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Abstract

Hemolysis is a key feature of sickle cell anemia (HbSS). Direct quantitation of hemolysis could be 

used as an objective outcome in clinical trials of new therapeutics for HbSS and would also enable 

better human studies of the pathogenesis of complications of HbSS that are ostensibly hemolysis-

related, such as pulmonary hypertension. However, contemporary human studies in HbSS have 

used only surrogate markers of hemolysis rather than direct measurements of RBC survival. We 

directly quantified hemolysis in HbSS by measuring survival of an age cohort of RBCs labeled 

with a stable isotope, administered orally as 15N-glycine, a metabolic precursor of heme. The 

atomic excess of 15N in heme extracted from blood was monitored by mass spectrometry over 

time. We performed 13 labeling experiments in 11 individuals with HbSS. Mean RBC survival 

was 31.9 days (range 14.1 – 53.6). Both HbF level, a known determinant of hemolysis, and 

absolute reticulocyte count (ARC), an index of the marrow’s response to hemolysis, correlated 

with directly measured RBC survival (r=0.61, P<0.002; r=−0.84, P<0.001). However, commonly 

used biochemical surrogates of hemolysis (LDH, AST, bilirubin and plasma free hemoglobin) did 

not correlate with directly measured RBC survival. These biochemical surrogates should be 

interpreted cautiously, at best, in clinical trials and human physiologic studies in HbSS. ARC was 

the best correlate of total hemolysis, but only 70% of the variation in RBC survival was reflected 
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in this marker. If greater accuracy is required in human studies, 15N-glycine RBC labeling can 

directly and accurately quantify hemolysis.
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Introduction

The two main pathophysiologic features of sickle cell anemia (HbSS) are hemolysis and 

vaso-occlusion. Hemolysis, defined as abnormal shortening of red blood cell (RBC) 

survival, is the accepted cause of some complications of HbSS, such as anemia and pigment 

gallstones. Recently, intravascular hemolysis has been proposed as a cause of or contributor 

to a number of other complications of HbSS, including pulmonary hypertension, priapism, 

leg ulcers and stroke.1–3 The proposed mechanism has been called hemolysis-associated 

endothelial dysfunction, wherein cell-free hemoglobin and other RBC contents released by 

intravascular hemolysis decrease the bioavailability of nitric oxide that regulates endothelial 

function (in concert with other mechanisms).1–3 Additionally, novel therapeutics that can 

attenuate the degree of hemolysis in HbSS are being developed and tested in humans.4–7 

These human physiologic studies and clinical trials have all relied on surrogate markers, 

such as reticulocyte count, LDH, and AST, rather than direct measurements of hemolysis. 

Surrogate markers have multiple confounders that may limit causal inferences about 

hemolysis.8–10 One example is LDH, which derives from multiple tissues (heart, kidney, 

muscle, liver, leukocytes, RBCs and others). When elevated, LDH could indicate hemolysis, 

tissue injury, or both. To appropriately interpret studies that use surrogate markers of RBC 

survival to study hemolysis in HbSS, it is necessary to evaluate the degree of association 

between surrogate and direct measurements.

Direct measurements of hemolysis employ a label to track RBC survival.11 This label may 

be placed ex vivo on a sample population of circulating RBCs of all ages (e.g., biotin 

or 51Cr). Alternatively, a label may be incorporated metabolically into normoblasts in the 

bone marrow to create an age cohort of RBCs (e.g., 15N or 13C stable isotopes). One such 

metabolic label is glycine, a precursor of both heme and globin. Following oral 

administration, glycine is rapidly absorbed, transported into hemoglobin-synthesizing 

normoblasts in the bone marrow, and incorporated into heme. When glycine is enriched with 

a stable isotope (e.g., 15N-glycine), heme becomes highly labeled by 15N, because the 4 

nitrogen atoms in the heme ring derive directly from the nitrogen atoms of 4 glycine 

molecules. The cells are labeled over a period of several hours, and they are subsequently 

released into the circulation as an approximate age cohort that can be tracked over time.

The stable isotope method was pioneered on a small scale in the 1940s and 1950s.12–14 

Despite its safety and relative ease of administration, it was largely replaced by biotin 

and 51Cr labeling even though these ex vivo population labeling methods are labor-intensive, 

expensive, and moderately invasive, involving sterile manipulation and re-infusion of labeled 

(sometimes radiolabeled) RBCs. The preference for ex vivo labeling was driven by the cost 
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of manufacturing stable isotopes with high percentage of enrichment and the cumbersome 

mass spectrometry of the time. Manufacturing processes and measurement technology have 

since improved, overcoming these obstacles. We recently demonstrated that the stable 

isotope method, using modern technology, correlates well with the gold-standard biotin 

method in a mixed population of healthy and diabetic individuals,15 and we propose that it 

has utility for direct measurements of hemolysis in clinical studies.

The aims of the current study were (1) to demonstrate that a modern stable isotope labeling 

method to measure RBC survival (i.e., hemolysis) directly is practical for use in clinical 

studies in HbSS and (2) to evaluate the degree of association between commonly used 

surrogate markers of hemolysis and directly measured RBC survival in HbSS.

Methods

Study Design and Participants

This was a non-therapeutic study using oral 15N-glycine as an age cohort label to measure 

RBC survival directly in individuals with HbSS. The inclusion criteria were: a diagnosis of 

homozygous sickle cell anemia (HbSS); age ≥ 11 years; and having no medical issues 

needing acute intervention in the 1 month preceding enrollment. The exclusion criteria were: 

RBC transfusion in the past 3 months; known, symptomatic hepatic or biliary disease; and 

pregnancy or nursing. Hydroxyurea therapy was not an exclusion criterion, but the 

hydroxyurea dose must have been stable for at least 3 months prior to enrolment. 

Participants were recruited from the sickle cell programs at Cincinnati Children’s Hospital 

Medical Center and the University of Cincinnati Medical Center. This study was approved 

by a local institutional review board. Adult participants provided written informed consent. 

Minors provided written assent and their parents or legal guardians provided written consent. 

Most participants were also enrolled in a separate (“parent”) cardiac physiology study 

(clinicaltrials.gov: NCT02410811).

Clinical Assessments and Procedures

Participants had 26 study visits over approximately 4 months. Pre-ingestion blood samples 

for complete blood counts, reticulocyte counts, HbF quantitation, clinical laboratory tests 

(AST, ALT, LDH, bilirubin fractions, plasma free hemoglobin), and heme extraction were 

obtained on visits 1 and 2. After collection of baseline blood samples on visit 2, 2 grams 

of 15N-glycine [15N glycine (98%) (H2*NCH2COOH), Catalog # NLM-202, Cambridge 

Isotope Laboratories, Inc. Andover, MA] dissolved in 30 mL of H2O were given orally.15 

Post-ingestion blood samples for heme extraction were obtained twice weekly for 8 weeks, 

weekly for 6 weeks, then every 2 weeks for 4 weeks. Post-ingestion blood samples for 

complete blood counts, reticulocyte counts, and clinical laboratory tests were obtained 

approximately monthly. For each participant, blood was stored at −80°C until the end of his 

or her study period, and heme isolation for each participant was performed in a single batch. 

Demographic and clinical data were obtained from participants’ medical and research 

records, including echocardiographic measurements of tricuspid regurgitant jet velocity 

(TRV).
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Isolation of Heme and Mass Spectrometry

Heme was extracted from whole blood hemolysates using a method modified from Egyed16 

and described previously in detail.15 Briefly, 1 ml of venous blood collected in EDTA was 

subjected to an acetone, ethylacetate, and glacial acetic acid extraction process. Undissolved 

proteins were removed by filtration followed by precipitation of heme with the addition of 

ddH2O. A heme pellet was washed, lyophilized, and stored at room temperature protected 

from light under dry conditions. Heme samples from each participant were analyzed by 

mass spectrometry in a single batch. The ratio of 15N/14N released by combustion of RBC 

heme samples was measured by a commercial laboratory (Metabolic Solutions, Inc., 

Nashua, NH) using a Europa Scientific 20/20 gas isotope ratio mass spectrometer.17 Starting 

with participant 7, a new mass spectrometer was used (Supporting Information Figure 1): a 

Thermo Finnigan Delta V gas isotope ratio mass spectrometer connected to a continuous 

flow Thermo Flash elemental analyzer (EA 1112). Both instruments were calibrated against 

international standards available from the International Atomic Energy Agency (15N-labeled 

ammonium sulfate). The instruments’ analytical precision is 0.0002 atom %15N. 15N-urea 

secondary standards, at three different enrichments, were run before and after each daily run 

to check instrument performance. A control heme sample was run with 54% of batches; the 

coefficient of variation for the heme control was less than 1%.

Survival Curves and Statistical Analysis

The atom percent excess (APE) of the sample was calculated relative to 15N in air (15N/14N 

= 0.0036765). The baseline 15N/14N ratios were subtracted from ratios obtained after 

administration of stable isotope to calculate the APE. A relative APE (%APE) was derived 

for each time point, defining the maximum value as 100% (Supporting Information Figure 

1). From the APE, normalized RBC survival curves were generated for each participant and 

RBC survival was calculated as described previously.15,18 Briefly, the starting point for all 

RBC survival calculations was the time at which the rising APE reached 50% of the 

maximum value. The endpoint was the time at which the rate of decrement of APE had 

decreased to <0.5% per day. APE was corrected for any residual component at the endpoint 

by assuming a linear increase in the residual from the starting point to the endpoint. 

Normalized RBC survival curves were fit using a 5-order polynomial expression. Mean and 

median RBC survival and mean RBC age were calculated from these curves.15,18

Summary statistics, Pearson correlation, and linear modeling were performed with SPSS 

v23.0 (IBM Corp., Somers, NY). The mean of each participant’s clinical laboratory values 

during the study period was used for correlation with RBC survival. Analyses were pre-

specified and no corrections were made for multiple comparisons. Figures were generated 

with Prism 7.0a (GraphPad Software, Inc., La Jolla, CA).

Results

Characteristics of Participants and RBC Survival

There were 5 males and 6 females who had a mean age of 23 years (Table). Sequencing of 

the β-globin genes (HBB) and copy number variation analysis of the β-globin gene cluster 

demonstrated that all had homozygous sickle cell anemia; none had compound 
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heterozygosity for HbS and gene-deletion hereditary persistence of fetal hemoglobin (HbS/

HPFH). Hydroxyurea was prescribed to 7 participants for clinical indications. The range of 

HbF values was 1.0 – 33.8% across all participants (Table). Two participants completed the 

study twice (#5 and #6) for a total of 13 labeling studies. Representative %APE curves are 

shown in Supporting Information Figure 1. Individual and composite RBC survival curves 

for all participants are shown in Figure 1. Mean RBC survival was 31.9 days (S.D. 12.0 

days) with a range of 14.1 – 53.6 days (Supporting Information Table).

It is important to note the distinction between cohort-labeled survival curves as seen in 

Figure 1 and population-labeled (e.g., biotin) curves reported previously.19,20 In the 

representative normal control sample in Figure 1, the cohort of labeled cells remains fully 

viable (fractional survival ≈ 1.0) for almost 100 days, at which point fractional survival 

begins to decline. Fifty percent of the label remains at about 120 days, defining the median 

survival (lifespan) of normal RBCs. The label persists for almost 160 days, reflecting 

heterogeneity of the lifespan of individual cells in the population. The survival curves for 

HbSS RBCs are markedly different, showing rapid decline in the label, reflecting the 

destruction of some RBCs at a very young age. Some curves are biphasic, consistent with 

differential survival of F-cell and non-F-cells. Overall, mean RBC survival was shortened in 

study participants by 50–85% compared to normal controls (Table, Figure 1, Supporting 

Information Table).

Correlation of Mean RBC Survival with Hematologic Parameters

Mean RBC survival had a strong inverse correlation with absolute reticulocyte count (r = 

−0.84, P < 0.0001) and percentage of reticulocytes (r = −0.78, P = 0.002) (Figure 2, Panel 

A). The coefficients of determination (r2) for absolute reticulocyte count (ARC) and 

percentage of reticulocytes were 0.71 (P < 0.001) and 0.61 (P < 0.002), respectively. There 

was also a positive correlation between mean RBC survival and percent HbF (r = 0.58, P = 

0.038; Figure 2, Panel B). The slope of the regression line of HbF on mean RBC survival 

was 0.52 ± 0.22 (slope ± standard error), indicating that every 1% increase in HbF (e.g., 20 

to 21%) was associated with a 1.9-day increase in mean RBC survival. No significant 

correlations were observed between mean RBC survival and any other complete blood count 

parameter (Figure 2, Panels C–F).

Hemolytic rate in HbSS is known to be modified by coinherited α-thalassemia.21,22 As 

expected, we found that relationships between mean RBC survival and several hematologic 

parameters, e.g., HbF and MCV, appeared to be modified by α-globin genotype. Participants 

with 2-gene-deletion α-thalassemia had longer mean RBC survival than would be predicted 

from HbF level alone (Figure 2, Panel B). Indeed, in a linear model of RBC survival, there 

was a significant interaction between HbF level and α-thalassemia status (interaction term β 
= 2.2, P < 0.001). The degree of linear correlation between mean RBC survival and HbF was 

higher (r = 0.82, P = 0.003) when the participants with 2-gene-deletion α-thalassemia were 

excluded (compared to the whole group in whom r = 0.58, P = 0.038). The relationship 

between mean RBC survival and MCV is complex (Figure 2, Panel F), in that participants 

with the highest (>100 fL) and lowest (<75 fL) values for MCV had the longest mean RBC 

survival. This relationship is likely explained by the attenuation of hemolysis by α-
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thalassemia in microcytic participants and by hydroxyurea therapy in macrocytic 

participants, while normocytic participants with lower mean RBC survival had neither 2-

gene-deletion α-thalassemia nor maximal hydroxyurea therapy.

Correlation of Mean RBC Survival with Biochemical Surrogate Markers of Hemolysis and 
TRV

The commonly used biochemical surrogate markers of hemolysis, AST, LDH, total 

bilirubin, indirect bilirubin, and plasma free hemoglobin, had no significant correlation with 

directly measured RBC survival (Figure 3). Among these, total and indirect bilirubin 

concentration had the highest correlation coefficients (r ≈ 0.50, P ≈ 0.09). All but one 

participant had an echocardiographic measurement of TRV, which has been associated with 

biochemical surrogate markers of hemolysis, such as LDH, in prior studies (specifically, 

higher values of surrogate markers were associated with higher TRV).23–25 We also found a 

correlation between TRV and LDH (r = 0.62, P = 0.03), but there was no correlation 

between TRV and directly measured RBC survival in the same participants (r = 0.09, P = 

0.79; Figure 3, Panel F; Supporting Information Figure 2).

Repeated Mean RBC Survival Measurements

Two participants (#5 and #6) completed two labeling studies with intervals of 20 and 23 

months, respectively, between ingestions of 15N-glycine. For comparison of these paired 

measurements, we repeated the extractions of heme concurrently from frozen aliquots of 

blood for all 4 studies and reanalyzed the samples concurrently on the same, newer 

instrument (Thermo Finnigan Delta V gas isotope ratio mass spectrometer). These 

participants received standard clinical care by hematologists who were not involved in this 

study. Participant #5 (Supporting Information Figure 3, Panel A) was not at the maximal 

tolerated dose (MTD) of hydroxyurea based on peripheral blood counts at the time of first 

study. Her dose of hydroxyurea was increased to MTD in the interval between the first and 

second studies, and this is reflected by increases in HbF (19 to 24%) and MCV (119 to 127 

fL) and decreases in total white blood cell count (WBC), absolute neutrophil count (ANC), 

and platelet count. This participant had a 20.9-day increase in RBC lifespan on the second 

labeling study. Participant #6 (Supporting Information Figure 3, Panel B) remained at the 

same dose of hydroxyurea during and between both labeling studies. His hematologic 

parameters were similar across studies. His HbF level increased modestly from 25 to 26.9%, 

and there was a 3.3-day increase in RBC lifespan on the second study.

Discussion

Direct measurements of RBC survival to quantify hemolysis have been used in several 

clinical studies in HbSS.8,26–32 However, none of the contemporary human studies of 

treatments for HbSS or human physiological studies exploring the role of hemolysis in 

ostensibly hemolysis associated complications of HbSS (e.g., pulmonary hypertension, 

priapism, leg ulcers, and stroke) have directly measured hemolysis, relying instead on 

surrogate markers.2,4,7,25,33–39 Here we show that RBC labeling with orally 

administered 15N-glycine is a safe and practicable method to quantify total hemolysis and 

that biochemical surrogate markers of hemolysis (LDH, AST, bilirubin and plasma free 
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hemoglobin) do not have a robust relationship with directly measured RBC survival in 

HbSS. Original 15N-glycine methods typically administered 40 – 50 g of approximately 

30% purity 15N-glycine in multiple doses over 2 days and required about 25 mL of blood for 

isolation of heme at each time point.13 We used a single 2 g dose of 15N-glycine of 98% 

purity and 1 mL of blood for isolation of heme at each time point. This method is suitable 

for multi-institutional clinical studies because whole blood can be frozen, unprocessed, at 

clinical sites and stored for later shipment in batches to a central laboratory for processing 

and analysis.

In this study, the only clinical laboratory measurements that correlated with directly 

measured RBC survival were HbF level and reticulocyte count, consistent with prior 

studies.26–29,31,32 HbF is best considered a determinant of hemolysis (by reducing sickling) 

rather than a marker of hemolysis. HbF would also not be expected to change in studies of 

many treatments that might improve RBC lifespan (e.g., modifiers of hemoglobin oxygen 

affinity or RBC hydration), so HbF would not be a useful marker of hemolysis for such 

studies. This leaves reticulocyte count as the single surrogate marker with utility. 

Reticulocyte count is a measure of the marrow response to hemolysis. Hence, it is indirect 

and modifiable by inter-individual differences in reticulocyte maturation time19 and the 

ability of the marrow to respond to anemia, which may be limited by nutritional deficiencies, 

comorbid sickle nephropathy, hydroxyurea therapy, and even ineffective erythropoiesis.40 

We found that about 70% of the variation in RBC survival can be explained by ARC (r2 = 

0.71). Accordingly, ARC could be useful as a surrogate marker of hemolytic rate in 

population studies. However, it is not sufficiently accurate to quantify the rate of hemolysis 

in individual patients. For example, an ARC of 300,000/µL could be consistent with an RBC 

lifespan in the range of 18 to 29 days (Supporting Information Figure 4). This represents as 

much as a 61% difference in RBC lifespan for a given ARC.

In contrast to ARC and HbF, the commonly used biochemical markers of hemolysis, LDH, 

AST, and plasma free hemoglobin, did not correlate with directly quantified hemolysis. Even 

the correlation with bilirubin was weak. Prior studies also showed weak or absent correlation 

between bilirubin concentration and RBC survival in HbSS.26,31, 32 Because these 

biochemical markers do not correlate well with directly quantified hemolysis individually, 

composite measures of these same markers, such as the “hemolytic index” or “hemolytic 

component” (derived from the combination of LDH, AST, total bilirubin and reticulocyte 

count)25,35–37 may need to be reassessed. Indeed, we found that the hemolytic component 

(calculated according to Gordeuk et al.36; data not shown) performed no better than ARC as 

a surrogate of mean RBC survival (correlation of hemolytic component with mean RBC 

survival, r = −0.73, P = 0.004; correlation of ARC with mean RBC survival, r = −0.84, P < 

0.001). That is, in our data, the hemolytic component provided, at best, no more information 

about mean RBC survival than ARC alone.

Why biochemical surrogates may not be robust markers of hemolysis in HbSS, specifically, 

has been discussed elsewhere.8 For example, LDH has many tissue sources, and different 

tissues contain different proportions of the 5 isoenzymes of LDH. A study of sickle cell 

disease showed that increases in the LD-1 and LD-2 isozymes of LDH mainly explained the 

elevation in total serum LDH.2 While LD-1 and LD-2 are the predominant isozymes in 
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RBCs, they are also the predominant isozymes in cardiac muscle, kidneys, leukocytes, and 

the brain, all of which may be affected in HbSS. That is, there are no LDH isozymes 

expressed only in RBCs. We did not study LDH isozymes here, so the relationship between 

directly measured RBC survival and LD-1 and LD-2 levels is not known in HbSS and may 

be better than we observed for total LDH. Moreover, the relationship between LDH and 

RBC survival that has been established for hemolysis (presumably purely intravascular) due 

to cardiac valves,41 has not been established for HbSS. Indeed, we found no such 

relationship—neither linear nor non-linear. Given this lack of relationship, if LDH 

hypothetically reflected only intravascular hemolysis, but not total hemolysis (intravascular 

plus extravascular), then the contribution of intravascular hemolysis to total hemolysis in 

HbSS must be relatively small and/or sporadic in HbSS. These biochemical markers, 

however, are not likely to reflect intravascular hemolysis only. For example, patients with 

predominantly extravascular hemolysis, such as those with hereditary spherocytosis, may 

have elevated LDH and decreased haptoglobin.42 Taken together, our data reinforce the 

notion that LDH may be a better marker of multiple tissue injury than rate of hemolysis in 

HbSS.10

Elevations of LDH and other biochemical surrogate markers of hemolysis have also been 

associated with elevated TRV, which is one argument for a role of hemolysis in the genesis 

of pulmonary hypertension in HbSS.43,44 We also found a positive linear correlation 

between TRV and LDH. However, we found no correlation between TRV and directly 

measured RBC survival in these same individuals (Supporting Information Figure 2). Our 

data indicate that the relationship between TRV and LDH, while valid and reproducible, is 

not readily explained by total hemolytic rate. We did not directly address the role of 

intravascular hemolysis in the development of pulmonary arterial hypertension. Instead, we 

examined the performance of the biomarkers that have been used, in part, to support a causal 

link between hemolysis and complications of HbSS in human studies, including pulmonary 

hypertension. There are, however, explanations for pulmonary hypertension in HbSS instead 

of—or in addition to—intravascular hemolysis. Several groups have shown that elevated 

TRV in at least half of patients with HbSS can be largely explained by left heart disease, 

which produces secondary, post-capillary pulmonary hypertension, rather than primary 

pulmonary vascular disease.45–48 We have confirmed this finding in a meta-analysis and also 

demonstrated that a cardiomyopathy with restrictive physiology is at least one cause of this 

left heart disease in both humans with HbSS49,50 and sickle mice.51,52 In contrast, 

intravascular hemolysis could predispose to pre-capillary pulmonary hypertension, but even 

pre-capillary pulmonary hypertension can be a secondary complication of left heart 

disease.53–55

The main limitation of the 15N-glycine RBC labeling method is that serial blood sampling is 

required (26 time-points for this study). However, the number of time-points can be reduced 

depending on the precision in measurement of RBC lifespan that is required for a particular 

application (Supporting Information Figure 5). The main limitation of this study is sample 

size. We studied a small sample of non-randomly selected individuals. The participants in 

this study had a wide range of clinical characteristics (Table) that could mitigate the degree 

of hemolysis (e.g, hydroxyurea therapy, α-globin genotype and HbF level), but all had 

marked hemolysis as indicated by 50–85% shortening of mean RBC survival (Table, Figure 
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1, Supporting Table). We also present only 13 observations to study the relationship between 

directly measured RBC survival and surrogate markers of hemolysis. Our findings of 

correlation of RBC survival with reticulocyte count and HbF and no correlation with 

bilirubin are consistent with prior studies.26–29,31,32 We are not aware of any other 

systematic studies exploring the association of LDH, AST or plasma free hemoglobin with 

directly measured RBC survival in HbSS. There certainly could be weaker correlations that 

we could not detect in this small sample, but there were no robust correlations (as found 

with reticulocyte count and HbF). At least until more studies are done, the preponderance of 

evidence indicates that biochemical surrogate markers of hemolysis do not have a robust 

relationship with directly measured RBC survival in HbSS. We caution that past inferences 

about hemolytic rate in HbSS, specifically, based only on these biochemical surrogates may 

need to be reconsidered. While elevated LDH levels have predictive value and are associated 

with certain clinical complications of HbSS,56–58 our data suggest that the biological link 

between levels of LDH and outcomes may not be mediated by hemolysis.

When designing studies using this stable isotope method, it is important to consider two 

points about its practical application and the interpretation of its results. First, it not an 

instantaneous measure of hemolytic rate, so it cannot be used to measure rapid changes in 

RBC survival that might occur after only a few days of an intervention. However, it can be 

applied to therapeutic trials of longer duration, such as the comparison of preventive 

therapies. Illustrating the utility of this method for clinical trials, the participants in this 

study who had two RBC survival measurements had interval increases in HbF that were 

associated with proportional increases in RBC survival. Second, neither this nor any other 

current method can quantify the relative contributions of intravascular and extravascular 

hemolysis in HbSS. The notion that one-third of total hemolysis in HbSS occurs in the 

intravascular compartment and two-thirds occurs in the extravascular compartment stems 

from a single mathematical estimate put forth in a review article 60 years ago.59 There are 

likely to be untoward manifestations of HbSS disease that result specifically from 

intravascular hemolysis. Unfortunately, we can only quantify total hemolysis in humans.11,60 

We cannot directly measure the relative contributions of the intravascular and extravascular 

compartments of hemolysis. This is an important and unmet need that needs to be addressed 

before the consequences of intravascular hemolysis in humans with HbSS can be properly 

studied. This problem also needs to be solved to determine which biomarkers of hemolysis 

correlate best with intravascular hemolysis, extravascular hemolysis, both, or neither.

In summary, RBC labeling with orally administered 15N-glycine is a safe and practicable 

method to measure RBC survival directly, and thereby quantify total hemolysis. Commonly 

used biochemical surrogate markers of hemolytic rate (LDH, AST, bilirubin, and plasma 

free hemoglobin) do not correlate with directly measured RBC survival and need to be 

interpreted cautiously in therapeutic and physiologic studies in HbSS. Moreover, a 

measurement of intravascular hemolysis is lacking yet needed to advance the filed. In 

contrast to these biochemical markers, ARC and HbF level did correlate with directly 

measured RBC survival. ARC was the best correlate of total hemolysis, but only 70% of the 

variation in RBC survival was reflected in this marker. If greater accuracy is required for 

physiological studies or clinical trials, 15N-glycine RBC labeling can directly and accurately 

quantify total hemolysis.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RBC survival curves
Panel A shows individual RBC survival curves for HbSS patients (solid lines; N=13) and a 

representative control with normal hemoglobin composition (dotted line) from a prior 

study.15 Panel B shows a composite RBC survival curve for HbSS patients (solid line, N=13) 

and controls with normal hemoglobin composition (dotted line, N=9). Mean fractional RBC 

survival is indicated by the line, and the shaded region depicts ± 1 standard deviation for 

mean fractional survival.
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Figure 2. Correlation of mean RBC survival with hematologic parameters
Panel A: absolute reticulocyte count (ARC). Panel B: percent fetal hemoglobin (HbF). Panel 

C: total hemoglobin (Hb) concentration. Panel D: hematocrit. Panel E: RBC count. Panel F: 

mean cell volume (MCV). For each panel, the r and P-value for Pearson correlation are 

specified, and a linear regression line is shown. The α-globin genotype is also indicated for 

each participant (● αα/αα;⊙ αα/–α; ○ –α/–α; ⊗ genotype not available).
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Figure 3. Correlation of mean RBC survival with biochemical surrogate markers of hemolysis 
and tricuspid jet regurgitant velocity (TRV)
Panel A: lactate dehydrogenase (LDH). Panel B: aspartate aminotransferase (AST). Panel C: 

total bilirubin. Panel D: indirect bilirubin. Panel E: plasma free hemoglobin (Hb). Panel F: 

TRV. For each panel, the r and P-value for Pearson correlation are specified, and a linear 

regression line is shown. The α-globin genotype is also indicated for each participant (● 
αα/αα;⊙ αα/–α; ○ –α/–α; ⊗ genotype not available).
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