer post-transfusion survival, suggesting that 

clearance rate by the RES influence alloimmunization respones.42 Additional studies are 

certainly needed to determine if accelerated RBC removal predicts RBC alloimmunization, 

if it is a consequence of RBC alloimmunization, or if it is only correlative and not directly 

related to RBC alloimmunization.

A striking finding of the study was the intra-patient variability in ∆HbA, which suggests that 

characteristics of the donor and/or stored RBC unit may have significant influence on the 

clearance of transfused RBC apart from recipient immunologic characteristics. Antigen 

mismatches between donor and recipient (whether analyzed as individual antigens or 

aggregated blood group mismatches) showed no association with ∆HbA. The storage age of 

the transfused units was not associated with HbA decline following transfusion, suggesting 

that in vivo survival of RBC was not influenced by storage for the range of unit ages in this 

study. This analysis was not designed to assess the effect of the oldest units on HbA decline 

and included a full spectrum of ages from 3 – 42 days (median 18 days), with few units 

reaching the maximum allowable storage time of 42 days. Category 2 matched units were 

significantly younger than category 1 units in this study. This may be related to the need to 

identify repeat donors who meet the specific antigen-matching requirements of the category 

2 patients. As antigen mismatches and unit age were not significant predictors of ∆HbA, 

further donor characteristics should be investigated to determine the impact of in vivo 
survival of transfused RBC, including metabolomics profiles of donor RBC that may be 

associated with RBC survival and response to oxidative stress.

A limitation of this study was the lack of direct measurement of post-transfusion HbA for 

the majority of transfusions and the lack of direct measurement of transfused RBC survival 

by labeling techniques such as biotin or chromium-51 labeling of transfused RBC. While the 

post-transfusion HbA estimates showed high accuracy and low bias, the use of estimated 

(rather than directly measured) unit Hct to estimate post-transfusion HbA did introduce 

error, with some post-HbA estimates demonstrating low precision. The need to estimate 

post-transfusion HbA thus does introduce some error and bias into ∆HbA, the primary 

outcome of interest. To account for this bias, estimated post-HbA (not measured post-HbA) 

was used to calculate ∆HbA in all transfusion episodes, in order to provide a uniform 

approach. While ∆HbA correlates appropriately with subsequent Hb and reticulocyte counts, 

it is a surrogate for the true outcome of interest which is the clearance of transfused RBC. 
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Transfused RBCs remain detectable in vivo for up to 4 months post transfusion, thus the 

decline in HbA in a given time interval reflects the clearance of RBC from multiple recent 

transfusions, not solely the most recent one. Direct measurement of RBC survival, with 

labeling of RBC units prior to transfusion, would provide a more accurate reflection of 

transfusion clearance. Another limitation is the lack of exact spleen measurements by 

radiologic imaging, which would provide a more sensitive measure of spleen presence and 

enlargement than physical exam. Lastly, this study focuses on children and adolescents with 

SCA, who potentially could have different kinetics of RBC clearance than adults, given 

possible differences in splenic function and erythropoietic drive in children as compared to 

adults; therefore the aims of this study bear replication in adult SCA populations.

In summary, HbA decline following chronic transfusion episodes in children with SCA had 

inter-patient and intra-patient variability over 12 months of transfusion episodes. This 

variability suggests that HbA decline is influenced by multiple donor and recipient 

characteristics. While the overall number of RBC antigen mismatches did not have a 

significant effect on HbA decline, patients who had previously developed RBC antibodies 

and received transfusions with extended antigen matching had higher HbA decline than 

patients without past RBC antibodies. Decline in HbA was lower in patients with 

splenectomy, while 2 patients with splenomegaly demonstrated higher HbA decline. 

Immunologic and RES characteristics of SCA patients thus appear to influence the clearance 

of transfused RBC, even in the absence of detectable RBC antibody.
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Figure 1. 
Flow Diagram of transfusion episode inclusion and exclusion.
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Figure 2. 
Bland-Altman limit of agreement plot for measured vs. estimated post-transfusion HbA.
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Figure 3. 
Intra-patient variability in ∆HbA. Box plots represent individual patients, demonstrating the 

interquartile range in ∆HbA following each transfusion episode.
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Table 1

Characteristics of SCA patients and 789 transfusion episodes.

Comparison of patients without past RBC antibodies vs. those with past RBC alloantibodies or autoantibodies.

No RBC Antibodies (Category 1 
Matching)

RBC Antibodies (Category 2 
Matching)

p

Patients N=36 (36%) N=24 (40%)

Age (years), mean (SD) 10.2 (3.8) 12.5 (3.3) 0.017

Gender, male 19 (53%) 12 (50%) 0.83

CTT duration (years), mean (SD) 4.7 (3.2) 5.8 (3.5) 0.22

Splenectomy (%) 7 (19.4%) 5 (25.0%) 0.61

Splenomegaly (%) 1 (2.8%) 1 (4.2%) 1.00

Transfusions N=488 N=301

Antibody Screen positive (%) 0 (0%) 25 (8.3%) –

Mean age of units per transfusion (days), LS-mean (SE) 20.5 (0.59) 17.6 (0.74) 0.0018

Volume of transfusion (mL/kg), LS-mean (SE) 12.7 (0.25) 13.1 (0.32) 0.31

Transfusion interval (days), LS-mean (SE) 29.9 (0.55) 29.2 (0.69) 0.38

Pre-transfusion Laboratory Values

Hb (g/dL), LS-mean (SE) 9.35 (0.12) 9.36 (0.14) 0.97

HbS (%), LS-mean (SE) 23.5 (1.4) 23.8 (1.7) 0.84

Reticulocytes (%), LS-mean (SE) 9.9 (0.58) 10.6 (0.70) 0.35

Reticulocytes, absolute (10^9/L), LS-mean (SE) 309.8 (15.5) 325.8 (18.9) 0.47

CTT = chronic transfusion therapy; Hb = hemoglobin; HbS = sickle hemoglobin; LS-mean = least-squares mean; PME = partial manual exchange 
transfusion; SD = standard deviation; SE = standard error; ST = simple transfusion.
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Table 2

Univariate Mixed Modeling Analysis of blood group mismatch effect on ∆HbA for category 1 and category 2 

transfusions.

Blood Group Mismatch Category 1 Transfusions Category 2 Transfusions

Parameter Estimate p Parameter Estimate p

RH −0.039 0.48 0.0277 0.75

KELL −0.140 0.43 −0.357 0.23

DUFFY −0.0316 0.75 n/a –

KIDD −0.0083 0.94 0.354 0.18

M,N 0.0589 0.58 0.180 0.25

S/s,U 0.141 0.125 0.084 0.514

LUTH −0.141 0.50 −0.460 0.30

COLT 0.128 0.57 0.178 0.59

DOM 0.0254 0.83 −0.172 0.28

Blood group mismatches were calculated as the sum of individual antigen mismatches within each blood group. Individual antigen mismatches 
were calculated as the fraction of the transfusion episode mismatched (i.e. the number of units mismatched divided by the number of units in the 
transfusion episode).
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Table 3

Transfusion episodes associated with new RBC alloimmunization.

# Prior RBC antibodies CTT Duration (years) New RBC Antibody ΔHbA (g/dL/28 days) ΔHbA Percentile

1 6.9 Jsa 1.45 13%

3 1.8 Goa 1.88 26%

5 10 Jsa, Wra 3.93 96%

0 6.1 AUS 2.73 69%
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Table 4

Multivariate Linear Mixed Modeling of ∆HbA.

Variable Parameter Estimate Least−Squares Means
ΔHbA (g/dL/28 days)

p

Age of patient (years) −0.018 0.10

Unit age (days) 0.0037 0.38

Past RBC Antibody Response (Category 2 Matching) 0.248 No
Yes

2.45
2.70

0.0028

Splenectomy −0.241 No
Yes

2.70
2.46

0.011

Splenomegaly 0.585 No
Yes

2.28
2.87

0.019
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